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BENCHMARK OF THE CASMG-3G/M1CROBURN-B CODES
FOR COMMONWEALTH EDISON BOILING WATER REACTORS
John K. Wheeler and Adelmo S. Pallotta
Commonwealth Edison Company
Chicago, Illinois

S'i RACT
The Commonwealth Edison Compan' has performed an extensive benchmark against
measured data from three boiling wa.er reactors using the Studsvik lattice physics code
CASMO-3G and the Siemens Nuclear Power three-dimensional simulator code
MICROBURN-B. The measured data of interest for this benchmark are the hot and
cold reactivity, and the core pow r distributions as measured by the traversing incore
probe system and gamma scan di ta for fuel pins and assemblies. A total of nineteen
unit-cycles were evaluated. The database included fuel product lines manufactured by
General Electric and Siemens Nudeir Power, with assemblies containing 7x7 to 9x9 pin
configurations, several water rod Jeiigns, various enrichments and gadolinia loadings,
and axially varying lattice designs thioughout the enriched portion of the bundle. The
results of the benchmark present evidence that the CASMO-3G/MICROBURN-B code
package can adequately model the range of fuel and core types in the benchmark, and
the codes are acceptable for performing neutronic analyses of Commonwealth Edison's
boiling water reactors.
INTRODUCTION
Commonwealth Edison Company (Edison) has six boiling water reactors (BWRs) at
three sites: Dresden, Quad Cities, and LaSalle County. Both Dresden Station and
Quad Cities Station have two General Electric (GE) BWR/3 reactors. Dresden Station
is currently fueled with Siemens Nuclear Power (SNP) fuel product lines, while Quad
Cities Station is currently fueled with GE fuel product lines. LaSalle County Station
has two GE BWR/5 reactors, also fueled with GE fuel product lines.
SNP has benchmarked th-t CASMO-3G/MICROBURN-B codes to BWR reactors, and
SNP has received NRC approval for application of the codes to Edison's reactors.
Therefore, the Edison benchmark is further demonstration that the
CASMO-3G/MICROBURN-B codes are applicable to Edison's BWRs.
Since Edison intends use CASMO-3G/MICROBURN-B to perform the steady state
neutronics calculations for Dresden Units 2 and 3, most of the Edison benchmark data
for this study were taken from the Dresden units. However, since gamma scan data
were available from Quad Cities Unit I, and Dresden and Quad Cities are both GE
BWR/3 plants, the benchmark was extended to include data from Quad Cities Unit 1.
A total of nineteen unit-cycles were evaluated. These included Dresden Unit 2 Cycles
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6 through 12, Dresden Unit 3 Cycles 6 through 12, and Quad Cities Unit I Cycles I
through 5. Table I describes the fuel designs that were loaded in these cycles. Table 2
summarizes the important plant parameters that characterize each unit.
CODE DESCRIPTION
CASMO-3G and MICROBURN-B have been benchmarked by SNP for application to
BWRs (reference 1). A short description of the neutronic bases of these codes is given
in this section.
CASMO-3G (reference 2) is a multigroup two-dimensional transport theory code for
burnup calculations on BWR or PWR assemblies or simple pin cells. The code handles
a geometry consisting of cylindrical fuel rods of varying composition in a square pitch
array with allowance for fuel rods loaded with gadolinium, burnable poison rods, cluster
control rods, in-core instrument channels, water gaps, boron steel curtains and cruciform
control rods in the regions separating fuel assemblies. CASMO-3G uses MICBURN-3
(reference 3) to calculate the microscopic burnup in an absorber rod containing an initially homogeneously distributed burnable absorber, such as gadolinia.
MICROBURN-B (reference 4) is a three-dimensional, two group, coarse mesh diffusion
theory reactor simulator program for the analysis of BWR cores. The code calculates
the reactor core reactivity, core flow distribution, nodal power distribution, reactor
thermal limit values, and incore detector responses.
MICROBURN-B uses two group microscopic cross sections for key isotopes and calculates their number densities and burnup at each node. In addition to the significant
fission product chains, I-i35/Xe-I35 and Pm-149/Sm-149, which are tracked on a nodal
basis in most core simulator codes, MICROBURN-B tracks the number densities of
U-235, U-238, Pu-239, Pu-240, Pu-24!, Pu-242, and Gd. These represent the most important isotopes from the standpoint of the direct determination of nodal reactivity and
for evaluating the significant history and reactivity feedback effects. The cross sections
of the key isotopes are processed from CASMO-3G as functions of their number densities. The remaining isotopes are lumped into macroscopic cross sections that are functions of exposure and void fraction. The key isotopes are burned at each node in the
three dimensional array at the void, control, and flux spectrum states appropriate for
each burnup step. Void history and control history effects are thus automatically included, without the need for history correlations.
RESULTS
Table 3 summarizes the overall benchmark results. This includes results for hot and
cold critical eigenvalues, and results for comparisons of calculated and measured power
distributions from Traversing Incore P^obe (TIP) data, pin gamma scan data, and assembly gamma scan data. Table 3 demonstrates that the hot and cold critical eigenvalues calculated by the CASMO-3G/MICROBURN-B code package are consistent
and predictable, and that the power distribution is calculated adequately.
The hot nnd cold critical eigenvalues are consistent and predictable. The hot critical
eigenvalues have some dependence on the plant as shown in Figures 1, 2, and 3. The
Dresden Unit 3 hot eigenvalues are slightly higher, by 0.001 to 0.002 Ak, than those for
Dresden Unit 2. Also, the hot critical eigenvalues increase slightly with increasing cycle
exposure. The cold critical eigenvalues are shown in Figures 4 and 5. They also have
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some dependence on the plant. The Dresden Unit 2 cold eigenvalues are slightly higher,
by 0.001 to 0.002AR, than those for Dresden Unit 3.
A comparison of the measured and predicted neutron TIP data demonstrates the capability of t'e code package to predict the core power distribution. The measured radial
TIP data is predicted to within approximately 6%, and the nodal TIP data is predicted
to within approximately 9%. These predictions are very good, especially considering
that a relatively high degree of uncertainty is associated with the measured neutron TIP
data. Readings from neutron TIPs, especially for BWR/3 reactors, are affected by slight
variations in the position of the TIP detector within the instrument tube located in the
gap between assemblies. The TIP predictions show excellent agreement with the measurements, and there is little exposure or plant dependence. This is illustrated in Figures
6 and 7. Figure 6 contains calculated to measured core average axial TIP distribution
comparisons for the middle of cycle for the three units. The middle of cycle exposure
point is typically the most difficult to model, due to the depletion of gadolinia in the
fresh fuel. Figure 7 contains calculated to measured core average axial TIP distribution
comparisons from the beginning, middle, and end of Cycle 12 for Dresden Unit 2.
The gamma scan comparisons of measured to predicted data also demonstrate the capability of CASMO-3G/MICROBURN-B to predict the core power distribution. Table
3 shows that the integrated assembly power is predicted to within 3%, while the nodal
power is predicted to within 5%. Figure 8 shows the excellent agreement between the
gamma scan measured and predicted core average axial power distribution for Quad
Cities Unit 1, Cycles 2, 4, and 5.
SUMMARY
The benchmark results demonstrate that the CA'JMO-3G/MICROBURN-B code system provides accurate predictions of the nuclear parameters calculated for the GE and
SNP produc; lines included in the benchmark. Also, the results indicate that the codes
are acceptable for use in neutronic analyses for Edison's BWR's.
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Table 1. Fuel Loading Sunwary

Cycle

Batch
Size

6

192

GE

8x0

2.50

i»G1.5

1

7

160

GE

6x8

2.65

6G2.0

2

8

88
136

GE
GE

8X0
8x0

2.65
2.65

6G2.0
6G3.0

2
2

216
k

GE
SNP
SNP

8x0
8x8
9x9

2.65
2.83
2.78

6G3.0
5G3.5
6G3.5

2
1
1

10

196

SNP

8x0

2.03

6G3.5

1

11

96
76

SNP
SNP

9x9
9x9

3.13
3.13

7G3.5
8G4.0

2
2

12

68
92
UO

SNP
SNP
SNP

9x9
9x9
9x9

3.13
3.13
3.13

9G4.5
8CU.0
7G3.5

2
2
2

6

20
156

GE
GE

8x0
8x8

2.50
2.62

'*G1.5
UG1.5

1
1

7

200

GE

8x0

2.65

6G2.0

2

8

224

SNP

8x8

2.69

5G3.0

1

9

184

SNP

8x0

2.03

5G3.5

1

10

160
16

SNP
SNP

9x9
9x9

3.13
3.13

8G4.0
9G4.0

2
2

11

96
72

SNP
SNP

9x9
9x9

3.13
3.13

9G4.0
9G4.5

2
2

12

100
28

SNP
SNP

9x9
9x9

3.13
3.13

8G3.0
8G4.0

2
2

1

312
h\Z

GE
GE

7x7
7x7

2.12
2.12

2G3.0/1G0.5
2G3.0

0
0

2

23
36
5

GE
CE
GE

7x7
0X0
7x7

2.30
2.50
MO2

3C2.5
4G1.5
3G2.5/5C3.0

0
1
0

3

52
104

GE
GE

0X0
8x0

2.62
2.50

UG1.5
4G1.5

1
1

I*

104

CE

8x0

2.50

4G1.5

1

5

192

CE

8x0

2.65

6G2.0

2

Orasden
Unit 2

9

Dresden
unit 3

Quad
C i ti es
Unit 1

Fuel Lattice
Vendor Array

1-4

Enrichment
Gad
w/« U235 Loading

Water
Rods

Table 2. Reactor Core Rated Parameters
Dresden
Units 2 and 3
Thermal Power, MWt
Core Flow, Mlb/hr
Inlet SuOcoolmg, BTU/lbm
Core Mi dp lane Pressure, psia
Total Assemblies in Core
Average Power Oensity, KW/I
Lattice Type

Quad Ci ties
Uri ts 1 ana 2

2527
98.0
22.7
1035

2511
98.0
22.7
1035

724
41

724
41

D (Offset!

0 (Offset)

Table 3. Summary of Benchmark Results
Dresden 2

Dresden 3

Quad Cities 1

Hot Critical eigenvalues:
Mean
X Standard Deviation

1.0053
0.21

1.0067
0.1S

1.0036
0.16

Cold Critical Eigenvalues:
Mean
X Standard Oeviation

1.0077
0.16

1.0057
0.22

....

6.90

8.8U

9.86

6.00

5.56

6.08

TIP Data:
Nodal Differences,
X Standard Deviation
Radial Differences,
X Standard Deviation
Pin Gamma Scans:
X Standard Oeviation
Assembly Gamma Scans:
Nodal Differences,
X Standard Deviation
Cycle 2
Cycle 4
Cycle 5
AlI Cycles
Radial Differences,
X Standard Deviation
Cycle 2
Cycle 4
Cycle 5
All Cycles

2.65

....
....
....

....
....
-...

5.67
3.69
4.38
4.64

....
....
....
....

....
....
....
....

1.75
2.02
3.29
2.50

Differences are (Caiculated-Measured)/Ave. Measured x 100
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FIGURE 2. DRESDEN UNIT 3
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FIGURE 3. QUAD CITIES UNIT 1
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FIGURE 4. DRESDEN UNIT 2
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FIGURE 7. TIP COMPARISONS
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FIGURE 8. ASSEMBLY GAMMA SCAN
COMPARISONS OF AXIAL POWER DISTRIBUTION
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Neutronic Model Verification
for
Maansban Power Plant
with
Advanced In-core Fuel Management Package
Yu-Lung Wang, Jing-Tong Yang
Yau-Tirng Yeh, Shyun-Jung Yaur
Institute of Nuclear Energy Research
P.O. Box 3-3, Lung-Tan, Taiwan

INTRODUCTION
A program is under way to verify a PWR Steady State
nuclear method for reload design to be utilized by the
Institute of Nuclear Energy Research (INER).
The methods
and models are being benchmarked against measured data for
power reactor. The power reactor benchmark includes cycles
1 through 5 of Maanshan 1 & 2. Maanshan cores have several
advanced features, including advanced &P fuel, low leakage
patterns, and coastdown operation, which make them
especially interesting for testing the accuracy of modern
nodal methods. In this paper, the results of the Maanshan
Units 1 & 2 benchmark calculations are presented.
CORE DESCRIPTION
Maanshan Units 1 & 2 are Westinghouse three-loop, 2775
MW (thermal) pressurized water reactors owned by Taiwan
Power Company. Both of them are currently operating in
cycle 6. The cores contain 157 fuel assemblies with a
17*17 fuel pin arrangement. All fuel assemblies were
manufactured by Westinghouse. The loading pattern designs
consist of conventional, hybrid and low-leakage. The
cluster design of control rod is used in the core and there
were two types of control rod material (Hafnium & Ag-In-Cd)
used in the specific cycles. There were also two types of
burnable poison rod (Pyrex & WABA) used in the subsequent
cycles respectively. The asymmetric BPs design was used in
MS-2, cycle 2. The cores and cycles' characteristics are
listed in Table-1. These cores feature the first
application in initial core loadings of the optimized fuel
assembly (OFA) and the reduced length burnable absorber
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(RLBA) design.
ANALYTICAL MODEL
INER is using the advanced code package CASMO3 ( in reference l)/SIMULATE-3 (in reference 3) to
perform reactor physics core calculations. CASMO-3 is a
multigroup two-dimensional transport theory code used to
perform fuel assembly depletion calculations and to
collapse cross sections for subsequent input to less
rigorous models. TABLES-3 (in reference 2) processes
assembly-averaged parameters, including two-group cross
sections from CASMO-3, for use in SIMULATE-3. These
parameters are Dl, D2, SIGR1, SIGMA1, SIGMA2, NSIGF2,
KAPPA/No, discontinuity factors, and fission product data.
SIMULATE-3 is an advanced two-group diffusion theory nodal
code used for core physics analysis. In SIMULATE-3, fuel
assemblies, as well as baffle and reflector regions, are
explicitly represented. Normalization to measured data or
higher order codes is not required.
CASMO-3 CROSS SECTION GENERATION
Cross sections for each fuel assembly were generated
using CASMO-3. The CASMO-3 model utilized the following
features:
1. 1/8 assembly calculation
2. internal 40 energy group neutron cross-section
library
3. appropriate depletion intervals
4. transmission probability calculations based on 7
energy group
For each fuel type, two depletion cases were performed,
one at average and the other at inlet moderator temperature
conditions. Boron concentration, moderator temperature,
fuel temperature, and control rod branch cases were based
on the depletion case at average temperature. A single set
of axial and radial reflector cross sections was used for
all cycles.
SIMULATE-3 CORE MODEL
The SIMULATE-3 inodel for the Maanshan Units 1 & 2 cores
have the following attributes:
1. conventional cross sections
2. 12 axial nodes in the active fuel
3. 2*2 radial node mesh in each assembly
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4. one node radial and one node axial reflectors
5. explicit iodine/xenon and promethium/samarium
fission product treatment
6. thermal-hydraulic feedback
7. Tf-Tm correlation offered by INTERPIN (in reference 4)
calculation
8. depletion arguments of exposure, moderator history,
Xe & Sm concentrations, boron history, pulled BP, and
pin power reconstruction
9. coastdown and reduce power operation effects and the
change of control rod position considered
SIMULATE-3 CALCULATING ITEMS INCLUDES:
1.
2.
3.
4.
5.
6.
7.
8.
9.

power distribution
axial offset
critical boron concentration
xenon transient analysis
control rod worth
shutdown margin
stock and dropped rod calculations
reactor coefficients
kinetic data
RESULTS

Calculations for cycles 1 through 5 were performed at
both hot zero-power (HZP) and hot full-power (HFP)
conditions. The HZP cases executed for comparison to
measured results from low power physics tests were (a)
critical boron end points, (b) integral control rod worth,
(c) isothermal temperature coefficient (ITC), moderator
temperature coefficient (MTC), and (d) reaction rate
in MS-1, CY-4. The HFP results include comparisons
of calculated and measured critical boron letdown curve
and axial offset. The HZP and HFP results are summarized
in Table 2 - Table 5 and Fig. 1 - Fig. 3.
The large differences of boron end points for MS-1,
CY 1,2 in Table 2 is believed to be dued to some
measurement mistakes which were performed in the earliear
years and is therefore difficult to locate for the real
cause. Similar result was found in MS-1 CY 5, but the
cause is recognized as that coming from the operator who
performed a slightly too fast boration process during LPPT
experiment that is against the normal test procedure. The
other measured versus predicted results for HZP show
excellent agreement and are well within the acceptance
criteria. The boron letdown and reaction rate comparisons
are accurately predicted through the cycle depletion.
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CONCLUSION
The accuracy and flexibility of CASMO-3/SIMULATE-3
models are confirmed in analysis of 10 cycles of the
Maanshan PWR units. The cycles include base load, reduce
power and coastdown operations. Conventional, hybrid and
low-leakage loading patterns are used, and several
different fuel designs are included. The analysis reveals
no significant difference in accuracy between Naanshan
units and between cycles with different BP designs. An
extensive design process plan has been formulated with
Taiwan Power Company to continue this development.
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TABLE 1. Core characteristics of MAANSHAN power plant
UNIT J

Cycle

••
tama

1

C9D

3

4

5
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«
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O
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<
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TABLE 3. Intergral Rod Worth percent difference
between meas. and cals.

MS-1

MS-2

CY1

CY2

CY3

CY4

CY5

CY1

CY2

CY3

CY4

CY5

(*)

(*)

(*)

(*)

(*)

(*)

(*)

(*)

(%)

(%)

D

0,6

1. 7

3.6

-0. 7

10.1

4.1

8.0

8.6

11.5

27.3

C

-3.7

3,3

-5,1

9.6

7.0

-2.1

0.8

5.4

-1.2

2.8

B

-2,2

2,8

3,6

-0.4

-1,3

-2.3

5.5

5.0

6.4

1.0

A

-0,2

12.0

9,3

0.8

7,4

-0.1

-3.7

2.2

7.0

5.5

AVE.diff

1,7

5.0

5,4

2.9

6.5

2.2

4.5

5.3

6.5

9.2

MAX.diff

-3.7

12.0

9.3

9.6

10.1

4.1

5.5

8.6

11.5

27.3

BANK

TABLE 4.

ISOTHERMAL TEMPERATURE
ARO HZP (pern/
F)

MS-1
Cycle MEAS.

COEFFICIENTS

MS-2

INER

diff MEAS.

INER

diff

3.62

.08

1

3.52

3.50

-.02

3.54

2

2.15

2.44

.29

1.34

.94 -.40

3

0.40

0.94

.54 -1.81

-.40 1.41

4

1.93

1.92

-.01 -1.24

-.84

.40

5

1.82

1.49

-.33

2.22

2.12

.10

to

o

AVE DIFF

.24

.48

TABLE 5.
Summary of percent difference
in meas. & cals. integral
reaction rate, MS-1 CY-4

Exposure

ABS. DIFF (%)

(GWD/MTU)

AVG

MAX

0.552
1.996
2.845
4.053
5.180
6.376
6.669
7.614
8.518

1.3
1.0
1.0
0.9
1.1
0.9
0.9
1.6
1.2

5.5
4.6
3.6
3.9
8.6
3.4
3.5
7.6
11.4

CYCLE AVE.

1.08
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FIG 2.
NORMALIZED REACTION RATE INTEGRAL COMPARISON
MS-1 CY-4
a 401
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-1.000

1.192
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• : MAX. ERR.
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FIG 3.
NORMAUZED REACTION RATE INTEGRAL COMPARISON
MS-1 CY-4
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UP-DATING AND VALIDATION OF A PROJECT MOX
COMPUTATIONAL CHAIN

G.B. BRUNA*, M. DOUCETV M. NOBILE**, A. VALLEE*
• FRAMATOME, TOUR FIAT, Cedex 16,
92084 PARIS LA DEFENSE
• • CEA.DMT/SERMA - CEN SACLAY,
detached to FRAMATOME
ABSTRACT
Plutonium recycling in PWRs, was launched in 1985. A generic safety report
was established in the early 1986, and a first 16 assembly MOX reload was
loaded in the Saint Laurent B1 900 MWe plant, in the late 1987. Since then, 13
MOX reloadings have been succesfully performed.
We present, in this paper, a survey of the large R & D activity, which supported
the improvement and up-dating of the FRAMATOME computational chain, with
the aim of meeting the project needs.
Several elements of the chain validation are presented and fully described here,
including first MOX EPICURE configuration studies and power reactor analysis.
INTRODUCTION
Plutonium recycling in French 900 MWe PWRs was launched in June 1985. A
generic safety report, established jointly by FRAGEMA and EDF in the early
1986, demonstrated the faisability of MOX (Mixed Qxyde) refueling such
reactors, with a maximum 30 % MOX assemblies per reload, (Ref. /1/).
Since then, after a first loading of 16 MOX assemblies in the fifth cycle of the
Saint Laurent B1 plant, (SB105), in the late 1987, 13 MOX reloadings have
been succesfully made in Saint Laurent, Gravelines and Dampierre 900 MWe
plants, with various enrichment assemblies belonging to different fabrication
cycles, and three equilibrium configurations have been reached.
Figure 1 presents a synopsis of the MOX program, as it has been carried-out
since 1987, giving some details on enrichments and compositions of the
different MOX loads.
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According to the out-in refueling strategy in such reactors, the fresh first load
MOX assemblies are loaded in the outermost region of the cote and mcved
towards the core center <n the two following cycles, to attend a nominal
equilibrium configuration, as shown in Figure 2.
This strategy amplifies the overall sensitivity of the core to the plutonium data
and computational techniques in the first and second MOX reloadings, as a
consequence of an inhomogeneous distribution of MOX assemblies in the core,
(the outermost regions containing the bulk of plutonium}.
ELEMENTS OF MOX PHYSICS AND COMPUTATION

The physical properties of MOX fueled cores are broadly influenced by:
- a generalized spectrum hardening, which generates a strong sensitivity
of the main project parameters, such as reactivity worth, power and
temperature coefficients, power level and shaping, to the very local
conditions,
- the presence of a large number of physically significant transition
zones at the assembly and core boundaries, which generates local power
peaking phenomena,
- the building-up of minor actinides, the contribution of which to the
burn-up - build-up process becomes very important, but their crosssections and time dependent concentrations are generally known with a
rough precision.
A physical coupling exists among these effects, but, in a first approximation,
the validation of a project computational chain can be achieved independently
against :
- plutonium and minor actinides base data and treatment, on the basis of
critical mock-up experiments and post-irradiation fuel analysis,
- computational options and approximations, via large scale experiment
and core computation measurement comparisons.
The approximations and the experiment-calculation discrepancies are combined
quadratically in order to get an overall uncertainty for the project.
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PROJECT CHAIN UP-DATING
The decision to go ahead with plutonium recycling in PWRs was immediately
followed, in FRAMATOME, by the launching of a large R and D program, aimed
at:
- getting a full knowledge of the plutonium PWR lattice physics, (Ref; 121),
- up-dating and validating the project computational chain, in order to
meet the project needs, (Ref. /3/),
- searching for the best computational options, in the framework of the
deveiopment of FRAMATOME's second generation SCIENCE chain,
(Ref.
The improvement and up-dating of the standard chain were accomplished
through a large-scale physical analysis, the main conclusions of which have
been :
- the old plutonium basic data compiled in the project chain libraries had
to be significantly up-dated, and some computational options revised,
in order to minimize the fuel cross-section errors and avoid anomalous
build-up of minor actinides ;
- the cross-sections and treatment of minor actinides had to be improved
in order to account for their larger contribution to the reactivity and to
the burn-up build-up process;
- the adjusted cross-sections of the equivalent F.Ps had to be
recalculated and fully revised, accounting for the new contributions to
the yields and the spectrum changes.
According to these outlines, the following main improvements have been
introduced, when up-dating the cell code :
- processing the four main Pu isotope data from the JEF-1 Data File,
- simplified up-dating of the minor actinides to the JEF-1 level,
- correction of the thermal v cross-section of Pu239, according to JEF-2
recommandstions,
- revaluation of the cross-sections of the pseudo F.Ps.
The cross-sections of the four main Pu isotopes (Pu239, Pu240, Pu241, Pu242)
were processed from the JEF-1 Data File, (Ref. /3/) and collapsed to the
fine"ceir energy structure, including 54 groups in the 10 MeV - 0.625 eV
region and 172 thermal.
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Computations in the resolved resonance region
"potential" cross-section values.

were

made

with

fixed

Due to the absence of resonances in the unresolved range of the Pu242 JEF-1
Data, the choice of the "sigma potential" had no effect on its cross-sections ;
the other isotopes show a slight sensitivity to this parameter, but its impact is
small in the whole range of MOX enrichments.
All minor actinide cross-sections were also improved to JEF-1 level, via reaction
rate and reactivity adjustment.
The thermal v of Pu239 was revised also in order to account for (n, ?f) and spin
effects in the range of the 0.3 eV large resonance. According to this corrector,
the thermal production reaction rates of Pu239 have been rsduced significantly.
The equivalent F.Ps cross-sections have been reevaluated accounting for the
new contributions to the yields and for a different distribution of importance
among low-worth fission products, due to the spectral shift generated by
Plutonium fueling.
VALIDATION OF THE CHAIN: CRITICAL EXPERIMENTS
OVERALL RESULTS
Due to the lack of any "representative" experiment of MOX recycling, the
validation of the up-dated standard chain was achieved, globally, both from
mock-up experiments and power reactor experience.
A set of 17 critical experiments, (Ref. 131), none of which was fully
"representative" of the actual MOX exploitation conditions, was chosen for
fundamental reactivity analysis.
In order to allow appreciation of the "representativeness" (Ref. /6/) of these
experiments, the actual operation conditions were compared to those of the
experiment, (Figure 3) and the reactivity was plotted versus two different key
parameters: a coolant to fuel ratio and a spectrum index. In Figures 4 and 5,
arrows indicate the typical plutonium recycling range for these parameters.
Moreover, an experimental uncertainty was evaluated and affected to each
computed value.
As can be seen, most of the calculated points are within the range
pcm, ( 1 pern = 1.10"5), experimental uncertainty included.

+ 1000

Moreover, the value of the keff averaged over the whole set is only + 80. pcm
from the criticality, (with a standard deviation of 900. pcm).
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As far as the point power distribution is concerned, the prediction accuracy of a
sample of 335 independent points belonging to 10 different mock-up
experiments, including 8 BATTELLE configurations, (see Figure 6 for details)
(Ref. Ill), a MINERVE (Ref. /8/) and an EPICURE first configurations, {Ref. /5/J,
is within the interval + 4 %, at 2 a, with a very unifor distribution.
In the following section, we present and discuss the EPICURE analysis and
results in more detail.
THE EPICURE ANALYSIS

The validation of a project computational scheme can be achieved on the basis
of a reduced scale experiment if, and only if, its "representativeness", defined
as the quantity able to carry-on the most oi the physical background of a reJ
system, is not too far from 1.0 (Ref. /6/). The "representativeness' is, then, a
function of a set of key parameters, or "signatures", which can be different,
depending on the real system features.
Owing to that, a reduced scale experiment must keep as many real system
"signatures" as possible, at best.
The EPICURE program, (Ref. Ibl), which has partially bean, and will be, the
experimental support of any FRAMATOME's new MOX computational chain
development, meets these requirements.
The program, established ir 1987, has been planned to be carried-out in the
EOLE facility at the CEA Center of Cadarache, South of France, over the period
1989-1992.
According to a tripartite agreement, among CEA.EDF and FRAMATOME, the
program main achievements should be :
- compiling a complete set of tests and building-up a suitable validation
basis for project chains ;
- reducing significantly the project uncertainties a due to the MOX fueling,
In order to meet these quite ambitious goals, a series of configurations were
planned, simulating different MOX and UO2 patterns in the core.
The "representativeness" of the reduced scale experiments was cheked against
the full core situations, through a set of key parameter sensitivity analysis, (Ref.
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Being aware of the impact of the experimental uncertainties on the confidence
level of the computation-measurement comparisons, (Ref. /9/), a significant
effort was done in order to minimize systematic errors and to treat statistical
ones in a suitable way. So that, the gamma scanning based measurements of
the pointwise power distribution have been performed twice independently, and
supplemented by information, obtained via reaction-rate analysis.
Special experimental devices allowed the appreciation of
transition effects, at the zone boundaries.

the

M0X-U02

A complete analysis of the experimental methodology of the EPICURE program
and related uncertainties is presented in (Ref. /10/), another paper given at this
meeting.
However, it would be very useful to the understanding of the calculationmeasurement comparisons, to remember that, in the EPICURE experiment :
- the accuracy of the measurement of the bucklings and the reactionrate distributions is within + 1 %, at 1<r,
- the uncertainty of the techniques, based on particular gamma ray peak
scanning, may be up to 2.5 % at 1a. This quite large value accounts
for the precision of the fission product yields, and the knowledge of the
macroscopic cross-sections of the fissile isotopes in the fuel.
The confidence level of the comparisons between measurement and calculation
actually depends on the uncertainties, via an overall value, as shown in Ref.

Untill now, three configurations of the EPICURE experiment have been fully
exploited, but the so called UM ZONE only gives results, which can be useful
for MOX computational chain validation.
In this configuration, a full scale heterogeneous three zoned 1 7 x 1 7 pin MOX
assembly (Figure 7), placed in the central core region, is surrounded by a
heterogeneous UO2 zone, containing up to 72 water holes.
As explained in another paper, (Ref. /12/), a broad analysis has been performed
dealing with the UMZONE configuration in the framework of the MOX chain
development in FRAMATOME, we only present here the results we got using
the project computational procedures.
The full core discrete diffusion calculations allowed a prediction of the
eigenvalue at + 300 pcm, and the pointwise power distibution was predicted
(Figure 8) with a very satisfactory precision, with a standard deviation of only
1.67 % in the whole MOX region.
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VALIDATION OF THE CHAIN : THE PLANT FEED-BACK
The wide commercial reactor operation experience, which has been growing and
piling-up since the 1987 first MOX reloading Saint Laurent B1 plant, has been,
and will be in the future, a very important source of useful and suitable data for
computational chain testing and validation.
The exploitation of the bulk of the availabie data, such as soluble boron
concentration versus burn-up, control rod worth, activity charts and
temperature coefficients, allowed a broad check of the project chrin
performances, in a wide set of actual exploitation conditions.
The absolute computation measurement discrepancy of soluble boron
concentrations, at the beginning of cycle, for several start-up test situations is
always within the safety criteria.
Figs 9 and 10 summarize the most important results of the broad test and
validation activity carried out in FRAMATOME during the last few years. The
data include, for a 11 reload sample:
- the distribution of full-bank control rod worth discrepancies at
zero power, (Ref./13/) ;
- the distribution of the discrepancies in the activities of the
instrumented MOX assemblies in the core.
A systemactic underestimation of the MOX assembly activity can be observed ;
this effect, which decreases significantly with MOX depletion, is probably due
to an unsatisfactory treatment of the geometrical effects in the calculation of
the detector cross-sections. A specific analysis of this topic is in progress.
Besides this very small effect, the bulk of commercial reactor exploitation results
supports the MOX chain predictions as fully adequate to fulfill the exploitation
and safety requirements : all the detected discrepancies on project parameters
are largerly within the project margins and actually inside the UO2 uncertaity
range.
These results broadly testify that the MOX computational chain is as well
validated as the standard UO2 one.
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CONCLUSION
We present, in this paper, a quite detailed survey of the wide R & D activity
carried out in FRAMATOME in recent years with the aim of improving, up-dating
and broadly qualifying the project computational chain for MOX calculations.
The results we present here, both as regard mock-up analysis and commercial
plant exploitation feed-back, testify to the very satifactory accuracy of the chain
predictions of exploitation and safety related parameters.
At present, the MOX chain can actually be considered as broadly validated as
the standard UO2 one.
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A COMPARISON OF THE REACTOR PHYSICS PREDICTIONS FOR
CANFLEX FUEL USING THE CODES MCNP, WIMS-AECL AND LATREP

M.S. Milgram, AECL Research
Chalk River, Ontario, Canada. KOJ UO
(613) 584-3311; bitnet: MILGRAMMeNVE.CRL.AECL.CA

ABSTRACT

The lattice codes WIMS-AECL and LATREP have been used to calculate
fundamental reactor physics parameters for AECL's new CANFLEX fuel bundles,
and an MCNP model was devised to check these results. An intercoinparison
of predictions from these codes is given, showing a reasonable agreement in
the values of most parameters, but also highlighting a few inadequacies that
require further refinement.

INTRODUCTION
As part of en ongoing check of the accuracy of codes, a project was initiated
to verify the Reactor Physics predictions for CANFLEX fuel. 1 There is some
concern that the WIMS-AECL code 2 will not give a good prediction for the
U-238 resonance integral because the two sets of inner and outer fuel rings
contain pins of different radius, and the WIMS-AECL model 3 for resonance
absorption for such a configuration is potentially inadequate. At the same
time, the LATREP code 4 is considered to have an adequate treatment of this
property for this configuration, although this code is not generally used to
calculate the properties of CANFLEX fuel. Finally, the Monte Carlo code
MCNP5 can handle problems of this sort in an accurate and model independent manner, but this code is extraordinarily expensive to run. So, the intent
of this study is to compare the calculation of important parameters among
the three codes mentioned, and highlight any differences that relate to the
design predictions for CANFLEX fuel.
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CANFLEX FUEL
A cross section of the geometry of the CANFLEX fuel bundle is illustrated
in Figure 1. This figure clearly depicts the seven-fold symmetry of the bundle,
and is also an accurate depiction of the geometry used for the MCNP runs.
The heavy lines in the figure denote reflective planes used in the MCNP
model to simplify the geometry. It is evident that the boundaries ad the
outermost edge of the moderator region for a single lattice cell do not
correctly describe the symmetry, but this factor is considered unimportant,
since the total amount of moderator is correct. To simplify the comparison
no attempt was made to model the end regions of the bundle, so the MCNP
geometry included two reflective planes at axial positions t 100 cm along the
fuel channel, parallel to the cutting plane used in Figure i. All nuclide number
densities were consistent with the corresponding WIMS-AECL and L.ATREP
cases for unirradiated natural uranium fuel.

MCNP
MCNP is a coupled neutron-photon transport code that follows the histories
of many neutrons that are emitted in random directions from a neutron
source; the distance to, and nature of, each collision of each neutron is
chosen at random from among all possibilities according to the geometry and
material content of the problem. The (3B) version of the code was used in
this study; all nuclear data was taken from a library based on ENDFB-V.6
Three inadequacies of the MCNP code were discovered. First, in a reeil calculation of the lattice parameters, the ideal fuel temperature should be approximately 900 C, to adequately account for the Doppler broadening of resonances
in U-238. Unfortunately, the nuclear data library that cimes with the MCNPOB)
code does not include" data for U-238 in this temperature range, and the
difficulty in generating a new library material consistent with the existing
low temperature (300 K) data precluded any attempt to consider this effect.
So, all cases were run at realistic operating temperatures for ail materials,
except the fuel, which was assumed to be at room temperature.
The second inadequacy concerns the data available for D2O in the MCNP
library: no provision is made for explicit (n,2n) tallies in this material. This
makes it difficult to make a one-to-one comparison with some of the other
codes that either isolate this reaction explicitly, or embed it in other reactions,
usually fission. Parenthetically, the (n,2n) reaction contributes about 6 mk* to
the reactivity of a typical CANDU lattice.
• Recently, a data library with this property has become available.7
* 1 mk • 0.001 k
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Finally, there is a problem in interpreting the absolute normalizations used
within MCNP. Although perfectly reasonable reaction rate ratios and relative
power distributions could be extracted without difficulty, the determination
of absolute reaction rates or cross .sections defied my best efforts. Thus all
comparisons among the three codes are done for important lattice parameter
ratios, but no absolute values are quoted. Again, the MCNP User's Manual
suggests that the determination of absolute values from neutron tallies in
MCNP is complicated when reflective planes and KCODE options s are used.
Each of the two MCNP cases represents results obtained from following the
histories of 36,000 neutrons, using a neutron source spatial distribution
calculated from 20 iterations of the life histories of 1,800 neutrons per iteration. Each MCNP run required about 4-6 hours of CPU time on a CYBER-990
mainframe; no attempt was made to use the various variance reduction techniques built into the code. All Figures of Merit and estimates of the error in
various quantities were consistent and reasonable, suggesting that the number
of samples is large enough for the results to be reliable.

W1MS-AECL
The WIMS-AECL code 2 is generally accepted as a relatively modern deterministic transport code that should give adequate (1 5%) results for a range of
lattice geometries, particularly those of interest to the CANDU program.
Originally obtained from Winfrith in the UK, it has been extensively modified
over the past two decades, and is based on models and approximations appropriate to CANDU fuel configurations and material content. In particular, two
nuclear data libraries are available: one being the original "Winfrith" library
originally obtained with the code, the other being the so-called ENDFB-V
library, which was generated from the more general ENDFB-V data base. As
discussed in the Introduction, the main motivation for this work was to
determine the adequacy of the WIMS-AECL approximation used to calculate
the U-238 resonance absorption for fuel with varying pin radii. In addition,
the overall accuracy of the reactivity, power distribution and void reactivity
predictions, as well as the dependence on the two nuclear data libraries and
whatever discrepancies could be found, was to be noted.
To achieve this goal, several WIMS-AECL cases were run and compared with
MCNP. The main cases involved the exact natural uranium fuel configurations
and WIMS-AECL transport options used in the CANFLEX design calculations
(meaning that the Winfrith nuclear data library wa- utilized), with the exception of a lower fuel temperature for the reasons noted above. This calcula-
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tion was done with and without end regions (models for the plates that
support each 50-cm-lJng fuel bundle at either end), and with normal and
voided coolant. To ascertain the effect of the different data libraries and
approach the MCNP model more closely, the end-region calculation was
omitted and the calculation was repeated using the ENDFB-V based library.
Finally, the calculation was repeated again using a special "no-leakage" edit
in WIMS-AECL, to isolate the neutron leakage corrections that are applied
throughout the code to rr.ouel the effect of a finite system. This result Is es
directly comparable to the MCNP calculation as seems achievable, given the
properties of MCNP noted above. From a comparison of the results of these
different models, it is possible to directly compare an MCNP and a WIMSAECL calculation, and then examine the effect of the different WIMS-AECL
appro*-'mations in going from the MCNP comparable case to the design case.

LATREP
The LATREP code was developed by AECL Research over the past three
decades and is a repository of reactor physics models appropriate to CANDU
fuels. Recently, it has been made more general by eliminating many CANDUspecific models; comparisons with light-water moderated fuels have been
encouraging. Of particular interest is the inclusion in this code of models 8
for resonance absorption that are tolerant of geometries that include fuel
pins of varying radii within the pressure tube, as well as * library based on
ENDFB-V for ail materials save U-238. The data for this material is based on
mode]-dependent calculations and comparisons with experiments in cluster
fuels. Therefore, there is no reason to expect that the predictions of this
code should differ from either of the other two codes. In fact, the more
general U-238 resonance capture calculation, as well as the leakage calculation in LATREP, could be more appropriate for the CANFLEX fuel configuration than that of WIMS-AECL. The cases run on LATREP consisted of the
comparable WIMS-AECL cases, with and without neutron leakage and with
coolant density appropriate to the reactor operating conditions, as well as a
void. The cases without neutron leakage are directly comparable to the corresponding WIMS-AECL and MCNP cases.

RESULTS
The results are summarized in Tables 1 and 2.
Four parameters were compared among the three codes. The first parameter
is the lattice reactivity, defined by both WIMS-AECL and LATREP, in the
absence of leakage, as the ratio of the neutron yield to the neutron absorption
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for a lattice cell. MCNP contains three different prescriptions for this parameter; each differed considerably in magnitude from the others until sufficient
neutron histories were evaluated, when it was observed that a!2 three eslmators
were within a few mk of the average. This variation between the estimators
forms the basis for the error quoted for the reactivity in the tables. It also
suggests that sufficient statistics are available for a meaningful result.
Systematically, the MCNP estimates for reactivity exceeded those of both
LATREP and WIMS-AECL by about 10 mk (IX). The omission of end-regions
(which are worth about 0.S mk) cannot account for this difference, nor can
the disparate treatment of the (n,2n> reaction in D2O by the different codes,
since the latter phenomenon would affect the difference in the opposite
direction. It is possible that the lack of symmetry at the moderator boundary
is causing this effect; certainly, it is much larger than expected on the basis
of general predictions9 of bias in Monte Carlo eigenvalue calculations.
Although discrepancies of this magnitude are not unusual when lattice codes
are compared, the source of the discrepancy remains to be determined. In
general, the agreement in reactivity prediction between LATREP and the several
options of WIMS-AECL was within acceptable expectations; the void effect
(defined to be the difference between the lattice reactivity at operating and
voided coolant density) calculated by both these codes was about 22 mk, in
acceptable accord with the value of 19 (*3) mk predicted by MCNP. It should
be emphasized that this result does not represent a predicted void effect in
an operating reactor for several reasons, the reduction in fuel operating
temperature being only one.
The second parameter compared among the three codes was the Conversion
Ratio (CR) defined as the ratio of {captures in U-238 by the ( n,y) reaction)
to {total fissions in U-23S). Because it is unlikely that any of the three
codes would calculate the U-235 fission cross section incorrectly, this parameter can be used as a measure of the accuracy of the evaluation of the U-238
capture cross section. A comparison of the results calculated by the three
codes using the most compatible models can be found in columns 1, 4 and 6 of
tables 1 and 2 In these tables, the predictions of each code are entered along
with their percentage deviation from the MCNP result (in parentheses), if that
deviation exceeds the statistical error inherent in the MCNP prediction which
is also quoted in parentheses. The agreement is very good among all three
codes. Next, we perform the same comparison, but include a correction for leakage consistent with that used in the CANFLEX design calculation. The
LATREP/WIMS-AECL versus MCNP comparisons are no longer strictly valid,
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but the intent is to observe how this correction affects the lattice parameters.
The results are obtained by comparing columns 1, 3 and S. From these comparisons, it is evident that the LATREP leakage correction increases the CR by
about O.SX, whereas the WIMS-AECL correction increases it by about 2.5X.
Finally, we compare columns 2 and 3, which show the effect of using the
Winfrlth diU library in WIMS-AECL with (top result) and without (bottom
result) end regions, but with the leakage correction included. The bottom
figure In column 2 and the figure in column 3 are directly comparable, and
show that U<e WIMS-AECL predictions are insensitive to the nuclear data
library; comparison of the top and bottom figures of column 2 shows that
the end-region correction does not significantly affect this ratio either. However, the comparison with MCNP shows that there is a significant difference
between the design calculations for the CR (top figure in column 2), and the
closest MCNP case (column i), and that this difference is entirely due to the
WIMS-AECL leakage correction. This leakage correction is also much larger
than the same correction calculated by LATREP.
The third important parameter calculated was the epi-to-thermal capture
ratio (S 2 8 ratio) for U-238. It is defined to be the ratio of the U-238 (n,Y>
cross section above 0.62S eV, to the same cross section below that energy.
The same column numbers as above yield the same comparisons for this
ratio. Here we see again that the WIMS-AECL and LATREP predictions are
both reasonably good and probably within the t 535 range advertised for codes
not tuned to any particular set of experiments, particularly when the fairly
large error attached to the MCNP predictions are noted. Again we see a
small (~3X) change appear when the LATREP calculation is done with a leakage correction, but this time the WIMS-AECL correction for leakage is large
(about 10X). Again the end region correction and Winfrith versus ENDFB-V
library effects are acceptable (about 2-3X each) in WIMS-AECL. These conclusions are echoed by calculations with both operating (Table 1) and voided
(Table 2) coolant densities.
Finally, we compare the distribution of ring powers within the bundle. From
the last sections of Tables 1 and 2, we see that the predictions of LATREP/
WIMS-AECL are all within the SX tolerance expected of such codes, and are
totally insensitive to the various elements that make up the different models,
as discussed in the previous two sections.

CONCLUSIONS
Overall, there do not appear to be any frosm discrepancies between the predictions of WIMS-AECL. LATREP and MCNP for CANFLEX fuel using natural
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uranium fuel, with and without voiding. There is reason for concern that the
leakage correction between the two deterministic codes differs so significantly.
The effect of the WIMS-AECL leakage calculation Is to preserve the U-238
cross section fairly well, but tc shift the spectrum towards the epithermal
region, thus Increasing S 28 . A model MCNP calculation with both radial and
axial leakage should be devised to investigate this effect. Serious inadequacies with the MCNP code (lack of explicit (n,2n) data for D2O and omission
of Doppler broadened data for U-238) should be addressed. The reasons for
the large difference in predicted absolute reactivity between the deterministic
and stochastic codes require further investigation, as does the problem of
determining an absolute normalization for the MCNP calculations.
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Table \. Comparison assuming cold fuel and operating coolant densit
ring
no.

WIMSAECL

MCNP

WIMSAECL

W1MSAECL

3

4

2

k

1.137 <-+l mk)l

I

(j

1

6 98 ( *3.S%)

.7.00
V.O6

2

6 73 ( ±1.5%)

3
4

1.12S7

LATREP2

LATREP
6

5

m

I

1.12S7

I

1.1289

I

1.1289

7.07

6.89

6.98

6.93

(6.89 (2.3X) )
6.9S (3.3X)

6.9S (3 .3%)

6.78

6.79

6.74

6 49 ( -+1.1X)

(6.67
12.8X>\
l
6.73 (3.7% )

6.71 (3. 4 )

6.SS

6. S3

6.49

6 43 ( -1.0%)

[6.67 (3.7%) j
6.73 (4.7X)

6.67 (3. 7%)

6.S2 (1.4%)

6.59 (2.4%)

6.54 (1.7X)

}

I

thermal
0.471

0.465 ( ±6.3

0.429 (-8.4X) 0.458

0.446

0.413 (-3.OXX2*??

0.446 (8.0X) 0.406

0.417

0.405

0.364 < -2.2X) O.376 (3.3X)

0.395 (8.5 >

0.360

0.363

0.353 (-3.1X)

O.37S (6.2X)

0.364 (3.1X)

O.434 (5.IX)
O.3S8 (6.SX)

0.353 (-2.1X) [O.381 <8.9X)t 0.404 (14.4% 0.357
O.393 (1I.3X)

relative power densities
0.778 ( -1.550

£ P|Vi /

0.801 (2.9%)

0.796 (2.3X)

0.796 (2.3X)

0.776

O.77*

0.809 (-0.7 X) 0.839 (3.7X)

0.835 (3.2%)

0.835 (3.2X)

0.828 (2.3X)

0.827 (2.3%)

0.933 (-0.6X) 0.937

0.93S

0.935

0.946 (1.4X)

0.947 (1.4X)

1.148 (-0.4%) 1.130 (-1.6X)

1.134 (-1.2%)

1.134 (-1.2X)

1.131 (-1.SX)

1.134 (-1.2X)

ring no. Increase from lneer to outer; End regions only in top value of WIMS1 column
t - Winfrith library
2- ENDFB-V library
3- no leakage and ENDFB-V
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Table 2. Comparison assuming cold fuel and voided coolant density
ring

MCNP

no.

W1MSAECL

/

W1MSAECL

WIMSAECL

3

4

2

LATREP 2

LATREP

5

1
1 1455

1.156 ( ± 2 ink)I

1.146S

1.1476

1.1476

1JS11

I

1.1529

I

S 28 (n.Y)/o 2s (n.nxlO-3
6.40 (±3.1%)

6.S1 .
6.S6 '

6.58

6.38

6.47

6.43

6.SO (2.OX)

fc.52 (2.4%

6.32

6.36

6.32

6.26 ( ±1.150

6.33 (J IX)
6.37 <1.8X>

6.37 (1.8%)

6.19 (-1.1%)

6.21

6.18 (-1.3%)

6.35 ( ±

6.64 (4.6X)
6.69 (S.3X)

6.64 (4.6%)

6.45(1.6%)

6.46 (1.7%)

6.42 (1.0%)

6.37 < *t:6X)

6.46

O 2 8 «n.T) t h .r»^
O.3S1

0.344 ( ±6.6% ) O.362
0.337 ( ±3.0% O.34O

0.379 (10%)

0.341

0.361

0.351

2X)) 0.365 (6.3%) 0.329

0.336

0.327 (-3.1%)

0.31S(±2.7%)

O.314
O.323

0.334 (6.0%) 0.301 (-4.7%) 0.305 (-3.3%) 0.297 (-6.1%)

0.336 (±2.4%)

0.382(13.6*}
0.394(17 .3XV

0.393 (17 %) 0.349 (3.9%) 0.356 (5.9 X) 0.347 (3.1%)

relative power densities
0.8S2 ( ±1.4%)

0.841

0.839 (1.5 X) 0.839 (1.5%) 0.812 (-4.9%) 0.812 (-4.9%)

0.862 (±0.7%) 0.872 (1.2 %) 0.871 (1.0%)

0.871 (1.0%) O.8S9

0.859

0.950 ( ±0.5%) 0.9S2

0.951

0.951

0.959 (1.0%)

0.959 (1.0%)

1.102 (-0.5%) 1.104

1.104

1.105

1.105

1.107 (±0.4%)

ring no. increase from Inner to outer; End regions only in top value of WIMS* column
1- Winfrith library
2- ENDFB-V library
3 - no leakage and ENDFB-V
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natural uranium fuel pins
density 1O.3S8 g/cm 3

Pressure Tube (Zr-Nb)
S.17 to S.62 cm.

*fat" fuel pins

Csiandrl* Tu
6.4S t

.60 cm

A

"skinny" fuel pins
D2 O\moder*tor
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and voided)

Figure 1. Schematic represenUtion of 43-element CANFLEX fuel model showing
seven-fold symmetry, and reflective planes on a 28.57S cm square lattice pitch.

SENSITIVITY THEORY FOR THE
CLOSED NUCLEAR FLEL CYCLE
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ABSTRACT
Depletion Perturbation Theory has been extended to the closed nuclear fuel
cycle and methods have been developed for computing the constrained
sensitivities which account for fuel reprocessing and fabrication. An iterative
method was developed to solve the sensitivity equations and applied to the
closed fuel cycle of the Integral Fast Reactor. The sensitivities computed using
the methods here were in good agreement with sensitivities from direct
subtraction of perturbed and unperturbed depletion calculations. The closed fuel
cycle sensitivities were also compared to the sensitivities for the open fuel cycle
without reprocessing. The closed fuel cycle sensitivities were found to be
larger, particularly for isotopes higher up the bumup chain. The results here
indicate this work would have particular importance for the analysis of
advanced reactor designs with closed fuel cycles, such as the Integral Fast
Reactor. The methods developed here will facilitate accurate and efficient
sensitivity studies of such reactors.

INTRODUCTION
Reactor depletion analysis constitutes one of the largest computational investments in the evaluation of new
reactor concepts. This has motivated the development of methods for depletion sensitivity analysis such as
Depletion Perturbauon Theory (DPT), which do not require costly repetitive forward calculations.
Several authors'5 have made important contributions to DPT during the last several years. Gandini1 first
fonnally presented adjoint equations for the nuclear transmutation equations, which were later modified by Kallfelz
et al.2 to include the effects of flux field perturbations. Williams3 and Creuispan et ai.4 developed a comprehensive
methodology for treating perturbations to the coupled neutron/nuclide field. White' extended Williams' work to the
multicycle problem by incorporating a fuel shuffling operator.
Most recently, Yang and Downar6 extended DPT to the constrained equilibrium cycle and explicitly accounted
for the effect of practical core operating constraints such as criticality on the depletion sensitivities. However, their
work did not fully consider the external fuel cycle and the reprocessing and refabrication of some fraction of the
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Jischargcd fuel. Since many of the current advanced reactor designs employ fissile self-sufficient fuel cycles, ihe
accurate ucaimem of the external fuel cycle is an important aspect of advanced reactor analysis. Later in this paper
we demonstrate the methods developed here using a closed fuel cycle model of the Integral Fast Reactor (IFR).7
which is one of the most promising advanced reactor concepts currently under consideration in the United Slates.
The objective of our work is to extend DPT to ihc closed nuclear fuel cycle and to explicitly consider the effect
of fuel reprocessing and refabneaaon on the constrained equilibrium cycle sensitivities. In the following secuon we
discuss the mass flow in the closed fuel cycle and the equations describing the constrained equilibrium fuel cycle.
In third section, ws develop our method for incorporating the closed fuel cycle into the depletion perturbation
equations and in the last secuon we demonstrate our methods with practical examples.

THE CLOSED MJCLEAR FUEL CYCLE
At the completion of a bum up cycle for a mulu-batch core some portion of the fuel is shuffled and reloaded for
the subsequent cycle. The remainder is discharged and sent to waste (the open cycle) or reprocessed for subsequent
reirradiation (the closed cycle). The mass flow in the external cycle is depicted in Fig. 1. The portion of the fuel
discharged at the end of the cycle has a discharge density. N^ This material is fed into the reprocessing plant
where the portion sent to the fabrication facility has a density N*. and the remainder is sent to waste. If makeup
material is required at the fabrication facility, the reprocessed material is combined with external feed having a
density NF, otherwise some portion of the reprocessed material is sold having a sold density of Ns- The fabricated
fuel having a charge density Nc constitutes the fresh fuel material for the next cycle.
The fuel cycle model used in this work is based on the REBUS-31 fuel cycle analysis code which solves the
nuclide transmutation equations for the in-reactor cycle and models the various operations of the ex-reactor cycle. In
REBUS the shuffling and refueling operations can be represented by a discontinuity in the nuclide field at the end of
the cycle, T. If N(r,T*) represents the nuclide dcnsi.y vector at the beginning of the next cycle, this discontinuity
condition due to ihe shuffling and refueling can be written in operator notation;
ff(r.Tt)

= Sd(T)N{r.T) +

tfc(r.T)

(1)

where Sj(T) denotes the shuffling/discharge operator at T and Nc{r,T) represents the nuclide density vector of
ihe fresh fuel loaded at T. In die REBUS model, the equilibrium fuel cycle is defined as the reactor condition that is
invariant for successive operating cycles under a fixed fuel management scheme.9 Therefore the shuffle operator
and charge density for the equilibrium cycle are fixed and the discontinuity condition in the nuclide field at the end
of each cycle given by Eq.(l) is replaced by the two-point boundary condition:
N(r,O) = SU(T) N(r,r) + Nc<.r,T)

(2)

in whicfc N(r, 0) is the nuclide field density vector at the beginning of the equilibrium cycle.
For practical problems, the fresh fuel composition is selected subject to some constraint on core cnucality. This
is usually implemented by requiring the unpoisoned reactor multiplication factor be unity at a specified time (usually
at the end of a bum cycle). If *o >s the desired value for the unpoisoned multiplication factor at the end of a bum
cycle time, T , this constraint can be written as
klT,Nc,a\=ka

(3)

where k represents the functional for the unpoisoned multiplication factor. In the REBUS code, an li^ijve search
is performed in which the fresh fuel enrichment is adjusted in order to satisfy the criucauty constraint.
A change in some data will effect no: just the equilibrium condition of the core, but will also perturb the desired
value of the multiplication factor in Eq. (3). In practice, any perturbation of the core will be accommodated such
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that the constraint is still satisfied and therefore the core model and scnsiuvity method must reflect itus pn.tuce In
the work here we assume the charge density. Nc. is adjusted such that the k-effective at ume T is reset' to ihe
desired value * 0 . ' ° "

SENSITIVITY THEORY FOR THE CLOSED FUEL CYCLE
In depletion sensitivity theory, we are interested in estimating the first order effect of some data variation on a
core depletion performance response. This response can be written as a functional of the cycle length, T . the core
data, a, and the fresh fuel charge density, Nc ;
R = R(T. a, Nc)

(4)

The effect of a perturbation in some nuclear data a on the response R can be written:
dR_ = dR
da
da

+

_dR_ ?Mc_
$fjc
da

where the variation of T is neglected because we will assume the cycle time is fixed. The first term on the right
hand side of Eq. (S) describes the variation of R as if no constraints exist and can be evaluated using unconstrained
sensitivity methods.12 The second term on the right hand side of Eq. (S) accounts for the change in R due to the
constraint and is the focus of the work here.
Since the charge density Nc will change in order to satisfy the multiplication factor constraint, the variation of
Eq. (3) must vanish such that

da

dot

°a

2NC

where, similar to Eq.(5), the unconstrained contributions to the k variation are represented by the first term on the
right hand side of the equation. The sensitivity coefficient of response R to a parameter a is defined as
Sa = — / — . ' 3 Therefore Eqs. (5) and (6) can be written in terms of sensitivity coefficients (where - is used to
R a
connote the constrained sensitivity);
J a =• i>a* JJVC

J a

S"a = Sha +St,c ••?«<= 0

(')

(8)

The practical problem encountered in constrained sensitivity theory is how to evaluate the sensitivity of the charge
density, Sa' in Eq. (7), using only the unconstrained sensitivities.
For the open or "once-through" fuel cycle. Yang and Downar

developed analytic expressions for -^— by
da
noting thai 'Jie charge density is a simple algebraic function of the fuel enrichment, in which case;
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-r— = -^— - r da
at da

(9)

Their expression for the constrained sensitivity. 5 Jj, tan be found by combining Eqs. (7), (8), and (9);

e

V,-

S"u=SRa

^

S*

(10)

However, in the case of the closed fuel cycle with reprocessing, the charge density is comprised of both external
dNc
feed, Nf. and fuel that is reprocessed from previous cycles, NK. and simple analytic expressions for -r— are not
oOl

possible. In the following sections, we develop the sensitivities for Lhe closed fuel cycle.

Sensitivity of the Charge Density
As noted in the second section, the charge density is the sum of reprocessed and feed material densities if the
volume of reprocessed material, VR, is less than the volume of the charge material, Vc. Otherwise, Ihe charge
density is the difference in the reprocessed and sold material densities. Therefore the charge density can be written
as
Nc=Ns + NF

(if VC>VK)

(11)

NC=NR-NS

(if VC<V'»)

(12)

or in terms of sensitivity coefficients;

# £ £ £ £
Sa' = -rf- C - ^- 5a'
Nc
Nc

03)
(If VC<V»

(14)

In the following sections we develop equations for the sensitivities of the reprocessed densi y, S\?, the feed density,
Sa', and the sold density, Sa'.
Sensitivity of the Reprocessed Density
First we seek an expression for the constrained sensitivity of reprocessed density, NK. We assume the
discharged fuel is recovered during reprocessing with an efficiency of <?' for each fuel isotope i . The reprocessed
density of isotope i can then be written as the product of the recovery factor and the discharged density,
N'K = q' N'd. The sensitivity of the reprocessed density can be expressed as
a

N'a

5ot

a'N'j
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dot

where the response R is the discharge density of isoiope i . .Vj. Eq (15) indicates that the sensitivity o! the
reprocessed density is independent of the recovery factor and can be evaluated as the constrained sensmwiy ul ihe
discharge density using Eq. (71.
Sensitivity of the Feed Density
If the reprocessed density is not sufficient to meet the charge enrichment, additional feed material is provided by
an external source. The convention used in the REBUS-.3 code is to separate the feed matenal into two classes of
matenal; class 1 is generally the more highly reactive fuel and class 2 is the less reactive. The isolopic ratios or
splits of the feed material is assumed to be constant and is specified as a part of the problem input data.
Since the total amount of feed material required is essentially the amount of material thai can not be provided
from the reprocessing plant, the feed density is written as Nf =\i.A (or M'F = u.' A for isotope < ) where A
represents the amount of feed matenal and \i a vector of the isolopic fractions. Each class of fuel is assigned a
separate mass and isotopic distribution, (I, and A, for class 1 and \x2 and .4 2 for class 2.
Because the nuclear fuel cycle is closed, a variation in the nuclear data, a , will perturb the amount of fuel that
is reprocessed. This perturbation is compensated by adjusting the external feed such that the physical volume of
fuel and all the reactor operating constraints are still satisfied. We can express the sensitivity of the feed density as

5^' = — -^- = —

^—-- = s£'

S"F oo-

nl A1

oa

V£ 3a

u i .42

act

for class 1 fuel

(16)

Because the isotopic distribution 1; a fixed quantity for each class type, the sensiuvity of the feed density depends
only on the class type and is the same for isotopes in each class type.
Sensitivity of the Sold Density
If the reprocessed density is larger than the charge density, some of the reprocessed fuel will be sold in the
refabricauon plant. The sold fraction depends only on fuel type (class 1 or 2) and therefore the isotopic ratios in
both the reprocessed and sold material arc the same. The sensiuvity of the sold density can be written:
c«._
a

a Ws _ a dtfi"/?)
,vj 3a
Pi^i
5a

a favj.
p,;vj, I 3a

dPi .„ 1 _-X
3a

-A

where 5^ is the sensitivity of volume fraction, (J, , fcr class 1 sold density to a perturbation in a . Eq. (18)
indicates that the sensiuvity of sold density is the sum of sensiuvity of the reprocessed density and its volume
fraction change. A similar equation can be written for class 2 material with a volume fraction of sold material, (32 .
Solution or the Closed Fuel Cycle Sensitivity Equations
There are two conditions for the constrained equilibrium fuel cycle that provide the equations necessary to solve
for the feed and sold density sensitivities. Depending on whether the reprocessed density is greater or less than the
charge enrichment requirements, we will solve either Eqs (16) and (17) for the feed density sensitivities, 5v and
& or Eq. (18) and its corresponding equation for class 2 material for the volume fraction sensitivities, 5?i' and
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First the total variation of the charged volume must be zero ( SV'c = 0 ) for any perturbation because the ph\sK..il
iuel volume is a fixed quantity. The variation of the charged volume can be expressed in terms of charged dcnsit>.
V,- . and fabrication density, p , as

where the summation is done for all 'V isotopes. Therefore the sensitivity of charged volume can be written as
v

n

§Vr

ft

'

5c = -F-4f=#-E
vc da
60 ,

•

o,

120)

If the reprocessed volume is less than the charged volume, Eq. (20) can be rewritten using Eqs. (13). (15), (16). and
(17) as

" - " i - ^ - ^ ' * 2: \-^

TIP. J "

TIP,

&'+

Z I^JSa'

(21)

Conversely, if the rcprocessrd volume is larger than the charged volume, Eq. (20) can be rewritten using Eqs. (14),
(15), and (18) as

The second condition necessary to solve Eqs. (!6) and (17) is provided by Eq. (8) which is always satisfied in
the constrained equilibrium cycle. Again there are two possibilities; if the reprocessed volume is less than the
charged volume, then

which can be written in terms of 5 a sensitivities using Eqs. (16) and (17);

or, if the reprocessed volume is larger than the charged volume, then

Eqs. (21) and (2?) or (22) and (24) can be solved simultaneously for the two unknown sensitivities, Sa' and
So' o r 5a' and 5 O ' . The sensitiviaes of the feed or sold densities, 5a' or Sa' . for each class of material can
then be found using Eq. (16). (17), and (18).
However, these equations can not be solved directly since they require the sensitivity of the reprocessed densiiy,
5 a " , from Eq. (15), which must be evaluated as a constrained sensitivity of the discharge density using Eq. (7).
This assumes the sensitivity of the charge density, Sa', is known, when this must be solved using the sensitivities of
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r e p r o c e s s e d a n d feed d e n s i t i e s in E q . (13) o r (14). W e d e v e l o p e d an iterative m e t h o d for solving E q s . i~>, 115>.
( 2 1 ) , ( 2 2 ) , ( 7 3 ) , a n d ( 2 4 ) , w h i c h c a n b e written for the sensitivity V o a s
(25)

or for the sensitivities of the sold fraction, 5^ as
(26)

The program CONEX was wntten to process the unconstrained sensitivities from the code DPT'1 and to
implement these algorithms. For all the sample problems we studied in this work, convergence was achieved after a
moderate number of iterations. In the following section we will discuss the results of applying these methods to the
closed fuel cycle of the Integral Fast Reactor.

NUMERICAL EXAMPLE
The Integral Fast Reactor (IFR) is an innovative liquid metal reactor concept being developed at Argonne
National Laboratoty.7 One of the key features of tb<; IFR is the closed fuel cyclt in which fuel reprocessing and
fabrication are an integral part of plant operation. Sensitivity analysis can play important role in the tracking the
isotopic masses throughout the fuel cycle. In this example problem we used the methods developed here to find the
sensitivity of various isotopic masses to the nuclear data used in the model.
We performed our analysis of the 900 MWth Integral Fast Reactor (TFR) using the ANL code REBUS-3.8 The
IFR uses a heterogeneous core layout with 3 core and 4 blanket regions. Some of the IFR core design parameters
are provided in Table 1. For the external fuel cycle we assumed a period of 365 days for fuel reprocessing and
fabrication. We also assumed all isotopes were recycled with 100% recovery except for uranium, americium, and
fission products which were recovered at 1%. Because the core breeding ratio is greater than one and the fuel cycle
is closed, the IFR is fissile self-sufficient and only class 2 feed material (depleted uranium) is provided to the
fabrication plant. The excess fissile material is assumed to be sold from the reprocessing plant. More details of uV
IFR design are provided in references [IS] and [16].
The depletion calculation was performed using 9 energy groups. The bumup chain used for the depletion model
is depicted in Figure 2. The reponses considered in this example were the discharge masses of the various heavy
metal isotopes. The unconstrained equilibrium cycle sensitivities to the group-wise microscopic cross sections were
computed using the computer code DPT.14 The constrained sensitivities were then computed using the methods
described in the previous section. These sensitivities were compared to the results obtained from the direct
subtraction of calculations using unperturbed and a 1% perturbation in the cross section of interest The results are
shown in Tables 2 and 3 for two of the most important reaction cross sections, Gcu% and a/"239 .
In general, there is good agreement between the sensitivities computed using the methods developed here and
the results of direct subtraction. In the few cases where the error is more than a few percent, such as ihe Curium
isotopes, it does not appear the error is due to our sensitivity method. Rather, the error can be attributed to the
relatively large perturbauon used in the direct subtraction and to the fact that the mass of these isotopes is a highly
nonlinear function of Oc 231 and O/"239 . It is impractical to use a smaller perturbation in the direct subtraction
sir.ce the difference in the already small discharge masses of these isotopes would exceed the limits of precision
used in the depletion calculation.
In order to more fully understand the closed fuel cycle sensitivities we found it worthwhile to compute
sensitivities for the same core model without fuel reprocessing. In Table 4, we compare the sensitivities to a^233
for the cases with and without reprocessing. In general, we found the closed fuel cycle sensitivities are considerably
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-L'j;;r. particularly lor the isotopes higher up the burnup chain Our explanation provides some insight as lo trie
r-..i:jre oKlosed fuel cycle sensiuvilies.
In Ei| (""i. the constrained sensitivity is expressed as ihe >um of the unconstrained sensitivity and the effect ot
Liu.* charged density variation The unconstiaiiied scnsiuwtv describes the effect of a nuclear data change on the
response mi/iout consideration of the constraints. The effect of the constraint is expressed through a variation in the
charge density which is the product of the sensitivity o: the response to the charged density. 5*. , and the
sensitivity of the charged density. 5 a ' . to Jie nuclear data. The difference between the sensitivity of the open anu
closed fuel cycle appears in the sensitivity of the charge density to the nuclear dju. For the open fuel cycle without
reprocessing this sensitivity consists only of the sensitivity of the feed maisrul. whereas for the closed fuel cycle it
is a combination of the sensitivity of the teed and of the reprocessed density for the closed fuel cycle.
In the example here, increasing a^*
increases the breeding of fiss:le plutonium. In order to satisfy the
k -toe constraint, the feed density of plutonium is reduced while lha! of uranium is increased lo maintain the
charged voiume. Because a capture m L'2i> produces Pu'1*. the sensitivity of the Pa 2 3 ' discharged density is
positive. However, me sensitivity of an isotope further up the bumup chain, such as Cm2** . is negative because of
the reduction in the class 1 feed density* In the case of the open fuel cycle, the sensitivity of the feed density is
small ( 0.H4 ) and the same iot all the class 1 isotopes. Similarly, the effect of the charged density variation is
small and relatively uniform for the discharged density of each of the class 1 isotopes.
For the closed fuel cycle in the example used here, the sensitivity of the charged density is the sum of sensitivity
of sold and reprocessed (or discharged) density. Because lOCfc of the class 1 material is recycled, not only the
discharged densities but also their sensitivities are propagated through the burnup chain. Therefore the effect of a
variation in the charged density is greatest for the isotopes which are higher up the buxnup chain such as Cm*** .
and for these isotopes the diffeience between the sensitivity of open and closed fuel cycle will be the largest

CONCLUSIONS
We have extended Depletion Perturbation Theory to the closed nuclear fuel cycle and have developed methods
for computing the constrained sensiuviues which account for fuel reprocessing and fabrication. We formulated an
iterative method to solve the resulting equations for the scnsmvities and applied these methods to ihe closed fuel
cycle of the Integral Fast Reactor. We found ihe sensitivities generated using the methods here to be in good
agreement with sensitivities from direct subtraction of perturbed and unperturbed depleuon calculations. We also
compared our results for the closed fuel cycle to the sensitivities for the open fuel cycle without reprocessing. We
found the closed cycle sensitivities to be larger, particularly for isotopes higher up the burnup chain.
The results here indicate this work would have particular importance for the analysis of advanced reactor
designs with closed fuel cycles, such as the Integral Fast Reactor. Sensitivity studies of such reactors can be
performed accurately and efficiently using the methods developed in this work.
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BWR RELOAD ENRICHMENT SELECTION
USING THE
LINEAR REACTIVITY MODEL
John W. Keffer
Adeline S. Pallotta
Commonwealth Edison Company
Chicago, Illinois
312-294-3880

ABSTRACT
An improved method for nuclear designers to select the most
economical reload enrichment without performing detailed fuel cycle
analyses has been developed. Fuel eye'e results for current fuel
product lines in use at Commonwealth Edison are shown to fit the Linear
Reactivity Model (LRM). The LRM is applied in simple form and used to
generate neutronic inputs for economic comparisons of various enrichment
scenarios.

INTRODUCTION
Commonwealth Edison currently performs front-end fuel management
for 12 operating nuclear reactors at six stations. Six of the reactors
are BWRs, four of which are loaded with GE Nuclear fuel and two of which
are loaded with Siemens Nuclear Power Corporation (SNP) fuel. Edison
schedules refueling and other outages across the 12 operating reactors
to ensure the system meets the peak load demands during the winter and
summer. The system wide outage schedule is occasionally changed to
accommodate unexpected forced outages and maintenance scheduling
conflicts. When the outage schedules are changed, cycle energy
requirements could also change that affect the BWR reload design in
progress at the time. Normally, 20 months are necessary to complete a
BWR core design from the fuel cycle scenario stage to the fuel delivery
date. A system related outage change historically has occurred once
during each design period. Therefore, to accommodate the changes needed
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for system wide operation, the BWR reload design schedule must be as
flexible as possible. Flexibility in design is maintained by delaying
as long as practical reload design decisions such as the selection of
the enrichment, batch size, and gadolinium design.
Fuel cycle analyses are the first step in Edison's BWR design
schedule for a particular reload. In the past, fuel cycle analyses
involved one- and threa-dimensional multicycle calculations performed
for every cycle beginning in the design cycle (cycle N) through
transition to an equilibrium cycle loading. Typically, Edison would
select up to four batch average enrichments, occasionally of two
different fuel product lines, or mechanical designs, and request the
fuel vendor to perform a neutronic multicycle analysis on each of the
scenarios. The results of the fuel cycle scenarios were then reviewed
by Edison personnel for technical merit and an economic evaluation was
performed to determine which of the scenarios was best based on short
and long term fuel costs. The scenario selected, both for technical and
economic merit, would be used as a basis for the specification of the
cycle N reload batch enrichment. The multicycle analysis process
normally required eight to ten weeks to complete.
Over the past two years, however, E, ;son has begun to assume
in-house many of the BWR reload design activities formally completed by
the fual vendors. In addition to performing tNree-dimensional core
design calculations, such as bundle shuffle' ano rod pattern design,
Edison is also performing fuel bundle lattice physics design
calculations within the manufacturing constraints defined by the BWR
fuel vendors.
Since the lattice physics design calculations are performed during
the same time frame as and in support of the multicycle calculations,
potential resource conflicts arose. Furthermore, by selecting the
reload batch enrichment early in the design schedule without knowing the
final, optimized system outage schedule, the economic basis for Edison's
enrichment selection was subject to change. Therefore, Edison developed
an improved method for performing the fuel cycle analyses and selection
of the reload batch enrichment that would allow time for customued
in-house bundle design and have an economic basis that is not subject to
near-term schedule changes. Equilibrium fuel cycle analyses were found
to be most appropriate for the design and schedule restrictions.
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PROCEDURE
The procedure used to select the most economic enrichment for a
reload batch is based on the Linear Reactivity Model 1 . The model
assumes that reactivity is a 'linear function of exposure. The
reactivity of a bundle is also directly proportional to its enrichment.
Therefore, for a given fuel to moderator ratio, or for a aiven fuel
product line in the same reactor, it can be shown that batch average
reload enrichment varies linearly with the sum of the batch average
discharge exposure and the cycle exposure:
Enrichment « (m * (CE + DE)) + b
where CE is cycle exposure, DE is the batch average discharge exposure,
and m and b are empirical constants.
The linear relationship between enrichment and exposure can be
demonstrated by examining the equilibrium fuel cycle results for
specific fuel product lines and the last several cycles at Quad Cities,
LaSaile and Dresden. Since the fuel cycles were performed by different
designers over a range of average enrichments using several different
individual bundle designs, the database serves well to support the
application of the Linear Reactivity Model to predicting future
performance of the fuel product lines in the EHison BWRs.
Once the slope, m, and intercept, b, of the above line are
established, the neutronic performance of the fuel product line over the
entire range of possible enrichments is known. For a particular batch
average enrichment and an assumed cycle length, the number of bundles
per reload batch can be determined using the core size:
Reload Batch Size - Core Size * (CE/DE)

An economic evaluation of the estimated equilibrium fuel cycle can
then be performed using the above neutronic information and current
costs for U 3 0 8 , conversion, enrichment, and fabrication.
Once the most economical enrichment is selected, a single
multicycle analysis is performed using the enrichment in the design
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cycle through transition cycles to equilibrium to ensure compliance with
exposure and thermal limits.

RESULTS
Figure 1 shows actual equilibrium fuel cycle results for Edison's
BWRs using the assumptions of the Linear Reactivity Model. The Quad
Cities and LaSalle results are ba^ed on the GE9B product line and the
Dresden results are based on the SNP 9X9-2 product line. All of the
results shown were created assuming the same operating strategy, namely
18-month cycles, control cell core, and spectral shift operation with
95% of rated flow. The data shows some scatter relative to the best fit
lines that are plotted. The scatter, or variation of the exposure sum
at a given enrichment, could be attributed in part to reload design
efficiency. The efficiency of the core design depends in part on the
engineer performing the fuel cycle and on thermal limit design goals. A
more efficient design lies to the lower right of the best-fit line.
The Linear Reactivity Model relitionship shewn in Figure 1 was
used to determine batch average enrichments corresponding to batch sizes
in increments of eight bundles for eighth core symmetry over the
applicable enrichment range for Quad Cities. Previously designed fuel
bundles of two different enrichments were split-batched to achieve the
desired batch average enrichment for each equilibrium reload. Thus, an
equilibrium fuel cycle enrichment was determined for each desired batch
size without performing a multicycle analysis for each scenario.
Knowing the equilibrium loading and bundle design provided the necessary
neutronic inputs to perform an economic analysis of the fuel product
line. Figure 2 shows the economic results for each station that were
derived for typical cost data. The results are intended for comparison
of various enrichments for a given station, but not for comparison
between the stations or vendors, as the economic inputs varied between
each station. The variation of equilibrium fuel cycle costs decreases
slightly with enrichment, showing some advantage to higher enrichment
designs. Fuel disposal costs are not included in the figures.

CONCLUSIONS
The Linear Reactivity Model has been shown to apply to fuel
product lines currently in use at Edison BWRs. The model can therefore
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be used to determine the neutronic data necessary for the economic
evaluation of a reload enrichment at equilibrium without performing
additional fuel cycles. For future evaluations of improved fuel product
lines, the initial effort will be directed at establishing the
relationship between enrichment and discharge exposure. The benefit of
application of the model is the ability to evaluate a wide number of
potential reload enrichments each reload without performing additional
detailed fuel cycle calculations, thereby allowing engineering effort to
be concentrated on the most appropriate design cycle core and bundle
designs.
REFERENCE
1. Driscoli, M. J., et. al., The Linear Reactivity Model for Nuclear
Fuel Management, American Nuclear Society, 1990.
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Figure 1: Equilibrium Fuel Cycles
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ABSTRACT

The optimization problem of initial distribution of fuel composition and
controlling of the reactor during the run is solved. The optimization
problem
is formulated as a multicriterial one with different types of
constraints. The distinguished feature of the method proposed is the
systematic scanning of multidimensional areas,where the trial points in the
in
the
space
of
parameters
are
the
points
of
uniformly
distributed LP -sequences. The reactor computation is carried out by the
four group diffusion method in two-dimensional cylindrical geometry. The
burnup absorbers are
taken into account as
additional absorbtion crosssections, represented by approximants.The tables of trials make possibal the
estimation of the values of global extrema.The coordinates of the points
where the external values are attained can be estiiMated too.

INTRODUCTION

The search for a variant of the reactor with the best neutron-physical
characteristics
is reduced to the construction of an automatic choice
prooedure-the optimization procedure.
In order to obtain a real benefit from optimization it is necessary for
the mathematical statement of a problem to approach real conditions as much
as possible, so that the effect of optimization should not be leveled down
by varioys approximations. This in its turn leads to the most general statement of the optimization problem with its Inherent difficulties.
Besides, the reactor design problem as any other design problem is a
multicriterial one because
during the process of searching for the best
variant it is neccesary to take into account
many different requirements
to the plant. The method suggested is an effort to solve such a problem.
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PHYSICAL AND MATHEMATICAL STATEMENT OF THE PROBLEM.

The problem of the initial material distribution in the reactor and of
the reactor control at changing of the isotopic composition during a
certain time interval is considered /I/. The material distribution over the
reactor cross-section is determind by geometric
characteristics and
structural features i.e. by fuel element geometry, the height location of
burnup absorbers,the radial boundaries of physical profile zones and so on,
by characteristics of the core or blanket nuclear -physical composition,
i.e. burnup absorbers density, volume fraction or fuel enrichment in
chemical compounds
in reactor zones and so on. In this case by the word
"control" it is meant the travel of the control and safety rods system
in order to maintain
the
reactor on critical state at a present power
level. Movable control rods can move all together or in groups or individually. As a rule, the problem of calculating the continuous isotopic
composition change is reduced to a discrete problem, i.e. the time period
is divided into several intervals, for each of them a stationary problem
being solved. It leads to the conversion of the continuous control problem
into its discrete analogue. So, in each time step the variable vector X(x)
includes values which define the initial nuclear- physical composition
of the core and the blanket and the set of height locations cf control
rods.
Proceeding from engineering assumptions or from physical problem statements it is possible to set boundaries for each component x. . If the
components of the vecLor

if components of

X vary continuously

x. change

discretely

the boundaries are:

there

is a set

of

permissible

discrete values.
During the physical reactor calculation the designer should observe seve
ral output values, which characterize the reactor state. The more such data
are the better picture of advantages and disadvantages of the reactor being
designed can be obtained.
The set of characteristics depends on the
reactor type and its purpose. As a rule, the quality characteristics include
the values of fuel and absorbers charges and multiplication factors in
unpoisoned and poisoned reactor states and some other data. In the process
of looking for the reactor that is optimal fro* the designer's point of
view corresponding requirements are formuiated concerning the output characteristics, i.e.their maximization or minimization, fulfilment of one- or
double- sided restrictions.
The set and the character of the variable vector may be quite different
in each concrete problem, but it does not disturb the mathematical problem
statement, which is formulated as follows: to obtain the values of the
vector X, the components of which are defined in the M- dimensional parallelepiped and ensure nonemptiness of the compromise solutions set.
The following objective functions are considered:
-the minimum energy release distribution non-uniformity coefficient
Qp(rk.tJ.X).
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- t h e minimum n o n - u n i f o r m i t y
at the end of the run t=T
F ( X ) s m i n max

coefficient

of fission

products

distribution

. Q lr..t=T.X).

-the minimum fuel and burnu. ibsorber charge
." (X)* min C "\p (r.t=O.X)dv.
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U J U
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ned state (q*2)
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P,(X)=K
' 2 1 (t ..X) . P,tX)-C,
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restrictions on energy release fields are met in certain points or zones of
the reactor
r „ IA J—

here

p>

t

i

'

F.(X) - criteria,
P (X) - pseudocritera,
-it

X

- the variable vector

r

- space coordinate,

t

- time coordinate,

,

p (r,t,X).p tr.t.X) - the fuel and burnup
U

K

absorber concentration,

SI

^(t-.X) - the multiplication factor,

Q (r.,t..X) - energy release distribution non-uniformity coefftci«nt.
r K j
Q (r, ,t..X) - non-uniformity coefficient of fission products riistriO K j
trlbut ion.

1-70

-L, i1 ^L, c'-- "
K.j
K,j i

one

"

ot

" double- side restrictions

Thus, the problem is formulated as a multicriterial one with equal.(y
und inequality restrictions, the solution of which is not obviously uru.jue

ALGORITHM OF OPTIMIZATION.

The method, suggested in /I/ Is used for solving this problem
The
significant features of the method are:
- systematic
scanning of multidimensional regions where the triil
points in the space of parameters are the points of uniformly distributed
LP -sequence, which has the best characteristics of uniformity.
-the use of the optimization method for the problem statement, not only
for solving the problem. As a rule, the designer knows the boundaries of
variables change and the values of some restrictions, for example, the criticality requirements. The values of other restrictions are unknown
a priori.The attempts to set their values reflect the designer's desires more
than real possibilities of the reactor. In order to determine reasonable
constraints for these characteristics it is necessary to make preliminary
investigations. The method allows to do it simultaneously with a search
for the optimum solution. The procedure o f search for the optimum version is
divided into three stages:
At the flrs> step tables of trials are compiled. At each selected trial
point a calculation of all the critera is carried out and points where
restrictions are not satisfied are excluded. The results of calculations
are ordered. The tables show the frequency of functional values, potential
locations of extrema and their values.
The choice of crlterlal constraints
is made at
the second stage The
Information obtained
allows to gain an idea of admissible values for each
criterion. Keeping in mind this information the designer can cnoose constraint values for each criterion.
The third step Is carried out without designer's interference by means
of processing the Information obtained at the first stage. A set of points
is selected whore all the restrictions are satisfied. If such a set Is
empty
then this step may be repeated after weakening some of the
constraints. When some Interesting points are received it is
possible to
examine their vicinity in more detail. Otherise we may return to the first
step and add new trial points.
A well-known disadvantage of the method is much computer time spent for
getting the solution. The authors" efforts to make this process more quick
were carried out In several directions:
1. The choice of the best mathematical model for reactor computation and
getting all function&ls. The reactor computation takes the most part of computer time. The mathematical model used for optimization studies consists
of two parts.
In the first part the algorithm which fulfils the transition from the
real reactor design to its mathematical model is realized. The reactor
mathematical model iz used for the solution of the neutron transfer
equation. Computer time for calculation of such a program is not large. The
program allows, on the one hand, to Introduce parameters correctly taking
into account the constructive and technological reactor features and. on
the other
hand,
to make verifications
of restrictions
fulfilment.
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Introduction of a great number of restrictions which may be formulated with
the help of design experience and different a priori
Information reduces
computer time and allows to reject bad trial points before the beginning
and at each time step of reactor calculation
The solution of transfer equations Is realized by the four-group
diffusion approximation in two-dimensional (R.Z) - geometry
Th« presence
of shielded burnup absorbers may be taken Into account by introduct;on of
additional neutron-absorption cross-sections, which are represented by
approxtmants. The approximants are constructed on the base of calculation
series for cells with shielded burnup absorber rods. The approximation
parameters defining density, sizes and the number of burnup absorbers may
be Included Into the variable vector.
The shift of control rods In the process or Isotopic composition
changing Is simulated by the position of corresponding ring
absorber
zones. With the help of these means the maintenance of reactor critical
state and its compensation ability are realized at each time step. The
transition to the next time step is accomplished only when all the
restrictions of the previous step have been fulfilled, otherwise the vector
is rejected.
2. The use of methods allowing with the help of a comparatively small
number of tests to forecast the values and locations of extrema.In the
cases when a single-criterion problem is solved or when the location of
global extremum of each criterion is searched for It Is possible to use the
method of ^(£1-transformatIon. In this method the objective function
is replaced by the one- dimensional function
equal to the volume I.e. i.ebegue measure, of

F.OO

&($), which is numerically
the points set E, where

F(X) > ^»(^i- The point
{• , where ;<(? ) Is equal to zero corresponds to
the set E , the measure of which Is equal to zero arvi this point gives the
value of the global extremum of the function FIX ) . This method guarantees
the determination of the global extremum for practically any object function .Simultaneously with the construction of 0(£) there? are formed
auxiliary functions X($) with the help of which the coordinates of global
extrema are found. Instead of random points used in /3/ we use points of
LP -sequences. This allows to calculate the function '.'/(<;) with the same
accuracy at the smaller number of tests.

THE PROGRAM CODE PPN.
The program code RPN has been created In order to solve the optimization
reactor problem described above.
It consists of the PADE3. RKD. NELMID codes which can work autonomously. But these codes represent the sections of one chain, which realizes
the process of the optimization calculation. The program code may be used
for calculation of the reactor with or without heterogeneous burnup absorbers. In the first case It is possible to reduce computer time greatly
by extraction subroutines, realizing cell calculation from the reactor
code. They are replaced by corresponding functions calculations which
take far less computer
time. The use of such functions Is based on the
consideratIon of homogeneous cells instead of heterogeneous cells with
burnup absorbers where the corrections in form of additional group
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absorption cross-sections for the breeding medium cross-serlions are
Introduced.
The code PADE3 has been created
in order to get the approximanls in
three- dimensional space. In this case it is used for the approximation of
additional group absorption cross-sections in cells of radius r with
central shielded burnable rod, absorbers density is equal to j
and the
power release is equal to q. In the code PADE3 it is possible to select
more
informative referece points in (r.j) space. which represent the
LP r - sequence.
The
approximations
are
constructed with the help of
rational functions.
The program code HKD has been crtated on the base of two codes KPMT and
RZK

The code RZK /4/ realizes the reactor calculation during the changing

of the isotopic composition in (R,2) geometry. At each time step the control
system maintains the reactor muitiplicatIon factor at a specified
value
and the control of reactor compensative ability is realized.
The code CP.IT /S/ Is
used for mul t Icr i terla
problems of optimum
design solution. The purpose of the code is to provide the user with a
set of base operations which can support the proposed method and relieve
the user of routine realization of necessary service programming work. Many
admissible solutions of a problem from which the best is selected are
formed in Ihe dialogue between the user and computer. The selection of
trial points in a M-dtmenslonai unit cube with the help of a quasi-random
LP - sequence and the transformation of these points into a given ri - dimentional region are realized in the program CRIT. The form of a region may
be presented by algebraic equations and Inequalites, some points and bands
may be excluded from the region.When the required number of trialshas been
done the processing of the results
obtained is carried out. It may
be
done independently or uimultaneousely with the calculation of trials.
The main output of the code CRIT are:
- tables of trials, which are prepared for each objective function separately and contain ordered values, constraints and numbers of corresponding
trials;
- tables of parameters, containing the coordinates of trial points:
- tables of correlation coefficients between pairs of objectives. They
provide an Important information about the features of the model. If the
value of the correlation coefficient is close to unity,then one of these
two criteria may be omitted;
- set of values which are Pareto-op*imal;
- tables of trials, satisfying criterlal constraints;
- graphic display of pairs of objectives;
- approximate values of txtrema of each criterion and vicinities where
these extrema are reached (method of ^(£)-transformatIon) ;
- a table containing all tables of the trials.
If it Is necessary to examine or tc refine the calculations the code
NELMID may be used in the process of search for an optimum solution.The
code NELMID realizes the local optimization Nelder-Mead method /6/, In which
the calculation of derivatives is not used.
All the codes are realized in FORTftAN-4. the FORTRAN-77 version exists.
It was proved recently /!/ that tr'.al points belonging to LP - sequences
guarantee best orders of approxiomatIon
functions simultaneously.
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for very

wide classes of objective

MODELE

FXAMPLE

Let's consider the problem of the parameter optimization of the reactor
which works at a constant power level (W*200Mw) during T=3 years without
fuel recharging. The reactor is a cylinder of radius R=590mm, fuel
is
uranium carbid, reflector is steel, heat-transfer atjent- liquid metal(Pb).
Four parameters are optimized:
x -diameter of fuel element [mm) changes discretely, step 0.5,
Xp-distance rib of fuel element Immj, x_-helght of active zone (mml,
x -volume fraction of uranium In

fuel composition,

parameters x_. x_, x. change continuously, variation region:
9. ax.s 13.; 0.500 Sx_s 0.875;
1
2
Functional constraints:

P.-the

800. sx_s 1060.; 0.10 sx.s 0.25.
3
4

multiplication

factor k

P_-average thermal flux at the surface of fuel elements
1.0400 sPji 1.0675.
The functional constraint

_ at t«T .
Ikc/m

hour) 10

:

P 2 * O.S.

P. is Inducted Into th« list of objective func-

tions. Three objective functions F.-fuel chargelkg). F_-the multiplication
3
factor at t*T, F_-average density [g/cm J of fission products in the fuel
element at t«T are h

roduced. So the multicriterial problem considered is:
minF , minF_, mln F_.

The computer generates 2S6 quasi-random points, before reactor calculation
begins there arc selected points satisfying restrictions P^.then calculation
of neutron flux, K

f

is

carried out for every time step t

(i»l,..5). and

values F, and F_ are estimated. The tables of triales and correlation coefficients are sttided and crlterial constraints are fixed:
700. s

Fj S900..

1.040 sFg* 1.0675,

0.1 J F ^ C S

.

The third stage pcrfomered by computer is to check if there are trial
points that satisfy all these fixed inequalities. From these 256 points 114
ones do not satisfy constraints F ^ 97- Fg, 42- F 3> 201 points do not
eatlsfy all restrictions simultenuously. The treatment results are demonstrated at the tables And histogram.
Values of criterion extrema F., F_ and vicinltes where these extrema are
reached are approximated
Fj-calculated
F 2 »1.06,

F 3 -0.513.

F_-calculated

by method of ^{J;^transformation:

mln»480.8.
Xj-9.ee.
mln*C.350,

approximated

value

x 2 »0.827,

x 3 *849.5,

approyiiated

value
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Fu»510.2,
x4«0.106;
F

-0.390,

Fj=820. ,

F2=l 041.

x^ll.95, x2=0.776.

x3=1006.0, x4=0.133.

The compromise solution is point N*186 are F =721.8, r =1 041. F--0.401.
Xj-12.5. x 2 * 0.841,x3*832.5, x 4 -0. 151.

CONCLUSION

The
method
discussed
allows
and
the
practice
of
calculations
confirms that it is possible :
- to solve any optimization problem, because there are no restrictions on
the specific character of objective functions ( differentiability, convexity and so on) ,
- to take into account as much criteria as one likes,
- to evaluate maxima and minima of each criterion simultaneously,
- to find out a global extremum of a multiextremum function,
- to use methods, where a comparatively small number of trials can predict
the
values and locations of extrema.
This method can be applyed to the computers of vector/parallel architecture.

REFERENCES
1.

2.

3.

B r o p o B a 0 10., HcaKOBa Jl. H. , MareKHH M. II. , Co6ojJb H. M.
00
OAHOM
noaxoiie
K peuieHHio MHoroKpHTepHa-nhHHX
peaxTopnux
Bonpocu
aTOMHOft HayKM H TCXHUKM. CepHfl 4>TflP, B u n y c x 3 .
CoOoJib M. M. . C T S T H M K O B P. B. BuOop onrHMaJibHMX n a p a M e r p o B
3 a i i a w a x c MHorxMM KpHTepHnMi;. M. : HayKa,
198lr.

1988r.

B

MHMHHazoe B. X. PeuieHHe HesunyKJiux He/iHHeHHUx jaaaM onTHMH3»UHH:
wexoa ^ ( £ ) -npeoCpaaoBaHHU.M.:

Hayxa,

1983r.

4.

AJieKcaajipoBa 3. M. , 3eMCKOB E. A. , McanoBa Ji. H. , PawKoea JI. A.
IlporpaMMa HeHTpoHHo-fH3HMecKoro pacMeTa tijiepHoro peaKTopa no
«3M-1343, 06HHHCK, 1982r.

5.

PopOyHOB-nocaiioB H. H. , EpMaKon A.B. , KapnoB B.fl. , MaTeKHH M. n. ,
Cofiojit
M. M. HPMT- naxeT npHKJiajiHux nporpawM HJ\H peuieHMH
MHoroKpHTepHaJibHUX j a a a 4 onTHMa^bHoro npoeKTHpoBaHHfi o6"eKTOB
MauiHHOcTpoeHHii. : ripenpHHT HHM AH CCCP N 175, ! 9 8 5 r .

6.

David M. Himmelblau.

A p p l i e d no 11 n e a r programming.

McGraw-Hill Book Company, 1972.
7.

Sobol I.M. A globa1 search for mult icr-iterial problems. Proc. 9th
Intermit. Conf. on Nultiple Criteria Decision Making, Washington,1990.

1-75

The

FROM
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
TILL
fILL
TILL

histogram

of functional F

480.8245
525.2453
I—•
569.6662 IX
•
614.0870 I—*/.
•
658.5079 I
54
•
702.9287 I—'/.
•
747.3496 I
'/.
791.7704 I—'/.—
— •
836.1913 I—"/.
•
880.6121 I
54
•
925.0330 I—'/.
•
969.4538 I--54
•
1013.8747 17.
•
1058.2955 I-'/.
•
1102.7164 154
•
1147.1373 I- #
1191.5581 I-»
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44.4209
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10054

Table 1. Correlation coefficients.

____2__

[3 ^

0.002
I

Table 3.

I -0-29 |

Statistic treatment of trials.

average F. root mean squ dispersion

max
1 .

480. 8245

-0.01

791, 1257

648. 2290

149. 4962

2

1.0352 .

1191. 5581

1.0738 1

1.0574

1. 1182

0.0109

3

0. 3745

0.5359

0.4477

0.2019 :

0.0382
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Table 2.

N

The set of values which are Pareto-optima.

1

13

719.6455

1.0382

0 .4860

14

645.6396

1.0382

0 .4860

15

645.6396

1.0382

0 .4860

16

627.8574

1.0382

0 .4860

42

534.2021

1.0603

0 .4071

79

777.4370

1.0373

0 .4638

80

821.1409

1.0352

0 .3862

81

917.2451

1.0352

0 .3862

88

528.8699

1.0445

0,,4487

98

512.6919

1.0445

0. 4487

140

513.9524

1.0498

0,,4357

151

547.5710

1.0544

0. 4316

160

723.8188

1.0610

0. 3773

166

543.4617

1.0623

0. 3762

168

629.4797

1.0623

0. 3762

181

816.5803

1.0419

0. 4007

182

586.9070

1.0419

0. 4007

183

586.9070

1.0419

0. 4007

184

663.4392

1.0419

0. 4007

186

721.8486

1.0419

0. 4007

187

721.8486

1.0419

0. 4007

196

480.8245

1.0675

0. 3978

199

828.1409

1.0412

0. 3745
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Abstract
Method for fuel reloading optimization in transfer
regime of fast reactor operation is described. The
• a m characteristics of the programme complex based
on this Method are presented. The example of using
of the programme complex in optimization calculation
of fast reactor is considered.
Introduction
This work is devoted to the problem of improvement of the fuel
reloading modelling in transfer
regime of fast reactor operation.
The purposeful variant u»v*'^is method (PVAH), which was used in
series of the optimizat;c calculations of fast reactors • .is proposed for solution of this problem. This method allows one to automate the investigations of optimal fuel reloading strategies, and so
to avoid attendant them the numerous calculations.
Using of the integer linear programming (ILP) method for solution of optimization problem is tne peculiarity of PVAM. It allows
one to considerate the real practicable fuel reloading.
The formulation of optimization problem
The time interval (t~, t*) of reactor operation is considered
(see Fig.l). It is supposed that the reactor consists of the I physical zones (for example the low enrichment zone, the high enrichment zone, the blanket).
For each zone the following reloads are allowed:
- the fuel assemblies of each zone may be removed to the storage,
and they may be reloaded whithin zone;
- the assemblies with the maximum permitted fuel burnup may be removed to the storage and then to the reprocessing plant;
- the assemblies with none-exhausted resources of fuel burnup may
be removed to storage and then they may be returned to zone;
- besides the assemblies from the storage the fresh assemblies
may be loaded in zone.
The nuclide composition of the assembly located in k-tn
cell of i-th zone in interval ( t", t ) Is described by vector
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(t)>

p ( t )

p ; (

where k=l, 2
K ( l ) , i = l, 2
I, m=l, 2
H. K n ' is the
number of cells in i-th zone, N n is the number of nuclides. The
components of vector p are the concentrations of nuclides for
given assembly.
In the result of described reloads at time t" of m-th interval
n

of reactor operation in k-th cell of i-th zone the assemblies with
the following nuclide composition may be located
p U k ) ( t " )=

Po

ti

« . . k. n. h)

where ^ n is the nuclide composition of fresh assembly loaded in
i-th zone.
The function 6(m, k, n, h ) can take only two values 0 or 1.

then
if

5 <. o , k u . n0, h 0 ) = 1.
5 (m0, k Q , n, h) = 0.
n * n 0 . h * h 0>

(2)

and
5 (•„. k, n Ql h Q ) = 0,
(3)
if
k * k0.
The conditions ( 2 ) and ( 3 ) mean that any assembly may be
located at m-th interval in k-th cell of i-th zone, but only from
those, that were in given zone in preceding intervals of reactor
operation.
The law (1) takes into consideration that:
a) assemblies from other cells of i-th zone may be reloaded in k-th
cell of i-th zone at R-th reload (n=m-l);
b) assemblies fro* storage which were removed from i-th zone at
the preceding reloads may be loaded in k-th cell (n=l,2
m-2>;
c) the fresh assemblies may be loaded in that cell.
The location of fuel assemblies in cells is determined by
the controls X ( ^ J k=1.2
K n , } J-1.2
Jin. i = l.Z
I.
(lJ
m=l. 2
M where J is the number of assemblies, that may be located in i-th zone according with law (1). The controls can take
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only two fixed values. If X l *j"=l, the j-th assembly is located in
k-th cell at a-th reload. In opposite case, if X(*J'=O - the k-th
cell is occupied by another assembly.
The formulation of fuel reloading optimization problem is the
following. It is necessary to find the controls u(x,t)=<X (kj) >
k=l. 2,..., K ( n , j=l, 2
J m , i=l. 2
I. m=l. 2,!"!., M
providing the aaxiaua (ainiaua) of soae functional of neutron and
nuclide Fields of reactor
S dt P n (t) Fn($(x, t), p(x, t),u(x, t)),

(4)

with the constraints for another functionals
dt Pj(t) FjC^tx, t), p(x, t), u(x. t))

=, s / dt P , m

Bj(t),

(5)

*i
1=1. 2
L.
where B (t) are the functions ensuring the reactor operation in
the permitted regi»e.
The functions P,(t) are defined froi one of the following
expressions:
...
f 1. t €( t ,t )
P.(t)=
S(t-t ); P.(t)«J
. .. ;
1
*
[ 0. t «( t .t )
Pj(t)=l;

t.t 1 ,t' i 6(tj, t * ) .

The controls should obly definite constraints. For example,
at each reload only one assembly aay be located in k-th cell of
i-th zone
(tj

J=1

k=l, 2
K m , i=l, 2
I,
•=1, 2
M.
and during the considerated reloads any assembly of i-th zone
be located only in one cell

(7)
•-1

. .,

k«l

j=l. 2
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Jm.

i=l, 2

I.

Fractional-linear and fractional-bilinear functionals such as
breeding ratio and effective multiplicaticn factor Keff. are
treated as the goai function and functional constraints of the
optimization problem.
The algorithm of the purposeful variant analysis
method
The algorithm of the PVAM for solution of the problem (4)-(7)
consists of the series of iterations of the same type. This iterations provide the transition froii one controls to another.
Sensitivity factors of the investigated functionals with
respect to the controls variations are calculated by the linear
perturbation theory (LPT) for the initially given controls values
or for those determined at the previous iterations u(x, t>=u*0(x, t>;
H,(x, t, t )= —*- (x. t. t )
.
(8)
1
du
|u(x. t)=uo(x, t)
1=0. 1. 2
L. t £ t".
The variation AFj(t") of functional Fjft") at time t*,
stipulated by controls variations in interval (t',t'+ At)
in reactor volume AV may be evaluated as follows:
t*At
,
1
AF,(t")= r dtf dx H(x, t. t"), Au(x.t) .
(S)
t
v <•
-I
1=0, 1. 2
L
Using the expression (9) the initial non-linear optimization
problem may be reduced to the ILP problem regarding the controls
variations. Solution of the latter problem by the well known methods
allows one to calculate new controls values, which will be closer to
the optimal ones. The next iteration of PVAM is performed with the
receivirg
controls until the solution of problem will be found.
The.1 solution of optimization problem by PVAM is complicated
by the following circumstances. As the controls are discrete, so
their variations are discrete too. But only the small controls
variations are permitted for the LPT procedure. Therefore in some
cases the conditions of ILP problem must be approximated. It can
be the reason of non-stable process of PVAM iterations. The algorithm is provided by the special procedure for its stabilization.
For that the current solution of optimization problem is analyzed
for the permissibility to the optiaization problem conditions. If
the solution is not permitted, a new restriction , which prohibits
this solution as a possible solution, is added to the conditions of
the last ILP problem. The next iteration is reduced to solution of
the ILP problem modified in this way. The procedure discussed above
ensures effective and stable convergence of the calculation process
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to the solution of the optimization problem.
Linear perturbation theory
In PVAH algorithm the variational principle is used for determination of sensitivity factors. Suppose, that
c

(t # J=F(#(x. t>, f i x , t). p U , U . utx. tJ. t").

1C

where |*(x, t) is the adjoint neutron flux function.
t* is the time in that it is required to evaluate the variation of functional.
Using the Lagrangian multipliers the equations for neutron flu\.
adjoint neutron flux, nuclide composition, initial condition for
nuclide composition and the condition for neutrc? flux r.oriaL:zat:cr.
at the given power W(t) are added to the functional (101. Sc the new
functional is following { u(x. U = u o < x . U ' :
L«t")=FU*) • f L (t'.T * ).
t. n n n

cini
WL-

. . •

1, c.». . . , Ml

. s f C «*•
T

where

L (t", T* )= fdt U **(x. *., X*\, H tx. t! $ lx. t l )
n

n

n

J_ Li, ^

^

• { • (x. t, t'l. MT(x. t) $*(x,

" "•

J

t)\ •

• u;it. f)[w n (t) - s ; t > { £ f n(x. u .
I

KK{ 1{)1 )

In
[
1-1 k»l
where H is the neutron transport operator for quasi-critical reactor.
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* :s the matrix of nuclide transitions for burnup equaticr..
p*l*'is the known initial nuclide composition of assembly
locate-: in k-t?1. cell of L-th zone in tixe t".
Sit; :s the factor of noraalizaticn.
The shaped brackets aean the integrating in whole reactor volune.
The equations for Lagrangian multipliers I*, f, w"\ Ft*, f* are
cierivei fret the Lagrangian statior.arity condition
6l.it"? = 0.
i 12 i
It is't difficult to demonstrate that for the stationary points
of Lagrangian the fcllowing expression is right
i

AF^if,. t"i =Jdt|dx{ 2 k [ X , t. t " ' : j = - . AuCx. 1)1
o

v

*• c

a

•

i 13)h

o

Ir. this way the linear approximation of functional F(t") for
centreLs in the vicinity of value u'.x, t) is deterained, and
sensitivity factors of that functional is determined by
at
In cases if
1. t. t'eff.t**. tst*. 1=1.2
m

Hand

m

2. t*€it~. t*i. t € U " .
m a
n

t * ) . n<
r.

•

the equations for Lagrangian Multipliers are obtained froa the
correlation U 2 » .
The aigorithB of solution of equations obtained consists of
the consecutive.calculation of Langrangian aultipliers, beginning
fro* the tiie t . for that the variation of considering functional
is evaluated. Moreover, for case 2. by the transition tron one reactor nicrocaipaign to another the Multiplier Iris determined as
follows:
m
K (i)

R* U k } (t,t")|
= Y Y «ci.h.n.k» R! ih) (t:. t") .
«
»t=t* A , K ,
n

l=n*l h»1

When the Lagrangian •ultipliers are received the sensitivity factors
of optimization functionals can be calculated. For that in conforaity with (13) it's enough to write down the expression for partion
derivative

2t (x.t.t"). where if (x.t) = < X ( k ^>. k, Il'2
oU

n

hi)'

I =1,2
I,
n =1,2
M.
Then the variation of functional F(t*) (10) at time t'stipula-
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ted by the substitution of assembly in k-th cell of i-th zone at
n-th reload by j-th assembly with known nuclide composition is
deterained by equation:

H (k J J <t"> = - f f + ( l k ) (t'). A ^ ' I . k =1.2 Kj!'
where tf'!;;'- ft1Ji ^
and
i=i:2:::::i.
^ l J ) is the known vector of nuclide composition of j-th assembly,
that «ay be loaded in k-th cell of i-th zone at n-th reload according with law (1).
Programme complex RELOPS
The code RELOPS have been developed on the basis of PVAM for
fuel reloading optimization of reactor BN-350. In the code the
modelling of neutron-physical processes is carried out for
two-dimensional hexagonal geometry of reactor in two-groups diffusion approximation with spatially-distributed catalogue of
micro-constants. The procedure of direct 1 methods with the special
choise of the coordinate function system is used for the neutron distribution calculation. This fact allows one to reduce considerably the amount of calculations when the loss of accuracy in
the characteristics estimation reaains within the permitted range.
The calculation of time behaviour of neutron and nuclide distribution is made by the discrete method with interchanging of determination of neutron flux with given nuclide composition of assemblies
and calculation of variation of nuclide composition with given
neutron flux. The modelling of fuel burnup processes includes a
rather wide variety of nuclear reactions.
The system of applied codes "Linear Programming in Automatic
Control Systems" C L P in ACS") is used in complex for solution of ILP
problem by the simplex-method. The integer decisions of problem are
found by the branch and border method. The system allows to considerate large dimension problems with 16383 constraints and 4095
integer variables.
The constant support of optimization calculations is provided
by the code MODERN . This code is connected with the common data
file containing the information about BN-350 states in any time
period of operation.
The results of preliminary testing of complex RELOPS
For testing of complex RELOPS the following optimization problem was considered. It is necessary to find the optimal strategy
of high enrichment zone (HEZ) reloading in conditions when the
reactor is transfered from one stationary regime to another one
with more high permitted fuel burnup of HEZ assemblies.
The solution of this problem is based on the following suppositions:
- during the transfer interval the additional burnup of reactor
assemblies is occured;
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-

parameters of new stationary regime such as fuel composition and
manner of HEZ fuel reloading are known;
only three reloads can be made to achieve the new stationary regime;
the rearrangement of assemblies, their removement to the storage,
the loading of fresh assemblies and so on are allowed according
with the law (1);
- the duration of microcampaign of reactor operation during the
transfer interval is apriori known.
The formulation of optimization problem is following: to provide the minimal loading of fresh fuel assemblies in HEZ with constraints ensuring the criticality during the whole investigated interval of reactor operation. Moreover, after the third reload the
parameters of new stationary state of reactor must be achieved.
Actually the manner of HEZ assemblies allocation at two initial reloads satisfied by the mentioned conditions of optimization
problem is determined in that problem.
For consideration of reloads of all HEZ cells, the groups of
assemblies are selected to provide constraints for the number of
integer variables of ILP problem: K«(J-l)«M*4095. Where K is the
number of reloaded cells of HEZ, J is the number of groups of
assemblies, M is the number of investigated reloads. It is necessary to note, that the time of solution of ILP problem by the system
"LP in ACS" is essential depended on the number of integer variables. In this connection the six groups of HEZ assemblies are
selected. Moreover, up to the moment of reloading the one of groups
has a permitted fuel Burnup Z, other group has the fuel burnup Z/6
lower than permitted value, third group- 2»Z/6 lower than permitted burnup etc. The all assemblies of the each group have a same
averaged nuclide composition.
The 112 hexagonal cells are reloaded. So the number of integer
variables of opimization problem is equal 1120. In tahle 1 the number of assemblies in groups after each reload for state of HEZ
corresponding to the beginning oT the calculational process of PVAM
is presented.
Group 1 corresponds to the fresh assemblies, 2- corresponds to
assemblies with fuel burnup Z/6, 3- to 2»Z/6 etc.
The presented values after third reload correspond to new stationary state of reactor.
The Keff. values for initial state of reactor don't reach the
constraints of optimization problem, and they have 0,1% differences
from that.
Unfortunately, by present the calculations of this optimization problem have not been completed yet, so only preliminary results are performed here.
After the few initials iterations of PVAM the number of
fresh assemblies reduces to 10 and 17 at the first and second reloads consequantly. The Keff. values approached to constraints and
its difference from that is 0,04%.
'
The course of PVAM iterations testify the step-by-step improvement of the initial reactor state in approaching to its optimal
value.
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Figure 1. Scheme of reactor operation:I
i X - reload.
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Table 1. The number of assemblies in groups for initial
state of HEZ.
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A VECTORIZED NODAL-TYPE ALGORITHM
FOR LAF/iE POWER REACTOR COAP.SE-MESH CODE HEM-3
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Moscow,USSR

ABSTRACT

The 3-D neutron balance equation underlying HEM-3
coarse-mesh code is presented. For square grid this equation
couples some functional in node 0 with similar values in four
nearest and four next to nearest nodes in x,y-plain and in
two nearest nodes along
2-direction.
On many neutron
transpot problems where exact solution can be found i t was
shown that accuracy of algorithm approximately equals to that
of traditional finite-difference one with half size mesh
step. The structure of iterative solution procedure is
featured which allows i t s extremely efficient vectorisation
in case of large problems.

INTRODUCTION
HEM-3 code began t o develop as an a l t e r n a t i v e t o t h e
traditional finite-difference ones for the calculation of
neutron field in large graphite-moderated reactors. So no
wonder that source-sink sheme, thought to be more appropriate
in t h i s case, was accepted. But in course of development the
problems long-range matrix equation was transformed with high
level of approximation to the sparce-matix one, which was
someway
similar
in
2D-case
to
the
nine-point
finite-difference
diffusion
equation.
This
similarity
stimulated more thorough studies, which allowed t c rethink
the problem from more general point of wiev. Thus the new
form oi neutron balance equation was developed which provides
coarse-mesh reactor calculation with markedly smaller errors
than traditional finite-difference ones p r a c t i c a l l y in the
same computer time.
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GENERAL CONSIDERATICMS IN 2D- CASE
Calculated power d i s t r i b u t i o n f i e l d of nuclear reactor i s
the r e s u l t of work of long program sequence at t h e end of
which n e a r l y always seme mesh aigorythm i s placed, bringing
i t s own c o n t r i b u t i o n i n overall c a l c u l a t i o n e r r o r .
The most
widely used t i l l now i s the c a l c u l a t c n sequence, where the
f i r s s t e p i s homogenisation, when each r e a c t o r c e l l
is
replaced by t h e homogeneous one, whose c r o s s e c t i o n s a r e equal
t o some way averaged c r o s s e c t i o n s of o r i g i n a l c e l l . Neutron
f i e l d i s found afterwards from the diffusional c a l c u l a t i o n of
model assembly in hope t h a t i t must be c l o s e t o t r u e one, i f
homogeneous c e l l s are equivalent t o real assembly c e l l s in
the sence of correspondence between average fluxes and number
of a b s o r p t i o n , s c a t t e r i n g or f i s s i o n a c t s . We will c a l l such
c e l l s as Z-equivalent ones.
More modern approaches a r e based on t h e statement t h a t
neutron f i e l d i n s i d e c e l l i s completely defined by t h e f l u x
on i t s
surface.
Approximating surface flux with
linear
combination
of
some
functions
and
using
continuation
c o n d i t i o n we can reduce t h e problem t o the l i n e a r equation
system for undefined yet c o e f f i c i e n t s by t h e s e functions.
Both surface fluxes approach SFA
and surface harmonics
approach SHA
i n lowest approximations, lead t o similar
equations. In t h i s case l i n e a r combination under c o s i d e r a t i o n
c o n s i s t only of two members, symmetrical by c e l l surface and
antysymmetricai
one.
This
means t h a t
average
outcoming
c u r r e n t s Jt....J*
on the 1 - 4
c e l l s i d e s a r e connected with
t o t a l fluxes Ft. . . . F4 as follows:
Ji= 7 Ao f 4
J2= j Ao § -

;u CFt Ai. CF2 -

1
Ja= j Ao i 4

Ai CFa - Fi)

J4= \ Ao * 4

Ai CF4 - F2)

where $ = CFi+Fz*F3*F*}/4 - i s average neutron' f l u x on the
c e l l surface and Ao.Ai
a r e matrices determined by c e l l
physical p r o p e r t i e s . Applying continuation conditions for
F-.,Ji on each c e l l side without any a d d i t i o n a l assumptions we
obtain f i n i t e - d i f f e r e n c e type equations:

Uo=C4 Aao * 0 . 5 \ll.oJT

\c L\I*o + LvlK D"*C UO - UI D C2)
4 2
2
i

where U=C 1 + 0. 125At Ao3 i and summation is made by 1 - 4
ceils ad'oimnc! to Giver, zero ceil.

l-i

Li r.s-tror. transfer* is descriebed b*7 diffusion e^uat-ion,
ceils are homogeneous and their area is much smaller than
migration area, then At = D, U = I, Ao = - a Z, where a is
lattice pitch and Z is crossection matrix. In this c&se
equation C23 takes the form:
-0. 25 a Z $o=r — C =• Di + =• Do 2) C Jo - Ji )
** n
2
2
which i s basic for homogeneous finite-difference codes,
instance JOSHUA . Here 4i i s cell averaged neutron flux
i-th ceil.

for
for

While using equation C2} we implicitely assume that
assembly neutron distribution i s in general defined by Aoand Ai-matrces of different
cells and by flux/current
continuity conditions on their surfaces. This means that
approximately the same neutron distribution must be in the
assembly where neutron transport is descriebed by diffusion
equation and Ao- and Ai-matrices of different cells coinside
with
corresponding
cells
characteristics
of
original
assembly. We will call in future such cells A-equivalent
ones. Hence if we can find exact solution of
diffusion
equation, then
choosing cell diffusion
characteristics
wether from Z- or A-equivalence conditions we can implement
both approaches, which allows to compare their quality.
Sir.cs the equivalent diffusion cells structure i s of no
importance, the most appropriate one can be chooser.. Using of
cell homogenity, for instance, takes off the question of cell
characteristics in case of Z-equi valence, since there i s
simple though crude finite-difference algorithm for problem
solving. In other case, when all cells have uniform Ai=D we
can use uitraheterogeneous
model cells consisting
from
diffusion
nonabscrbmg medium and singular source- 'Sinks,
whose amplitude is choosen to fulfil
Z- or A-equivalence
conditions.
Since this algorythm l i e s
in the base of
HEM3-code . we consider i t here in more details.
Neutron flux in diffusion
ncnabsorbing medium i s
descriebed by DA<5=0 equation. Symmetrical solution of this
equation in cylindrical cell can be written in the form:

=A - ^ lnCr/O

C43

where A and B are free coefficients and C i s arbitrary
constant. If we demand Ao-equivalence of model cell then with
C = P«qi we obtain
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loCr.s^'}
foC
>Cr) =

= A ;

Jo-.RsqO

=

AiB ;

B = Ai Ao A ;

1 - ^- Ai1Ao lnCr/R*qO

L

2:r

J

from where stems t h a t <5Cr3 amplitude of monopclar source-sink
i s equal t o
AI'AO

demanding E-equivalence

ioCR.qO

we o b t a i n

C6D
with C = R«qi /

Ve t h e

value cf source sink amplitude for t h a t casedhere § i s
averaged neutron fluxD.
- AT1 a 2 Z f

cell

C6a)

After replacement of o r i g i n a l c e l l s by e q u i v a l e n t
heterogeneous ones we come t o t h e problem about neutron
distribution
in
homogeneous
ncnabsorbing
medium
with
r e g u l a r l y placed 6-sources, whose amplitudes a r e defined by
C6D expression. This d i s t r i b u t i o n can be found by s o l v i n g
l i n e a r - a l g e b r a i c equation
i t = Z Lij Al'Ao.j ii

C75

where ft - neutron f l u x averaged by t h e i - t h c e l l s u r f a c e and
by LLJ we understand i - t h c e i l surface averaged value of
i n f l u e n c e function from source placed i n t h e j - t h c e l l .
Because of long-range i n f l u e n c e of Lij t h i s problem i s
difficult
to
solve
on
the
computer,
but
previous
experience ' shows t h a t with i n s i g n i f i c a n t l o s s of accuracy
C73 can be transformed i n s u i t a b l e f i n i t e - d i f f e r e n c e form.
For t h i s aim we i n t r o d u c e o p e r a t o r :

where i , j a r e mesh point indexes and di,d2 a r e
defined c o e f f i c i e n t s . But condition 4Cdi+d22> = 1 i s
Fro,?, a i l t h i s a r i s e s :
CO) - 1 ) LmnSO

not yet
imposed.
C9:>

for a i l t h o s e c e i l s d i s t a n c e d from t h e source for more than
one mesh s t e p . If t h e source i s placed in one of n e a r e s t mesh
p o i n t s , then we must add t o t h e r i g h t s i d e of C85 difi or
in order t o keep equation v a l i d . If the source i s placed
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in i , '-*_h c e l l , thsn this addition must be equal to s.
remanding fx=f2=f and minimizing deviation from -ere of left
side of C9) we find di, dz, f, s. Their values for different
forms of cells and eqivalence are given in Table 1
Table 1. Finite-difference shemeC9} coefficients
equiv.

cell
square

A

square

dt

d2

f

s

0.1890

0.0610

0.£0466

0.10407

0.1931

0.0569

0.12405

0.18189

And now, when di, d2, f, s are fully defined we can act
with ID on both sides of C7D and after some transformations
obtain:

Uo=Cf+s3"*CAao + fAi 1 ) £ d.Ai'c Uo - Ui
C103
U =Cl

f A

where summation i s made by 4 c e l l s nearest t o t h e central
c e l l Cj=lD and 4 corner adjacent c e l l s Cj=23. Comparison of
C2!>, C3? and ClOD equations allows t o write
theirs
i n t e r p o l a t i o n a l , so t o speak, form:

£

d C^Aifo + yHU }~XC Uo - Ut "J
U=C 1 + f

CUD

§

With f = s = 0.1£5 , di=0.25, d2=0 equation C1D transforms
to C23. Witn s=di=0.25, f=da=O i t transforms into C3D and
with Ai,i=Ai and f,s,di,d2
from table 1 equation CUD
transforms into C10}. Let us note here that SFA-SHA approach
C2D takes into account only symmetrical and antysymmetrical
parts of surface flux. More detailed accounting of surface
structure will increase number of points in finite-difference
sheme and lead
to
the
appearance of
A2,Aa
...cell
characteristics. We may suppose that 9-point cheme CUD
allows to account, in diffusion approximation though, for
mere detailed structure of neutron field in frames of Ao, Ai
parameters. This is not surprising, since for
diffusion
c e i l s , even with axiaily symmetric inhomogenities, nonzero
flu:<-current harmonics correlation i s defined f i r s t of all by
diffusion coefficient. How much can we gain using diffusion
model for higher harmonics description, can be shown by
comparative calculations by C211 and Cll) equations.
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SOME 2D- TEST RESULTS
Obviously the errror
brought
in overall
reactor
calculation
by each above mentioned algorithm
strongly
depends on reactor properties and i t s magnitude can be
evaluated only in numerical experiment, where exact solution
is known. So at f i r s t we assumed that neutron transport in
original assembly i s descriebed by two-dimensional twc-group
diffusion equation. This drastically simplified the problem
of exact cell characteristics, especially A-matrices. Here
they can be calculated unambiguously with the help of simple
formulae. The second advantage of diffusion t e s t s i s the
possibility of multivariant calculations, including that of
big assembly. The error magnitude obtained in diffusion t e s t s
we must accept as a lower estimate. That is if in simple case
some method has some error, then in more complicate case i t s
error must be no lesser.
All error values we have obtained with the help cf HEM3
code. By changing four mesh parameters di,d2,s,f we can
transform i t s algorithm to the five-point lowest SFA-SVA
approximation,
or
to
traditional
homogeneous
finite-difference algorithm of JOSHUA type. In all cases
process of calculation i s governed by the same subroutines
which markedly decrease the number of questions about data
consistency and convergence quality.
As a 2D- assemblies consisting of two-group homogeneous
diffusion cells were taken infinite pclylattices of RBMK type
and RBMK i n i t i a l cold load with water. The l a t t e r had sharp
flux maximum near the core border. The exact solution was
obtained in finite-mesh calculations were C2D, C33 and C113
equations gave very close results. I t was found C ref.6D that
in RBMK calculations traditional diffusion
finite-difference
algorithm has big error Cup to +2.9*-i in K»O connected with
coarse mesh. 5-point SFA-SHA sheme showed markedly better
results C +0.5% in K«O. Matrix structure of
diffusion
coefficients
in
C25,Cin
costs
about
+0.2%.
Cells
A-characteristics work pronouncedly better C about 0.Z\ in
K*Othar. average crossectionsC Q.4'4 higher}.
But in spite of all their useful1 ness the few-group
diffusion
t e s t s can not give answers on many important
questions: abcut the description quality of void effects,
about sufficient group number, about universalness of cell
characteristics,
about the value of few-group
diffusion
estimations
and
theirs
transference
on
problems
more
r e a l i s t i c in the sence of cell geometry and neutron transport
mechanism. That's why as the next numerical benchmark we
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havs uss— the Mcnt e—C*!ir 1 c calculation ct" two—dimensional RBMK
type infinite pol/lattices consisting from 16 reactcr cells
with as r e a l i s t i c as possible modelling of cell geometry and
neutron-matter interaction.
Four variants connected with
presence Cabsence. cf water in fuel cells and Cor 3 in
absorbing cells were calculated by MCU-code" with three
millions ef histories in each case.
The essential
part of
numerical
experiment under
consideration was obtaining of cells characteristics with
minimal number cf
assumptions in the same Monte-Carlo
calculation along with K-eff and power distribution as a
byproduct . This approach t o t a l l y excludes the question about
modelling of incoming neutrons spectrum on the cell surface,
which i s provided in cell calculations by adding r e a l i s t i c
environment. There were no difficulties in calculation of
homogeneous cell characteristics. For instance total path
length of all thermal neutrons in k-th cell i s proportional
to the a $*", where $

i s average thermal neutron flux.

number

thermal

2 —k k

of

absorbed

neutrons

is

Total

proportional

to

k

a $ Z , where E
i s average thermal neutron absorption
t at
at
^
crossection for k-th c e l l , which i s found as a r a t i o of this
two registrations. Ai a transport srossection was taken
group-averaged
Zf -ZcosCju),
where
Z
is
total
crossection, Z is scattering crossection and fj i s scattering
angle. More complicated but evenly unambiguous recipe of
Ao-matrix calculation i s descriebed in ref.S. Approximate
value cf Ao matrix can be easily derived from given D and Z
under assumption, that real cell
i s homogeneous and neutron
transport i s descriebed by diffusion equation. This variety
of A- equivalence we will call Ao—equivalence. Other form of
approximate A-equivalence CAo-equivalenceZ1 take place
in
case each cell consisting cf homogeneous diffusion moderator
and source-sink, whose amplitude i s defined to ensure on
given cylinder surface of radius r prescriebed connection
Jr=l3$r between total current and average flux. Such cell
structure i s typical for Galanin-Feynberg approach. In our
test G-matrix and average moderator characteristics were
calculated in a way similar to exact Ao-matrix calculation.
In all calculations Ai=l "3Ztr was assumed. Maximal deviation
5CD from exact Monte-Carlo values, shewn by each mesh
algorithm in course of two-group calculations of K«f. Pceli-by-cell power distribution, $t and $f - cell averaged
thermal ar.d £ast tneutron fluxes distribution and void effect
defined as K*'iJ-K'*7~ are given in table S.
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Table 2. Two-group c a l c u i i ' . i i n errors
cf ai gc-r: t hrns under consi der at 1 on, %
algorytm
JOSHUA-type

6Kef

Void
effect

max J 6Pj

max J £ $ i j

2.5
2.7

17
6.3

2-3

6.3
5.0
7.1
2.2

3.2
1.0

-54

SFA-SHA
HEM3:
Ao-equi v.

1.1

Z-equi v.
Ac-equi v.
A-eqci v.

0.78
-0.92
0.29

-30
-22

-16

9
13

1.0
1.2
0.7

max j <5$f {

24
11

7.4
8.6
4.6
4.9

More r e s u l t s and discussions can be found i n r e f . 8 . Here
we say only that information obtained i n
homogeneous
diffusuon problems i s confirmed in much more r e a l i s t i c and
complicate Monte-Carlo t e s t . I t means that in case of RBMK we
can use t h i s simpler t e s t s in future, for instance for 3Dalgorythms t e s t i n g . Simplified t e s t s of such kind gave
similar confirmation of HEM-3 q u a l i t i e s in case of l i g h t
water reactor WWER coarse-mesh calculations in hexagonal
geometry.
3D- EQUATION AND TEST RESULTS
The advantage of f i n i t e - d i f f e r e n c e sheme CJ.15 before
coarse approximation of d i f f e r e n t i a l operator in traditional
algorithm had arise the question about similar 3D code
development. Correct solution of t h i s problem meets with some?
d i f f i c u l t i e s . 3D 27-pcint equation, analogous to 2D 9-point
equation Cll> would have s u f f i c i e n t l y simple form for reactor
c e l l cubic segments only, and only in the case of space
symmetry of those segments. Second condition can be f u l f i l l e d
only in rare cases. Besides the core of modern power reactors
i s much more uniform along vertical a x i s , than in horizontal
plane, which allows to provide calculations with greater
vertical mesh step h, thus making them faster. This can lead
net only to complication of possible 3D equation but a l s o t o
sign-changing difference c o e f f i c i e n t s dj, making i t e r a t i v e
solution procedure unstable.
Let us add that
already
complicate c e l l cedes now provide transport calculations in
2D geometry,
and
search
of
flux-current
ratio
on
parallelepipedal surface can made them more complicate. And
finally
3D equation
of
C113
type
with
such
cell
c h a r a c t e r i s t i c s certainly will not transform in case of
height i n f i n i t e problem i n t o two dimensional CUD form with
flux-current ratios on 2D c e l l border. And t h i s can be

1-94

users who widely use 2D calculations
ar.d are very sensitive to the smallest result differences. We
propose the next 3D equation, coinciding in form with C13:
Uo =C p+oO

* Z

E

6

C Ao

•*• <p\i } x

- ^ * ' ° • | A I \ J : ? - \ : UO - Uip

a 23

U=C 1 + %> Ai Ao: $
where § - i s average flux on c e l l l a t e r a l border i n t h e layer
of h t h i c k n e s s . Ao,Ai - f l u x - c u r r e n t r a t i o n s on t h e border of
height-infinite
height-uniform
cell
with
the
properties
corresponding t c t h a t of given layer of o r i g i n a l c e l l . In
C12} summation i s made with 61.2 weights by eight segments of
nearest c e l l s and with <5a weight by upper and lower segments
of given c e l l
Cll-point
sheme3. a, p, 6} c o e f f i c i e n t s
c o r r e l a t e with s , f. dt.2 with t h e help of next equations:

+

di,2 = di.2 C 1 - 2 53 ) ,

X3 a2]

Cf
c = Cf + S} Cl - 2 Sal - f

For vertically uniform and i n f i n i t e assembly 3D equation
C122)
transforms
precisely
in
SD equation
CUD.
For
horizontally uniform and i n f i n i t e assembly equation C12D with
some approximations transforms into one-dimensional diffusion
finite-difference
equation.
For
the
evaluation
of
approximations made let us nets that Ao ~ - a Z, with the
zc-zvrzcy cf
magnitude order
^ Ca I-'D} , and
diffusion
finite-difference equation have the accuracy of magnitude
order ~ Ch2E-y'D!> . While transforming ID equation obtained
from C12:1 we neglect with members * Ch2,h2a2 ,a4DxCZ/D^Z.
Hence i t follows that using of vertical mesh pitch in 3D
calculations lesser than l a t t i c e pitch will not lead to tne
result improvement e^en in the simplest case of diffusion
problem with partialy homogeneous c e l l s . This statement have
no place in case f = dz = 0, di = 0,25, sAo = - a 2 £/4. Ai=D.
when
C123
exactly
transforms
into
traditional
homogeneous-mesh 3D equation.
Quoted above approximations are only small part of all
approximations and assumptions in reactor calculation. Their
contribution we estimated from numerical experiment with 3D
pclylattice cf RBMK type consisted of cubical segments of
vertically uniform cells. Their physical characteristics were
taken from abcvementioned Monte-Carlo calculations. With the
help of HEM-3 A-equivalent 3D- calculations control rods
position was choosen to make asserbly c r i t i c a l and axial form
of neutron'field strongly deformed. In the second variant
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water vas removed from assembiy, which led t o 1. 7*i decrease
in K*f. This decrease was compensated by moving second
control rod up 0.5m and f i r s t control rod down 5.25m. Both
assemblies were t r e a t e d as a simplified 2G diffusion problems
Cas exact r e s u l t was taken f i n i t e difference s o l u t i o n with
.-r.esh cube s i d e eight times smaller than real one, equal t o 25
cm 3 and a f u l l - s c a l e problems, solved by Monte-Carl c MCU7
code with one million h i s t o r i e s each.
Main r e s u l t s of 3D t e s t a r e close t o 2D ones, though K-eff
error i n a l l v a r i a n t s of 3D c a l c u l a t i o n i s somewhat smaller
than i n 2D t e s t , i n s p i t e number of error sources increasing.
This means p a r t i a l error compensation and a l s o t e s t i f i e s t h a t
error
produced by new -ources C3D equation,
2D c e l l
characteristics}
is
net
big.
Once more closeness
of
homogeneous diffusion and Monte-Carlo t e s t s was observed,
which
confirms
the
opinion
about
validity
of
homogeneous-diffusion numerical experiments. Let us s t r e s s
t h a t e r r o r s c a l e e s t a b l i s h e d a p p l i e s only t o RBMK and must be
d i f f e r e n t for other reactor types. Each new case will demand
s i m i l a r s t u d i e s including Monte-Carlo. I t s p o s i t i v e r e s u l t s
will allow t o improve r e a c t o r r e l i a b i l i t y and e f f e c t i v e n e s s .
On the other hand big error values will demand additional
r e s e r v e due to c a l c u l a t i o n s deficiency and be a good stimulus
for future algorithms and approaches improvement.
SOLUTION PROCEDURE AND ITS VECTORIZATION
Equations Cll?
and C12D contain
matrix
values
CAitm+AitrO"1. Their
c a l c u l a t i o n at each i t e r a t i o n will be
time consuming, and p r e i t e r a t i o n a l c a l c u l a t i o n - memory
consuming. We simplified s u b s t a n t i a l l y our problem assuming
t h a t C D are c e l l s diffusion coef

Al!m * I A l r o ^ ! D ; * I D ; V S
After t h a t equation CUD Ceq. 12 s i m i l a r l y ) transforms to
V = Q ID V
1

'

i

~

l

,

<5=VD

Let us note that Q i s group-only space-diagonal matrix and
T> i s space-only group-diagonal. Space-group diagonal matrix E
equals t o Dc". Equation C133 i s basic for HEMS code. I t i s
3cl%'ed by i t e r a t i o n s Vn+1=C#>Vn. Calculation f i e l d has an L*K
mesh c e i l s r e c t a n g l e form and a i l unknown V Cand Q-matrix
elements} belonging t c one group in given plane c o n s t i t u t e
continuous a r r a y , so that V>.j value i s in i t s L*Ci-l)+j -th

1-%

^1 ^rr^p. *
I*leads
to
vsr y
single
FOFTrAM^c^^ratcr
r e p r e s e n t a t i o n of X=iDV m a t r i x - v e c t o r p r o d u c t :
YS. N? =di*C VC N-l } +VC N-l 3 +VC N+LJ +VC N-L? D +
d2«C VC N-L+l 5 +VCN+L-1J +VC N-L+l 3 +VC N-L-l 3D
•hich must be p l a c e d i n s i d e t h e loop over a l l t h o s e N, f o r
which
corresponding
array
subscripts
a r e within
array
boundaries. Since i n HEM-3 code c e l l s o u t s i d e of assembly
have
zero
Q-matrices,
ail
outside
unknowns
after
QX
m u l t i p l i c a t i o n have zero values. Because of Q and V a r r a y s
s t r u c t u r e a i l c a l c u l a t i o n s a r e done by simple s t e p s i n loops
no
shorter
than
reactor
ceil
number,
which
makes
v e c t o r i s a t i o r . p o s s i b l e and very e f f i c i e n t i n case of l a r g e
ccresCsee a l s o r e f . 1 0 } . Even t h e c a l c u l a t i o n of Q from Ao in
Ci3^ i s v e c t o r i z e d , so from speed gain we can conclude about
90% v e c t o r i s a t i o n level of HEM-3.
MAIN FEATURES OF HEM-3 CODE
Code i s few-group, 2D- or 3D-, with square or hexagonal
c e i l form. As a c e l l physical c h a r a c t e r i s t i c s
flux-current
r a t i o on the c e l l border or average
c r o s s e c t i o n s a r e used.
In a l a t t e r case beside t r a d i t i o n a l homogeneous diffusionfinite-difference
approach two o t h e r s a r e possibleCZ- and
Ao—equivalence}which have s u b s t a n t i a l l y l e s s e r e r r o r l e v e l by
the same CPU time. The problem with 56*56*10 3D-mesh p o i n t s
and two groups achieves b e t t e r than 1% accuracy i n neutron
f i e l d i n 33 minutes en 1 MFLCP s c a l a r computer or 3. 3C7.3D
minutes
on
Cyber -963
after
compilation
withC wi thouO
o p t i m i s a t i o n . Neutron k i n e t i c i s a l s o implemented and new
undergoes thorough t e s t i n g .
Code i s a l s o prepared
for
p a r a l l e l processing by horizontal l a y e r s of 3D-mesh.
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ABSTRACT
This paper presents a parallel algorithm to solve two-point
boundary value problems for nonlinear systems with ill-conditioned
boundary conditions. The algorithm is a practical combination of
the pure shooting method and the finite-difference method but is
more stable than the first and requires less computation than the
second. The characteristic of the algorithm allows its performance
in a shared memory parallel processor computer. We used the
algorithm to solve three optimal control problems, (1) the control
of xenon build up in a nuclear reactor during a power transient,
(2) the optimal fuel concentration in a slab reactor, and (3) the
solution of an inverse scattering problem using the Schrodinger
equation. The results demonstrate that the algorithm is capable to
solve nonlinear ill-posed two-point boundary value problems and
that a consistent performance improvement is obtained when the
algorithm is implemented in the parallel computer.
INTRODUCTION
When a system of ordinary differential equations is required
to satisfy boundary conditions at two points of the independent
variable, the resulting problem is defined as a two-point boundary
value problem1. These problems are usually solved with an iterative
initial value technique.
One of best known and most widely applied iterative initial
value method is the shooting method2. The weakness of the shooting
method is the incapability to deal with ill-conditioned problems
that are difficult to solve because of the growth and consequent
divergence of the solution.
Another technique available to solve two-point boundary value
problems is the finite difference method3. This method has better
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stability characteristics than the shooting method but generally
requires a large amount of computation and memory allocation.
The structure of the algorithm presented in this paper is such
that it is possible to develop a section of it in a parallel form
and thus take advantage of the efficiencies of parallel
computation.
To test and validate the algorithm, three optimal control
problems are solved: (1) the control of xenon build up in a nuclear
reactor during a power transient,
(2) the optimal fuel
concentration in a slab reactor, and (3) the solution of an inverse
scattering problem using the Schrodinger equation.
THE TWO-POINT BOUNDARY VAUJE PROBLEM
A typical two-point boundary value problem requires solving a
set of N-coupled first-order nonlinear ordinary differential
equations, satisfying n, boundary conditions at the starting point
x,r and ijj - N - n, boundary conditions at the final point x2.
The differential equations are
dy(x)/dx - f(x,y).
At a,, the solution has to satisfy the boundary conditions
Bi)(x,,y) - 0

j - 1, 2, . . ., n,

and at a,, has to satisfy the boundary conditions
Bufx^y) - o

k - l, 2, . . ., n2.
THE SHOOTING METHOD

The shooting method is applied co a two-point boundary value
problem in the following way:
1.

A set of initial values t is arbitrarily guessed for the
equations where the initial value is not fixed,
Ytlx-) - t

2.

The final solution for each equation is compared with the
corresponding final boundary conditions,
B*(Xi,y) - 0

3.

k - 1, 2, . . ., nt.

Jc - 1, 2, . . ., n2.

A root-finding iteration technique (e.g., secant method,
Newton method) is applied to the above system of
difference equations.
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It is clear that the success of the shooting method depends on
the initial guess made. A bad guess might cause the solution to
diverge before reaching the final integration point. This problem
greatly limits the use of the shooting method and particularly its
application to the optimal control theory where nothing is known,
a priori, about the characteristics of the adjoint equations.
For example the minimization of xenon buildup problem, that is
solved later with the modified parallel shooting method, cannot be
solved with the shooting method. The iteration procedure does not
converge and the method fails to give the correct solution.
Figure 1 shows the solution of the minimization of xenon build
up problem obtained with the shooting method.
THE FINITE-DIFFERENCE METHOD
A two-point boundary value problem is solved using the finitedifference method in the following way:
1.
2.
3.

the integration interval is divided in a grid or mesh of
points;
each differential equation is reduced to a difference
equation (several techniques4 are available); and
the resultant system of difference equations is solved,
and a convergency criteria, usually the Newton's method,
is applied at the boundaries between two contiguous
segments to guarantee that a unique solution exists.

This method presents two considerable limits: the necessity of
dividing the interval into a potentially enormous number of
intervals and the requirement of a good initial approximation.
THE MODIFIED SHOOTING METHOD
The algorithm, introduced in this paper overcomes the abovementioned problem by dividing the integration interval into M
subintervals with the internal points (x.) ..U_M.,
i, < x, <

XJ

< . . . < xM., < i2 .

In this way, the initial set of N ordinary differential equation
has been transformed in a set of N x M ones. The new equations read
into
dy,(x)/dx - fjtx,^)

j - x, 2, . . ., M .

The boundary conditions for the first and the last interval remain
unchanged.
A new set of (N x M - N) boundary conditions is
introduced
to
satisfy
the
continuity
condition
between
subintervals. These conditions can be expressed as
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- y,(x.) - o

m - i, 2, . . ., M-i .

Practically, with the introduction of the above modification,
a system of N ordinary differential equations with N boundary
conditions has been changed to a system of N x M ordinary
differential equations with N equivalent boundary conditions and (N
x M - N) continuity conditions.
For the solution of the modified system to be equivalent to
the original one, all the boundary conditions and the continuity
conditions must be satisfied simultaneously. This is obtained by
using a modified version of the Powell method1 which is an iterative
procedure to find the zeroes of the system of difference equations
defined by the boundary conditions. In this way a sequence of new
initial conditions is defined after each iteration until the
convergence criterion is satisfied. In order to improve the speed
of the calculation a modification has been introduced in the
calculation the Jacobian matrix in the Powell method. Instead of
calculating all the elements of tha matrix, we calculated only the
one falling within a band-width whose size is determined by the
number of differential equations used, and we set the value of the
remaining elements equal to zero.
BfPLEHENTATIOH ON THE ENCORE PARALLEL COMPUTER
The advantage of the modified shooting method is that it can
be easily implemented on a parallel computer. The initial value
problems solved inside each subinterval are independent of each
other and can be performed in parallel without affecting the
accuracy of the calculations.
The Encore Multimax is a shared-memory multiprocessor. The
shared memory is equally accessible to all of the processors. The
version of the Encore system available to us has 10 processors.
The parallel implementation of the algorithm consists of
dividing the calculation among the processors, which run
concurrently with and independently from the others. The number of
processors used can vary, but it is fixed for the duration of any
particular run.
The part of the calculation divided among the available
processors is the solution of the system of differential equations
in each subinterval. The computer assigns each subinterval to any
available processor. Each processor performs the calculation and
returns the data to the shared memory.
After all tha calculations have been performed, the
convergence procedure starts. This part of the algorithm is
performed sequentially, using only one processor. The data are
collected from the shared memory, and a system of difference
equations formed by the initial and final boundary conditions and
by the internal continuity conditions is solved. The new conditions
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are stored in the shared memory, and a new parallel calculation
starts.
The efficiency of the parallelization is measured with the
speedup factor, defined as the ratio between the solution time
using one processor to that using n processors. The speedup factor
has been calculated in the xenon build up problem by using
different numbers of subintervals (9, 20, 30) and (2,4,8) parallel
processors. It has been found that the speedup factor slowly
increases when the number of subintervals used increases. The
speedup factor increases with the number of parallel processors
used. The saturation point, that represents the minimum number of
parallel processors that maximize the speedup factor, was reached
using four processors. In this case, a speedup factor of 1.5 was
obtained. It is believed that for problems in solving a larger
number of differential equations, the speedup factor will improve.
Also, the number of processors used, before reaching what is
defined as saturation point, could be larger.
APPLICATION TO OPTIMAL CONTROL PROBLEMS
The application of optimal control theory3 always requires
solving a two point boundary value problems. The algorithm is
applied and tested in the following three optimal control problems7.
The first problem solved is the minimization of xenon build up
in a high-flux reactor during a power transient. Xenon is a high
neutron absorber, and a high concentration of it may affect the
efficiency of the reactor.
The model used consists of six differential equations (three
state and three adjoint). The integration interval has been divided
in nine, twenty, thirty, and forty subintervals. As expected, the
solution does not depend on the number of subintervals.
Figure 2 shows the optimal path for a power transient from 100
to 80% that minimizes the xenon build up. At the end of the
transient, the xenon concentration is equal to the initial value.
The second problem solved is the optimal fuel distribution in
a slab reactor for a given flux shape. Usually, the fuel
distribution is determined by a trial-and-error procedure until a
satisfactory flux shape is obtained. The advantage of our technique
is its capability to choose the shape of the flux first and then to
determine which fuel distribution will produce that shape.
It is important to remark that optimal does not always mean
best or most practical. Obviously it would be almost impossible to
reproduce in a real environment the fuel distribution obtained. A
way to solve this problem is to introduce constraints in the
controller, allowing only fuel distributions that could be
implemented.
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The model used in this cast consists of four equations (two
state and two adjoint). The integration interval has been divided
into 25 subintervals.
Figure 3 shows the flux demand, the calculated flux, and the
optimal fuel distribution for a slab nuclear reactor. The
calculated flux matches the demand almost perfectly.
The third problem solved is to find the potential in the
radial Schrodinger equation*. Generally, th« problem is solved for
an arbitrary potential. In this case, the potential is the optimal
solution for any desired shape of the wave.
The model used consists of four differential equations (two
state and two adjoint). The integration interval has been divided
into 20 subintervals.
Figure 4 shows the wave demand, the calculated wave, and the
corresponding optimal potential. Also in this case, the calculated
wave matches the demand.
CONCLUSIONS
It has been possible to show that the modification introduced to
the shooting method makes it possible to solve two-point boundary
value problems that are ill conditioned. Also, in contrast to the
pure shooting method, a good guess for the initial boundary values
is not required. The division of the integration interval into
several subintervals not only makes it possible to prevent the
potential exponential growth of the solution, but it also removes
the lengthy procedure of guessing a satisfying set of initial
boundary conditions.
The importance of such results is demonstrated with the
capability of solving optimal control problems whose formulation
requires the solution of nonlinear two-point boundary value
problems and that could not b« solved readily by the traditional
shooting method.
The implementation on the Encore parallel computer shows that
an improvement in calculation time can be achieved. The problems
solved are not the best choice for parallelization, but greater
savings in calculation time could be obtained for systems with
larger numbers of differential equations.
REFERENCES
1

G. H. Meyer, Initial Value Methods for Boundary Value Problems.
Academic Press, Mew York (1973).

2

H. B. Keller, Numerical Methods for Two-Point Boundary Value
problems. Blaisdell Publishing Company, London (1968).

1-104

3

R. L. Burden, Numerical Analysis. PWS Publishers (1985).

4

M. Kubicek and V. Hlavacek, Numerical Solution of Nonlinear
Boundary Value Problems with Applications. Prentice-Hall, Inc.,
Englewood Cliff, New Jersey (1983).

5

L. S. Pontryagin. et al., The Mathematical Theory of Optimal
Processes. John Wiley and Sons, New York (1962).

6

R. G. Newton, Scattering Theory of Waves Particle. McGraw-Hill
Book Company, New York (1966).

7

D. Ugolini, A Methodology for the Solution of Nonlinear
Two-Point Boundary Value Inverse Problems in Phvsics and
Engineering. Ph.D. Dissertation, The University of Tennessee,
Nuclear Engineering Department, Knoxville (TN), (1991).

Figure 1.
Solution of the Minimization of the Xenon Build Up
Problem obtained With the Shooting Method.
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Figure 2. Optimal Power Transient From 100 to 80% That Minimiz«
the Xenon Build Up in the Reactor.
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Flux Demand, Calculated
Distribution for a Slab Reactor.
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Abstract
A parallel algorithm for the solution of the few-group neutron diffusion equations of reactor physics is presented. The target architecture
is a distributed memory multiprocessor such as the Intel iPSC/860.
The mesh-centered finite difference form of the equations is written for
a problem domain partitioned into subregions, and a special treatment
of the inter-region coupling permits a solution with little computational
overhead relative to the serial algorithm.

1

Introduction

The solution of the few-group finite difference form of the neutron diffusion
equations [NDE] on a fine computational mesh is a substantial task even
for modern supercomputers. We describe a parallel algorithm based on a
distributed memory multiprocessing model for the efficient solution of the
NDE.
A distributed memory multiprocessor is an ensemble of medium to high
performance microprocessors interconnected by a high-bandwidth communication network. Each computing element, or node, has direct access only
to its own local memory (typically four to 16 megabytes). Data is shared
between nodes by passing messages across the network under the explicit
direction of thf> application program. Since this inter-node communication
is relatively expensive, performance considerations require that applications
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have coarse granularity (amount of computation relative to communication)
in order to make efficient use of the hardware.
Although a number of distributed memory multiprocessors are currently
manufactured, we note that a network of engineering workstations is a practical analog of this parallel computing model. Software support for utilizing
such a network as a distributed computing environment is freely available
[2]. Hence, the methods described here are applicable to many engineering
computing environments without the availability of special multiprocessor
hardware.
Our past work on the parallel solution of the NDE [3, 4] targeted shared
memory multiprocessors with vector processing capability. In this work
concurrency is derived by partitioning the problem domain into a number
of subregions. A local problem is defined on each subregion by specifying
jippropriate subregion boundary conditions which are iteratively updated
so that the local problem solution approaches the desired NDE solution
on each subregion. Work on these local subregion problems is performed
concurrently.
Adopting the standard outer-inner iterative solution strategy, at each
outer iteration the processors exchange subregion boundary information and
independently perform inner iterations on each subregion to approximately
solve a local problem denned by these internal boundary condition* [IRC].
The IBC are updated in a process that defines an intermediate iterative
level, the recomposition iterations, which forms the bulk of the efficiencylimiting interprocessor communication required by the algorithm. A special
formulation of the IBC term results in surprising convergence behavior as
the number of subregions increases.
This modified outer-recomposition-inner iterative approach is essentially
a block iterative method and has numerical properties similar to the conventional serial algorithm. In particular, the behavior of the original outer-inner
algorithm is recovered as the number of recomposition iterations per outer
increases.

2

Method

The conventional outer-inner iterative strategy for solving the discretized
NDE requires, at each outer iteration n, the approximate solution of G
coupled sets of linear equations.
4nl

1-109

g=\

G

(1)

where, neglecting upscattering, and following conventional notation.
3

AM

9'

9'<9

Partition the problem domain into P non-overlapping subregions, and
for each energy group, reorder the unknowns 4> (suppressing the group index)
such that
0 =
where the <t>p are the unknowns in block p, and $ represents a direct sum
(i.e., <f> is formed by •'stacking" the 4>p). This implies a partitioning of the
matrix A
A=

21

B2

(2)

BP
and vector s
s = f$s p

p= 1

P

Now for the unknowns in subregion p, Eqn. 1 can be written:

Since the updated unknowns from block p' 5^ p are unavailable to the processor responsible for block p, we introduce a second level of iteration to
decouple the blocks. These iterations are called recomposition iterations
and are indexed by q:
(3)
The formation of the vector sp at each recomposition iteration represents the
bulk of the interprocessor communication required by the algorithm. The
flux at the next outer iteration, <?p + ', is accepted after q' recomposition
iterations:
We may now solve independently the P decoupled problems:
(4)
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A third level of iteration, the inner iterations, is used to solve each of these
problems:
,pH[?][m +1J _ GptpHlq)[m} + £[n]fo]
( 5j
where Gp = MflNp with Bp = Mp - Np and 6^"*] = A/" 1 4""°' defines
a linear stationary iterative method. We accept <£J,n'''+1' after mp inner
iterations
The choice of the parameters q" and m p is made based on the specific
performance characteristics of the target multiprocessor and the convergence
properties of the recomposition and inner iterations. These parameters provide a means of tuning the relative volume of communication and computation. Note that in the case of an equipartitioned domain the choice of mp
would have a detrimental effect on load balance if not chosen to be the same
for all regions.

2.1

IBC Treatment

Consider a node r which lies on the surface of subregion p along the internal
boundary between subregions p and p'. This node is coupled tc a node r'
in the neighboring subregion p' through the implicit approximation to the
current jTT- used in discretizing the NDE.
jTT,

= drr,{<t>r - 0 r / )

In comparison with Eqn. 2. the factor drr, appears in an element of the
diagonal of Bp, and — dTT< is an entry in the matrix Cpp>.
We consider two alternative formulations for an iterative approximation
to this term. In the equation for node r, the first approach treats d>r implicitly and the neighboring flux explicitly. At recomposition iteration q,
-0[?)) = JrNr>

(6)

This formulation is referred to as the node flux IBC and leads naturally to
the block iterative approach suggested by Eqn. 3.
An alternative approach forms the current approximation by treating
both flux values explicitly:

| ] 4 ' , ] ) = jrcr,

l-lll

(7)

This approach defines the current IBC formulation. The associated iterative
strategy can also be expressed in the form of Eqn. 3 if the the matrix Bp is
decomposed into Bv + Cpp and the Cpp term is included in the summation
over yf.
Numerical studies using the current IBC show promising results for
coarse mesh (18 x 18x32) PWR problems, but develop instabilities when the
mesh is refined. In order to salvage the favorable properties of the current
IBC, a third approximation for the current is defined by forming a convex
combination of the first two methods:
j T r . « aj?T, + (1 - a)j%.

(8)

The parameter a is called the convex weight factor [CVVF], and for brevity
this formulation is referred to as the convex(a) IBC. Some numerical results
illustrating the behavior of the algorithm as a function of the CWF are
presented in the next section.

3

Results

The following results were obtained on an Intel iPSC/860 distributed memory multiprocessor located at Oak Ridge National Laboratory. The model
problem is a 36 x 36 x 32 discretization of the quarter core of a typical PWR
employing two energy groups.
In order to isolate the convergence behavior of the IBC formulations
discussed here, no acceleration procedure is employed on the outer iterations. Also, convergence is based on the pointwise relative error in the
fission source term and in the computed eigenvalue as compared with high
accuracy results obtained using a serial version of the code. The inner iterations are performed by a red/black point SOR algorithm. Finally, no
attempt has been made to optimize the number of reconiposition iterations
performed per outer. Past experience with this architecture suggests that
optimum performance is achieved when the volume of computation relative
to communication is maximized; hence just one recomposition per outer is
used.
Figure I shows the number of outer iterations required for convergence
as a function of the number of subregions for both the node flux IBC and
the convex{0.r>) IBC. Although the particular geometry of the subregions
(surface-to-volume ratio or aspect ratio) has an impact on the convergence
behavior, Figure 1 captures the general trend: The node flux IBC shows
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a steady increase in outer iterations as the partitioning is r«'fiii''d ;ind the
convex IBC, remarkably, shows virtually no change.
The plot of the total number of inner iterations in Figure 2 shows .similar
results. However, because of the superior spectral properties of the smaller
subregions. fewer inner iterations are required to achieve a given lev«>l of error
reduction. Hence, the total work performed for the parallel algorithm can be
less than that of the serial algorithm for a given inner iteration convergence
criteria.
The effect of the convex(a) IBC treatment is shown as a function of a in
Figure 3 for a partitioning of the model problem into 128 subregions. The
optimal choice of a achieves a 40% reduction in outer iterations over the
node flux IBC (a = 0). However, the method failed to converge for values
of a above 0.8. A robust implementation of this method awaits analytical
guidance for an effective choice of the CWF. In addition, the behavior of
the convex IBC for finer mesh problems needs to b> established.
Finally, efficiency results are shown in Figure 4. These results are provided for the sake of comparison between parallel algorithms only, and do
not represent a measure of the expected speedup relative to some ideal serial
algorithm. Hence the execution time for a given algorithm on two processors (the smallest number on which the problem would fit) is taken to be
optimal, and the efficiency on p processors is then calculated as
2T(2)
where T(p) is the execution time on p processors.
This approach is useful because it reveals the two primary sources of
inefficiency in the algorithms: I) communication overhead and 2) the computational overhead associated with the use of past iterative information on
internal boundaries. Since the convex(0.r>) method incurs virtually none of
the latter cost, this curve reflects the communication performance of the
multiprocessor as the granularity of computational tasks decreases with increasing number of subregions.
Theoretically, the two sources of overhead can be played against each
other by judicious choice of the q" and mv parameters described in Section 2. For example, increasing the number of recompositions per outer
iteration increases the communication overhead but decreases the computational overhead associated with using past iterative information. However,
in practice the high relative expense of communication to computation in
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current-day distributed memory multiprocessors precludes the use of such a
tuning parameter.

4
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Figure 1: Outer iterations vs. number of subregions for the :J6 x :J6 x :J2
PWR test problem using the node flux IBC and the convex{0.5) IBC.
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Figure 2: Total inner iterations vs. number of subregions for the -Iti x 36 x A2
PWR test problem using the node flux IBC and the com>ex(QJ>) IBC.
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Figure 3: Outer iterations vs. CVVF for 128 subregion 36 x 36 x 32 PVVR
test problem.
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Figure 4: Algorithm efficiency vs. number of subregions for the 36 x 36 X 32
PWR test problem using the node flux IBC and the convex( 0.5) IBC.
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ABSTRACT
The capabilities of the Studsvik Core Management System (CMS) have been recently enhanced by the
addition of several new computational models. This paper details the SIMULATE-3 models used to
explicitly represent fuel grids (spacers) and models used to eliminate the control rod cusping effects of
partially-inserted control rods. New models for fast calculation of BWR shutdown margins and PWR
dropped/ejected rod worths are described, and benchmark results presented. Also described is the
interactive graphical environment (X-IMAGE) which incorporates the SIMULATE-3 advanced nodal
models for performing automated reload core design and multi-cycle analysis.

INTRODUCTION
In the Studsvik Core Management System, SIMULATE-31 is the two-group advanced nodal reactor
analysis code used to perform steady-state coupled neutronic/hydraulic analysis of PWRs and BWRs.
SIMULATE-3 has been licensed by the NRC for core reload design, for core-follow analyses, and for
generation of physics safety parameters, and it has been used by 30 organizations in 8 different countries to analyze more than 300 reactor cycles. Despite this widespread application, code development
efforts continue, and this paper focuses on several recent enhancements of the Studsvik CMS.

FUEL GRID (SPACER) EFFECTS
One objective of any nodal code is to accurately predict the pin-by-pin power distribution throughout
the reactor core. Three-dimensional power distributions are computed in SIMULATE-3 by treating
individual fuel assemblies as homogeneous nodes, and sophisticated methods2'5 are employed to radially homogenize fuel assemblies. These homogenization methods accurately model neutronic coupling
between fuel assemblies by introducing flux discontinuity4 factors at fuel assembly interfaces. These
methods also facilitate accurate reconstruction6'7 of pin-by-pin radial power distributions. Homogenization effects in the axial direction are usually ignored, since undepleted fuel pins are axially homogeneous (or homogeneous within axial enrichment/burnable absorber zones). There is, however, a
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significant axial heterogeneity introduced by fuel grids. PWR grids (approximately 3 0 cm in heighti
cause local depressions in thermal neutron fluxes (and power) of about 8%.
First-order corrections for grid effects are traditionally made by using detailed core-averaged 11-D).
finite-difference, axial, diffusion calculations both with and without fuel grids. The 1-D power distributions are used to calculate axial correction factors which are applied, "after-the-fact." to the results
of 3-D nodal calculations. This approach does not account for grid effects on fuel depletion. In addition,
1-D modeling assumes that axial flux distributions are spatially separable from radial distributions.
This assumption is invalid for cores having fuel assemblies with different types of grids (e.g., Inconel
vs. Zircaloy) or differing numbers of grids (e.g., fuel with and without flow mixing grids).
SIMULATE-3 GRID MODEL
In order to avoid unnecessary grid modeling approximations, an explicit grid model has been introduced into SIMULATE-3. The approach taken ia to treat the grids as axial heterogeneities and apply
homogenization approximations2*5 similar to those used to radially homogenize fuel assemblies. In
radial assembly homogenization, discontinuity factors and flux form functions are computed by using
the heterogeneous flux distributions computed in fuel assembly spectrum/depletion codes. Since the
analogous axial heterogeneous flux distributions required to define grid-induced axial discontinuity
factora/form functions are not available from fuel assembly codes, they are computed directly in
SIMULATE-3. This is done by making the following assumptions: 1) that the grid depressions can be
modeled accurately using two-group diffusion theory, 2) that only the thermal flux is affected by the
presence of the grid, and 3) that the thermal flux shapes in the vicinity of a grid are independent of the
grid spacing. Given these assumptions, one can construct a heterogeneous one-dimensional, two-group,
diffusion problem (Fig. la) which describes the grid-induced axial variation of the thermal flux.
SIMULATE-3 uses homogenized fuel assembly cross sections with and without grids (as well as geometrical data on grid positions, thickness, and compositions) to construct the data required to describe
the one-dimensional, two-group, diffusion problem for each axial plane of the nodal model and for each
type of grid. These diffusion problem are solved by finding the analytic solutions to the two-group diffusion equations, assuming that grids are uniformly spaced and that the fast flux is spatially flat in the
axial direction. Consequently, the thermal flux shape in the vicinity of the grids, as depicted in Fig. la
ia easily determined. Resulting thermal flux distributions are used to define flux-volume-weighted
cross sections (which depend on the existence and location of the grid) for each node.
In addition to homogenized cross sections, axial discontinuity factors (DFs) are defined for each axial
plane. The DFs are computed by solving the axially homogenized diffusion equations for each node
(using the thermal neutron currents from the heterogeneous solution as boundary conditions at the top
and bottom of the node). The resulting homogeneous flux distributions (as depicted in Fig. lb) are much
different than the heterogeneous flux distributions, but the neutron currents at the top and bottom of
tlie node match the heterogeneous solution. The use of axial discontinuity factors is required if the
homogenized model is to preserve precisely the node-averaged reaction rates of the heterogeneous
problem. It should also be noted that the axial discontinuity factors are very sensitive to the location
of the grid with respect to the nodal surfaces, and different discontinuity factors are required for each
axial plane of the nodal model.
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GRID MODEL IMPLEMENTATION
The implementation of this grid model in SIMULATE-3 requires that the 3-D nodal diffusion equations
are solved with explicit axial discontinuity factors, and one further assumption is made that the discontinuity factors for a given grid (for a given axial plane) are the same for all fuel assemblies in which
that type of grid occurs. The one dimensional grid problems need be solved only for each plane and type
of grid, and hence, modeling of grids requires very little computational effort.
In addition to homogenized cross sections and DFs, axial form functions are defined for each type of
grid by taking the ratios of the heterogeneous flux to homogeneous flux. These grid form functions are
used to perform reconstruction of the detailed axial power distributions in each fuel assembly. The
reconstruction is performed (in an analogous manner to that used in radial pin power reconstructions)
by multiplying the 3-D homogeneous flux shapes by the axial grid form functions. This grid model permits SIMULATE-3 to compute directly the complete 3-D power shape including detailed grid effects.
A comparison of core-averaged axial power shapes (computed with a 12 axial node model and reconstructed on a 1.0 cm axial mesh) modeled both with and without grids is presented in Fig. 2 for a BOC1 core. It can be seen that if grid effects are not modeled, the power depressions are not predicted, and
more importantly, the power distributions away from the grids are underproduced by as much as 2.5%.
Fig. 1 Grid-Induced Heterogeneous and Homogeneous Fluxes
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The explicit grid model is particularly useful in performing analysis of core designs which may be limited because power peaking is close to design specifications. Modeling of the grids can either increase
or decrease the computed power peaking, depending on the location of the peaks relative to the grids.
However, direct computation of the grid effects is less restrictive than the traditional design practice
of adding a calculational uncertainty to computed power peaking to account for the fact that grids have
not been explicitly modeled.
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CONTROL ROD MODEL
The presence of partially inserted control rods causes significant axial heterogeneities in the nodal
reactor model. If the tips of the control rods are aligned with the nodal boundaries, the axial heterogeneities are treated naturally by the two-group nodal model. However, if the tips of partially inserted
control rods are not located at nodal boundaries, an axial heterogeneity occurs within the node. If one
uses the standard practice of modeling partially inserted control rods by volume weighting of the rodded and unrodded cross sections, significant errors in differential rod worths will be introduced. The
volume-weighting model causes the differentia] rod worth to be overestimated as the rod is inserted
into a node and underestimated as the rod is withdrawn from a node. The errors introduced by this
control rod model ar« referred to as "cusping" effects because of the cusps which occur in predicted integral worth curves or transient power shapes.
SIMULATES CONTROL ROD CUSPING MODEL
Researchers at M.I.T. have previously reported on an accurate method for treating control rod cusping
in transient applications.8 In this work, it waa shown that cusping effects could be virtually eliminated
by making the assumption that flux shapes in the vicinity of the control rod tip remains unchanged
(relative to the rod tip) as the rod parses through a node. Since in transient applications, the rod eventually passes a nodal boundary (at which time there is no cusping error in flux distributions), the
required flux shapes in the vicinity of the rod tip were updated each time the rod passed through a node
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boundary. The M.I.T. model simply defined flux-volume weighted cross sections and corresponding
axial discontinuity factors for each partially-rodded node by integrating the most recent flux shapes
over the nodal boundaries. The nodal model was then modified to allow axial discontinuity factora. and
cusping problems were readily eliminated.
In static reactor applications, the control rod tips may not occur at nodal boundaries, and the flux
shapes required to define cross sections and discontinuity factors in the M.I.T. model will not be
available. This difficulty is overcome in SIMULATE-3 by simply computing the two-group flux distributions in the vicinity of a control rod tip by creating a one-dimensional, two-region problem similar to
that used in the aforementioned grid model. One such two-group problem is analytically solved for each
partially-rodded node to obtain the fast and thermal flux distributions, represented schematically in
Fig. 3. Once the heterogeneous flux distributions are known, they are integrated analytically over the
volume of the node to obtain flux-volume-weighted cross sections. Additionally, the axial discontinuity
factors CDFs) for the top and bottom of the partially rodded node are computed by taking the ratios of
the heterogeneous to homogeneous boundary fluxes (found by solving the two-group diffusion equations with flux-volume weighted cross sections and fixed current boundary conditions at the top and
bottom of the node). As in the grid model, en ss sections and DFs defined in this way will preserve the
reaction rates of the partially rodded node in the one-dimensional problem. Similarly, it is assumed
that these cross sections and DFs can be used directly in the 3-D reactor model.

Fig. 3 Control Rod-Induced Heterogeneous1 and Homogeneous Fluxe*
Heterogeneous
Flux
Homogeneous
Flux

Node
Height

Axial
Discontinuity

Fig. 3a

Fig. 3b

Fig. 4 presents a comparison of BOC HZP differential rod worth curves computed by SIMULATE-3
with and without the control rod cusping model. The reactor model used 12 axial nodes and the control
rod was inserted in 8.0 cm increments. The differential rod worth curve computed without the cusping
model shows large oscillations which produce cusps in the integral worth curve. The results generated
with the control rod cusping model in SIMULATE-3 show a much smoother variation with rod position,
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and the cusping effect is nearly eliminated. It should be noted that the use of axial discontinuity factors
is a crucial part of the cusping model, and less than half of the error (relative to simple volumeweighting of cross sections) is removed if only flux-volume-weighted cross sections are used.
Fig. 4 Control Rod Cutping Effect On Dtffercntie! Rod Worth*
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BWR SHUTDOWN MARGIN CALCULATIONS
In the process of developing a BWR reload core design, engineers must demonstrate that the reactor
can be shutdown (by a given amount) at cold conditions with any one control rod withdrawn. Shutdown
margins are sensitive to both the core loading pattern and the control rod which is withdrawn. Consequently, complete shutdown margin analysis must be performed for each control rod in each candidate
loading pattern (at several times during the cycle). Direct, full-core, three-dimensional shutdown margin calculations with SIMULATE-3 require about 2 CPU minutes (SUN Sparc-2) for each control rod/
state-point that is computed. Such computational requirements may be burdensome, particularly in
the early core design process.
FAST 3-D 8HUTDOWN MARGIN MODEL
A recent paper* describes a new 3-D fast shutdown margin module that is incorporated in SIMULATE3. The techniques used in this model make use of the fact that only eigenvalues need to be accurately
predicted in shutdown margin calculations, and power distributions are unimportant. The conventional two-group nodal model is simplified by assuming that the shapes of the intranodal fast and thermal fluxes are the same and spatially separable in the x, y, and z directions, to obtain transverseintegrated nodal coupling equations of the form:
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Two features of this one-group coupling equation are important to note. First, the fission source is
"leakage corrected" since it depends on the total buckling. Secondly, transverse-leakages are modeled
by the transverse buckling terms and are assumed to have the spatial distribution of the fast-group
flux. This one-group coupling equation is solved in SIMULATE-3 without spatial approximation by
using the Analytic Nodal Method.10 The solution algorithm is nonlinear since the coefficients depend
on the leakages, which are determined iteratively as the problem is converged. This nonlinearity is
quite mild and causes no convergence difficulties. As in the standard two-group SIMULATE-3 model,
fast group Assembly Discontinuity Factors (ADFs) are use to treat assembly heterogeneities.
Two additional refinements of this one-group model have been made. First, equivalent radial and axial
reflector data are automatically generated by solving one-dimensional, two-region, two-group, fuel/
reflector problems which are used to define one-group reflector discontinuity factors which preserve the
leakage into the reflector. This permits the one-group model to accurately predict the two-group effects
at the core/reflector interface. Secondly, equivalent data for unrodded assemblies are also automatically generated. This is achieved by solving a one-dimensional, two-group, two-region, unrodded/
rodded interface problem, which is used to define effective one-group discontinuity factors which preserve the eigenvalue of the two-region problem. This permits the one-group model to accurately model
the leakage between the unrodded and rodded assemblies.
The 3-D one-group model in SIMULATE-3 computes full-core shutdown margins about 10 times faster
than with the standard two-group nodal model (about 10 CPU seconds, SUN SPARC-2) per control rod.
Performance of the shutdown margin model is sufficient for most core design applications. However, in
automated BWR core loading pattern optimization, it is desirable to have even faster models so that
shutdown margin analysis can be performed for thousands of candidate patterns.
2-D SHUTDOWN MARGIN MODEL
Additional reductions in CPU requirements have been achieved in SIMULATE-3 by extending the onegroup shutdown margin model to include a 2-D option. It is well known that data for 2-D models (which
will exactly reproduce 3-D eigenvalues) can be determined from results of known 3-D calculations.2*5
However, the cross sections (and discontinuity factors) must be defined from the 3-D solution for that
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exact configuration, which depends on which control rod is withdrawn. Thus, one needs a different 3D flux shape for each control rod that is withdrawn, and it is impossible to determine a single flux
shape which can be used to collapse data that will preserve the 3-D resulta for all 2-D configurations.
Test* of simple flux-volume-collapsing of cross sections usingthe all-rods-out (ARO) or all-rods-in \AB1>
3-D fluxes produce 2-D shutdown eigenvalues which are in error as much as 400 pcm. At cold conditions, the flux distribution is skewed towards the top of the core, often peaking in the top 10% of the
core. Consequently, shutdown margin calculations are most sensitive to the cross section data at the
top of the core.
Rodded and unrodded cross sections are flux-volume-weighted in SIMULATE-3 using the 3-D ARO flux
distribution. However, the region of integration (from the top of the core) is truncated when 95?r of each
assembly's flux-adjoint-weighted k-infinity integral is accumulated. This collapsing method uses different numbers of nodes in the collapse of data for each fuel assembly, and heavily weights the top of
the core. Axial bucklings are edited for the integrated region of each assembly and used in all subsequent 2-D calculations.
Table 1 displays a comparison of BOC shutdown margin eigenvalues computed with the 2-D one-group
model, the 3-D one-group model, and the full two-group SIMULATE-3 models. These results show that
both the 3-D and 2-D one-group shutdown margins are computed within about 100 pcm of the 3-D twogroup model, and little accuracy is lost by performing the 2-D calculations. The total CPU time
required for 2-D shutdown margin analysis is about 10 seconds (SUN Sparc-2,) for the 3-D ARO calculation (used to collapse the 2-D data) plus about 0 5 seconds for each rod in the shutdown margin
analysis. Consequently, the 2-D shutdown margin model achieves the accuracy and speed required to
effectively eliminate shutdown margin CPU constraints on core reload design.
HIERARCH1AL SHUTDOWN MARGIN CALCULATIONS
The ability to compute shutdown margins with either the 2-D one-group. 3-D one-group, or the 3-D twogroup model leads naturally to the development of a hierarchical caiculational sequence for performing
shutdown margin analysis. A shutdown margin module has be developed in SIMULATE-3 which automatically performs the fallowing calculations: 2-D one-group calculations for each rod in the core lor
fractional cere), 3-D one-group calculations for each rod predicted to be within epsilon of the minimum
2-D shutdown margin, and 3-D two-group calculations for each rod predicted to be within epsilon of the
minimum 3-D one-group shutdown margin. Thus, the engineer can invoke a fast screening of candidate
rods, and actual licensing calculations of the minimum shutdown margin rods are obtained by simply
choosing the value of epsilon.
PWR DROPPED/EJECTED ROD CALCULATIONS
This development of shutdown margin models made no BWR-specific approximations, and the models
are equally applicable to PWR analysis. Consequently, a parallel development for PWRs is the implementation of a module which computes the worths of dropped or ejected control rod in PWRs. This module uses the same hierarchical screening of candidate rods prior to the complete two-group
SIMULATE-3 calculation of the limiting rods. The accuracy of the one-group model for PWR
applications is similar to that achieved in BWRs, with mean errors in rod worths of about 20 pcm.
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Table 1 Comparison of Shutdown Margin Models
Roc1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

x-y

SDM
<%)

26-19
30-23
34-23
26-23
30-19
30-15
34-15
22-23
34-19
34-11
38-19
38-15
38-23
38-11
42-23
42-19
42-15

1.324
1.483
1.529
1.540
1.582
1.593
1.655
1.712
1.923
2.134
2.845
3.017
3.185
3.340
3.351
3.351
3.353

3-D Two-Group 2 -D One-Group
Eigenvalue
Error
0.984785
0 983202
0.982744
0.982629
0 982212
0.982099
0.981483
0.960910
0.978813
0.976704
0.969607
0.967885
0.9S6216
0.964671
0.964554
0.964562
0.964536

Mean Error
RMS Error

3-D One-Group
Error

•0.00023
-0.00020
-0.00001
-0.00029
-0.00025
-0.00042
-0.00038
-0.00073
-0.00024
0.00043
•0.00005
0.00033
•0.00019
-0.00019
•0.00020
-0.00025
•0.00024

0.00018
0.00009
0.00086
0.00012
0.00027
•0 00021
0.00026
-0.00013
0.00047
0.00U4
0.00072
0.00089
0.00045
0.00049
0.00038
0.00038
0.00039

•0.00018
0.00031

0.00040
0.00053

X-IMAGE INTERACTIVE CORE DESIGN ENVIRONMENT

Another major enhancement of the Studsvik CMS has been the development of a graphical environment, called X-IMAGE Q£/ll interactive Multicycle Analysis Graphical Environment), which incorporate* SIMULATE-3 as its neutronic module. The X-IMAGE package is substantially more
sophisticated than a typical graphics "front end" for SIMULATE-3. The X-IMAGE system directly couple* FORTRAN of the computationally-intensive modules (neutronica and hydraulics) with the graphical capabilitiet of the MOTIF toolkit and the X11/R5 window system. Thus the FORTRAN and "C"
language routine* communicate directly through computer memory, and the I/O overhead normally
associated with batch-mode graphical interfaces is eliminated. This X-IMAGE system implementation
provide* a truly interactive "point-and-click" nuclear core design tool with nearly instantaneous graphical display of computational results.
The X-IMAGE system was designed to fill three different functions in the Studsvik CMS:
* Single-cycle PWR core design with point-and-dick loading, shuffling, rotation, and depletion
* Multi-cycle PWR scoping analysis with economics interface
* Optimization framework for automatic loading pattern optimization
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SINGLE-CYCLE CORE DESIGN
The X-IMAGE system takes advantage of the UNIX workstation capabilities to provide the engineer
with an intuitive, easy-to-use, interface between the calculational capabilities of SIMULATE-3 and the
graphical visualization of results. Examples of the X-IMAGE single-cycle core design windows are displayed in Fig.5. The core maps provide visual display of core loadings (serials, batches, fuel types, etc.)
and key BOC design parameters (assembly peak pin powers, assembly average powers, exposures,
etc.). Scrolling lists provide access to all fuel assemblies in the spent fuel pool, s* well as fresh fuel
candidates.
If a loading pattern is unacceptable, the engineer can simply click an assembly location and/or an element of a list to: shuffle fuel assemblies (within the core or from pool to core), rotate a fuel assembly
(by a chosen increment, or to automatically minimize power peaking, or to automatically maximize
BOC boron), or add fresh fuel to the core. In 3-4 seconds elapsed time (SUN Sptrc-2), the windows are
updated with the new results of a SIMULATE-3 BOC neutronics calculation (2-D, quarter-core, thermal/hydraulic feedback, equilibrium xenon, critical boron search, and pin power reconstruction). XIMAGE maintains a scrolling list containing values of key BOC design parameters for each pattern,
and the engineer can click an entry of the list to return to any previous loading pattern.
Once an acceptable BOC pattern has been obtained, the engineer can, with the touch of a button: perform the cycle analysis which includes: 1) BOC HZP boron and MTC calculation. 2) HFP cycle depletion
with thermal/hydraulic feedback, equilibrium xenon, critical boron search, and pin power reconstruction, and 3) power-search-to-critical during a coastdown. Following the cycle depletion (elapsed time
about 30 seconds) and interpretation of the results, the engineer can either: go on to the next cycle,
return to BOC to refine the loading pattern, or return to a previous loading pattern which may have
been more desirable.
MULTI-CYCLE SCOPING
The speed of the X-IMAGE system permits the engineer to rapidly perform manual core loadings for
several successive cycles. However, it is often interesting to perform automated analysis for a specific
core-loading strategy over a large number of cycles. The X-IMAGE system allows the engineer to automatically load the core by using geometrically-constrained k-infinity targets and burnup batch
exclusions. X-IMAGE determinea (using Haling or single-step cycle depletion) the number of fresh fuel
assemblies required to satisfy requested cycle lengths, and then automatically performs the complete
cycle analysis. Tabulated results (feed fuel requirements, batch resident times, exposures, isotopics,
etc.) of the multi-cycle analysis are collected, thus allowing the engineer to perform subsequent economic analysis of the core loading strategy and feed fuel forecasting.

OPTIMIZATION ENHANCEMENTS
The modularity of the X-IMAGE environment provides a natural framework for incorporating automated core reload optimization methods. Several optimization schemes, including Simulated Annealing and Network Simplex, are being incorporated into the X-IMAGE framework. Thus, the reload
optimization method is directly coupled to the SIMULATE-3 neutronics, and the optimization ia
performed with the same neutronic methods as the single-cycle core design and licensing analysis.
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CONCLUSIONS
The recent enhancement* of the SIMULATE-3 advanced nodal code provide significant steps in
improving the accuracy of fuel grid and control rod modeling. Implementation of the 3-D and 2-D onegroup model* has dramatically enhanced the efficiency of BWR shutdown margin analysis and PWR
dropped/ejected rod analysis.
Incorporation of the SIMULATE-3 advanced nodal models into a rapid-response core design environment (X-IMAGE) significantly improves the efficiency of the reload core design process. X-IMAGE can
be used to reduce engineering requirements and to develop improved core designs, without sacrificing
the accuracy required for reload licensing.
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Pig. 6 Graphical Interface for Single-Cycle Reload Core Design
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FIELD MEASUREMENTS AND ASSESSMENT OF RETRIEVABLESTORED TRU WASTE AT SAVANNAH RIVER SITE
R. C. Hochel, W. G. Winn, K. A. Hofstetter, and R. A. Sigg
Westinghouse Savannah River Company
Aiken, SC 29808
and
S. C. Chay
Westinghouse STC
1310 Beulah Road
Pittsburgh, PA 15235

ABSTRACT
Accountability and nuclear safety concerns arising from uncertainties in Pu-239 loadings of
a number of waste containers at SRS were investigated by in situ neutron and gamma-ray measurements and an assessment of risk stemming from past waste analysis and packaging practices.
The neutron and gamma measurements largely confirmed the correctness of original waste
analysis and accountability, while the risk assessment and measurement implications suggested
no present or foreseeable nuclear safety problems.

INTRODUCTION
Transuranic (TRU) waste at the Savannah River Site (SRS) is retrievably stored in large concrete cylindrical containers called culverts, in addition to 55-galloR drums and metal boxes.
Generators assay their waste packages and load them into drums. Later, up to 14 drums from
various site generators may be stored in a culvert.
Several years ago, the accuracy of the gamma-ray measurement technique for Pu-239 waste
was called into question. Because this was the sole method of Pu waste analysis prior to November 1985, the mass loadings in a number of culverts were uncertain. These uncertainties
presented possible problems in both accountability and nuclear safety. The safety concerns also
prevented opening the culverts for more direct examination of their contents.
To resolve this problem, all information which might be useful was gathered. Neutron and
gamma-ray measurements were made on the questionable culverts stored at the SRS Burial
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Ground. Measurement signatures were compared against those expected from loading information, and various statistical treatments were made to qualify the comparison. Waste packaging
practices were evaluated to provide information on the types of wastes and amounts of moderating material to be expected. This information, together with a correlation of the neutron and
gamma-ray measurements on waste cuts, was used as input for a probabilistic risk assessment
(PRA) of drum and culvert nuclear safety.
FIELD MEASUREMENTS
As a first step in determining if any culvert loadings were in serious error, neutron and
gamma-ray measurements were made on many of the stored culverts.'2 The measurements
were non-intrusive and were made without any disturbance to the culverts. Despite the large
size of the culverts (2.13 m high x 2.13 m diameter x 15.2 cm thick concrete) and their closepacked storage, contact measurements made atop each yielded much useful information.
The majority of Pu-239 waste at SRS is in a solid fluoride form. The nuclear emissions
from this material are predominantly neutrons from alpha reactions on fluorine. Neutron counting was used as a simple way to quickly estimate Pu-239 waste content in a culvert. A portable
two-detector system (one for fast and one for slow neutrons) coupled to battery-powered electronics was used. Measurement times of a few minutes/culvert were usually sufficient. Calibrations were made using 270 grams of 75% PuF«-25% PuCfc inside a test culvert.
Fast and slow neutron emission rates were measured for the calibration source under all extremes of location, moderation, and number of drums within the culvert. This allowed a projected neutron rate to be estimated for each culvert, given its inventory loading. For each accessible suspect culvert, neutron measurements were made and the measured/projected ratio was
computed. Of the 118 culverts checked in this manner, 17 exhibited anomalies great enough to
warrant further investigation.
Gamma-ray measurements with a well-shielded high-purity Ge detector were made on 17
culverts with anomalous neutron readings.3 Calibrations were made using the test culvert, just as
in the neutron work. Because culverts often contain waste drums from more than one generator,
a variety of TRU isotopes besides Pu-239 may be present, including neutron emitters such as
Pu-238, Pu-240, Cf-252, and various (a, n) sources.
Although k ading records frequently were not of sufficient detaii to allow corrections,
gamma-ray spectra could often signal the presence of some of these neutron interferences. In
addition, Pu-239 has six peaks between 230 and 460 keV whose intensity ratios can be used to
correct for matrix and packaging attenuation. This was done to the extent possible, but the large
number of variables involved, particularly uncertainties in the location of materials in the drums
and culverts, only allowed rough estimation of a culvert's actual Pu-239 content. Far-field
measurements to resolve such geometry problems were impractical because of the close placement of the culverts to one another, and the rapid decrease in gamma-ray flux with distance.
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Through the combination of gamma-ray measurements and loading inventory information.
all 17 neutron-anomalous culverts were satisfactorily resolved and eliminated as nuclear safety
hazards.

WASTE PACKAGING INFORMATION
Because technical standards permit culvert Pu-239 mass loadings in excess of 500 grams,
criticality is not theoretically impossible. As a result, the issue of nuclear safety is properly addressed in probabilistic risk assessment. To help provide information for such an assessment,
data were gathered on anything relevant to waste forms, packaging, measurements, procedures,
and typical storage stability.
All TR J waste at SRS is stored as a solid. About 15% of the waste has a liquid history, but
it is always mixed with a suitable absorbing agent prior to waste packaging. About 80% of the
waste is dry, and neutron moderation from the plastic packaging materials is minimal. Water
flooding of a culvert in storage is not a credible event.
Approach to a critically favorable configuration would require a considerable increase in the
H/Pu atom ratio and homogeneity for typical waste. This could only happen with considerable
rearrangement of waste packages within drums. However, reports on the condition of TRU
waste retrieved after years in storage find no evidence of compromised package integrity."s
Also, since November of 1985, many thousands of waste cuts have been assayed using both
the gamma-ray solid waste monitor (SWM) and the neutron coincidence counter (NCC). A correlation between the methods was established to determine what NCC value would be obtained
for a given SWM value. NCC measurements are typically biased high, and are considered more
conser/ative and appropriate than SWM assay values.
NEUTRON DATA ANALYSIS
Field neutron data were analyzed to extract information about culvert loadings. Pu-239 content for all of the questionable culverts measured were below the loading limits. From the neutron measurements, it was also possible to estimate k*n for the measured culverts.6 As mentioned
before, the neutron rates from cuivens in the field were compared to projected rates based on the
SWM mass inventory values and possible position/moderator dependent calibration factors.
Non-unity measured/projected ratios reflect inaccuracies in the mass loadings and/or neutron
multiplication. If the mass is assumed correct, then the ratios greater than one indicate multiplication which can be used to infer k<fr by:
M= 1/(1 -luff)
where the neutron multiplication M is equal to the measured/projected ratio. A maximum kc;r of
0.9 was obtained for a culvert which contained 339 grams of Pu-239 based on SWM assay re-
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cords. By contrast, the most heavily loaded culvert containing 1221 grams by SWM as>a\ gjv.e
a ken of only 0.4. From such results, all culverts were judged to be well subcntical in their present condition.
On the other hand, if no multiplication is assumed (k^f = 0), any non-unity measured/projected neutron ratios can be interpreted as measurement errors in the original SWM assays. After correcting measured rates for contributions from other neutron emitters, measured/projected
ratios were used to estimate Pu-239 loading assuming no neutron multiplication. A statistical
analysis of these data indicated that the maximum loading would be less than 2488 grams with
99.9% confidence.2 The maximum allowable culvert load-limit is estimated as 2800 grams
based on a risk assessment of appropriate masses in a 14-drum array.7 Therefore, it was concluded that none of the culverts were loaded over the nuclear safe limit, and, indirectly, that the
SWM assays, on average, were probably not in serious error.

PROBABILISTIC RISK ASSESSMENT
While the field measurements proved that the culverts posed no criticality hazard in their
present condition, some contained enough Pu-239 to become critical under extreme circumstances. To gage the likelihood of such an event, a PRA was performed. The approach used
was to consider the probability of criticaliiy to be the product of four individual probabilities related to conditions of mass, density, configuration, and poison.8
Ft was assumed that a minimum of 500 grams of Pu-239 would be required for criticality (a
water reflected, spherical Pu-water mixture).' The probability of having a mass of 500 grams or
more was estimated by applying the correlation between SWM and NCC measurements made
after November 1985, to predict expected NCC values from the SWM measurements made before November 1985. A fairly large value of 2.5 x 10"2 was obtained. But this was due to the
large variation in the regression line for SWM vs. NCC assays, and the conservative assumption
that actual masses agree with the NCC values.
Using information known about the waste packaging in drums and culverts, the density, configuration, and poison probabilities were estimated at 7.5 x 10"*, 6.3 x 10"*, and 5 x 10~2, respectively. This resulted in a single-drum criticality probability of 6 x 10~'2. Considering uncertainties in the various factors, a more conservative value of 5 x 10"'° could be justified. Based on the
number of suspect drums, a comparable criticality probability for a single culvert was 3 x 10'.
Further refinements to the PRA were made to provide a more defensible and rigorous basis
for these estimates. In particular, the criticality probability distibution was developed and integrated to include the small but finite chance of a drum exceeding 500 grams.5 The largest justifiable probability was approximately 7 x 10"* for a single drum, and about 2 x 10~7 for a culvert."
Assuming a probability of 1 x 10"* as acceptable for most nuclear safety PRAs, the culverts seem
to pose little risk.
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COMPARISON OF THE SWM AND NCC ASSAY METHODS FOR SRS WASTE
All Pu-239 waste cuts generated after November 1985 have been assayed by both the SWM
and NCC methods for comparison. The transmission corrected far-field SWM method directly
measures the 414 keV gamma-ray from Pu-239 to determine mass. The NCC method measures
coincident neutrons from fission to determine an effective Pu-240 content and a correlated
Pu-239 mass.
Gamma-ray methods tend to underestimate Pu-239 content in wastes because of matrix and
self-absorption effects. The NCC method tends to overestimate Pu-239 content because of the
effects of moderation, multiplication, and unknown isotopics. An average of the two is assumed
to be the best measure of the true Pu-239 content.
A recent investigation at SRS showed that NCC measurements can be biased extremely high,
depending on the chemical form and mass of the Pu-239 in the waste." Different calibration
curves are needed for oxide and fluoride materials to correlate coincident neutrons to Pu-239
mass. The difference is small below 70 grams of Pu, but can be as large as a factor of 2.5 - 5
between 150 and 300 grams, respectively. The problem is due to increased neutron multiplication from (a, n) neutrons in high fluoride material. As the bulk of SRS Pu-239 waste is in the
fluoride form, NCC measurements which assume oxide-like material are likely to be biased
quite high, especially for high-mass cuts. The correlation between the SWM and the NCC, used
in the risk assessment, shows just such behavior. It is also this observed large difference between
SWM and NCC results which first raised the issue of the accuracy in assays made before November 1985.
Field neutron measurements on culverts have invariably tracked loadings based on SWM results much better than those based on NCC results. Thus, all measurement data suggest that
there is a strong positive bias in NCC results. Because the risk assessment is based on NCC inferred masses, its conclusions are even more conservative than stated.

CONCLUSIONS
We have shown that a large amount of measurement-supported data exist, all of which point
to a strong proof of the nuclear safety of the SRS TRU waste culverts. Direct field measurements independently confirm the appropriateness of drum and culvert loadings even when based
only on SWM assay results. Measurements show that the kat values of the culverts are also
safely subcritical. A very conservative probabilistic risk assessment further supports the safety
of the culverts. Finally, the large difference between SWM and NCC assays, which initially
raised the issue of drum and culvert inventory record accuracy, is probably due to erroneous
NCC values caused by the type of waste measured, and not to any serious underestimation by
the SWM method.
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CONFIRMING CRITICALITY SAFETY OF TRU WASTE
WITH NEUTRON MEASUREMENTS AND RISK ANALYSES (U)
W.G. Winn and R.C. Hochel
Westinghouse Savannah River Company
Aiken, SC 29808

ABSTRACT
The criticality safety of 239Pu in 55-gallon drums stored in
TRU waste containers (culverts) is confirmed using NDA neutron
measurements and risk analyses. The neutron measurements yield a
Pu mass and k,ff for a culvert, which contains up to 14 drums.
Conservative probabilistic risk analyses were developed for both
drums and culverts. Overall
Pu mass estimates are less than a
calculated safety limit of 2800 g per culvert. The largest
measured keff is 0.904. The largest probability for a critical
drum is 6.9 x 10"8 and that for a culvert is 1.72 x 10"*. All
examined suspect culverts, totaling 118 in number, are appraised
as safe based on these observations.
INTRODUCTION
The Savannah River Site has stored TRU waste in 55-gallon
drums for a number of years. Up to 14 drums are placed in 7 ft
diameter by 7 ft tall concrete culverts. Before storage, the
waste is assayed for fissile content to comply with conservative
criticality limits. Assay techniques have evolved over the years.
Initially only gamma measurements were used, but they later were
supplemented by neutron coincidence measurements. Because higher
"9Pu concentrations in plutonium waste were estimated by these
neutron measurements, it was important to confirm the safety of
some of the earlier waste that was assayed only with gamma
measurements.
The confirming studies required non-intrusive appraisals,
including non-destructive assays (NOA) and risk analyses, as the
culverts were subject to two severe administrative restrictions.
The culverts could not be opened due to uncertainty about
explosive potential from radiolytic hydrogen, and they were to
remain stationary to exclude any potential criticality due to
fissile material reconfiguration. The present study used NDA
neutron measurements for estimating the
Pu and keff of a culvert
and risk analyses for projecting its probability of ever becoming
critical.
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ANALYSES WITH NDA NEUTRON MEASUREMENTS
The NDA neutron measurements provided three analyses for
appraising culvert criticality. The culvert
Pu masses were
analyzed two ways: a direct method that essentially assumes mass
proportionality with the neutron rates, and a statistical method
that addresses neutron rate and mass fluctuations as a function
of total mass. The measured neutron rates could also be examined
in terms of subcritical multiplication to project k ff for a
culvert. The neutron measurements and the three analyses are
described in detail in the following sections.
NEUTRON MEASUREMENTS
The NDA neutron measurements were used to examine suspect
culverts and "calibration" culverts. A total of 118 suspect
culverts were examined. Calibrations were performed with a test
culvert into which a
Pu standard was placed at different drum
locations. Additional calibrations used 36 culverts filled with
waste that had been recently assayed with both the gamma and
neutron coincidence methods.
In each NDA neutron measurement, two detectors centered atop
the culverts monitored fast and slow neutron rates for a minimum
of 200 sec. The detectors, 1-in diameter 8-in long 3He-filled
proportional counters, operated with standard counting
electronics. The fast neutron detector was enclosed •-'ithin a
l.25-in thick polyethylene annulus with an outer shield of 30-mil
cadmium? the slow neutron detector had no moderator/shielding.
Each measurement was corrected for background rates, which were
generally small.
Calibration measurements with the test culvert provided
interpretation for the NDA neutron rates measured for the suspect
culverts. A canned source of PuF4/Pu02, typical of most SRS
waste, with 253.8 g
Pu was used in this work. This source was
placed in one of the drums loaded into the test culvert, and the
corresponding neutron rates were measured. These culvert
calibrations addressed drum location and moderator loading.
Figure 1 illustrates the counting geometry. Using the fast/slow
ratio to characterize the moderator, a calibration C(x) in n/sec
per gram a9 Pu results for each drum position x. Consequently, the
measured neutron count rate rn may be expressed as a sum of drum
rates from the culvert,
rn = M S C(x)mn[x),

(l)

where M is the multiplication factor and mn(x) is the 2I9Pu mass
in the drum at x. The earlier gamma assay masses m r (x), which
were suspected to be low, can be used to project rp, an
unmultiplied neutron rate,
rp = 2 C(x)mT(x).

(2)
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The ratio r,/^, as related to the 239
above equations, form the
basis of the culvert analyses for Pu and keff.
The data reduction required scrutiny in arriving at rn and
rp. Some of the measured rates had to be corrected for known 238Pu
contributions, and this was accomplished using test culvert
calibrations with
Pu sources and measured correlations for the
36 calibration culverts. All suspect culverts were tightly stored
on concrete pads, and thus backgrounds from adjacent culverts
needed to be addressed. Measurements of backgrounds in a few
empty culverts indicated that this background was relatively
small, and it could be inferred by requiring agreement for the
measured and projected fast/slow ratios. The C(x) were deduced as
the exponential average of two calibrations at the top and bottom
of the drum, based on measured exponential behavior. Finally,
drum location x information was limited to knowing whether a drum
was in the top or bottom tier within the culvert. Fortunately,
the neutron detectors (centered atop the culvert) view the
hexagonal pattern of the seven drums symmetrically for each tier.
Thus, the C(x) of the six outer drums are identical and only that
of the central drum differs - but not greatly. Calculations for
rp yielded an average of all possible loadings, along with a
relatively small standard deviation.
DIRECT ANALYSIS FOR PU-239 MASS ESTIMATES
An estimate for the measured culvert mass mn = Z mn(at) is
given by

which is deduced from Equations 1 and 2 by setting M = 1 and
neglecting the C(x) weighting factors in the sums. Because any
real concern with criticality would imply M » 1, the above
estimate is considered conservative. Furthermore, statistical
fluctuations in r,/rp for culverts containing only
Pu were used
to estimate the corresponding ryr^ upper limit for 0.1%
excursions. The results in Table I all used such upper limits;
however, many of the culverts required
Pu corrections in
addition, for which the 0.1% upper limit could be modified. In
any event, the combination of setting M = 1 and using this upper
limit correction strongly argue that the estimates are
conservative.
STATISTICAL ANALYSIS FOR PU-239 MASS ESTIMATES
Measurements for the culverts with the most recorded 239Pu
yielded r,/rp with the smallest fluctuations. This is consistent
with the Central Limit Theorem, as the sum of many mT
measurements yields a smaller percentage error than an individual
mT measurement. Using r^r,, measurements of 27 culverts that
contained only a9 Pu, a plot of Y = logfryr,,) vs X = log(mT)
yielded an optimum chi-squared linear fit of
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I

(5Y,/a,)? = N - 2 = 25

(4)

when the distribution a is proportional to (62.3/m T )" s . using
this a to model a 0.1% upper limit for r-,,/rp yields the mass
limits of the upper curve in Figure 2, which addresses the 118
culverts studied. These 0.1% upper limits correspond to r,/r of
13 for mT = 82.3 g, to comply with the factors observed between
neutron coincident and gamma assays of waste samples or cuts1.
A typical drum loading comprises 10-20 cuts, and thus t*\e
above experimentally deduced unit cut of 82.3 g of 2I9Pu is
probably an overestimate. Indeed, typical cut data records for
the earlier gamma assays indicate much smaller units. Such 2J9Pu
gamma assays for the cuts of 68 drums were used to predict the
corresponding neutron coincidence assay masses, using a scatter
plot correlation between the two assays . These predicted neutron
coincident assays for cuts were summed for their drum loadings
and the corresponding error. A 0.1* upper limit for these drum
results was propagated to predict a 0.1% upper limit for the
culvert loadings, yielding the results of the lower curve of
Figure 2.
The method using r^/rp fluctuations and the one using the
transformed cut data were combined as a more realistic estimate,
as illustrated in the intermediate curve of Figure 2. The former
method is expected to be an overestimate because of the large
unit mass for a cut. In the latter method, the cuts appear to
favor smaller 239Pu masses; however, comparison with the assays of
the 36 calibration culverts implied that the method was
reasonable. In any event, small *" Pu drum loadings will have
smaller cuts, so that estimates for low culvert loadings should
be accurate. For the higher loadings, predictions of the r^/r,,
fluctuations should be used to assure conservative estimates. To
match these conditions the transformed cut results were
normalized to agree with the maxima of the r,/^ fluctuacion
results, as shown in Figure 2.
ANALYSIS BASED ON SUBCRITICAL MULTIPLICATION
The present study has implied that mn(x) > m T (x). If this is
true at all, Equations 1 and 2 predict that
*\/rp > M --= l/(l-keff)

(5)

Thus, r,/r provides a conservative estimate of M, which leads to
a conservative estimate of keff. The largest kfff estimates for
these culverts are reasonably low, as shown in Table 1. For
culverts with raT < 500 g, the minimum possible critical mass,
r^/r was multiplied by n^/500 to yield the highest keff for a
possible critical mass. These predictions are based on the same
conservative r,/r used for the direct analysis of a Pu above;
thus, the resulting k,,f are also conservative estimates.
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PROBABILISTIC RISK ANALYSES
Risk analyses were conducted for both drums and culverts. A
probabilistic risk analysis was required to appraise individual
drums, as the neutron measurements could not distinguish one drum
from another. Future unloading of drums from the culverts will
have potential for redistributing the contents of any drum being
moved, and because the Pu of a drum is confined to a smaller
volume, its criticality assessment will be somewhat different
than that of a stationary culvert. At the same time, the
probabilistic risk analysis for the drum can be extended to treat
the culvert, yielding yet another appraisal of its safety.
PROBABILITY OF CRITICAL DRUM
The probability of a drum being critical is
P0(C)

=

) p(C|m) f(m) dm

(6)

where p(C]m) is the probability of a criticality for 259Pu mass m,
f(m)dm is the incremental probability for having mass m, and the
integral limits range from L » 500 g (minimum critical mass) to
U = 5000 g (estimated maximum possible mass). Models were
developed for p(C|m) and f(m). Table 1 includes P0(C) results for
the drums with largest mT, calculated with the methods described
below.
The p(C|m) used PRA concepts2'1 to conservatively model the
effects of fissile mass, fuel and moderator density , geometrical
configuration, and poisons. Figure 3 gives the p(Cjm) derived in
the course of these studies . This p(C|m) is a 4th-order
polynomial in m, which increases from 0 at m - 500 g to 10 at
5000 g. In Equation 6, this growth in p(C|m) is countered by the
rapid decrease of f (m).
The above p(C|m) was,essentially modeled as the product of
three basic probabilities*', which were integrated over a range of
critical densities for
Pu in water moderator , viz.
p(C|m) -

p, pK g(D)dD,

(7)

Kin
where g(O)dO is the differential probability for critical
Pu
density in the moderator, pK is the geometrical configuration
probability, and p, is the probability associated with poisons.
The range lifits (D.^D.^,) were from critical data for reflected
spheres of
Pu in water solution. The probability factors are
modeled similarly to those developed by Chay , but additional
conservatism is added. In particular, g(D)dp was increased to
address the possibility of lumped fuel criticality. Also, pK was
increased to assure conservative estimates for fuel/moderator
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overlap. Finally, pp was increased to almost unity to diminish
credit for the poisons. The overall conservatism relative to two
values derived from the work by Chay 2 is exhibited in Figure 3.
Here the p(C)m) appear conservatively larger than Chay estimates
for m > 530 g. For example, the p(C|m) at m = 800 g is larger by
a factor of 6. Because p(c|m) • o at m = 500 g, the higher Chay
estimate for this case probably used an m slightly above 500 g.
The f(ra) model uses neutron coincidence m = m^ that are
inferred from the measured correlation 2
lndn^) - 1.14 ln(mT) - 0.28

±

(o = 0.74)

(8)

to project m from a gamma assay mr. A typical drum comprises 10
assayed cuts with different mT, each predicting its own lognormally distributed m per Equation 8. Thus, f(m) incorporated a
conservative model including such components.
PROBABILITY OF CRITICAL CULVERT
The probability of a culvert being critical is
PC(C) * s P0(C) (1 + o)

(9)

where the summation is over the culvert drums and a accounts for
interactions between drums. Estimates of Z PB(C) and a were
developed to yield a conservative P C (C). These estimates were
developed by examining a culvert that had mr of 1221.55 g, which
was the highest recorded value. Table 1 includes PC(C) estimates
for culverts with the largest mT.
A conservative estimate of Z P0(C) can be shown to be given
by S P5(C+) » N 0 (max) P ^ C ) ^ , where N B (max) = m TC /m r0 (max) is the
equivalent number of drums of maximum mass mrD (max) for the
culvert and PotC),^ is its corresponding PD(cJ . For the culvert
with mT = 1221.55 g, a £ F D (C+) of 9.22 x 10"B was calculated.
The corresponding £ PB(C) for the individual drums is 2.20 x 10 ,
which is lower by a factor of 4.2.
A value of a was developed by examining the PC(C) for the
culvert with 1221.55 g aPu, and dividing it by the £ P 0 (C) of
its individual drums, to yield an a from Equation 8. This culvert
had P C (C) of PC{C+) * 1.74 x 10 whan calculated using Equation 6
for a drum with the volume of the 14 culvert drums. For this
calculation, the a was reduced by a factor of 3 to reflect the
larger number of cuts involved; a factor of (14)
or 3.74 could
be argued, so the correction is conservative. The estimate P C (C+)
is also conservative because Equation 8 involves unrealistically
large mT cuts, making the corresponding m ^ of the culvert too
large. For this culvert, Equation 9 yields an a of 0.887 using
the above Pe(C+) and £>P B (C+). From this we may develop a general
expression for other culverts as
o * a,n,,

(10)
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where a, is the a for a single interaction of two drums, and rig
is the average number of such interactions per drum in the
culvert. In the present case, with 14 drums, n,, = 31/14 yielding
a corresponding a, = 0.40.
In this work, the PC(C) was conservatively estimated from
Equation 9, using 2 P0(C) = 2 P0(C+) and a = 0.40 n0 with n^
calculated for ND(max) drums. For the culvert with mr = 1221.55 g
this estimate is 4 times greater than that obtained by summing
the individual PD(C) of its ND = 14 drums. Also, because this
maximum culvert represents the maximum probability for
interactions, the resulting a should be more conservative for the
other culverts.
DISCUSSION OF RESULTS
This study assesses that the suspect culverts and drums pose
no significant nuclear safety hazard. Table 1 presents the
criticality estimates for cases with the largest culvert masses
mr, largest drum masses mr, and largest kef} estimates. Here, the
highest probability for a drum criticality is P0(C) = 6.9 x 10'8
and the highest for a culvert is P0(C) = 1.72 x 10 . The largest
estimate for kt1f is 0.904. These probability and kttf results are
considered to be acceptably low, as they were deduced with very
conservative assumptions. Furthermore, the results should be
conservative relative to the more representative conditional
probabilities of PD(C|keff) and Pc(C\ktff), which couple the
favorable estimates of keff into the analyses.
For the NDA neutron measurements, the Pu mass estimates
based on the statistical analysis are all below 2800 g, a safe
operating limit derived for these culverts . However, five of the
mass estimates using the direct analysis exceed this limit. Later
culvert measurements with a HPGe gamma detector indicate that
other neutron sources cause these high numbers. Yet, even without
correcting for these sources, the table indicates the following
maxima for these five culverts: kff< = 0.904, PD(C) - 5.6 x 1 0 e ,
PC(C) = 1.32 x 10 , and 1841 g
Pu with the statistical method.
These maxima are all acceptably low.
The NOA neutron results are also conservative because they
assumed that the ratio r,/r of measured and projected neutron
rates was either a correction for the culvert mass g_E the
subcritical multiplication factor. In reality, it will be a
combination of both. For example, if the combination comprises
equal factors for mass correction and multiplication, the ratio
becomes (ry^) 1 ' for both the direct mass estimate and its keff.
Applying this example to the culvert with the highest direct mass
estimate in Table 1 ( Pu = f? 2 4 9» ^eff= 0.9C4) yields results
that are appreciably lower ( Pu = 1332 g, ktff = 0.745). Although
the present study did not explore how the factors for mass
correction and multiplication would be partitioned within r^/r ,
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the above example illustrates that both the direct mass estimates
and k€ff of Table 1 are noticeably conservative relative to this
refinement.
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Table 1. Criticalitv Results for Worst Cases
Case

Recorded Pu-239. a
maximum
culvert
drum mr
total mr

MA v
naA

l
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
w*

"i r f
k

.ff

' Values
P (C) PC(C)
10*
°10'6

LUiVr

131 .95
123 .6
103 .12
141 .81
113 .25
106 .97
135 .45
101 .15
144 .57
101 .91
118 .92
125 .15
97 .35
119,.57
134..59
144,.82
130,.66
126,,2
149.,18
125.,39

1221 .55
1131 .993
976 .34
972 .15
955 .32
948 .097
913 .87
861 .775
841 .4
811 .31
805 .73
797,.84
760,.166
722,,698
694.,59
688.,95
685.,25
677.,78
608.,096
554..018

2016
1779
1707
2442
1732
1495
1377
2025
1082
1614
1745
3101*
2599
930
1288
3033"
934
1714
782
854

2488
2368
2154
2113
2102
2105
2014
1967
1891
1890
1874
1841
1801
1705
1670
3 657
1645
1649
1472
1414

340.,105
267. 41
241. 97
358. 68
299. 027
323. 805
247. 51
346. 83
350. 357
301. 462

437
560
311
738
385
553
318
739
451
388

935
782
742
901
850
857
759
963
901
881

339. 472
355. 056
322. 1
342. 056
333. 29
325. 73
343. 477
356. 008
230. 51
88. 345

5224'
3875*
3168*
2313
2015
1788
1529
1444
1373
1276

0.,394
0.,364
0..428
0.,602
0. 448
0. 367
0. 336
0. 574
0. 222
0. 497
0. 538
0. 743
0. 708
0. 223
0. 461
0. 773
0. 266
0. 605
0. 222
0. 351

0 .010
0 .007
0 .002
0 .015
0 .004
0 .003
0 .012
0 .002
0 .017
0 .002
0 .005
0 .007
0 .002
0 .006
0 .011
0 .017
0 .009
0 .008
0 .020
0 .007

0. 156
0.105
0.037
0.172
0.057
0.043
0.130
0.029
0.155
0.028
0.062
0.076
0.021
0.054
0.091
0.125
0.077
0.065
0.122
0.050

<0. 100
0. 107
<0. 100
0. 322
<0. 100
<0. 100
<0. 100
0. 323
<0. 100
<0. 100

0 .069
0 .062
0 .062
0 .062
0 .061
0 .059
0 .059
0 .059
0 .057
0 .056

0.147
0.098
0.088
0.144
0.113
0.123
0.086
0.133
0.131
0.107

«•

nax *">
2
3
4
5
6
7
8
9
10

Pu-239.
culvert total HL
direct statistical

drVuna

187.04
183.,29
183. 26
183..1
182. 81
181. 85
181. 61
181. 54
180. 21
180. 1

nax 176. 2
1
179. 71
2
162. 02
3
50. 67
4
174. 7
5
170. 18
6
74. 28
7
178. 76
8
167. 09
9
44. 697
10

•*» —

961
970
878
1048
884
879
1078
931
729
474

0. 9*04 0 .050 0.114
0. 870 0 .056 0.132
0. 842 0 .032 0.076
0. 783 <0 .001 <0.001
0. 752 0 .048 0.108
0. 720 0 .042 0.094
0. 673 <0 .001 0.002
0. 654 0 .054 0.129
0. 635 0 .038 0.056
0. 608 <0 .001 <0.001

a) Estimate exceeds calculated safety limit of 2800 g.
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Figure 1. Culvert Counting Geometry
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Figure 3. Critlcality Probability Po (C|m) for Drums
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PROBABILISTIC RISK ASSESSMENT OF DRUM AND CULVERT
CONTAINING SUSPECT FB-LINE TRU WASTE
S. C. Chay
Westinghouse Science & Technology Center
Pittsburgh, Pennsylvania

ABSTRACT
The retrievable TRU waste from Savannah River Site (SRS) process areas is stored in
large cylindrical containers called culverts. A single culvert may contain up to 14 drums
and most of this waste is from FB-Line and is contaminated with weapons grade Pu-239.
The Pu-239 wastes from FB-Line prior to December 1985 were assayed using the gamma
pulse height analysis (PHA), and the original assay results of Pu-239 mass were found to
be biased low due to inadequacy in PHA. About two hundred Burial Ground TRU waste
culverts were found to contain uncertain levels of FB-Linc Pu-239 waste, and our concern
is the nuclear safety of these culverts and drums. A probabilistic risk assessment was
carried out to estimate the probability of a drum or culvert going critical. According to our
analysis, the probability of a single drum containing uncertain levels of FB-Linc TRU
waste going critical was estimated to be in the range 6x10'^ to 5x10"*", and the
probability of a single culvert going critical was estimated to be in the range 3x10'' 1 to
3x10"". Although a range is specified for the probabilities, our "best" estimate is given by
the lower value of each range. The results of our sensitivity analysis support that the
estimated probability figures are rather robust under a variety of assumptions.

INTRODUCTION
The retrievable TRU waste from Savannah River Site (SRS) process areas is stored in
drums which are contained in culverts placed on pads in the SRS Burial Ground. A single
culvert may contain up to fourteen drums and most of this waste is from FB-Line and is
contaminated with weapons grade Pu-239. The Pu-239 wastes from FB-Line prior to
December 1985 were assayed using the gamma counting method (or gamma pulse height
analysis or PHA), and the original assay results of Pu-239 mass were found to be biased
low due to inadequacy in PHA, the only assaying technique used prior to December 1985.
This was later revealed in comparisons with the neutron counting method (or neutron
coincidence counting or NCC). A total of 211 Burial Ground TRU waste culverts were
found to contain uncertain levels of FB-Line Pu-239 waste.
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A criiicality event can occur in a drum or culvert only if several independent conditions
exist simultaneously. In the first place, there must be a sufficient amount of fissile
material, which in this case is Pu-239. What constitutes a sufficient antount of Pu-239 for
criticality of course depends on other factors such as the presence of moderator and the type
of configuration or geometric shape the Pu-239 and moderator mixture forms. We adopted
the premise that at a minimum, 500g of Pu-239 must be present if there is to be any
possibility for criticaliry.
Even if there happened to be a sufficient amount of Pu-239 present in a drum, there
also has to be a moderator such as water, and the mixture of Pu-239 and moderator should
have a fairly uniform density lying in certain "undesirable" (or optimum) range. Moreover,
such a mixture has to form an "unfavorable" special configuration such as a spherical
configuration with an optimum Pu-239 density. Furthermore, the mixture has to contain a
negligible amount of poison, and in addition, has to be surrounded by a good reflector such
as water. Our analysis was carried out under a conservative assumption that the Pu-239
and water-moderator mixture is surrounded by water reflector, although it is very unlikely
that the mixture would be surrounded by such a good reflector.
We designate these four conditions simply as mass, density, configuration, and poison
condition, and a detailed analysis was carried out to estimate the probability of each of the
four conditions occurring separately and then these probabilities were combined to arrive at
the probability of a single drum or culvert going critical.
The probability of the so-called mass condition occurring in a drum was estimated
based on the information currently available: the PHA-assayed Pu-239 mass data of each
drum in the suspect culvens and the data on the comparison of PHA-assayed and
NCC-assayed Pu-239 masses of the FB-Line waste cuts analyzed since November 1985.
The probability of having 500g or more of Pu-239 in one of the drums was estimated to be
2.5x10*2. The probability of the density condition occurring was conservatively estimated
to be 7.5x10"'*, the probability of the configuration condition occurring was estimated to be
6.3x10"°, and the probability of the poison condition occurring was estimated to be
5xl0" 2 .
Finally, combining all these probabilities the probability of going critical in a single
drum in the suspect culverts with uncertain levels of FB-Line waste was estimated to be
6xl0" 12 . The probability of a suspect culvert going critical was estimated to be 3x10"' *,
about five times the probability figure for a single drum. With various hypothesized
conditions, we obtained the upper bound value of 5x 10" *" for the probability of a single
drum going critical. Thus, we concluded that the probability of a single drum containing
uncertain levels of FB-Line TRU waste going critical to be in the range 6xl0" 1 2 to
5x10"'". Similarly for a culvert, we concluded that the probability of a single culvert
going critical to be in the range 3x10"' 1 to 3x10"^.

PROBABILITY OF MASS CONDITION OCCURRING
For a criticality event to occur in a drum (or culvert), there must be present a sufficient
amount of Pu-239 in the drum to start with. The minimum amount of Pu-239 mass
required to have any possibility for criticality is 500g of Pu-239 according to Figure 31 in
Paxton and Pruvost1. This 500g Pu-239 for criticality assumes a spherically shaped.
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water-like Pu-239 solution with Pu-239 density at about 30 g/liter with no poison
present and with a water reflector surrounding the Pu-239 mass. We also adopted the
premise that the minimum amount of Pu-239 required for criticality event is 500g and this
figure was used in the analysis.
If one can be certain of that every drum in the 211 suspect culverts contains less than
500g of Pu-239, then there would not be any question regarding the criticality in a drum.
This, however, does not eliminate the possibility of a criticality event occurring due to an
interaction among drums in culvert. Since November 1985, all waste cuts have been
analyzed by two different assaying techniques, PHA and NCC, and thus the amount of
Pu-239 present in each drum is known to be quite accurate. Our concern is the nuclear
safety of those drums containing the FB-Line Pu-239 waste prior to December 1985, when
only PHA was used and which is known to give low assay results. Thus, the true amount
of Pu-239 mass is likely to be higher than that recorded in the COBRA data base2. There is
a great deal of uncertainty regarding the true amount of Pu-239, although each dmm
contains less than 195g according to PHA-assayed measurement. The amount of Pu-239
in each drum can only be inferred from the following two sources of information: the
PHA-assayed Pu-239 mass in each drum as recorded in COBRA data base, and the
pairwise data of the PHA-assayed and NCC-assayed Pu-239 mass of the individual cuts
since November 1985. Since the Pu-239 mass was assayed only by PHA, and there is an
uncertainty and variation associated with the relationship between the PHA and NCC
assayed masses, the true Pu-239 mass can only be determined probabilistically as a means
of expressing this uncertainty associated with the Pu-239 mass in the drums with uncertain
levels of FB-Line Pu-239 waste. Thus, the question is: What is the probability that a single
drum in one of the 211 suspect culverts contains 500g or more of Pu-239.
The approach and steps used to estimate the probability of the mass condition occurring
are as follows:
(1) We first obtained the Pu-239 mass distribution in the drums with the FB-Line TRU
waste in 211 suspect culverts. The Pu-239 mass was dciermined by the PHA-assaying
technique and this information was extracted from the COBRA data bast at SRS.
(2) We also obtained the pairwise data on comparison of the PHA-assayed and
NCC-assayed Pu-239 mass of the individual waste cuts since November 1985.
(3) Based on the data on PHA-assayed vs NCC-assayed Pu-239 mass, we obtained a
relationship between the two different assaying techniques as well as the uncertainties
associated with such a relationship. This relationship is represented in terms of a
regression model for ln(NCC) as a linear function of the parameter ln(PHA). The ln(NCC)
is assumed to have a normal distribution with a mean given by the predicted value of
ln(NCC), and a standard deviation by the so-called standard error of estimate.
(4) Based on the PHA-assayed Pu-239 mass data in step (1) and using the regression
relationship obtained in step (2), we obtained the probability of Pu-239 mass exceeding
500g for each drum in 211 suspect culverts.
(5) We then obtained the expected number of drums with 500g or more of Pu-239, and
finally the probability of the mass condition occurring was obtained by dividing this
expected number by the total number of drums with uncer iain levels of FB-Line Pu-239
waste.
The probability of a single drum in one of the 211 suspect culverts exceeding 500g of
Pu-239 was estimated to be 2.5x10"2.
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PROBABILITY OF DENSITY CONDITION OCCURRING
Even if there happened to be 500g or more of Pu-239 in a drum, the criticality event
will not occur unless several other conditions also coexist. One of these is a density
condition which involves the amount of both the Pu-239 and the moderator. If the amount
of Pu-239 present in a drum is in the 500g range, then the Pu-239 mass has to form a fairly
uniform density of 30 g/liter, the optimum density range, to have any chance for criticality.
In addition, a good moderator such as water has to be also present in the drum. We will
estimate the probability of the Pu-239 mass forming a uniform density of around 30 g/liter,
and ihe probability that a sufficient quantity of water moderator will also be present in the
drum at the same time. In our analysis, we assumed that if the water moderator is present
then it is naturally in the optium density range with uniform density.
First, we estimated the probability of the density condition of Pu-239 being me:: about
500g of Pu-239 forming a uniform density of around 30 g/liter. This probability is
estimated by considering the Pu-239 density condition as a simultaneous occurrence of two
events. The first event is the requirement that the Pu-239 density will be at least 30 g/liter
or higher. This requires that the 500g of Pu-239 be confined within about one-twelvth of
the 208 liter drum. The second event is the requirement that the Pu-239 mass be uniformly
distributed within one-twelvth of the drum volume.
We estimated the chance of the first event occurring to lie between 1 out of 10 and 1 out
of 20, which means that the probability of the first event occurring is assinged die value of
0.1 to 0.05. Next, we estimated the chance of the second event occurring to lie between
1 out of 20 and 1 out of 50, that is, its probability is assigned the value of 0.05 to 0.02.
Now combining these two probabilities, the probability of the Pu-239 density condition
occurring was determined to lie somewhere between 5x10"-* and 1x10^. This is a very
crude estimation, but this probability vaJue should be on the conservative side. Moreover,
we use the upper bound value of 5x10'' in our probability calculation.
The probability of enough water moderator being present in a drum is assigned the
value of 0.15, the value estimated by R. C. Hochel, et al in their analysis 3 . This
probability value comes from the fact that only about 15% of the waste produced in
FB-Line has near optimal moderation. These are: ion exchange resins, sump residues, and
other solids heavily loaded with liquid such as oil dry and some type of filrers. It is
conservatively assumed that if water moderator is present, it will mix with the Pu-239 to
produce optimum moderation.
Therefore, the probability of the density condition occurring is conservatively estimated
at (0.15) (5xl0" 3 ) = 7.5xlO- 4 , using the upper bound value of 5xl0" 3 for the probability
of the Pu-239 density condition.

PROBABILITY OF CONFIGURATION CONDITION OCCURRING
Assume that both the mass and density conditions for a criticality event are met. This
means that there is at least 500g of Pu-239 in the drum; that the Pu-239 mass forms a fairly
uniform density of around 30 g/liter; and that there is also a sufficient amount of water
moderator (at least 17 liters) in the drum. Satisfying these two conditions alone still will
not be sufficient to lead to a criticality event unless the Pu-239 mass and water moderator
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mixture also forms a spherical shape. The next question is how likely are the Pu-239 mass
and water moderator to form a spherical shape configuration, and at the same time overlap
in the sense that the Pu-239 mass is contained entirely within the water moderator.
This probability is estimated by breaking down the configuration condition in terms of
the following three events and by considering a simultaneous occurrence of these events:
(1) Pu-239 masr takes a form of spherical shape, (2) water moderator takes a form of
spherical shape, and (3) the two spherical shapes overlap to form an optimal spherical
configuration consisting of both the Pu-239 mass and water moderator. The chance of
event (1) occurring is estimated at 1 out of 20 and assigned the probability value of 0.05,
and the same probability value of 0.05 is assigned for the event (2).
Next, the probability of event (3) that two such spherical shapes overlap in the sense
that the Pu-239 mass is contained entirely within the water modertor is approximated by the
volume ratio of B/A, where A is the volume within which the center of Pu-239 mass sphere
with its radius 0.52 feet can lie so that the Pu-239 mass sphere can be entirely within the
drum and B is the volume within which the center of Pu-239 mass sphere lies so that the
Pu-239 mass sphere can be entirely contained within the water moderator sphere. A
minimum of about 17 liters of water moderator is required for criticality. However, at the
minimum volume both the Pu-239 and moderator spheres are the same size, and the
probability of overJap given by B/A is zero. The probability of the two spheres
overlapping to create enough Pu-239 and moderator mixture volume for a criticality event
depends on the volume of moderator in drum, and it is estimated to be 2.53x10"^ for 26
liters of moderator and 3.17x10"^ for 22 liters of moderator.
Now combining the probabilities of events (1), (2) and (3), we obtained for the
probability of the "undesirable" configuration condition occurring to be 6.3x10"" for 26
liters of moderator volume and 7.9x10"' for 22 liters. We used 6.3xl0"°> the probability
value corresponding to 26 liters, in our risk analysis.

PROBABILITY OF POISON CONDITION OCCURRING
Even if all the three conditions, mass, density and configuration conditions, happened
to be satisfied, the drum still will not necessarily go critical unless the spherical shape of
Pu-239 and water mixture contains a negligible amount of poison in it. However, waste
packaging usually introduces some poison. The TRU waste from FB-Line is typically
packaged in one layer of poly vinyl chloride (PVC) and two layers of polyetheylene plastic
before it is loaded into drums, and the chlorine in PVC is a poison which absorbs neutron.
The weapons grade Pu-239 waste from FB-Line contains about 6% Pu-240, which also
acts as a poison.
Thus, the question is to determine the probability that such a Pu-239 and water mixture
contains a negligible amount of poison. This probability is estimated to be 0.05, following
what R. C. Hochel, et al had done in their analysis3.

1-151

PROBABILITY OF CRIT1CALITY IN DRUM
Since the criticality event in a drum can occur only if all the four conditions, namely the
mass, density, configuration, and poison conditions, coexist, the cridcality event can be
defined as the simultaneous occurrence of these four conditions. Its probability can be
expressed as
Pr (Criticality in Drum) = Pr (M. D. C, P)
where M, D, C and P are respectively the events representing the mass, density,
configuration, and poison condition. This probability can be rewritten as:
Pr (Criticality) = Pr (M) x Pr (D ! M) x Pr (CI M. D) x Pr (PI M. D. C)
Each probability in the above expression has already been estimated as
Pr(M)
Pr(DIM)
Pr (CI M. D)
Pr (PI M. D. C)

=2.5x10-2
=7.5 xlO" 4
= 6.3 x 1Q-6
= 5 x lO- 2

and combining these we obtain the probability of a single drum containing uncertain levels
of FB-Line waste from SRS going critical:
Pr (Criticality in Drum) = 6 x 10' 1 2

SENSnTVTTY AND ROBUSTNESS OF ESTIMATED PROBABILITY
We obtained the value of 6x 10" 1 - for the probability of a single drum with uncertain
levels of FB-Line waste going critical. This value is a point estimate of the probability and
it can be considered as a "best" estimate of this probability. In arriving at this figure,
however, there have been numerous estimates for the probabilities of the underlying events
that jointly constitute the drum criticality event. We now ask how the probability might be
affected if some of these underlying probabilities were to deviate from the estimated values.
We first examined the effect of poison condition. If we were to disregard the poison
condition entirely, that is, if we assume that the probability of containing a negligible
amount of poison is 1.0, men the overall probability would increase to 1.2xl0" ro from
6x10-12.
We next considered a deviation in the configuration condition. If there happened to be
a much larger quantity of water moderator so tha: the probability of the moderator
forming an optimal spherical shape consisting of about 26 liters is much higher, say 0.2
instead of 0.05, and the probability of Pu-239 mass and water moderator spheres
ovelapping is also much higher, say 0.1 instead of 2.53x10-3, ih*n
nm
then rh*
the overall probability
would increase to 4.8x10" ra from 6x10" 12 .
Another question we addressed is how the overall probability would be affected if there
were 600g, 800g. or 1,000g of Pu-239 in a drum instead of 500g. We considered the case
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of SOOg of Pu-239 as a typical example of how different mass levels might impact the
overall probability. To begin with, the probability of having an 800g of Pu-239 in a drum
is lower by a factor of about 3. We analyzed the 800g case as a perturbation from the 500g
case analyzed earlier and made comparisons to the SOOg case.
An 800g of Pu-239 can go critical if the Pu-239 density lies between 15 g/liter and
90 g/liter, compared to the 30 g/liter for the SOOg case. We examined three different
Pu-239 density cases: 15 g/liter, 30 g/liter. and 90 g/liter. The case of 15 g/liter and
90 g/liter requires that the entire 800g must form a uniform spherical shape for criticality
event to occur, while the case of 30 g/liter requires only some portion (but at least 500g)
must form a uniform spherical shape. In case of 15 g/liter, the criterion of Pu-239 density
condition of 15 g/liter or higher can be met more easily, but the criterion of having a
uniform Pu-239 density will be more difficult to be met. It will also be more difficult for a
larger volume to have the required spherical shape configuration. Thus, the overall
probability should not be any larger in this case. In case of 90 g/liter, it will be more
difficult to meet the first criterion of Pu-239 density condition, but the second criterion will
be more easily met since a smaller volume of only 9 liters is required to have a uniform
density. The overall probability in the end will not be affected very much by these
compering factors.
Now in the case of 30 g/liter, the criticality event may occur if any amount between
500g and 800g meets the Pu-239 density condition of 30 g/liter. We considered only the
two extremes of 500g and 800g. For the SOOg case, it will be much easier to meet the first
criterion of the Pu-239 density condition, but there wiil be no change in the probability of
the uniform density requirement or the spherical shape configuration requirement If we
use a larger probability of 0.5 instead of 0.1 for the probability of meeting the first
criterion, the overall probability would become 3.0x10"''. Next, we consider the case of
the entire 800g meeting the density requirement of 30 g/liter. It will be more difficult to
satisfy the Pu-239 density requirement since a larger mass has to satisfy both the density
and uniformity requirements, but the configuration condition can be more easily met since a
spherical shape involving only SOOg out of 800g is required to be formed. If we assume
that the probability of density condition decreases by a factor of 5 and the probability of
configuration condition increases bv a factor of 100, the the overall probability would
increase to 1.2xl0- 1 0 from 6x10" l -.
This sensitivity analysis, although it was done rather selectively, shows that the
probability of a single drum going critical remains below 5x10"'" under various deviations
we have hypothesized. Although a "best"' estimate for the probability of going critical in a
single drum was estimated to be 6x10"' 2 , one might wish to adopt 5 x 1 0 ^ " as a more
conservative value for this probability, and we specify a range rather than a single value for
the probability. Thus, the probability of a single drum with uncertain levels of FB-Line
Pu-239 waste going critical is estimated to be in the range 6x10"'*- to 5x10"'".

PROBABILITY OF CRITICALITY IN CULVERT
Our analysis has shown that the probability of going critical in a single drum is
extremely small. The reason it is so small is not because the mass condition has a small
probability of occurring, but rather the other three required conditions, density,
configuration, and poison condition, have extremely small probability of occurring.
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A culvert going critical as a result of interaction among two or more drums in a culvert will
require that she Pu-239 and water moderator mixture in each interacting drum should have
an optimum undesirable" uniform density with each mixture segment contributing to the
overall spherical shape configuration required for a criocality event. If two drums were to
interact and lead to a criricality. then the Pu-239 and water moderator mixtures in the two
adjoining and interacting drums have to satisfy the similar three conditions in addition to the
mass condition. In case of two drum interaction, the Pu-239 and water moderate mixture
in each drum has to form a hemisphere and then a spherical shape by the two hemispheres
coming together next to each other.
Each hemispherical mixture would require a smaller amount of Pu-239 mass, for
example 25Og each, and thus the probability of satisfying die mass condition in each drum
would be much larger this time. But, the probability of the remaining three conditions
being satisfied by each drum would be in the same range of values as that obtained for a
single drum with no interaction. That is, as far as the requirement for the three conditions
of density, configuration, and poison is concerned, there should not be much difference
between a spherical shape and a hemispherical shape in terms of the probability of meeting
the requirement. Thus, the probability of a culvert going critical as a result of interaction
between two drums should be significantly smaller than that for a single drum by itself.
This probability will be in the order of the square of the probability of a single drum, and
thus negligible compared to the probability of a single drum going critical.
This result can be summerized as follows: If a culvert is going to go critical at all, then
it goes critical simply because one particular drum in the culvert goes critical by itself rather
than due to an interaction among two or more drums. This implies that one can neglect the
interaction an ong drums as far as the criticality event is concerned. Since there are
altogether 92 i drums with uncertain levels of FB-Line Pu-239 waste and these drums are
all contained in the 211 suspect culverts, the probability of a single culvert going critical is
given by
Pr (Criricality in Culvert) = 5 x Pr (Criticality in Drum)
ng the ifigure of approximately five drums per culvert. Thus, the probability of a single
using
culvert go;»ing critical is estimated to be in the range 3x10"' l to 3x 10' 9 .
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HIGH RESOLUTION GAMMA-RAY SPECTROMETRY OF CULVERTS
CONTAINING TRANSURANIC WASTE AT THE SAVANNAH RIVER SITE
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ABSTRACT
A number of concrete culverts used to retrievably store drummed, dry. radioactive
waste at the Savannah River Site (SRS). were suspected of containing ambiguous
quantities of transuranic (TRU) nuclides. These culverts were assayed in place for
Pu-239 content using thermal and fast neutron counting techniques V High resolution
gamma-ray spectrometry on 17 culverts, having neutron emission rates several times
higher than expected, showed characteristic gamma-ray signatures of neutron emitters
other than Pu-239 (e.g., Pu-238, Pu/Be, or Am/Be neutron sources). This study
confirmed the Pu-239 content of the culverts with anomalous neutron rates 2 and
established limits on the Pu-239 mass in each of the 17 suspect culverts by in-field,
non-intrusive gamma-ray measurements.

INTRODUCTION
The TRU waste culverts are concrete cylinders approximately 2 m in diameter and
2 m tall with 15 cm thick walls and a 15 cm thick removable lid. Each can
accommodate up to 14 stainless 200-liter (55-gallon) Type-A drums containing dry
TRU contaminated waste. Each waste drum contains a PVC drum liner and is sealed
before storage. The culverts are stored above ground on a concrete drainage pad in
the SRS burial ground in a close-packed configuration blocking side access to most of
the culverts. Neutron measurements on 118 culverts confirmed the Pu-239 loadings
and determined they were critically safe. Higher than anticipated neutron emission
rates were observed from 17 culverts which were then studied by high resolution
gamma-ray spectroscopy.
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EXPERIMENTAL

METHODS

A high purity intrinsic germanium (HPGe) detector mounted in a down-looking
cryostat was placed on top of the culverts for gamma-ray spectroscopic
measurements. The HPGe detector had a 1.84 keV FWHM energy resolution at 1332
keV and a 26.0 % relative efficiency3. Energy and efficiency calibrations were
performed using NBS-traceable gamma-ray sources. A two-point digital stabilizer
compensated for gain shifts using the 88 keV line from a Cd-109 source fixed to the
detector along with the 2614 keV gamma ray from TI-208 natural background. The
Cd-109 source also provided an internal check of live time/dead time corrections.
Spectra were acquired with a computer-based 16K-channe! multichannel analyzer
and the data stored on removable disk. A small trailer equipped with a motor
generator and an air conditioner housed tho electronics and data acquisition system
for the burial ground measurements. The detector signals were fed to the trailer
through »35 meters of cable. A battery operated uninterruptible power supply
maintained a constant voltage on the equipment.
A specially designed, graded lead shield, 5 cm thick, minimized the detection of
radiations from any neighboring culvert. Cadmium covered the detector end-cap to
reduce the thermal neutron flux. Borated polyethylene was interposed between the
culvert and the detector to thermalize any fast neutrons and further reduce the neutron
background. Measurements were made at two different elevations on each culvert,
one with the detector sitting directly on the culvert lid and one sitting on a table 70 cm
above the lid. An overhead crane was used to position the detector/shield assembly.
The measurements were conducted at the point of highest dose rate on each culvert.
EXPERIMENTAL RESULTS
Gamma-ray spectra were accumulated and recorded on disk. Typical counting
times were 4 and 16 hours for the detector sitting on the culvert lid and on the elevated
table, respectively. Table I lists the principal radiations observed in the spectra and
notes their corresponding origins. Many of the radiations arise from radiative capture
gamma rays in the surrounding waste matrix, from inelastic scattering of the alpha
particles on low-Z materials, and from (a,n) reactions. Some of the artifact radiations
are highly dependent on the chemical form of the plutonium.
The gamma-ray signatures of each culvert helped resolve many of the ambiguities
observed in the neutron emission rates. For instance, several culverts were found to
contain isotopic neutron sources of Am/Be or Pu/Be. In these cases, the characteristic
prompt gamma rays from the (a ,n) reaction on Be at 4425 keV and the single and
double escape peaks were obvious in the spectra. This unique feature in a spectrum
obtained from a culvert containing an Am/Be source is shown in Figure 1. Many of the
culverts contained Pu-238 which correlated well with the 766 keV gamma ray and with
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the 2614 keV gamma ray from TI-208. While the latter is not in the 238 decay chain,
the production process introduces U-232 as an impurity. The Cd capture gamma rays
were used as an internal check of the neutron emission rates and correlated well with
the field measurements 1.
To determine the sensitivity for the detection of Pu-239 in an unknown waste
matrix, measurements were performed using small sources of Pu-239 and Pu-238 in
several chemical forms (metal, oxide, and fluoride) in an empty culvert. Absorption
coefficients were determined for known components (e.g., culvert lid, waste drum
liners and lids, polyethylene, etc.) by placing the Pu sources and other radioisotopic
standards at well defined geometrical locations within the test culvert. Calibration
curves were developed for each configuration and the results compared to the
predictions of a gamma-ray transport computer code *. The results of the calibration
runs on the simulated waste helped establish the detection sensitivity and limits for
the assays performed on the actual waste culverts in the field. It was determined that a
10 grri source of Pu-239 could be detected on the bottom of the culvert surrounded by
a matrix of drums packed with polyethylene in an overnight count.
The analysis of all spectra was performed using SPECTRAN-AT 5 and also with
MicroSAMPO s. Any discrepancies were resolved by hand analysis. Figure 2 shows
a typical spectrum obtained in the SRS burial ground from one of the suspect TRU
waste culverts. This Figure displays the prominent Pu-239 gamma rays used in this
study. The peak intensities were first adjusted for the intrinsic efficiency of the HpGe
detector. The data were then corrected for known absorbers. These included the
borated polyethylene surrounding the detector (density 0.92 gm/cc), the concrete lid
on the culvert (density 2.35 gm/cc), one thickness of PVC drum liner (density 1.2
gm/cc) and one drum lid. These attenuation factors were generated with the
MICROSHIELD computer code after they had been experimentally verified during the
calibration runs.
The rate of gamma rays striking the detector at each energy, uncorrected for the
waste matrix, was then determined. This rate, was then correlated with the reported
Pu-239 content. It was found that five of the gamma rays associated with the decay of
Pu-239 correlated well with the reported Pu-239 content. The other Pu-239 gamma
rays were either too weak for useful measurements or had considerable interference
from other radiations in that spectral region. A summary of the correlations with the
detector sitting on the lid of each culvert is given in Table II. The reported Pu-239
loading as compared to the calculated loading from the 414 keV gamma ray rate is
shown in Figure 3. The result of multiple regression analyses for the five gamma rays
confirms the Pu-239 loadings for the 17 suspect culverts to a precision of ± 101 gms.
To assess the accuracy of the reported Pu-239 content in the waste, a number of
models were generated with the Pu-239 in a variety of distributions and configurations.
First the Pu-239 was uniformly distributed throughout the barrels of waste and the
count rates for the five gamma rays calculated at the two detector locations. The
density of the waste matrix was varied from the maximum of 0.2 gm/cc to no self
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absorption. (The maximum had been experimentally determined by packing a drum
with polyethylene.) The distribution was then changed to a point source at various
radial and axial iocations and the count rates compared to the experimental rates at
various matrix densities. Other models generated were multiple point sources and
disk sources at various locations within the culvert. A total of 43 different models were
generated with the MICROSHIELD computer code. As an example of the comparison
of the calculated count rates at the different gamma-ray energies, Figure 4 shows a
comparison of the experimental count rates with the calculated count rates for the
reported Pu-239 content as a point source lying in the bottom of a barrel under the
detector in a uniform waste matrix of 0.2 gm/cc of polyethylene. The figure shows the
ratio for all culverts at the two measurement locations. The average ratio is 2.1±1.3 for
all the culverts. If the density were reduced by 30%, the ratio would be unity. The
point source configuration and the uniformly distributed source represent the count
rate extremes and differ by a factor of »200. The energy of the Pu-239 gamma rays
are too close to determine any self-absorption differences caused by large lumps of
Plutonium.
Condensing the reported Pu-239 contents into point sources located in the bottom
of each layer of drums yielded gamma-ray count rates consistent with the measured
values at the expected waste matrix densities. While a unique value of the Pu-239
content is not possible from such measurements, tlie predicted values were within a
factor of five of the reported values when the maximum waste density was used in the
point source model. Reductions in the density reduced the overall deviations from the
experimental values.

CONCLUSIONS
Pu-239 masses were estimated using the peak intensities from each of the five
principle gamma rays. When appropriate attenuation coefficients are used, each peak
should give the same mass result within a certain statistical variance. After correcting
for known attenuations, arriving at the "best" attenuation coefficients is then an
iterative process. Comparing the iterative result with known matrix effects, one can
estimate the consistency of the method. Comparing the observed rates with the
detector in two locations with the predictions using known or expected absorption
coefficients yielded confirming evidence of the accuracy of the method. However, due
to the large number of variables in the waste matrix, accurate inventories of Pu-239 in
the waste was impossible by this technique. True far-field measurements wera not
possible due to the close proximity of other culverts.
The higher than expected neutron count rates for many of the culverts are
attributed to neutron sources other than Pu-239. While the gamma-ray assay of the
TRU waste cannot be used to uniquely determine the quantity of Pu-239 in the TRU
waste, it demonstrated consistency with the estimates made prior to loading the waste
drums contained in the culverts. Applying known attenuation coefficients to the data,
the precision was determined to be ±101 gms. Using internally consistent attenuation
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coefficients with a point source model, the measured masses agree with the loading
data within a factor of three for the 17 suspect culverts. This study confirms that there
is little likelihood of an inadvertent criticality in the entire group of TRU waste culverts.
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TatAm 1. Principal Gamma Ravs Emanating from TRU Waste Culverts
Energy*

Origin

keV

345.0
375.0
393.1
413.7
451.5
558.0
609.3
646.0
651.0
727.0
742.8
766.4
769.4
786.0
890.0
911.2
969.0
1001.0
1274.0
1620.6
1764.5
1943.0
2223.0
2614.4
3538.0
4425.0
4933.0
7117.0
7630.0
7645.0

Pu-239
Pu-2J9
Pu-239
Pu-239
Pu-239
Cd capture
Bi-214
Pu-239
Cd capture

Bi-212
Pu-238,Pa-234
Pu-238,Pa-234
Pu-239
Pu-238,Bi-212
F (a,a*)
Ac-228
Ac-228
Pa-234m
F(a,a1)
Bi-212

8i-214
Ca capture
H capture
TI-208
Si capture

Be capture
Si capture
Fe capture
Fe capture
Fe capture

Gamma-ray energies from radioactive decay taken from Reference 6, capture
gamma-ray energies taken from References 7 and 8, and inelastic scattering
gamma-ray energies taken from Reference 9.
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Tabl* 2. Correlation of Gamma Count Rates with Reported Pu-239 Contents
Energy
(keV)

Corr. Coef.
(RA2)

345.0
375.0
393.1
413.7
451.5

Std. Err. of
Y-est.(gms)

0.803
0.772
0.818
0.749
0.593

99.5
107
95.7
112
143

Figure 1, Portion of Spectrum of Culvert Containing Am(Be)
[sotopic Neutron Source
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Figure 2. Primary Pu-239 Gamma Rays Observed
from TRU Waste Culvert
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CURRENT STATUS OF THE GLASS CODE
H. C. Honeck
Computer Application Technology
Ailcen, South Carolina
H. E. Hootman
Westinghouse Savannah River Company
Aiken, South Carolina
ABSTRACT
This paper summarizes the current status of the Generalized Lattice Analysis SubSystem (GLASS) computer code1 and its supporting cross section libraries. GLASS
was developed at the Savannah River Site (SRS) in the early 1970's. The GLASS
code has been instrumental in supporting safe Heavy Water Reactor (HWR)
operations and predicting material production at SRS for more than 20 years. The
Department of Energy Office of New Production Reactors (ONPR) program has
chosen to use the GLASS code for the design of the HWR option of the New
Production Reactor (NPR). A substantial body of validation calculations have been
performed and additional validation calculations will be performed to qualify the
new GLASS multigroup cross section libraries derived from the ENDF/B-5 and 6
nuclear data files. Several improvements to the code are in progress. Many other
improvements are planned to bring GLASS up to modem physics and computer
technology.
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INTRODUCTION
GLASS is a thermal reactor physics code for computing multigroup neutron and
photon fluxes and reaction rates in a two-dimensional lattice of hexagonal or
square cells. The photon fluxes are used to estimate gamma heating. Both
deterministic (collision and transmission probability) and stochastic (Monte
Carlo) methods are used. The deterministic methods are used to compute basic
reaction rates and reactivity coefficients, while die Monte Carlo method is used to
evaluate the approximations used in the deterministic calculations. Depletion
calculations provide estimates of the isotopic composition of the lattice with time.
Sets of few-group cell-averaged neutron cross sections are produced for input to
the nodal diffusion theory codes used for the steady-state and transient analysis of
the SRS reactors. A simple steady-state thermal-hydraulics calculation provides
temperature and density profiles in a multi-tube assembly. Therefore, GLASS
provides most of the basic information used for the design and operation of the
SRS production reactors.
HISTORY
GLASS is a collection of modules which are part of che JOSHUA System
developed at the SRS. GLASS was developed during the period 1967-1975 as an
extension of the thermal reactor methodology used in the THERMOS2 and
HAMMEJR 3 codes. Over 25 man-years of effort were expended in the
development of GLASS. Because of the limited storage (about 0.5 Megabytes)
available in the computers of that period, GLASS had to be divided into many
small modules that shared data via disk storage. In addition, linked-list coding
techniques were used to manage main storage. As a result, GLASS modules were
difficult to program and have been difficult to maintain.
The accuracy and applicability to HWR charges has been generally good,
although some "fine-tuning" (e.g., by making cross section changes) has been
employed in the past primarily to address U-238 resonance capture effects in
low-enrichment Uranium assemblies. Therefore, only minor improvements have
been made since 1975 (e.g., implementation of a restart option). In the period
1985-86, GLASS was converted to FORTRAN 77 and a VAX version was made
available for off-site use in 1987. Recent interest in the design of a new HWR
version of die NPR has lei to physics improvements in GLASS by both SRS and
Argonne National Laboratory (ANL). A UNIX version of GLASS has been
implemented by both Babcock and Wilcox (B&W) and SRS. A complete
conversion of GLASS to modem programming and physics standards is currently
being planned.
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DESCRIPTION OF GLASS
The physics methods implemented in GLASS can be divided into five major
areas; resonance capture, multignur lattice calculations, finite reactor leakage,
isotope depletion, and photon transport. The current status and expected
improvements in each of these areas will be briefly described in the following
sections.
Resonance Capture
The standard resonance calculation in GLASS module CREEP is an extension of
the Nordheim integral treatment for two-component lattices4 to a uniform lattice
of multi-tube assemblies. An assembly is modeled using collision probability
matrices computed by the cosine currents method5 for one-dimensional multiregion annular geometry. The Nordheim method uses only isolated single-level
Breit-Wigner (SLBW) resonance parameters as were contained in ENDF/B-4 and
earlier data file versions.
More accurate resonance representations are used in ENDF/B-5 and 6 and
require a more advanced treatment. ANL is developing a new resonance capture
module named GLASS-MARIA which uses a multi-annular-region rational
approximation and ail of the ENDF/B-5 and 6 resonance representations. This
module is expected to be available in late 1991.
A new code named MARJORI6 has been developed at SRS to remove many of the
restrictions of the CREEP module. The spatial distribution of the flux is
computed using collision probabilities in one-dimensional multi-region annular
geometry using either the direct-integration or cosine-currents methods. The
energy distribution of the flux and cross sections is essentially continuous. The
NJOV 7 code is used to convert (and Doppler broaden) the resonance
representations contained on ENDF/B-5 and 6 data files and prepare files of cross
sections on a sufficiently fine energy mesh so that linear interpolation can be used
to obtain accurate cross sections at any energy. The union of these energy meshes
for all isotopes used in a cell defines the energy mesh used in MARJORI.
Therefore, resonance overlap and resonance scattering are completely described.
The results of the resonance calculation are output in the form of the resonance
integrals used by GLASS. Future improvements to MARJORI will also provide
for effective resonance multigroup cross sections. It is expected that MARJORI
will be available in early 1992.
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GLASS computes the multigroup neutron flux in a rwo-dimensional lattice of
fuel, target, and control assemblies. The basic gecrr.otnc unit is a hexagonal or
square cell containing moderator and a multi-tube a.uiuiar or cluster assembly.
Cells can be grouped into larger units called superctils. A typical SRS supercell
consists of one control assembly surrounded by six fuel and/or target assemblies.
The supercell is assumed to repeat by translation and rotation to fill all of space
and thus form an infinite lattice of supercells.
A cell is subdivided into regions. A region contains a homogeneous material and
is subdivided in subregions. A subregion is a two-dimensional area bounded by
sides which are either straight lines or circular arcs. Although GLASS can treat
these general subregions. the GLASS input processor restricts the geometry to
those types of subregions encountered in typical SRS lattices. The average
neutron flux in each subregion is computed by one of several approximations to
the muitigroup neutron transport equation; the integral transport (collision
probability) method, the transmission probability method, and the Monte Carlo
method.
The integral transport method is the standard method used in GLASS. Scattering
is assumed to be isotropic and the transport approximation is used to correct for
Pi scattering. Any future upgrade to GLASS would remove this restriction and
provide rigorous treatment of at least Pi scattering. Cells are divided into an
inner and outer zone. Subregions within a zone are coupled together using
collision probability matrices. A Monte Carlo geometry subroutine is used to
determine the tracks of neutrons which are then used to compute the collision
probabilities. A similar technique is also used in the ANL collision probability
code GTRAN28. Zones are coupled together using the cosine currents (DPo)
approximation. This approximation was required by the storage restrictions of
the 1970s. It has been tested using the Monte Carlo method and found to
introduce little error. However, it is not required today and would be removed
in any future version of GLASS. Cells in a supercell are coupled together using
the cosine currents (DPo) approximation. This approximation has been
extensively tested using the Monte Carlo method and is quite accurate since the
approximation is used in the middle of the large heavy water moderator regions
where it is expected to be most accurate. The approximation is essential to
reducing the size of the transpon matrix by decoupling the matrix into smaller
weakly coupled matrices. This allows problems with a large number of
subregions to be done without the need for very large storage or virtual memory.
Any future version of GLASS would retain this approximation but would
probably improve it to at least DPj.
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The transmission probability method assumes a DPn flux on each surface of a
subregion. Transmission probabilities relate the outward-directed angular
components of the neutron current with the inward-directed components. The
angular components of the currents are then iterated to obtain a solution. Up to
DP3 components can be used. The method has given good results with modest
storage requirements. However, it is slower than the collision probability method
because of extensive iteration time. More research is required to make this
method practical.
The multigroup Monte Carlo method was implemented to evaluate the
approximations (Pi scattering, flat flux, and cosine currents) used in the integral
transport method. The method uses the same multigroup data (including the
resonance integrals) used by the integral transport method. The Monte Carlo
code can either simulate each of the above approximations or not make the
approximation.
Finally, any of the above methods can be used to compute the response matrix of
a cell. The response matrix relates the components of currents leaving an isolated
cell to a unit component of a current entering the cell. The components of these
currents generally have 4 groups. 1 or 2 (DPo or QPo) angular components, and
I or 2 subdivisions of each face of a cell. If a response matrix is computed for
each different type of cell in a reactor, then the interface currents can be
computed by iteration to solve for the few-group transport theory flux in an
entire two-dimensional reactor. The accuracy of the method is limited by the
angular and spatial subdivision of the cell face compared to the gradient of the
flux along the face. Cells near the edge of a reactor require a much finer
subdivision than the I or 2 angular and 1 or 2 spatial subdivisions than can be
currently computed. Therefore, the method has been rarely used. Increasing the
angular and spatial subdivisions in a future version of GLASS will make the
response method accurate and practical for large regions of the reactor with
many cells.
Multigroup Libraries
The standard GLASS multigroup library uses 54 epithermal groups and 30
thermal groups for a total of 84 groups. The thermal cutoff is at 0.785 eV. The
library is a mixture of pre-ENDF/B evaluations along with selected evaluations
from ENDF/B-3 through 5. The cross sections for most important nuclides were
derived from ENDF/B-4; known exceptions to this are (a) the U-238 resonance
parameters are an adjusted set unique to SRS, (b) the U-235 v (neutrons per
fission) data have been revised upward to be consistent with ENDF/B-5. and (c)
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the D2O and H2O scattering kernels apparently predate ENDF/B-3. The nuclear
data in the standard GLASS library have been adjusted to give better agreement
with integral experiments and operating data, to correct for errors in the nuclear
data, to correct for errors resulting from approximations in GLASS, and to
correct for errors in the integral experiments and operating data. This procedure
has resulted in a combination of nuclear data and a computer code that is
validated in the sense that, together, they successfully predicted the HWR
experimental observations at SRS.
While the knowledge of basic nuclear cross sections has continued to expand since
the GLASS standard library data was first formulated using ENDF/B-3 and 4,
there was no mechanism for GLASS to use the more elaborate resonance
formalisms now incorporated in ENDF/B-5 and 6. In order to provide GLASS
with access to the latest ENDF/B cross sections, SRS has developed an interface
code named WINDEX9 which takes the output from the Los Alamos National
Laboratory (LANL) cross section processing code NJOY and converts them to
the GLASS multigroup format. This provides GLASS with access to the latest
ENDF/B data, and relieves SRS of the burden of maintaining the cross section
processing code. WINDEX also provides the interface between NJOY and
MARJORI.
When new ENDF/B-5 libraries were prepared and used in GLASS, the results for
H2O (but not D2O) were found to be sensitive to the thermal upscattering cutoff
energy. The standard GLASS library uses a cutoff of 0.785 eV. The initial
results obtained from GLASS using the ENDF/B-5 data with 30 thermal groups
and an upscattering cutoff of 0.785 eV were not in satisfactory agreement with
those obtained from VIM and MCNP using the same ENDF/B-5 data. A 60thermal group GLASS calculation using the same upscattering cutoff produced
essentially the same results as the 30-group calculation. Additional calculations
were done varying the upscattering cutoff energy using the standard GLASS
energy group structure. In addition to the standard cutoff of 0.785 eV (30
thermal groups), calculations were done at a cutoff of 1,86 eV (34 thermal
groups) and 3.06 eV (36 thermal groups). It was necessary to raise this cutoff to
over 3 eV to obtain results for H2O consistent with those from VIM and MCNP
which use cutoffs of about 10 eV. Future GLASS libraries will probably use this
higher cutoff of 3.0 eV. With these changes, the thermal neutron spectra
predicted by GLASS agree well with those predicted by VIM and MCNP. This
does not imply that these kernels are an improvement over the kernels previously
used in GLASS. Comparison of integral parameters of the kernels (diffusion
lengths, cooling coefficients, etc.) with measured values indicate that the
ENDF/B-5 kernels may be somewhat improved for D2O but are worse for H2O.
This is a matter of further investigation for future versions of ENDF/B.
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Finite Reactor Leakage
The spectrum in a finite reactor is different than the spectrum in the infinite
lattice assumed in the lattice flux calculation because there is a preferential
leakage of fast neutrons. This change in spectrum is estimated using a Fourier
Transform method (also called the BL method) as first used in MUFPO. The
detailed space-energy flux in the lattice is used to homogenize the lattice
preserving all reaction rates. The homogenized cross sections are then used in a
BL calculation with a predefined amount of leakage (Buckling) or in a variety of
searches for a critical Buckling, concentration, or time absorption. The ratio of
the homogeneous flux with leakage to that without leakage is used as a correction
factor for the lattice space-energy flux. This part of GLASS is quite satisfactory
and few changes are anticipated.
The leakage corrected flux is then edited down to few-group cross sections for
use in nodal diffusion theory calculations of the full reactor. ANL has prepared a
module named GLASS-NET(ll) that also edits the inter-cell neutron currents
used to compute flux discontinuity factors. A future version of GLASS is
expected to have more extensive editing facilities under control of the user.
Isotope Depletion
A control program will step through GLASS calculations to predict the isotopic
depletion with time. At each time step a full GLASS calculation is done for the
current isotopic compositions. The compositions are then advanced to the end of
a depletion time step using the ENDF/B-3 data for reaction rates, fission product
yields, decay chains, branching ratios, etc. All of these data are stored in the
GLASS multigroup library. Fission products can be treated individually or
lumped into long-, medium-, and short-lived products. At each time step the
supercell can be maintained critical by adjusting the capture rate in the control
cell which simulates the manner in which the SRS reactors are operated.
For the most part, the depletion calculation in GLASS is very satisfactory.
However, new multigroup libraries are being prepared from ENDF/B-5 and 6
using NJOY and WINDEX.
Photon Transport
Photon production, photon interaction, and heat generation cross sections derived
from ENDF/B-3 are also stored on the multigroup library. The photon
production cross sections are used along with the lattice space-energy flux to
estimate photon sources in the supercell. These sources are used in a photon
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transport calculation (generally using the collision probability method) to
estimate the multigroup photon flux in the supercell. The photon energy
deposition plus the neutron energy deposition is added to the fission energy
deposition to obtain the complete set of heat sources in the lattice.
The improvement? described above for the neutron transport calculations will
apply to the photon transport calculations (since they use the same coding). This
will eliminate the present isotropic scattering restriction which is a poor
approximation for photons. In addition, new multigroup photon libraries will be
prepared from ENDF/B-5 and 6 using NJOY and WINDEX.
VERIFICATION and VALIDATION
Verification is a demonstration that a computer code solves the problem that it is
intended to solve. Validation is a demonstration that the problem to be solved
represents physical reality and that the code predicts quantities which are
observed. GLASS was verified when it was first developed and when subsequent
modifications were made. There is currently a formal V&V documentation in
progress for GLASS at SRS and for export versions. The SRS code certification
process is nearing completion.
The traditional method of technical validation is to prepare libraries of nuclear
data for the reactor design codes and use the codes to predict quantities measured
in both clean integral experiments and actual reactor operations. This approach
works if the predictions agree within the experimental error, if the measurement
error is sufficiently small, and if the scope of the measurements cover the areas
of critical design concern.
Difficulties in Validation
It is difficult to validate codes in this traditional manner when the experimental
errors are large and lead to comparable design uncertainties. This is the situation
with many of the available HWR related physics measurements of highly enriched
uranium tritium producing lattices as a result of the uncertainties in the absolute
Li-6 content in the tritium producing target tubes used in both experiments and
production reactor measurements. Uncertainties in the absolute Li-6 contents do
not hinder the safe operation of HWR charges because their composition relative
to calibrated standards can be measured to better than 1%. The target tubes are
matched relative to the standard so that each HWR charge is very uniform in
composition. It is the uncertainties in the absolute Li-6 content of the calibrated
standards that make it difficult to validate current lattice reactivity calculations
with past measurements of tritium producing lattices.
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The NPR program would benefit if the content of the Li-6 calibrated standards
were resolved and the measurements reanalyzed. However, even if the content
were known to 1%, there are few integral parameters that could be measured that
would improve the calculation. The integral parameters that would increase our
confidence are temperature, density, and substitution coefficients. Unfortunately,
these coefficients are difficult to measure to a precision that would increase
confidence in predictive calculations.
A Reactor Physics Technical Working Group (RPTWG) was employed from July
1989 to February 1991 under the direction of ONPR to assess current HWR
physics code capability. This working group consisted of one member each
from Argonne, Brookhaven, and Sandia National Laboratories, and SRS plus
consultants appointed by ONPR. A conclusion reached by the RPTWG was that
further critical reactor experiments would not lead to significant improvements
in HWR reactor physics. They also noted that increased reliance on controlled
numerical "experiments" employing continuous energy Monte Carlo codes would
be necessary to validate production codes and define uncertainties in core
parameters that cannot be directly measured.
Validation Using Continuous-Energy Monte Carlo Codes
The RPTWG effort centered on validation of the GLASS code by comparison to
two Monte Carlo codes; VIM and MCNP. Comparisons were made for five
different SRS cold-clean production lattices as well as for effects of temperature,
coolant and moderator voiding, and light water addition in a tritium producing
lattice. VIM and MCNP solutions were compared to GLASS integral transport
and Monte Carlo solutions for the five different production lattices.
The use of two completely independently developed Monte Carlo codes and cross
section preparation codes, such as VIM with MC^, and MCNP with NJOY, both
using the ENDF/B-5 library, allowed definition of the precision of cell
calculations as well as how an approximation method such as GLASS integral
transport compares with more rigorous Monte Carlo. The thermal reaction cross
sections for the isotopes in the lattice are well-known having uncertainties less
than \%. When these cross sections are folded together to produce reaction rates
in an NPR type of fuel/target assembly, the uncertainties in relative capture and
fission reaction rates due to cross sections are well below 1%. It is rare that
reaction rates in lattice critical o? subcritical assemblies can be measured to this
precision.
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Eigenvalue Comparisons
The comparison of the two Monte Carlo code results is thought to provide a
sufficient basis of precision and accuracy upon which to measure the acceptability
of GLASS calculations when all three codes are used to calculate the five SRS
production lattice test problems. The cell calculation comparisons were
performed for the following HWR lattices: Mark 22 cell and supercell, NPR-80%
and 55% cell Mark 15 cell, and the Mark 16-31 supercell. Here, "cell" denotes
an infinite array of the specified assembly type while "supercell" denotes a
repeating cluster of seven assemblies in which the central assembly is a control
assembly and the surrounding assemblies are either six fuel assemblies (as in the
Mk 22 supercell) or an alternation of three fuel and three target assemblies (for
the Mkl6-31 mixed-lattice supercell).
The Mk 22, NPR-80%. and NPR-55% lattices are tritium producing lattices with
aluminum clad U-Al fuel tubes and Li-Al inner and outer target tubes. The Mk
22 assembly contains two fuel tubes with a U-235 enrichment of 80%. The two
NPR cells have a common geometry (three fuel tubes) but differ in fuel U-235
enrichment (80% and 55%) and in the U-236/U-235 ratio (0.17 and 0.5 for the
NPR-80% and NPR-55% cases, respectively). The Mk 15 and Mk 16-31 lattices
are plutonium production lattices, with the Mk 15 being a slightly enriched (1.1%
U-235) uniform lattice and the Mk 16-31 being a mixed lattice supercell
consisting of Mk 16 (60% U-235) driver assemblies and Mk 31 (depleted U)
target assemblies. In each case, the fuel and target compositions simulate
unirradiated material.
Two-dimensional criticality calculations were performed for infinite (zeroleakage) representations of the various lattices. A uniform temperature of 300K
was specified in all cases. The GLASS calculations were performed at SRS using
the integral transport option and the standard 84-group multigroup library.
GLASS solutions were also obtained using the multigroup Monte Carlo option
and same multigroup data in an attempt to isolate errors attributable to the
integral transport approximation from those attributable to the GLASS
multigroup data. The VIM and MCNP calculations, performed at ANL and SRS,
respectively, utilized continuous energy cross section representations derived
independently from the ENDF/B-5.2 nuclear data files. Table 1 below illustrates
the degree of agreement in lattice eigenvalue, koo. between the two Monte Carlo
calculations and the GLASS integral transport calculation..
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Table 1 Lattice Multiplication, k<», Comparison
Lattice

GLASS <Diff)a

VIM (ln.%)

MCNP

Mk 22 Cell
Mk 22 Superceil
Mk 15 Cell
Mk 16-31 SuperCeil
NPR-80% Cell
NPR-55% CeU

1.12054
1.06817
1.10809
0.99690
1.05934
1.03251

1.12072 (0.18)
1.06772 (0.23)
1.09636(0.15)
0.99699 (0.29)
1.05890(0.19)
1.03659(0.18)

1.12232(0.12)

a

(-0.02%)
(+0.04%)
(+1.06%)
(-0.01%)
(+0.04%)
(-0.40%)

1.08879(0.08)
1.06848(0.15)
1.04797 (0.14)

Percent difference between GLASS and VIM results.

An ENDF/B-5 multigroup library for GLASS was generated using NJOY and
WINDEX as described above. An exception was the resonance larameters for U238 and U-236 which were not replaced (GLASS cannot handle non-SLBW
parameters). The subsequent GLASS calculations using this library showed that
the previous differences observed between GLASS and the Monte Carlo codes
were primarily due to the use of different ENDF/B libraries. The results also
show that the GLASS code reaction rates come into better agreement with the
exception of U-238 absorption. It is expected that the U-238 problem will be
resolved when MARJORI is fully interfaced to GLASS.
Reactivity Comparisons
Since changes in reactivity with temperature and density are small, they are very
difficult to predict using the statistical Monte Carlo method. These changes are
often difficult to measure and few good measurements exist. The designer relies
heavily on the deterministic methods built into the production codes such as
GLASS. To test the ability of GLASS to predict these small reactivity changes, it
was necessary to run the Monte Carlo code VIM for millions (typically 10
million) of neutron histories. The GLASS results shown in Table 2 were obtained
at SRS. The VIM results were obtained at ANL.
GLASS using the standard library predicts all of these changes quite well except
for the substitution of light water for heavy water (as would occur when the
ECCS is used). Note that GLASS predicts a positive reactivity while VIM
predicts a negative reactivity.
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Table 2 Reactivity Changes for a Mk22s Lattice in pcm
(1 pcm (percent milli-k) = 1 0 in k)
Change

GLASS

Coolant H2O Substitution
Moderator Voided 10%
Moderator Voided 20%
Moderator Voided 30%
Fuel Doppler
Fuel Doppler + Expansion
Target Expansion
Coolant Temperature
Prompt Temperature Effect
Moderator Temperature

530
-391
-835
-1340
-103
-81
-10
-203
-299
-349

Coolant Voided

-587

VIM + In
-624 + 7 3
-1260 + 83
-374 + 71

-861 + 72
-1317 + 73
-93 + 30
-91 + 31
-36 + 29
-164+29
-253 + 29
-336 ± 26

The replacement of light water for heavy water introduces two effects which tend
to cancel. Hydrogen is a stronger absorber than deuterium (a negative effect) but
is a better moderator (a positive effect). The effect is sensitive to che thermal
neutron scattering kernel used. The GLASS library uses a rather old (preENDF/B-3) version while VIM uses the ENDF/B-5 version. New GLASS
calculations with the ENDF/B-5 scattering kernels show greatly improved (and
negative) values for the light water coolant substitution case.
Validation or VIM and MCNP
The strategy adopted for the validation of GLASS involves comparison of
calculations to the Monte Carlo codes VIM and MCNP. Since these Monte Carlo
codes had not yet been validated by NPR QA, an effort was made to sufficiently
validate VIM and MCNP to provide a basis for the GLASS validation. The first
step was to benchmark the Monte Carlo codes against the Mark 15 LTR-IIA
experiment. The results were generally in good agreement with the experimental
results except for the MCNP eigenvalue. A separate unit cell comparison between
VIM and MCNP suggests a significant discrepancy in unresolved U-238
resonance capture. To provide a broader basis for validation, members of the
RPTWG suggested using available simple geometry critical measurements as a
basis for demonstrating Monte Carlo code agreement and accuracy. Six
measurements were chosen from the open literature, and the Monte Carlo results
agreed very well with all of these experiments.
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NEW COMPUTATIONAL METHODS USED IN THE LATTICE CODE
DRAGON
G. Marleau, A. Hebert and R. Roy
Groupe d'Analyse Nucleaire, Institut de Genie Energetique
Ecoie Polytechnique de Montreal, Montreal, Quebec, Canada H3C 3A7
ABSTRACT
The lattice code DRAGON is used to perform transport calculations inside cells
and assemblies for multidimensional geometry using the collision probability
method, including the interface current and J± techniques. Typical geometries
that can be treated using this code include CANDU 2-D clusters, CANDU
3-D assemblies, PWR rectangular and hexagonal assemblies. It contains a
self-shielding module for the treatment of microscopic cross section libraries
and a depletion module for burnup calculations. DRAGON was written in
a modular form in such a way as to accept easily new collision probability
options and make them readily available to all the modules that require collision
probability matrices like the self-shielding module, the flux solution module and
the homogenization module. In this paper we present an overview of DRAGON
and discuss some of the methods that were implemented in DRAGON in order
to improve on its performance.
1. INTRODUCTION
The development of the lattice and assembly code DRAGON at Ecole Polytechnique
de Montreal1 had for main goal to unify within a single program unit the various collision
probability (PU) 3 , interface current (IC) 3 and J± algorithms4 that can be used for solving
the neutron integral transport equation. It was initially developed for validation purposes,
and new calculation techniques can be easily implemented into the code without major
software modifications. It is written in standard FORTRAN-77, apart from one computer
dependent routine for dynamical memory allocation. The code has a modular structure
which simplifies the interaction between the different levels of calculation involved in a
complete lattice or assembly calculation. For example, a unique and highly optimized
multigroup flux iterator is used for all our calculations whether a PIJ, IC or J± method
is used to compute the one-group response matrix associated with a given geometry. This
modularity allows new techniques to be easily implemented in specific parts of the code
without the need for further modifications along the calculation chain.
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DRAGON has been divided into 12 independent modules Some of these cuNiuies can
accvss external doors that are classified fay families where each type of door ptrf?rci* cr.e
.specinc task one-group response matrix integration, or riux solver for suck response matrix:
using the specific technique (PIJ. IC or Jx < associated »i:h this family The transfer of
ir.formatior. from one module to the other is insurer! b> three different rr.eans Dst7ienswntr.|t,
and other important informations Jsucfc as the volume and mixture Associates with ea^fc
region; are transferee directly from one module ce the other vta the parameters ot the
subroutines. A direct access hierarchical data base 'HDB' n u*e«i far the transfer :f rrw*:
oi the remaining information [fluxes, respocse matrices <ici CMS» »*v:ija*' Ficiiiy. SOCK?
common blocks are also required tc order to tracacV-r auditucai ict.rKtJttje bet*wr; she
doors which are associated wich each tidily
In Section 2 oi this paper, we give & brief de-senptjoe of the structure :f DRAGON Tte
new features implemented inside DRAGON are presented ;u Section 3 ialiowec ic Seethe. •*
by a presentation of some numerical results FicaiK tc Sectwc 5. *e conclude
2

THE STRfCTl'RE OF DR.AGON

DRAGON is written in a modular form ic order tc give rruuiitnucri rtex;bilit> to cotfc
the user and the programmer It currently contains twelve modules thai cac be cailed
successively during an execution A schematic description of these modules is presented m
Figure 1.
The first module that is required in any DRAGON execution is the compulsory initialisation module SIN I) k reads in the dimensioning information required by the lattice calculation 'maximum number of regions and mixtures; and opens the HDB used by
DRAGON. This module can be called more than once in a given DRAGON execution and.
upon each call, any input option can be modified.
The SGEO module is used to read a new geometry, identified by a name, or to modify
an existing geometry. Various geometry types can be specified, the options varying from
ID Cartesian geometries to 3D superccll geometries. AJ1 the characteristics of the geometry are then provided, including mixture content, mesh splitting information, symmetry
conditions, and coupling information for multicell assembly. All this information is then
stored on the specinc hierarchical level of the HDB associated with the geometry name. To
each geometry can also be associated subgeooietries. A subgeometry is identical in content
to a geometry and is also stored on the HDB under its own name on a sublevel of the main
geometry hierarchical level. This is very useful for cluster geometry description where the
primary geometry is associated with the overall description of the cluster and each subgeometry represents the rods inside this cluster. In the case where a given geometry is to
be modified at some point in the calculation, the old geometry can be recalled using this
module and the specific change performed directly on the geometry.
The STRK module performs for a given geometry the integration lines tracking required for the response matrix evaluation. Informations such as the number of tracking
directions and their density can then be provided. This information will depend on the
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rrackir.g :erfatnqutrs to be used fvia doorTI and oa the geometry considered. Currently
:L-w iit5»ren: tracking doors are available m DRAGON the JPM door which uses the J.
:etfcc;;'a«? *ith either DPG or DPI approximation a: cfce interface*, the SYBIL door which
j.>:f;rnis rEI cakulatwc u^ssde LD ctiis and uses the [C rrwibod with the DPO and DPI
apFr;.x;c:a:ioc tc ID Asseinbbes* acd the EXCELL door for a complete PIJ tracking in
2D ar:i ,iD .^eometrtes * The »pt"cinc tracking docir uaed »tU generally depend on the
cyllisitic probability i CPi approxination that ss re

Figure 1: Schematic description of the modules in DRAGON and of their
associated doors.
The n?xt module (SMAC) is used to read in macroscopic mixture cross sections either
directly from the input file or from a standard GOXS format file.9 These macroscopic cross
sections are stored by type in a groupwise hierarchy on the HDB, each record containing
the informations pertaining to every material required in the transport calculations. This
module can also be used to update the cross sections associated with a given mixture.
Finally, an output GOXS macroscopic cross section file can be generated using this module.
The SLIB module uses one or more microscopic cross section libraries, provided they
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have an identical group structure, to compute the macroscopic cross sections associated
with various mixtures of isotopes. There are currently two types of library formats that
can be accessed by the SLIB module: the NJOY10 compatible MATXS format11 and
the DRAGON format. In fact, all the information that is read from the MATXS format
libraries is first interpolated in temperature and dilution before being converted into the
DRAGON format and stored on the HDB. This information is then used to generate the
macroscopic cross sections for each mixture in a form that is compatible with the SMAC
information and stored as described previously on the HDB. Note that the macroscopic
cross sections created by the SLIB module can be updated or modified by the SMAC
module and vice-versa.
The SSHI module is used to perform self-shielding calculations for the resonant isotopes. Because our self-shielding technique requires the fuel-to-fuel collision probabilities
to be evaluated, a tracking calculation must first be performed on a specific geometry
before calling the self-shielding module. Accordingly, the self-shielding module is able to
accomodate the various tracking doors that can be specified in the STRK module. This
module uses a generalization of the Stamm'ler method, which will be described ia more
details in the next section, to perform self-shielding calculations for the resonant isotopes
in arbitrary geometries.12 Once the self-shielded microscopic cross sec.ions for resonant
isotopes are known, they can be used to update the microscopic and macroscopic cross
sections already stored on the HDB.
The SASM module performs the multigroup CP integrations and response matrix
construction in DRAGON via one-group doors. Each door in this module uses the tracking
information generated by the door of the same family associated with the STRK module.
In fact, for each family, two different types of doors can be defined. Their need was
motivated by the possibility to carry out supercell calculations in DRAGON using the
J± technique where it is not always advantegeous to evaluate the complete CP matrix
associated with each geometry. The first type of door we considered returns the complete
CP matrix (doorP) that will be used to solved the one-group fixed source problem via a
default flux door. On the other hand, using the assembly door (doorA), various formats
for the response matrix can be used, including a response matrix for each individual zones
in a cell or supercell. However, the use of this door implies that an associated one-group
flux colution door (doorF) must also be programmed in order to accomodate the response
m-- ix generated by doorA. Note that the module SASM also performs other tasks such
aa normalizing the collision probability matrix when required and computing a residual
matrix R to be used for the variational acceleration of the multigroup flux solver. More
details on this module will be presented in the next section.
The $FLU module solves the multigroup transport equation using the power iteration
method.13 Here, for each energy group, a flux solution to the fixed source (including fission
and diffusion sources) transport equation is first obtained using the adequate flux solution
door (doorF). For eigenvalue problems, an iteratioa process over the fission sources is then
required. Here two cases may be considered. First a standard multiplication constant
(/feff) search can be performed. One can also perform a B\ buckling search with imposed
multiplication constant (A"eff = 1). An inner iteration over the up-scattering diffusion
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sources is also needed in order to obtain an adequate multigroup flux distribution. This
inner iteration is accelerated using a rebalancing and a variational acceleration technique
(see next section).
The SEVO module is used to solve the depletion equations for the various isotopes
present in the cell or assembly. Both in-core calculations, with constant flux or power normalization, and out of core calculations can be considered. Various solution techniques are
used in this module such as taking very short period isotopes at saturation and solving the
depletion equations for the remaining isotopes using a fifth order Runge-Kutta algorithm
or a fourth order Kaps-Rentrop algorithm.1* All the information required for successive
burnup calculations is stored on the HDB. Thus, it is possible at any point in cime to
return to a previous time step and restart the calculations. The burnup chains can be
tsicen either from a cross section library or read in explicitly from input and they can be
modified at all time during the execution.
The SEDI edition module is used for comparison purposes or for the creation of macroscopic and microscopic cross section libraries. As a comparison tool, it is useful when new
techniques are implemented in the driver. These can then be tested in a weil-known environment. It can also be used to examine the changes in the solutions to the transport
equation when modifications in library data or in the calculation techniques for a givea
problem are considered. This module can also be used to generate macroscopic or microscopic cross section libraries which may be group-condensed, or region-homogenized
using the SPH technique to perform a transport-transport or transport-diffusion equivalence calculation.15 This homogenization technique perform a few-group flux calculation
using the standard doors (doorT, doorP and doorA).
The utility module SXSM is used to print or duplicate a specific record on the HDB,
to compare two such records, to combine various records and to generate a ASCII backup
of the database currently in use. The last module that is called in a given execution is the
SEND module which releases the memory blocks still allocated, closes the various data
sets opened during the execution and finally prints the statistics for the job.
3.

NEW FEATURES IN DRAGON

3.1 Response matrix calculations
Three techniques are used in DRAGON to compute the multigroup response matrices
which are required by the flux solution module. First, one can use the PIJ technique
(EXCELL family of doors) where the collision probabilities are integrated for a complete
cell and assembly. In this case, the tracking module performs the discretization for the
various numerical quadratures considered and generates a standard tracking file which
contains all the information required for the CP integration. Once the tracking file has
been generated, a group-by-group numerical integration of the collision probabilities using
the information stored on this file is performed. Two tracking options are available in
EXCELL. First, a standard finite tracking can be performed. In this case, the isotropic
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boundary conditions will then be included in the complete CP matrix using

fg
a

(1)

33

g

where B is an external albedo matrix, pf, and Pfa are the collision and leakage probabilities
and Pf, is the transmission probability matrix in group g. One can also use a cyclic tracking
in which case the collision probability integrator will compute directly the complete CP
matrix (including specular boundary conditions). In this case, rather than tracking a single
assembly, the geometry is unfolded and the tracking is extended to infinity.8
Once the CP have been computed, a group-wise block diagonal response matrix W
which takes into account the within-group scattering cross section is generated:

W = {i - pvvEd3}~1 pvv

(2)

with S^ a diagonal matrix containing the within-group scattering cross sections. The
multigroup linear system to be solved then takes the form:

<?=W(£i<£+E> + 5)

(3)

where <f> and 5 are multigroup and multiregion fluxes and sources vector Y,1, and E" are
lower and upper matrices which contain respectively the down-scattering and up-scattering
cross sections.
One can also use in DRAGON the IC technique (SYBIL family of doors) for rectangular
or hexagonal assembly calculations. Here, one computes the exact CP for each isolated
cell in the assembly. The response matrix W for the assembly is then constructed by
coupling the double-Po (DPO) or doubled (DPI) angular fluxes at the cell interfaces
using Equation (1) and Equation (2) provided that B now contains, in addition to the
external albedos, current coupling coefficients. The final linear system to be solved is
then identical in form to Equation (3) even if the W matrix thus generated may be quite
different from that obtained using the PIJ method.
The last option implemented in DRAGON uses the J± approximation. Here the CP
matrices (collision, leakage and transmission probabilities) are evaluated assuming each
one of the homogeneous zone in the cell and the assembly to be isolated in space. A DPO
or a DPI expansion for the currents at the zone interfaces is then used for coupling the
regions together. One can then construct a response matrix using the same technique
as foi the IC method. However, this reconstruction process is highly inefficient since it
involves the inversion of a large matrix I — [•£"/,] B coupling all the surfaces together. A
second alternative consists in solving the transport equation for both the scalar and angular
fluxes. In that case one associates with each individual zone a set of response matrices of
the form:
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This results in a linearized transport equation similar to Equation (3) where the flux and
source vectors now contain current components <p = {J,,<p)T and S = (0, S)T and where
W, E's and S" are now defined as

In this case, Equation (3) is first solved for the currents, using a sparse LU factorization
of the matrix I, - W, a B. Once computed, these currents are then used as input to the
flux equation.
3.2 Acceleration methods for the flux solution module
The flux solution module of DRAGON can solve, using the corresponding doorF, the
two forms of the transport equation described above in the presence of both fission and
fixed sources. For fission source problems, the resulting eigenvalue equation will require
an iterative solution method. Thus, starting with an approximation for the fission source,
a multigroup solution to Equation (3) is obtained. The sources are then updated after
each power iteration until convergence is reached on the eigenvalue. Note that the solution
of the multigroup fixed source problem also involves an iterative technique to take into
account neutron up-scattering. This inner iteration has been accelerated using two different
techniques. First, a standard multigroup flux rebalancing method has been implemented.
We also used an iteration dependent over-relaxation parameter w(n) according to:
0(n + l) = f(n) + w(n)A{n)
A(n) = f(n)-t(n)
f(n) = W(S',f (n) + SJ0(n) + S)

(5)
(6)
(7)

where <p(n) is the n th approximation for the current-flux vector, F(n) is obtained by solving
Equation (7) and ${n + 1) is the next approximation to the current-flux vector. Here,
vj(n) can be computed using a variational principle where it is chosen in such a way that
0(n + 1) = f (n) -t- uA(n) minimizes the functional from which Equation (3) is derived.
After some algebra, the following expression for w(n) is obtained:

R* = B(A(n) - W[S',A(n) + £?A(n)])
RF = B(f(n)-W[i?+£if(n) + Ejf(n)l)
where B is an arbitrary invertible matrix. In the case where Equation (3) is solved for
the fluxes only, B is chosen to be the identity matrix while for cases where current-fluxe
solutions are considered we have selected:

1-183
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is such a way that the matrix inversion required in the evaluation of W in Equation (4) is
avoided. In DRAGON, doorR is used to evaluate the residual vectors RA and Rr
3.3 Self-shielding method
In DRAGON, the self-shielding calculations for resonant isotopes in arbitrary geometries are performed using the generalized Stamm'rer method.12 This technique is based
on a 3-terms rational expansion for the infinite lattice the fuel-to-fuel collision probability
(Pxx(*0) in each resonant group g:

where u is the lethargy and £'(«) is the total macroscopic cross sections for resonant isotope
x. The coefficients a£ and ££„ provide 5 degrees of freedom since the a£ coefficients add
up to 1. Once these coefficients have been evaluated, we compute the averaged microscopic
escape cn.«a section using

where iV* is the number density of the resonant isotope. The a% cross section is then u^ed as
a dilution parameter to interpolate all the effective resonance integrals in the cross section
library. The corresponding multigroup self-shielded cross sections are finally obtained bydividing these resonance integrals by the averaged fine structure function in each group. In
the case where many resonant isotopes are present, an iterative process is required where
successive self-shielding calculations are performed for individual resonant isotopes using
self-shielded cross sections for all the other isotopes. This procedure is repeated unu! the
self-shielded cross sections associated with all resonant isotopes have converged.
For self-shielding calculations, the probability pxx{u) can be extracted from the pvv
matrix of Equation (1) when it is available (PIJ and IC method) When the J± method
is used, part of the reconstruction process in Equation (1) is avoided since only the p n ( u )
probability not the complete pvv matrix, is generated.
3.4 Homageniz&ticn procedure
In DRAGON, we have implemented a homogenizatioE procedure foi the cross sections
and the fluxes based on the SPH technique using both transport-transport and transportdiffusion equivalence calculations. The SPH technique is needed to insure consistency
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in the reaction rates for the homogenized macroscopic cross sections associated with a
simplified geometry and those obtained for a complex geometry. A few group transport
or diffusion calculation in the simplified geometry with homogenized cross sections is first
performed. New reactions rates are then evaluated and compared with those obtained
using the initial transport calculation in the complex geometry. !n the cases where there
are discrepencies between the reaction rates, SPH homogenization factors are computed and
used to normalize the homogenized cross sections. A new step in the iterative procedure
is then undertaken using these new cross sections. The iterative procedure is stopped
when the discrepencies in the reaction rates have all been removed. In DRAGON, all the
transport calculations in the simplified geometry are performed using the same collision
probabilitys routines that are used for the main transport calculations.

Figure 2: CANDU cell geometry where the fuel is located inside sets of 1, 6, 12 and 18
rods. Each one of these rods is subdivided into three concentric annular regions, the fuel
being located at the center. Regions I to IV represent the total fuel inside each set of rods
and region V is the moderator region.

4.

NUMERICAL RESULTS

In this section we present some of the calculations that were performed to illustrate
the performance of the various technique we implemented in the code DRAGON. We
considered the reflected CANDU cluster made up of 37 fuel rods illustrated in Figure 2.
The last two regions in the cell were subdivided respectively into two and 10 independent
subregions to ensure that spatial convergence in the flux solution is achieved. We used
a 69-group microscopic cross section library and we performed a self-shielding calculation
in the exact geometry using the generalized Stamm'ler method. All of our calculations
using the J± technique involved a 5-point Gauss-Jacobi quadrature in the annular regions
and a mixed 12-point and 5-point Gauss-Legendre quadrature for the cluster regions. For
the PI J reference calculations we used 163 equally spaced tracks for each of the 11 angles
considered. All the calculations were performed on an IBM ES-9000 computer.
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Let us examine first the self-shielding calculations. Here, the fuel-to-fuel probabilities were evaluated using both the CP method and the DPI and DPO approximation <A
J~ technique. The CPU required for self-shielding in the exact geometrv is 228.3 s using
the PIJ method while repeating the same calculations using the Jt technique took a maximum of 7.5 s. The results we obtained for Keff, the volume averaged flux error (VAE)
and the CPU for self-shielding and that for flux calculation (including tracking, integrating
the collision probabilities and solving the flux equation) are given in Table 1 Note that
a self-shielding calculation using the CP method is nearly two times slower than the flux
solution using the same technique. Using the J± method, a reduction by a factor of around
30 in the CPU time required for the same calculation is observed. As one can easily see,
the J± technique (Case 4 and Case 6) can be used very effectively to perform self-shielding
calculations .
For the flux circulations, the DPI approximation of J± method still gives adequate
results (Case 2) ven though it does not perform as well as for self-shielding calculations
(Case 4). However, it is very fast and it results in a value of K^ which is within 4.1 mk
(Case 5) of that obtained using the reference calculation (Case I) with a volume averaged
error on the fluxes of 0.97%. As for the DPO approximation (Case 3 and 7), it is much less
precise.
Table 1: Kea, volume averaged error (VAE) and CPU time for CANDU cell.
Case
1
2
3
4
5
6
7

Calculation Options
Self-shielding Flux
PIJ
PIJ

PIJ

DPl-J±

PIJ
DPW±
DP1-J*
DP0-J ±
DP -J±

DPC-J±
PIJ
DP1-J±
PIJ
DP0-./ ±

<2PU (S)

1.1205
1.1151
1.1108
1.1218
1.1164
1.1215
1.1118

VAE (%)
reference
0.93
2.95
0.04
0.97
0.03
2.98

Self-Shielding
228.3
228.3
228.3
7.5
7.5
6.6
6.6

Flux solution
122.4
25.6
21.6
122.4
24.8
122.4
22.6

Total
350.7
253.9
249.9
129.9
32.3
129.0
29.2

The relative errors on the thermal (group > 27) and fast (group < 27) fluxes in the
cell are presented in Table 2. One can bee that the DPl-J± fluxes are very close to the CP
flux with a maximum error of 6.9% arising in the regions with the lowest integrated flux.
In the moderator region (largest integrated flux) the errors are smaller than 1.05%.
5.

SUMMARY

The structure of the code DRAGON is such that it is easy to use for day to day
calculations but versatile enough that it can be upgraded without too much effort as more
advanced techniques are made available.
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Table 2: Relative error on the flux in various zones of the cluster.
Volume Integrated
% error on flux
Group
Region
cm2
PUflux DP(W ± DPl-J±
Fast
I
1.1602
0.2202
10.62
6.90
II
6.9611
1.3009
9.40
5.69
III
7.64
13.9222
2.4943
3.77
4.37
IV
20.8834
3.4105
0.20
V
680.1990
56.8064
-0.88
-0.63
Thermal I
1.1602
0.1486
-4.33
-4.59
II
6.9611
0.9250
-2.99
-3.21
-1.07
13.9222
2.0315
III
-1.19
1.94
2C.C?34
3.5638
1.96
IV
189.3570
4.76
V
680.1990
1.05
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ABSTRACT
Large industrial computer CEA codes in the fiela of scientific
computing - mechanics, thermohydraulics, neutronics - are decomposed
in sets of separate modules. Each module performs a well-defined task
and all information exchanged by the modules are contained in data
structures, taken as input or given as output. The advantage of this
structure is the great flexibility offered to experienced user to
solve a large number of different problems, but to choose, order,
monitor large sequences of modules and understand what each module
requires as input and output is out of the interest of the common
user. Our aim is to conserve entirely this flexibility in dealing with
knowledge relevant from scientific or technical fields and not from
the code itself. The first part of this paper describe the three main
steps of our software : specification phase, generating algorithm,
translation in code command language. The second part describes how we
can obtain explanations from the modelization of operators and from a
particular representation of the internal structure of the generated
plan (triangular table) that lead to a generalization allowing
synthesis of sequences of operators or the transformations of the
total order of the generated plan in a partial one. Our software is
the first part of modular codes supervisor. It was applied to CRONOS,
neutronic reactor core code, which has the command language GIBIANE.
It will be extended to our reactor calculations supervisor, SAGA,
using the ensemble of the codes developped by CEA/DMT/SERMA.

INTRODUCTION
Developments of computational structural mechanics
and, more
generally, of scientific calculations have gone in parallel with
developments of computers. At the beginning, twenty years ago, users
prepared the data above all in numerical form, and very often, users
themselves wrote a program to solve a given problem. Then, with the
increasing power of computers, problems became more complex, numerical
methods and information processing more sophisticated and now, many
users will solve a great diversity of different problems using the
same computer code developed by a team of specialists. For this new
context, a new generation of codes is born.
The computer codes CASTEM 2000, TRIO and FLICA 1 in the field of
fluid mechanics and thermohydraulics or CRONOS 2 or APOLLO 3 in the
field of neutronics developed by the CEA/DMT belong to this
generation.
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These large programs are decomposed into elementary processes or
modules, A module is built to make a well defined and simple task.
Each module is developed independently of the others and can be
combined with the others. The information structures used or created
by a module are visible wherever they are used or created. There is no
hidden data.
Each structure of data is only referenced
elementary use of a module i3 in the form :

by

its

name. Tf>e

Stcl, Stc2, _, Stem « MOD Stul, Stu2, _, Stun;
Where :
Stcl, Stc2, ..., Stem are the names of created structures.
Stul, Stu2, ..., Stun are the names of used structures.
MOD is the name of the module.
The execution of a sequence of modules is monitored by a command
language GIBIANE* , whose job is to convert the names into
computationabie entities.
The code's user doesn't adapt his problem to a rigid mould but
"programs" with conditional instructions (IF THEN._ELSE_.ENDIF) and
loops (DO WHILE...END) the sequence of necessary modules, chosen in the
set of available modules, to obtain the wanted results. In order to
"program" correctly, the user is forced to know not only the function
of each module but also the created and used information structures
for each elementary step of the calculation.
Our aim is to ask the user only to express his particular problem
and to suppress the programming phase that is outside his scope. At
the present time, this work is limited to building a tomatically, from
the statement of a particular problem by a user, a program in the
GIBIANE language that solves this problem.
This work only describes the preprocessor part of supervisor of
modular codes which have GIBIANE command language. In SAGA, our
supervising system able to perform a complete reactor calculation
using the ensemble of codes developped by CEA/DMT/SERMA, the program
should be built in another language.

AUTOMATIC SYNTHESIS OF A PARTICULAR PROGRAM
OVERVIEW
The code is like a box of bricks - bricks are modules - and GIBIANE,
the command language, allows the bricks to be assembled in order to
build a new program to solve the problem of the user.
To
1.
2.
3.

build a such program, it is necessary to have :
The capacity to state the problem to be solved.
The knowledge and the experience to define the proper algorithm.
The knowledge to program this algorithm in the command language.
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These three requirements determine the three parts of an automatic
system :
1. Get and understand the statement of a problem.
2. Build the algorithm.
3. Translate the algorithm into the command language.
A diagram of the system is shown in figure 1.
THE DIFFERENT PARTS
The first two parts are critical. An analogy between programming and
generating plans - an AI technique - is the starting point of the
method. Namely :
To program is to find the algorithm - the sequence of instructions that leads from the initial state - the problem's statement, to a
final state - the problem's solution.
To generate a plan is to find the sequence of actions that change a
given state of the world into an expected one : the goals.
The objective is the same but in the case of plan generation the
results is the sequence constructed from general
methods and
"knowledge" about actions. Knowledge about actions is restricted here
to know the state in which an action can be applied and the state
resulting after this action is performed. So each action is
characterized by three entities :
- Preconditions : a conjunction of predicates. An action is
applicable to a given model only if its preconditions are
satisfied.
- Effects : A delete list and an add list of predicates. The effects
of applying an action to a given model is to delete from the model
all the predicates of the delete list and to add to the model all
the predicates of the add list.
This characterization i3 elementary and can be enriched.
The elementary instructions of the command language are the modules.
Modules are represented as actions. Preconditions are the model of the
input data structures and of the particular conditions for using the
module. The add list i3 the model of the output structures (created by
the module) and delete list is the model of data structures deleted or
whose content is modified by the module.
A module is represented by :
MODULE (xl, x2, x3, x4) <

> preconditions :
structl (xl), struct2 (x2), struct3 (xl,x3))
additions :
Struct4(xl,x4), struct5<x5,x2,x3)
deletions :
structl(xl)

The model of the final state is a conjunction of predicates. These
predicates represent the structures containing the results of the
computations.
Using this elementary model it is possible to generate a sequence of
modules.
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Redundancies are avoived by the regression mechanism of the plan
generator. For example, in the neutronic reactor CRONOS code, "flux"
is the; output structure of the SIMP module, "power" is the output
structure of the EDITNEPT modul?; the generated sequence of module is
the same if objective is to calculate "flux and power" or "power"
only.
In example (CRONOS code) each action and its arguments represent a
module in the generator.
Example 1 :
GEOX(geoxh)
INIE{inie,geoxh)
FEM(fem)
ELEM(elem,inie,geoxh)
MACR{macr,geoxh,inie)
PROF (prof, geoxh, fern, inie, elent)
MATR(matr, gecjch, fern, inie, elem,macr, prof)
LDLT(matr,g^oxh,fern, inie,elem,macr,prof)
MATS(mats,geoxh, fem, inie, elem,macr,prof)
INIF{inif,prof,geoxh,fem,inie, elem)
SIMP(simp,inif,prof,geoxh,fem, inie,elem,matr,mats,macr)
EDITNEPT (editnept,macr,fem,geoxh,inie,elem,prof,inif,simp,
matr,mats)
The second kind of instructions to modelize is iterative loop. These
loops are mada of three actions : a TANT QUE (WHILE), a particular
module MOD, a FIN TANT QUE (END WHILE). These three actions act on the
predicate which represents the structure modified by the loop. This
structure contains the initial value before the beginning of the loop,
the current value inside the loop, the final value after the loop.
Schematicaly we have to create a tree like this :
addition

struct (..., final variable,-)

FIN TANT QUE

additiontant-que
preconditions struct (_, current variable,..)

struct(_, variable,-)

TAKT QUE

preconditions

initial conditions
struct(_, initial value,-)
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struct(-, current variable,-)
I

Two partial plans are generated : first one to satisfy the TANT QUE
preconditions, second one to satisfy the MOD preconditions after the
TANT QUE action and before the FIN TANT QIJE action. These partial
plans are optimised by the generator : if the current variable is not
in arguments of a module this module is inserted.in the first partial
plan; all the modules of the second plan have current variable in
their arguments. This optimisation is made by the generator which
gives to this current variable a "degree" different from zero and uses
the following rule : if d is the maximum of degrees of variables of
action arguments and d' is the maximum of degrees of variables of goal
arguments, and if d<d', the goal is deleted by the action. These
actions which dynamically generate loops are particularized from the
problem specification by the user.
Example 2 : in CRONOS o d e , an iterative calculation of neutronicthermohydraulic feed-back.
GEOXH(geoxh)
THERMI(therm)
FEM(fem)
TANTQUE-thermUdent 2,uf (vide), u (vide), uu (vide), inie)
INIE(u(vide),geoxh)
ELEM(elem,u(vide),geoxh)
MACR(macr,geoxh,u(vide))
PROF(prof,geoxh,fem, u(vide),elem,)
MATR(matr,geoxh,fem,u(vide),elem, macr,prof)
LDLT(matr,geoxh,fem,u(vide),elem,macr,prof)
MATS(mats,geoxh,fem,u(vide),elem,macr,prof)
INIF(inif,prof,geoxh,fem,u(vide),elem)
SIMP(simp,inif,prof,geoxh,fem,u(vide),elem,matr,mats,macr)
EDITNEPT (editnept,macr,fem,geoxh,u{vide),elem,prof,inif,simp,matr,
mats)
THERM (uf(vide),u(vide),uu(vide),therm,editnept,macr,tern,geoxh,
elem,prof,inif, simp,matr,mats)
FIN-TANT-QUE-therm(ident 2,uf(vide),u(vide) ,uu(vide))
The MOD module is THERM.
Inside the loop it is possible to execute others calculations (one
module, sequence of modules ,another loop_). These calculations are
specified by the user in the first phase. Others preconditions, which
are not necessary for the initial loop, trigger the generation of
partial plans. This mechanism can generate nested loops.
SPECIFICATION PHASE
The first part is to translate the user's problem into a "well
posed" problem for the plan generator of the second part. A problem is
"well posed" when all the information useful to the generator has been
established : the description of the initial state - specification of
the problem - and the description of the final state - results of the
problem - in the form of goal3 to be satisfied by the generated plan
but, also, all the necessary information to guide the search of the
plan generator.
This first part is like an expert system whose knowledge is of two
kinds : knowledge of problems that can be solved by the code and
knowledge of the way used by the generator to build algorithms. By
means of a dialog in the user's jargon this expert system determines
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the proper conditions of the problem and indentifies the sub-problems
of the main problem.
We use the possibilities in SPIRAL 5
of an object-centred
representation in order to represent schemata of computations. The
system (by means of daemons) aslcs the user only the questions
resulting from the previously obtained part of the specification and
builds a tree whose nodes are instances of abstract computation
schemata. With the information recorded in these schemata the system
is able to state the goals and to give a more specific form to general
actions.
This part is divided into three steps :
- build the tree representing the structure of the problem,
- ask. the user to validate the understanding of the problem's
specification,
- translate the complete specification into predicate form and add
it to the knowledge base of the generator.
GENERATING ALGORITHMS
The second part consists in the generation of the plan representing
the algorithm. The plan generator is of the STRIPS 6 and WARPLAN 7
family using "means ends analysis" and "regression". The generated
plan is totally ordered. In* we reported that this system enables the
construction of a sequence of instructions in GIBIANE's syntax which
meet a user's specification. The generated "program" includes loops
correctly nested and optimized but does not include conditional
instructions. Such conditionals instructions (or actions) can, in fact
be defined and treated with a method due to WARREN* but the two parts
THEN and ELSE, once split after the IF <q), never join at ENDIF (q).
TRANSLATION IN GIBIANE LANGUAGE
Last phase, the least difficult, is to translate the generated
algorithm in GIBIANE syntax and to get particular data for each
module. In our model only the translation is made.
Figure 2 is the translation, in GIBIANE syntax, of two nested loops
(feed back neutronic-thermohydraulics during depletion).
REASONING ABOUT GENERATED PLANS
In order to generate correctly the two parts THEN and ELSE joining
at ENOIF and containing only the minimum of instructions, we must
extend the triangular table method of FIKES£.
After a plan is generated, FIKES et al. propose representing the
internal structure of this plan in a triangular table. The actions are
put in the diagonal cells of the table and the set of predicates preconditions of the action of the jth row added by the action of the
ith column - is put int the cell (i,j).
It is possible with this table to explain :
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- How an action become applicable.
Because its preconditions are added by the actions corresponding
to the columns of the non-empty cells in the row of the action.
- Why an action has been introduced in the plan.
To satisfy the preconditions of the action corresponding to the
row of non-empty cells in the column of the action.
REASONING ABOUT THE ORDER OF ACTIONS
The triangular table explains well the part taken by each action in
the plan but it is not enough to explain the order of the actions.
Arbitrary constraints are introduced by the total order and a major
limitation of totally ordered plans is that several plans can be
identical except in the order of the actions. We have proposed8 a
method to transform a totally ordered plan into a partially ordered
one by explaining all the order constraints between the actions, so
unnecessary constraints can be removed. The totally ordered initial
plan is a particular case of the partially ordered one.
Actions in a plan are ordered in two cases :
1. If the ith action adds a precondition of jth action then i is
before j.
2. If the kth action deletes a precondition of the jth action added
by the ith then k is outside the interval (i,j].
In the first case deducing the ordering constraint from the
triangular table is straightforward but in the second case this
representation is not sufficient. We added information about
destructions to the table 1 " so that all ordering constraints can be
deduced.
The partial order between actions can be represented by a directed
graph whose adjacency matrix is deduced from the "augmented table".
The total order is a particular complete extension of the partial
order by introducing arbitrary constraints.
This result leads us to point out 11
how the model of instructions
in STRIPS form makes it possible to "reason" about the generated plan
and :
1. Generalizing the order of actions become possible from
explanations of the order. This partial order can be exploited as
a precedence diagram to optimize computational ressource
allocation.
2. Generalize the instantiated plan obtained by replacing constants
by parameters. Over - and undergeneralisation are overcome by
taking into account the internal structure of the plan.
Generalized part of a plan can be considered as macroinstructions (or subroutines). They are stored in the same form
as elementary instructions (with preconditions, additions and
deletions) and used to solve (more rapidly) further problems.
For example, it can be useful to generalize the interior of a loop
or an inner loop in the case of nested loops.
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Finally, the partial order makes it possible to correctly introduce
conditional instructions.
CONDITIONAL PLANS
PRINCIPLE
With WARREN'S method to generate plans with conditional instructions
the problem is that, in fact, two plans are obtained. The first plan
T(q) is entirely generated and contains the instructions of the THEN
branch corresponding to the condition q and the second plan T(q) is
partially generated by backtracking to the first action depending of q
in the first plan and contains^ the instructions of the ELSE branch
corresponding to the negation 3 of the condition q. These two pla.is
are not directly comparable because their order is overconstrained.
With the method described above we can associate with each of these
two plans the graph of their partial order and search in these graphs
for the identical actions that can be ordered before and after the two
branches of a test. So we obtain IF (q) THEN branchl ELSE branch2
ENDIF (q), where branchl and branch2 now contain only the minimum of
actions.
DEFINITIONS AND PROPERTIES 12
Let G(X, U) be a circuit free oriented simple graph, X is the set of
vertices and U is the set of oriented edges.
In such a graph, there is at least one vertex without a predecessor.
A baSO of a graph is a subset B of vertices satisfaying the two
conditions :
- For all j € X - B, there is an i € B such that a path eicists
between i and j.
- There is no path between two vertices of the base.
We call the vertices of the base the "sources".
A antibaS0 of a graph is a subset A of vertices satisfaying the two
conditions :
- For all i e X - A, there is a j €
between i and j.

A such that a path exists

- There is no path between two vertices of the antibase.
We call the vertices of the antibase the "sinks".
In a circuit free graph, the set of vertices without a predecessor
is the one and only one base and the set without a successor is the
one and only one antibas*.
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ALGORITHM
Let G and G* be graphs of the partial order associated to T and T*.
Each of their vertices of them represents an instruction. The
comparison algorithm is in two parts.

First part :
- At each step i, compare base B Gl of Gj. and BG.t of G*i. Delete the
vertices of B ^ and of BG.t corresponding to the same instructions.
Let Gi»i and G*i»j be the resulting graphs.
- Stop at the pth step when no vertex of B Gp and of BG.p represents
the same instruction.
The deleted instructions are the instructions in common before the
test.
The instructions of B Cp will be in the THEN part of the te3t and
those of BG« P in the ELSE part.
All instructions of Gp - B Gp are ordered after those of B Gp and are
the instructions ordered after or in the THEN part.
In the same way, all instructions of G*p - BG> P are ordered after
those of BG.p and are the instructions ordered after or in the ELSE
part.

Second part:
Let Gp and G*P be the graphs at the end of the first part.
- At each step j, compare antibase Acp,3 of GP,j and AG«p<.j of G*p»j.
Delete the sinks corresponding to the same instructions. The
resulting graphs are Gp»j*i and G * ? . ^ .
- Stop at the qth step when no vertex of A Cq and Ac.q represents the
same instruction.
The vertices of Gq are the instructions of the THEN branch and those
of G*q the instructions of the ELSE branch.
The deleted vertices are the instructions in common after the test.

Remarks :
- The algorithm's complexity is polynomial.
- The order of the two parts of the algorithm are arbitrary. The
instructions in the THEN and ELSE branches are the same but if we
begin with the first part then the instructions not ordered
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relative to the one in the test are in the common part before the
test and if we begin with the second part then those instructions
are in the part in common after the test.
THE SAGA SYSTEM
The DMT/SERMA softwares form a powerful, flexible package but
heterogeneous. These softwares differ in programming languages
(FORTRAN, ESOPE, C _) , command languages (GIBIANE, KEYWORDS _ ) ,
computers (mainframes, workstations ...), operating systems, fields
(neutronic, protection, thermohydxaulic, artificial intelligence, data
base ...) . Increasing complexity of these softwares by their number and
theirs possibilities, arrival of workstations, networks, multiprocessors make user's task more and more difficult.
It is, now, necessary to design a calculation supervisor able to
perform a complete reactor calculation using the ensemble of codes
developped by DMT/SERMA. It will be SAGA. We'll use oriented object
technics, data base, graphic user interface and our above described
software. It is already possible and necessary to apply this last one
to each of the reactor physic codes like APOLLO, CRONOS and FLICA with
GIBIANE as command language. For SAGA it is necessary to specify a
command language not only able to chain codes and other processings
(access data base postprocessor and so or.) but also to permit
attribution of necessaries resources for execution.

CONCLUSION
The aim of this study was to develop AI methods able to suppress the
programming phase in using computer codes such as CEA/DMT codes with
GIBIANE as the command language. Preprocessor, first phase of an
intelligent supervisor1^ , can be built by adding the specific
knowledge about each of these codes and by specialising for each of
them the general methods described above. The second phase will be
execution control. This work has to be extended to supervise reactor
calculations in the context of SAGA.
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Syntactic
Knowledge about
command language

struc3 -

GEO:: atruc2;
struc2 is the proper data structure of GEOX module.

scruc6 -

THERMI struc5;
3truc5 is the proper data structure of THERMI module.

struc9 -

FEM strucS;
struc8 is the proper data structure of FEM module,
strucll is the initial data structure of TANTQUE-end.

*** The two loops modify the same structure strucll •**
REPETER TANT QOE ident2;
REPETER TANT SUE ident3;
strucl4 - IKIE strucll struc3;
strucl7 - ELEM struc3 struel4 struc 16.
strucl6 is the proper data structure of ELEM module.
struc20 - HACR struc3 strucl9;
strucl9 is the proper data structure of MACR module.
struc23 - PROF struc9 strucl7 struc22;
struc22 is the proper data structure of PROF module.
struc28 - LDLT struc26 struc23;
struc26 is the proper data structure of LDLT module.
struc31 struc32 - MATS struc3 struc9 strucl7 strucl4 struc20
struc23 struc30;
struc30 is the proper data structure of MATS module.
struc35 « INIF struc9 struc23 stuc34;
struc34 is the proper data structure of INIF module.
struc38 struc39 - SIKP struc23 struc28 struc3l struc32 struc35
struc37;
struc37 is the proper data structure of SIMP module.
struc42 • struc3 strucl4 struc9 strucl7 struc20 struc23 struc38
struc41;
struc41 is the proper data structure of EDITNEPT.

*** strucll is modified by th THERM module at each iteration ***
strucll - THERM strucl4 struc6 struc42;
FIN ident3;

*•* strucH

contains state at the end of the inner loop and will be
modified by the EVOL module (depletion) at each iteration

strucll - EVOL strucl4 struc42:
FIN ident2;
Figure 2
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A COHPUTER MODEL OF EX-CORE TO IN-CORE FLUX MAP CALIBRATION
Patrick S. Lacy, James S. Rapp and Don Hodges
Utility Resource Associates
Rockville, Maryland
ABSTRACT
A computer model was developed and applied to simulate ex-core to in-core flux
map calibrations. The work to generate the results was performed in two
steps:
1. Develop a computer based simulation of ex-core neutron detector response
to in-core power distributions.
2. Determine the impact on ex-core detector responses to changes in core
conditions or to materials between the core and the ex-core detectors.
The first step provides a tool for computer simulation of the ex-core detector
to i.I-core power distribution calibration process. The second step determines
ex-core to in-core calibration parameters and specifically determines what
core design and operating changes cause significant impact on these
parameters. The computer model was developed and benchntarked against
Westinghouse PWR ex-core to in-core calibration results. The results of
investigation show that only extensive control rod motion during a calibration
cause the calibration parameter to change significantly. This leads to the
conclusion that in performing ex-core to in-core calibrations, the range of
control rod motion must be applicable to the reactor conditions planned during
the period the calibration is in effect.
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INTRODUCTION
The reactors modeled for this analysis have eight ex-core neutron detectors
placed outside the reactor vessel - four monitoring the core upper half and
four ironitoring the core lower half. The detectors are in pairs (upper and
lower) to form a channel and each channel monitors a core quadrant.
The ex-core detectors monitor the core power distribution parameters of axial
offset (AO) and quadrant power tilt ratio (QPTR) and total core power.
Technical specifications require periodic calibration of the ex-core detector
instrumentation system which provides the signals to generate these
parameters. The calibration is done using in-core moveable detectors to map
the core neutron flux and hence power distribution. The power distribution
then provides in-core AO values against which the ex-core detector signals are
calibrated. The definition of AO is:
PT

~ Pa

A O = 100 -1
PT

* PB

Where P T is the fraction of core power in the top half of the core and P a is
the fraction in the core bottom half.
METHODOLOGY
The model is based on a nodal code similar to EPRI NODE P2 (Reference 1)
linned to a neutron attenuation module. The core model is three dimensional
and represents each fuel assembly in an XY grid with 12 axial nodes. Each
node in the 3D array has neutronic parameters to account for fuel enrichment,
temperature, xenon concentration, soluble boron, burnable absorbers, control
rod presence, and burnup. These models are known to compute satisfactory core
power distributions in response to control rod motion, xenon transients, and
core burnup.
The neutron attenuation from core to ex-core detectors is represented by the
point kernel formulation,
-t, Bn.d

e
4nR2n.d
Where:
R is the distance from a core node n to a detector node d
Z R is the neutron attenuation cross section formed by weighting the
material attenuation cross sections along the path n to d.
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The neutron attenuation cross sections are for neutrons greater than 1 Mev.
The attenuation cross section for HgO includes a distance dependence to 40 cm
of H»0. These constants are given in Reference 2. Ths computer code performs
the double integral to account for the contribution by node of all nodes in
the core to all nodes in the detector to obtain the total detector response.
The calibration parameter of interest is called A C , which is obtained in the
following manner. The traditional approach to calibration is to take a number
of in-core flux maps - usually three or four and sometimes more - and obtain
the ex-core detector currents during the in-core mapping. The in-core AOs and
corresponding currents from each of the eight ex-core detectors are then fit
assuming a linear dependence of current on in-core AO.
The straight line equations of current (I) to AO are:
lk - (B O k * B, k

^

Where: k « T or B for Top or Bottom detector of each channel
P c • the percent of core thermal power
Define:
D

B tT
C1T = —

D

and

C1B =

IQ

~

AC, * C1T - C1B
The above calibration parameter has been calculated from measured AO, lk and
Pc sets for 25 PWR units with over 100 burnup cycles during which
approximately 500 calibrations have been performed. These calibrations have
used the above described approach - the multi-point method. The authors have
been involved in these calculations for the purpose of implementing a new
methodology based on using one flux map to perform the ex-core detector to
in-core AO calibration. This is called the one-point mtchod and was first
developed by Roger Blake for the Salem units of Public Service Electric and
Gas (Reference 3 ) .
The one-point approach is dependent on the stability of the A C , parameter
with changes in core reload design and reactor operating condition. Thus, it
is of interest to determine what reactor design and operating parameters and
ex-core material changes cause A C , to vary.
The computer model described above was developed for this purpose and tested
first against data from the Prairie Island units and then a four loop unit.
The analysis of the Prairie Island calibration data was reported at an earlier
ANS meeting (Reference 4 ) .
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The Prairie Island analysis and analysis from the other 23 units in the
one-point data base show that the scatter in the measured A C , parameter has a
standard deviation of approximately 5%. Furthermore, analysis shows that at
approximately two standard deviations (+ 10% in A C , ) the calibrations begin
to show degradation in the ex-ccre AO compared to in-core AO.
Thus, the purpose of the work is to determine design and operating changes
that result in ACi changes less than 10% or greater than 10%.
The computer calculations were executed in the following sequence:
1. Simulation of an ex-core to in-core flux map calibration to establish
the computer model tested against operating reactors. This test was
performed first using data from the Prairie Island units and then a four
loop unit.
2. Simulation of reactor operating and design changes as well as core to
ex-core path material changes to test the A C , calibration parameter.
These simulations were done using the four loop unit model. The four
loop unit was used since the core fuel and control rod patterns are of
more interest to the problems of concern.
SIMULATION OF AN EX-CORE TO IN-CORE FLUX MAP CALIBRATION
The nodal code was used to perform a xenon transient from the equilibrium
xenon condition with an AO close the target AO of approximately -2.0%. The
xenon transient was initiated by insertion and withdrawal of the controlling
rod bank. The xenon and core AO transient were followed for approximately 24
hours. The resulting AO swing is approximately 16% - ± 8% about zero. Four
sets of core power distributions (representing four in-core flux maps) were
obtained during the transient following withdrawal of the controlling bank.
The neutron attenuation calculation was performed to obtain the ex-core
detector response to the core power distribution at each of the four simulated
flux maps during the transient. The detector output currents were assumed to
be proportional to the neutron flux summed over the detector volumes.
The results of this base case calculation are shown in Figure 1 which is the
traditional display of the in-core AO and ex-core detector current (I) data
made following the ex-core to in-core calibration procedure. The current has
been arbitrarily normalized to 100 at an A0 of zero. These results show the
linear response of the ex-core detectors to core A0 over the typical operating
AO band. The calibration parameter A C , value calculated from this data
matches well against the beginning of cycle value for an operating reactor.
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Next the model was used to perform the following tests of \c. stability.
-

Variations in core axial power shape
Detector axial positions
Detector radial location
Amount of steel between core and ex-core detectors
Changes in inlet temperature
Use of natural uranium axial blankets
Controlling rod bank position
Use of permanent absorber rods to reduce vessel fluence

Results in terms of the A C , parameter and percent change from the base case
\C ; are given below.
DETECTOR POSITION CHANGES
Detector axial separation increased by one foot.
A C , - 0.0156

+ 20%

Detectors further from the core by one foot.
A C , » 0.0123

- 5.4%

These results show the sensitivity of the calibration parameter to detector
position and were done to confirm that the computer model conforms to
theoretical expectations. Detectors at the core top and bottom which see only
top and bottom core neutrons, respectively should yield a A C , of 0.02 and
detectors far from the core should both see a point source and A C | of zero.
VARIATIONS IN AXIAL POWER SHAPE
End of cycle burnup axia" power shapes were generated where the core mid
region power decreased by 20% relative to the beginning of cycle power
distribution.
A C , « 0.0123

- 5.4%

A A C , variation of ±3% over burnup cycle is typical of measured data.
ADDITION OF STEEL PLATES
The amount of steel between the core and ex-cores increased by 60%
A C , - 0.0136

+ 4.6",

This case was done to show the sensitivity of the calibration parameter to
heavy materials between the core and ex-cores.
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CHANGES IN INLET TEMPERATURE
The inlet temperature was decreased by 15*F and then 30*F.
15'F A C , - 0.0131

+ 0.8%

3O'F A C , . 0.0133

+ 2.3%

These cases show that the A C , parameter is stable during a power coastdown in
which the inlet temperature is decreased. However, the number of neutrons
reaching the ex-core detectors decrsases sufficiently that the AO-0 intercepts
have to be redetermined during the coast down of the above size.
USE OF AXIAL BUWKETS
The use of six inch natural uranium blankets at top and bottom of the core
A C , - 0.0132

+ 1.5%

The data base of measurements includes fuel cycles with natural uranium
blankets. No change of A C , has been observed for these designs compared to
burnup cycles of the sa.ne core without natural uranium blankets.
CONTROLLING ROD BANK POSITION
Calibrations were done with the controlling bank at different positions to
start xenon transient and then during the xenon transient. Four maps are
simulated. The first map is at equilibrium xenon. The three maps which
follow are taken during the xenon transient at times similar to actual
measurements and which yield AO swings of approximately 16 to 20 AO units.
Base Case - All rods out for the first map, then the bank at 190
steps to start the transient and then all out. This is the Figure 1
case.
Bank at 160 steps then all out - Same as base case except that
deeper rod insertion was used to initiate the transient.
A C , - 0.0132

+ 1.5%

Bank at 190 steps for the second map and then withdrawn to 209 steps
for maps 3 and 4. The first map is all rods out.
A C , « 0.0137

+ 5.3%

Bank at 190 steps for the first map, 152 for the second map, and
then 190 steps for maps 3 and 4. These maps are depicted on Figure
2. Note the scatter in the data about the best fit line.
A C , * 0.0147

+ 13%
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These results show
calibration is not
insertion limits.
significant change

that the position of the controlling bank during the
a critical factor with the bank near the power dependent
However, deep rod insertion below these limits can cause a
in the calibration parameter AC,.

The consequences of this dependence of the calibration parameter on rod
position is that an ex-core/in-core calibration made with deep rod insertion
and used for operation with rods above the insertion limits (=180 steps) will
result in errors built into the ex-core AO parameter. On the other hand, use
of an ex-core/in-core calibration with rods near the all out position will
also result in errors in the AO parameter for deep rod insertion. This work
indicates that there is no best calibration to cover both the operating regime
and a region with large AO (say -20% - normally outside the operating band)
caused by deep rod insertion. Calculations of the ex-core axial offset show
that use of a calibration made with rods high in the reactor causes less error
in AO if applied to conditions with rods deeply inserted, than does the use of
a calibration made with rods deeply inserted and used for the normal operating
condition. Ex-core AO errors result in a reduction in the AO margin.
USE OF PERMANENT ABSORBER RODS
Several reactors have inserted heavy absorber rods into selected peripheral
assemblies to reduce vessel fluence. Calculations have been done to
investigate the effect of full length absorbers in fuel assemblies near the
detectors and away from the detectors. There is no effect on A C , although
the ex-core detector currents decrease by up to 30% depending on the
fuel/absorber pattern.
Two additional cases were computed in which tnree foot long heavy absorbers
are placed in those eight fuel assemblies around the core periphery which most
strongly influence the detector response.
Absorbers from three to six feet above the core lower plane
A C , « 0.0137 + 5.4%
Absorbers from two to five feet above the core lower plane
A C , - 0.0127
These results are within the 10% criterion. However, the study is not
exhaustive in the positioning of the part length absorbers. Also, these
configurations most challenge the model and these results are thus the most
uncertain.
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CONCLUSIONS
The results of the above work show that of the tests made, only deep control
rod insertion causes the A C , parameter to change by more than 10%. Further,
there is no calibration made with rod insertion over a large AO band driven by
moving control rods that does not introduce calibration errors. However, of
the control rod induced transients calculated, the calibration made with rods
at or above the full power insertion limits results in the least error in
ex-core AO compared to the in-core AO, and thus the least reduction in AO
margin.
The work supports the conclusion based on measured data that the one-point
methodology is stable to core detector material changes and furthermore yields
ex-core AO values in closer agreement to in-core values with control rod
insertion.
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FIGURE I BASE CASE CALIBRATION
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THERMAL SCATTERING CROSS-SECTION OF LIGHT WATER AND REACTIVITY
TEMPERATURE COEFFICIENT FOR UO2 AND UOrPuOz WATER MODERATED
LATTICES

C.Mounier and H.Tellier
Service d'Etudes de Riacteurs et de Math^matiques Appliquees
Centre d'Etudes Nucldaircs de Saclay
91191 Gif-sur-Yvette (France)

ABSTRACT
The reduction of the persistant discrepancy in the isothermal temperature coefficient is an
important objective for reactor safety and design. Many attempts of reactors physicists to reduce
this discrepancy on physical ground have been done. Some of these are now partly successful
like the modification of rj thermal shape of 235 U. However, the main pan of the discrepancy
remains to be removed. To contribute to this difficult task, we focus our attention on the
thermal scattering cross-section of light water as a possible cause of desagreement. For this
purpose, we have determined the sensitivity of the temperature coefficient to major parameters
of the thcrmalization water model of Keinen-Mattes.

INTRODUCTION
It is a well-known fact that it exists an important discrepancy between the computed and the
measured values of the temperature coefficient of the thermal reactors. The calculated value is
too negative. Uncertainties on nuclear data in the thermal range seemed to be potentially the first
reason of this discrepancy. Next, in order of decreasing importance, we may suspect resonance
range data then fast range data. The fact that the desagreement appears at room as well as at
operating temperature eliminates the likelihood of an effect linked only to water density.
Accordingly, pan of the discrepancy must proceed directly or indirectly from errors in
temperature dependence of a microscopic data. As this discrepancy appears for each kind of
moderator(graphite, heavy water, light water), the first sensitivity studies were applied to the
heavy nuclei cross-section shapes in the thermal and subthermal neutron energy ranges 12 .
Some of the modifications proposed by these studies are in very good agreement with new
microscopic measurements3'4. Consequently, the temperature coefficient discrepancy cannot
only be explained by modifications of heavy nuclei data in the thermal range. Other data have
been investigated3. One of such data is the thermal scattering of water which determines the
thcrmalization process. The temperature dependence of the thermal scattering cross-section is
determined by the condition of detailed balance according to which in absence of sources and
absorption, the neutron spectrum will reach a maxwellian distribution with the temperature of
the medium. Of course, in a reactor the phenomenon of thermalization is hindered by
absorption and by the continuous arrival of thermal neutrons from the epithermal region,
neutrons that have a spectrum unbalanced relative to a Maxwellian spectrum. In this competitive
process, the behaviour of the thermal spectrum is determined mainly by the thermal scattering
cross-section of water. Its behaviour with temperature induces a thermal component on the
temperature coefficient in so far as the shapes of the reaction cross-sectio.is, fission and
capturs, differ one from each other6. Since these shapes are well-known, we expect that part of
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the temperature coefficient discrepancy would arise from errors on the thermal scattering of
water. To analyse this point, we performed a sensitivity study of the mean effective
multiplication factor and temperature coefficient discrepancy to the water scattering crosssection. We started from the Keinert-Mattes model 7 to derive four sets of perturbed crosssections. This procedure warrants that the modified cross-sections are physical since they
satisfied the fundamental condition of detailed balance. We briefly present the thermal scattering
formalism, the Keinert-Martes model, and the way by which the modified sets are generated.
These sets are used to calculate the Swedish critical experiment Kritz and then to check
sensitivity. We do not have directly the temperature coefficient but rather the mean error on the
temperature coefficient between the two critical stares. We also give comments on the
calculation scheme which is common for many cell codes in the world. Nuclear data for 235 U,
^HJ and "'Pu isotopes arc those of the JEF.2 evaluation.

THERMAL SCATTERING FORMALISM
GENERALITIES
In the thermal range, neutron-nucleus scattering depends strongly on the dynamics of the bound
nucleus which is a combination of internal motion (vibration) within the molecule and motion of
the whole molecule (translation, rotation). The nucleus motion must be created by quantum
mechanics and formally the scattering cross-section can be calculated if the quantum states are
known. Unfortunately such a calculation is difficult to do except for idealized systems. Also,
numerous complementary experimental data such as infrared and Raman spectra and double
differential scattering neutron cross-section when combined with theoretical work can give us
the basic datum: the phonon frequency spectrum. This datum is the main input of the general
code for thermal scattering cross-section calculation GASKET*. More precisely, we obtain with
this code the symmetrical scattering law So(a.P) on the basis of the gaussian and incoherent
approximations. We give some basic expressions associated with these usual approximations.
They are, respectively, the width function, the intermediary scattering law and the scattering
law.

W(t)=

P(P) coth(|)- cos(p(t-

d|J

sh(|)

(1)
(2)

S(a,P) ==1-1

e-iP<x(ct.t)dt

(3)
where a and P are dimensionless momentum and energy exchanges.
Next, the symmetrical scattering law is used as input of THEMIS, the french version of the
nuclear data processing code NJOY, which produces successively point and multigroup crosssections.

(4)
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THE KEINERT-MATTES MODEL
We describe now the Keinen-Mattes model which is the starting-point of this study. In the
frame of the gaussian approximation, a thermal scattering model is equivalent to a phonon
spectrum which is the generalization to liquid of solid phonon spectrum. This spectrum is
written as a summation of terms, each being linked to a molecule dynamical mode.
p(P) = A,(T) 5(P) + A 2 (T) piib(P) +A 3 8(p-p3) + A4 5(p - p4)
with the following conditions:

(6)

A4

2

(8)

Condition (6) warrants that the high energy limit scattering cross-section gives the free proton
cross-section. Condition (7) is an experimental result of Haywood and Page 9 . Finally,
condition (8) comes from the combination into a single frequency of the symmetrical and
asymmetrical stretching vibrations whose frequencies arc very close. The various modes of
motion are:
1°. translation mode defined by the couple (A|(T),8(P)) where Ai is inversely proportionnal to
the number of hydrogen bonds which decreases as the temperature increases
2°. libration mode defined by the couple (AiCD.p^P)) which is linked to the hindrance of
molecular rotation, pub(co) is a broad band that looks like a gaussian curve centered at 0.07 eV.
3°. bending mode defined by the couple (A3, 5(P~p3)) with p3=a>j/kT and ©3=0.205 eV.
4°. stretching mode defined by the couple (A«, 5(P-p 4 )) with p4=O)4/kT and {i>*=0.48 eV.
Starting from the initial values of the Keincrt-Mattcs model, we generated four sets of modified
parameters. For the first set, we increased Al by 5% with all the constraints. For ths second
set, we increased A2 by 5% with only the constraints (6) and (8). For the two last
modifications, we changed only the vibration frequencies 0)3 and (04 by increasing them by 5%.
Tables I and II give an example of initial and modified parameters at room temperature. For the
other temperatures, the modifications are produced in the same way.

CRITICAL EXPERIMENT KRTTZ
The reactivity effect of the various scattering kernels were checked against experimental results
which were obtained in the Kritz critical facility10. These experiments are realised in a regular
and uniform lattice. For a given fuel loading, criticality is reached by adjustment of boron
content and water level. The basic experimental results are material buddings as a function of
temperature. The temperature is uniform throughtout the core and reflector. The bucklings are
measured with classical methods such as activation wires and gamma scanning. From neutronic
point of view, these experiments can be considered as very clean. We give below some
caracterisn'cs of the two cores studied.
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\JQ> core:

PuO2-UO2 core:

in weight: 1.35%
Vm/Vu=1.4
temperature range:2O-210°C
radial cross-section in cm 2 : 70 x 70

PuQj/PuOrUOjin weight: 1.5%
Vm/Vu=3.3
temperature range:21 -236°C
radial cross-section in cm2: 45 x 43

The uncertainty on material buckling at a given temperature is less than one percent and even
smaller for the difference between two temperatures.

CALCULATION SCHEME WITH APOLLO 1 CODE
For each experimental result, the keff was computed with the Apollo 1 code which solves the
integral form of the Boltzmann equation in the multigroup approximation11. According to the
nature of the experiment, we may expect the existence of a well established asymptotic spectrum
over a great pan of the lattice and therefore we perform a cell calculation. This condition is
perhaps not completely fullfilled for the PuOrUOjcore whose radial size is not sufficiently
greater than the square root of the migration area. For this case, too many cells near the
boundary of the lattice would have a spectrum significantly different from those in the inner
zone and the buckling measurements are less reliable than those of the VO^ lattice. The main
modelizarions for cell calculation are the following:
1°-The multigroup structure covers the neutron energy range up to 10 MeV with 47 thermal
groups for E<2.76 eV and 52 fast groups. In the resonance range, multigroup cross-sections
undergo self-shielding with the help of equivalence between homogeneous and heterogeneous
media for reaction rates. We perfomed this equivalence with the narrow resonance
approximation using a single region in the fuel. Outside this range, multigroup cross-sections
are problem independent
2°-The lattice leakage is calculated with a homogeneous Bl procedure using the experimental
buckling.
?°-The collision probability method is used for flux calculation with Wigner-Seitz
cylinricrization of the cell and white boundary condition.
We assume that the errors introduced by these approximations are negligible compared to the
errors coming from nuclear data.

RESULTS AND ANALYSIS
The results of the sensitivity studies are given in table III for the UO2 lattice and in table IV for
the PUO2-UO2 lattice. For the reference and perturbed scattering kernels, we find in these tables
the cribcality factor at roomfTo) and high(T)temperatures, the kcff variation in 1 0 s units at each
temperature and the temperature coefficient discrepancy. This last value expressed in 10'5/K is
defined as:

lT-To)jkcff(To)'keff(T))

(9)

The most sensitive mode is the libration one. However, sensitivities of the keff and Act to
model parameters are small on the whole. The same conclusion holds for UOj and PuO2-UO2
cores. The relative error on temperature coefficient is somewhat greater for PuOVuOj core than
UO 2 core. This may be attributed firstly to inaccuracy of the buckling measurement in PuOj
core and secondly to the fact that 239Pu neutron cross sections in the low energy range has not
been recently checked, as it has been done for M5 U. The estimation of the uncertainty on Act

1-214

and the relative error on the isothermal temperature coefficient are given. For the uncertainty
evaluation on Aa, we suppose that uncertainty arises only from error on material buckling.
With one percent error on buckling, we have an uncertainty on predicted reactivity at each
temperature of about 140 pcm.and 235pcm, respectively, for the UO2 and PuO2-UO2 lattices.
Consequently, the maximum errors on the temperature coefficient discrepancy are 1.4 pcm/°C
for the UO2 lattice and 2.2 pcm/°C for the PuO2-UO2 lattice. In consequence, the studies to
reduce the temperature coefficient discrepancy have their object and a reduction of this
discrepancy by 50% is a significant objective. The relative error on the isothermal temperature
coefficient is an interesting value. We evaluate this value as follows: by performing temperature
variations around each critical state at each temperature, we get th? corresponding temperature
coefficient. Next, we calculate the arithmetic mean of the temperature coefficient for each lattice.
Finally, the relative error is computed as the ratio of the temperature coefficient discrepancy to
this arithmetic mean value. These results are displayed in table V.
CONCLUSION
The low sensitivity of keff and temperature coefficient discrepancy to the model parameters
forbid all reduction of this discrepancy without invoking major modifications of the initial
parameters which would creace important desagrecment on differential data. Effectively, these
parameters are adjusted to give the best fit to differential data like o s (E), o s (E,8),and
CTs(E£',9). It is true that great differences exist between experiment and theory particulary for
double differential scattering. But such differences are not neccessary meaningfull from the
neutronic point of view. Firstly, because we need the P0 and PI components of o s (E,E',8),
and we may suppose that errors cancel out when angular integration is performed. To support
this view, we observe that the relative difference between theory and measure decreases greatly
as the order of the differential scattering cross-section decreases. Secondly, uncertainty on
nuclear data must be appraised with respect to its sensitivity to criticality. So in this case, since
the sensitivity is low, we may accept larger target error. Does the thermal scattering of water
need to be improved from the neutronic point of view? The improvement of the actual model
would introduce great complications like non-gaussian and anharmonic effects. Such changes
would modify transport and transfer properties of the scattering kernel. To this respect, we note
that the transport cross-section is well-known. Although, it is not a direct experimental datum
but it can be derived from Ot(E) and cs(E,9). Thus, the leakage level and spectrum changes are
expected to be small. Concerning the transfer properties, we can expect a change less important
than the one introduced with the passage of the free gas model to the Keinen-Mattes model. As
the effect of the latter change is small, we may conclude with some confidence that an
improvement of the actual model does not seem to be necessary and that the temperature
coefficient discrepancy cannot be attributed to uncertainty on the thermalization model of light
water.
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Table I.thermalization model oararneters at T=293 K:
change
reference

1
2
3

4

Al
0.021739
0.022826
0.021739
0.021739
0.021739

A2

A3

0.478261 0.166666
0.477174
—
0.503261 0.158333
0.478261
0.478261
—

Table II. frequencies of vibrations

change
reference

1
1
3
'4

0)3
0.205
—
—
0.21525
0.205
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0)4
0 48
—
—
0.48
OJ04

A4
0.333334

—
0.316667

—

Table Ill.Uranium dioxide lattice
change
reference
Keff(293) 0.99642
KefT(483) 0.99132
AKeff
0.
(293)pcm
AKeff
0.
(483)pcm
Act
-2.72
(pcnV°O

1

2

0.99641
0.99132

0.99629
0.99125

3
0.99635
0.99134

4
0.99641
0.99141

1

-13.

-7.

-1.

0.

-7.

-5.

+9.

-2.71

-2.69

-2.67

-2.66

Table IVMixed oxide lattice
change
Keff(294
Keff(509
AKeff
(294) pen
AKeff
(509) pen
Act

(pcnV°O

reference
0.99961
0.98945

1
0.99965
0.98945

2
0.99940
0.98920

3
0.99979
0.98953

4
0.99965
0.98947

0

+4.

-21.

+18.

+4.

0

+ 1.

-25.

+8.

+2.

-4.78

-4.80

-4.80

-4.82

-4.79

Table V.Tcmperature coefficients and uncertainties
lattice
Uranium
oxide
Mixed
oxide

a

a

(room
temperature)

(high
temperature)

-2.72±1.4

-14.5

-39.9

10.

-4.78±2.2

-7.6

-64.9

13.2

Aa± 6Aa
pcm/°C
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Act/a
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EVALUATION OF CONSTANTS OF ISOTOPES
PuPu AND THEIR
VERIFICATION CONFORMABLY TO THE CALCULATIONS OF
THERMAL REACTORS.
Abagyan L.P., Gooin E.A. and Yudkevich M.S.
I.V.Kurchatov Institute of Atomic Energy
123182 Kurchatov Square, Moscow, USSR.

ABSTRACT

This report presents the results of the new evaluation of the
constants of all plutonium isotopes
in region of thermal and
resonance energies, that has been done recently within MCU
project. The results of the evaluation are represented
in
comparison with other evaluations of this kind. One can also find
here the computational meanings of Kef and spectral
indexes
for
20 benchmark critical assemblies, received
by MCI) code,
correspondent analyses of the results of calculation and
conclusion about the precision of the constants.

the
the

INTRODUCTION

MCU project '
has being worked out
for several years
in
Kurchatov
IAE in order to provide
the high precision
of
calculation of reactor parameters. The project
includes
the
creation of Monte-Carlo codes, their verification and validation,
the development of constant base and the methods of
application
of Monte-Carlo
calculations
for increasing
the precision of
engineer methods in predicting the main reactor parameters.
2 3
MCU-2 ' is the last version of Monte-Carlo code of the
project.
MCU-2 allows to compute
physical
characteristics
of
reactors
without simplifications in geometry and with usage of
different
approximations in the description of interactions of
neutrons
with nuclei. The user has possibility to select
the
algorithm,
which corresponds ''he best
to physical peculiarities of the
system under consideration.
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MCU-2 uses constants libraries formed by the authors on the

base

of their own evaluations, constants of ABBN
system'
and
accessible versions of files of evaluated
neutrnn data: BROND
(USSR) 5 , ENDF/B (USA) and others.
The constant base of MCU is verified by the comparison
of the
results of the calculations with those of measurements
in
critical
assemblies. Applied
to
plutonium
the
assemblies
described in references
6 are used. Wide verification
(the
results for benchmarks 'vith water as moderator are summarized
in
reference 7) of MCV-1 has shown, that criticality of systems with
uranium as fissile material is predicted with sufficient accuracy
(no worse 0.5%) . We had systematic overstating of K
on "2%
for
benchmarks with plutonium as fissile material.
That is why the reevaluation of the constants of all isotopes. of
plutonium has been recently
done in region of thermal and
resonance energies within MCI! project. Some results of this
evaluation in comparison with other evaluations are given in the
report. Received by MCU code on the base of the new evaluations
computational
meanings of k
and spectral
indexes
for
20
critical assemblies are presented.

CONSTANTS AND PHYSICAL MODELS

The full description of the constant base and physical algorithms
of MCU package is given in reference 3. So we'll briefly discuss
the peculiarities of the constant base, used in calculations
described in the report. Slight modification of physical module
has been done to incorporate in MCU-2 the possibility to use
MVLTIC library (see below), which is not a member of standard
constant provision of MCU package.
The following algorithm have been used in our calculations:
- continuous changing of energy in the whole energy region;
- many- and multi group representation of cross sections in the
region of spectrum of fission, inelastic scattering, unresolved
resonances and smooth cross sections;
- the subgroup description of resonance structure of cross
sections in region of unresolved resonances;
- the calculation of cross sections with the usage of the
parameters of resonances in every energetic point in the region
of resolved resonances while neutron trajectory is raodeled;
- elastic scattering anisothropy is taken into account by the act
of
equiprobable
bins
of
scattering
angle
cosines
in
center-of-mass system, scattering is sampled by
means
of
kinematic formulas;
- chemical bonds, thermal moving of nuclei, coherent effects,
correlation between energy change and angle of scattering are
taken into account in thermal region.
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FISSION NEUTRONS SPECTRUM
In this work we use the fission neutrons spectrum parameters,
taken from ENDF/B-V library, because it lately became evident,
that the parameters of the spectrum, recomnended
in ABBN-78
library, gave too soft spectrum.
SMOOTH CROSS-SECTIONS AND UNRESOLVED RESONANCES REGION
For all isotopes, besides

isotopes

of

plutonium

and

uranium,

26-group ABBN-78
library 4
is used. The later
(than
ABBN )
evaluation for isotopes of plutonium and uraniua made in the FEI
(Obninsk, USSR) laboratory of neutron constants and realized as
MULTIC library has been used . Cross-sections
in MULTIC
is
represented in multi-group energetic scale
(12 multi-groupa
in
every group of ABBN library). Average
cross-sections
and
resonance characteristics in subgroup representation are given in
inul t i-groups .

RESOLVED RESONANCES REGION
In the region of low plutonium and uraniua resonances the
cross-sections are calculated by means of analytic formulas. The
necessary information is collected in the resonance
parameters
Library
LIPAR, being
the result of the
original
authors
evaluation ar.d accessible versions of files of evaluated
neutron
data.
In the
last case
the
parameters
were
critically
reccns idered.
THERMAL REGION
In our calculations thermal effects have been taken into account
for energies less then 2.15
eV. Scattering cross sections of
hydrogen bounded in water are calculated
in incoherent Gauss
approximation
on the basis of phonon spectrum
from ENDF/B
library. Scattering cross sections with change
in energy of
graphite are calculated in the same approximation with the usage
of phonon spectrum from ESDF/'B library as well, coherent
effects
are taken
into account
for calculation of purely
elastic
scattering till 0.2 eV.
CONSTANTS OF PLUTONIUM IN LOW ENERGIES REGION
The precision of calculations of assemblies considered in present
work is mainly defined by the precision of constants of
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Pu

for

energy of neutrons less, than "I eV, and 2*°Pu lower "2 eV, So we
give results of our evaluations of main characteristics of
cross sections in this region (see Tables 1-5) in comparison with
some evaluations of ether authors and measurements.
It should be noted in this respect,
that the evaluation
was
carried out without any detailed information about ENDF/B-V.
The
only
thing we knew from
literature
were
soae
integral
characteristics of resonance cross sections. Data from
ENDF/B-VI
we received after the evaluation being done already.

VERIFICATION OF ALGORITHMS AND CONSTANT BASE
While modeling
the critical
assemblies
multiply coefficient K #f , spectral indexes,

there were
computed
reactions
rates
on

every
isotope in ABBN
.library
energetic
scale,
average
macroscopic cross sections of materials, prompt neutron life time
and so on. Partly this information is presented in the report.
CRITICAL HOMOGENEOUS ASSEMBLIES
Critical homogeneous assemblies PNL-1 - PNL-12 have been selected
as benchmark by CSEWG . These assemblies are homogeneous
aqueous
Plutonium nitrate spheres and cylinders. Hydrogen/Pu ratios range
from 125 to U S 4 .
It is necessary to note, that for PNL-9 assembly in the table of
atomic ratios in reference 6 the concentration of nitrogen
is
evidently put too low in two orders. So this assembly
we have
calculated with concentration of nitrogen increased in two orders
compared to that given in reference 6.
Two infinite critical mediums have been calculated in addition to
the critical assemblies of PNL series.
239

The meaning of minimal critical concentration of ' Pu in
water
(HINF assembly) has been received
by
the
appropriate
extrapolation of the experimental data.
In reference 11 the concentrations of isotopes of infinite medium
are presented received as a result of careful
interpolation
of
"HISS experiment, which included a series of
plutonium/graphite
components poisoned with boron"

. Let us mention, that

calculation of HISS experiaent gave

11

The results of the calculations of K

K #f -1,0529±.0018.
of assemblies are given

Table 6. The same values received by MCNP and

1-221

MONK-6.3

SAM-CE

codes 8

in
on

the base of ENDF/B-V library both are cited for comparison. The
results of the calculations of spectral characteristics are given
in Table 7.
The results given in Table 6 show, that MCC-2 rode predicts the
criticality of the
investigated
systems v.ith the precision
approximately 0.5%. The only exclusions are PNL-1
and
PNL-11
assemblies. The PNL-1 results contradict the similar
assemblies
results (the sale situation appears in MCNP case). The PNL-11
error may be caused by the larger content of Z4 °Pu, but the
only
assembly with such a parameters makes us uncertain about
the
conclusion.
CRITICAL HETEROGENEOUS ASSEMBLIES

Heterogeneous assemblies PNL-30 - PNL-35
CSEWG as benchmarks.
"These experiments consist of H O

are also recommended

moderated

lattices

by

fueled

by

compacted particles of UO 2 ~2wtX PuO . The plutonium contained

8%

Pu. The fuel rods (O.D. 1.4352cm) were clad in zircalloy
and
arranged
in a square
lattice. Critical
configurations
were
determined for three lattice spacings, with borated and unborated
moderator
In all our calculations of these assemblies we have used
three
dimensional
full core models as
given
in
reference
6.
Experimental meanings of corrections for calculated K
should be
used to account for PuO

particle effects not

specified

in

the

calculating aodel. We didn't use the available MCU
possibility
for taking into account the particle effects
in process of
modeling the trajectories of neutrons because of absence of
specification of PuO z grains in reference 6. According
to
the
reference 6 the effects mentioned above are not more
in K .

than

0.25%

ef

The results of calculations of heterogeneous assemblies are given
in Tables 8 and 9. One can see, that the calculated
meaning of
K
practically coincides with 1, except of PNL-34,- the fact may
be explained
by some ambiguity
description given in reference 6.

of

PNL-34

top

reflector

DISCUSSION OF THE RESULTS
The calculations showed the sufficient reliability
constants used in MCU-2 code.
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of

plutoniui

At the sale time for homogeneous
systems
•eaning of Kef
too high approximately
assemblies
great
leakage
computational meaning of Kef

calculation
set the
on 0,5X.
In
these

of
neutrons
is
is sensitive to the

available
and
average
energy

and the form of fission neutrons spectrum. As it was noted
above
we have used fission neutron spectrum
recommended
in ENDF/B-V,
but to illustrate the influence of the hardness of spectrum three
assemblies have been calculated with ABBN spectrum as well. The
results are given in Table 10. It seems to be rather interesting,
that the softening of the spectrum in heterogeneous systems leads
to decreasing of the computational K ef . increasing of the leakage
? 1 fl

is compensated by the decreasing
of
fission
in
U
general softening of spectrum of neutrons in assembly.

and

by

It's seems to us, that first of all fission neutrons
spectrum
should be defined more accurately to increase the correctness of
calculations of criticality.

CONCLUSION
The considered assemblies are characterized by the
comparatively
soft spectrum of neutrons, typical to that of PWR. Constant
base
of MCU-2 permits to predict the criticality of the systems
iike
that with the precision sufficient for practice.
In further work it's desirable to verify constants of isotopes of
Plutonium applied to tight lattices of APWR. The calculations of
HISS experiment (see Table 6) cherish our hopes that the constant
base of MCU-2 will permit us to achieve the suitable
results in
calculating systems
like that. For
further verification
new
experimental information is necessary. The experiments described,
for example, in reference 12 with polystyrene as moderator
would
be quite appropriate if we've got any information concerning
the
phonon spectrum of polystyrene, without which we would face with
great uncertainty in computational analysis of these experiments.
Unfortunately, we have neither
information
about
the
similar
experiments with any other moderators.
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Table 1.

Cross Sections of Isotopes of Plutonium for Velocity of
Neutron 2200 m/s.
a
a
Isotope Reference
gC
r
c
barn

barn

MCU-2
BROND
JENDL-3
ENDF/B-V
ENDF/B-VI

746.
748.1
744.5
741.7
747.99±1.87

Pu

MCU-2
Ref IS
ENDF/B-VI

0.0640.02
0.056
0.64

Pu

MC'!-2
Ref 15
ENDF/B-VI

1012.46.
1011.1
1011.74

MCU-2
Ref 15

0.0022
< 0.2

Pu

Z4Z_

Pu

1.050
1.063
1.055
1.0563*0.0022

271.
269.3
268.6
270.2
271.43*2. 14

1 .151
,
1 ,152
,
1. 131
1. 146

287.7
289.5
287.6

I.027
1.026

1.047
1.046

361.±5.
358.2
362.97

1.038
1.038

1.007

18.6±1.
18.5

1.010
1.010
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Table 2.
E

Energetic dependence of t> for

V

E

•V

1/

239

Pu

E

•V

f

«V

t

0. 001

2 .8770

0.080

2.8655

0.350

2.8432

0. 010

2 .8770

0.100

2.8620

0.400

2.8439

0. 020

2 .8761

0.150

2.8540

0.500

2.8500

0. 030

2 .8744

0.200

2.8471

0.800

2.8649

0. 040

2 .8721

0.250

2.8441

0. 050

2 .8701

0.300

2.8430

Table 3.

1 .000
10.00

2.8730
2.8770

Comparison of the Fiaaion Croaa Section Integrals
-if* 7 f dE)

and RIF=

.dE/E

for

Energy
Gwin Wage«ans DeSaussure ENDF/B-V
I n t e r v a l Ref 16 Ref 16
Ref 16
Ref 16
eV
Ref 14 Ref 18
Bef 17.
9.74
9.66
0.01-0.02 9.70
(0.08)*
7.57
7.52
0.02-0.03
7.53
(0.04)
6.43
6.48
0.03-0.04 6.45
6. 46
(0.04 )
5.77
5.81
0.04-0.05
5.78
5. 79
(0.04)
24.79
0.05-0.1
25. 08
24.98
24.89
(0.07)
58.34
58.34
0.1 -0.2 58.29
59. 92
(0.23)
198.9
0.2 -0.3 199.5
199.4
206 .0
(1.2)
168.0
168.8
173 .7
0.3 -0.4 168.4
(1.1)
0.4 -0.5 35.08
(0.50)
0.5 -1.0 38. 13
(0.50)
44.65
0.02-0.1
(0.07)
0.10-0.5 461 .2
(2.3)
0.03-0.1
36.9
RTF
0.5 -5.0

239

Pu.

BROND MCU-2 ENDF/B-VI

9.98

9.67

9.72

7.58

7.53

7.56

6.52

6.40

6.48

5.85

5.74

5.83

25.14

24.95

24.97

59.2

58.32

58.67

202.6

198.9

201.5

179.0

168.2

168.8

36. 03

34.37

35.78

38.4

35.12

34.81

39. 29

38.42

38.21

40.0

37.80

38.61

44. 93

44.85

44.50

45. 1

44.61

44.84

470 .0

460.9

460.9

479.6

460.6

463.8

37.5

37.1

3 7.3

84.26

84.45

36.9

36 .9

in brackets the errors of measurements are ?iven
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Table 4.

Comparison of the Capture Cross Section

Energy
Interval

(

K

dE

Gwin
Ref 13
Ref 16

eV

0 . 0 1 - 0.02
0 . 0 2 - 0.06
0 . 0 2 - 0.10
0 . 0 2 - 0.65
0 . 0 3 - 0.10
0 . 1 0 - 0.50
0 . 5 0 - 0.80
0 . 8 0 - 7.0

9.75
18.9
330. 6
301.
12.7

RIC

0.5

)

and

RIC= fa dE/E

ENDF/B-V
Perez
OeSaussure
Ref 16
Ref 16
3.32
3.33
18.3

18.4

283.
11.7
15.4

302.
12.9
17.4

Integrals

2 39

for

BROND

Pu.

MCU-2

3.40
9.69
18.7
333.4
16.0
305.5
12.9
15.7

16.3
289.3

Parameters of the first

Er
•V*

MCU-2
Ref 15
ENDF/B-VI

3.357
9.75
18.8
326.5
16.0
299.2
12.1

3.33
9.89
19.0
327.4
16.2
299.7
12.3

-5.0

Table 5.

ENDF/B-VI

288.0

Pu resonance.

rn

r

rt

meV

mlv

meV

1 .0564*0 .0006
1 .057 ±0 .002

2 . 45±0 . 0 2
2 . 32±O . 0 6

30 . 3 ± 0 . 6
32 . 4 ± 1 . 0

0 . 006
0 . 006

1 .056

2 . 45

30 . 6

0 . 006
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Tables 6, 8 and 10 in brackets give one standard deviation and
notation 1,0189(34) means 1,0189*0,0034; the statistical errors
of all the quantities listed in tables 7 and 9 is less than IX.
Table 6.

Results

of

Calculationsof

K

for

Homogeneous

Assemblies
Assembly

*"°P»

name

H/Pu

PNL-1
PNL-2
PNL-3
PNL-4
PNL-5
PNL-6
PNL-7
PNL-8

660

4.58

125

4.55
4.18

refl.

MCU- 2

1.01891 34)
1.0018( 34)
1.00331 41 )
1154
873
1.0049( 34 )
4.18
554
1.00881 34 )
4.15
l.OO75( 34)
125 4.55
980
1.0006( 34 )
0.54
758
1.0026( 34)
4.55
910 13.8
1.0063( 34)
PNL-9
PNL-10
210
1.0020( 34)
8.35
1.0128( 32)
PNL-il
623 42.9
I .0110( 34)
1067 4.54
PNL-12
1.0011! 15)
HINF
3695 0.0
I.0060( 34)
HISS
5.34
average meaning over assemblies
PNL-2 - PNL-12
1.0055( 10)

Table 7.

no
no
no
no
no
no
yes
no
no
yes
yes
yes

MCNP

SAM-CE

1.0211(21)
1.0003(23)
1.0072(23
1.0110(24
1.0118(24
1.0129(22
1 .0153(23
1.0115(23
1.0075(23
1.0098(22
1.0073(20)
0.9999(14)

1.0109(08)

1. 0076(30)
1 .
0173(35)
1. 017K 38)
1. 0083(22)
1. 0121(21)

1 .0125(131

Calculated Meanings of Some Spectral Characteristics of
1homogeneous Assemblies

p
u

n
L

1
2
3
4
5
6
7
8
9
10
11
12

leakage
0.362
0.389
0.310
0.322

0.366
0.386
0.006
0.353
0.293
0.061
0.019
0.020

HINF HISS -

if

FIS

CAP
2

6"
0 . 625

239n
*°Pu Z* *Pu
Pu
1.019
0.165 0.021
0.186 0.049
1.002
0.157 0.014
1.003
_
0.160 0.017
1.005
0.166 0.021
1.009
1.003 0 .004 0.185 0.049 0. 000
_
0. 158 0.002
1.001
0.020 0. 0005
0.999 0 .004 0.161
0.051
0.159
1.006
0.990 0 .011 0.174 0.055 0. 001
0.762 0 .248 0. 121 0.186 0. 031
1.007 0 .004 0.158 0.016 0. 0005
_
0.150
1.0015
0.926 0 .008 0.221 0.032 0. 001

239,,

Pu

241

Pu

1-228

P<°
0.

0.039
0.150
0.025
0.032
0.047

0.192
0.027
0.035
0.029
0.104
0.029
0.024
0.011
82.9

40

P

. 150
•V

9.914
9.947
1.853
2.369
3.496
10.16
2.306
2.659
1.802
5.122

1.084
1.928
250.

0.017
0.036
0.016
0.022
0.033
0.015
0.031
0.023

0.969

Table 8.

Results

of

Assembly
name
PNL-30
PNL-31
PNL-32
PNL-33
PNL-34
PNL-35

Table 9.

FIS

V../V_
1 .19
1 . 19
2 .52
2 .52
3 .64
3 .64

239

Pu
Pu

235.
238,
239

Pu

23S.

2 38.
239

CAP

2 40

Pu
Pu

23S.
238.
.49
.25
28

K

f

for

Heterogeneous

ef

o f AK for
e fleet

10

B
no
yes
no
yes
no
yea

K

0.9979(37)
0.9992(32)
0.9985(33)
1.0004(31)
0.9915(33)
0.9988(32)

P uO

particles

0.0
0.0
-0.0018
-0.0018
-0.0025
0.0025

Calculated Meanings of Some Spectral Characteristics of
Heterogeneous Asseablies

24 1

FIS

Calculations of
Assemblies

PNL-30

PNL-31

PNL-32

PNL-33

0.775
0.004
0.145
0.073
0.270
0.059
0.026
0.135
0.035
0.014
0.167
0.131
0.246
4.087

0.773
0.004
0.142
0.080
0.270
0.058
0.028
0.137
0.038
0.014
0.182
0.149
0.290
4.833

0.793
0.004
0.154
0.046
0.277
0.063
0.016
0.131
0.025
0.013
0.113
0.068
0.068
1.915

0.792
0.004
0.149
0.054
0.276
0.061
0.019
0.134
0.030
0.013
0.131
0.086
0.086
1.205

PNL-304 PNL-35
0.790
0.004
0.158
0.038
0.276
0.065
0.014
0.136
0.022
0.012
0.097
0.050
0.050
1.402

0.796
0.004
0.154
0.044
0.278
0.063
0.016
0.132
0.025
0.013
0.110
0.063
0.063
1.940

Table 10. Illustration of the Influence of Hardness of Fission
Neutrons Spectrum on the Calculation of Criticality
Fission spectrum
ENDF/B-V
ABBN
Assembly
1.002(3!
PNL-2
1.014(4
1.009(3!
r-iL-5
1.020(4;
0.998(3;
0.991(3:
PNL-30
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ABSTRACT
Total neutron cross section measurements were made using
time-of-flight spectroscopy at Rensselaer Polytechnic Institute.
The objectives of this project were to establish a method for
making the high accuracy cross section measurements and
demonstrate that an accuracy of better than 1.0 percent can be
achieved in the measurement. The method for making the
measurements resolved into two areas of effort. The first being
to establish accurate neutron beam monitoring, and the second
area centering on the determination of background. The
importance of both these efforts became apparent as attempts were
made to measure standard cross sections in the energy region of 1
eV up to 100 eV. Uncertainties inherent in the time-of-flight
spectroscopy instrument place an upper limit of approximately 200
eV for the resolution of level spacings on the order of 1 eV.
The results obtained for the carbon, hydrogen, and gold cross
sections qualified the use of a 15-m«ter flight path for high
accuracy epithermal measurements.

INTRODUCTION
Improved precision in thermal and resonance energy nuclear
cross sections will permit increased accuracy in predicting
thermal reactor core behavior. Very few cross section
measurements have been recently made in the low energy range.
However, advances in instrumentation and measurement techniques
have improved the accuracy obtainable in making neutron cross
section measurements.
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As the behavior of thermal reactor neutronics is modeled
more accurately, measuring thermal cross sections with a high
degree of accuracy takes on increased significance. Measuring
thermal cross sections with better than 1 percent accuracy will
be important as new reactor designs attempt to extend core life
and provide accurate analysis of reactor core behavior. Core
lifetime extensions result in significant cost savings,
lengthened operating cycles, and improved availability. More
accurate understanding of reactor core behavior allows for
reduction in operating margins which results in higher nominal
operating power limits with the associated gains in overall
reactor performance.
Techniques and methods were investigated at Rensselaer
Polytechnic Institute (RPI) for measuring neutron transmission in
the energy range of 1 eV to 100 eV. Total neutron transmission
measurements were made using a pulsed neutron source and time-offlight (TOF) spectroscopy equipment at RPI. Conventional black
resonance filter techniques were used to measure the background.
Standard materials with well known cross sections were used to
demonstrate the high accuracy measurement method. The constant
cross sections of carbon and hydrogen and resonance parameters of
gold were evaluated from transmission measurements using TOF
spectroscopy.

B&CXGBOOMD
The measurement of high accuracy total cross sections
requires high resolution with low error in the transmission
measurement. Resolution presents a difficulty when there is a
large uncertainty in the effective energy difference of the
neutrons emitted by the source. This uncertainty is associated
with the burst duration and other uncertainties in the TOF
instrument. Reducing the error in the transmission measurement
requires large signal-to-background ratio and accurate
determination of the background present in the energy region of
interest.
This investigation demonstrated the precision and accuracy
achievable in transmission measurements using the TOF
spectrometer at RPI. The objectives were to establish a method
for making high accuracy measurements, and demonstrate that total
cross sections can be measured to an accuracy of better than 1.0
percent. The method focused on accurately modeling the
background since the signal-to-background ratio is fixed by the
TOF instrument design.
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IXFERIMniTJU.

The accuracy of neutron cross section measurements depends
predominantly on two factors: 1) Accuracy of the background
determination, and 2) stability of the source neutron intensity.
The degree of accuracy desired in the measurement determines how
accurately the background must be determined over the energy
range of interest. For sample thickness on the order of one mean
free path and a signal-to-background ratio of 50 to 1, large
systematic errors in determining the background will only result
in approximately a 2 percent error in the transmission
measurement. However, to achieve better than 1 percent accuracy
requires that the actual background be determined more accurately
especially for lower signal-to-background ratios.
Random variations in bean intensity would average out over a
series of measurements, but often the variations are not random.
Systematic drifts in the linear accelerator output therefore
require that an in-beam neutron flux monitoring system be used to
ensure proper normalization of the experiment to a constant beam
intensity.
Transmission measurements were made at a 15-meter flight
path. A 6Li-glass scintillation defector shielded by four inches
of lead was used to measure neutron transmission through the
samples. A black resonance filter technique involving the use of
two thicknesses of material, referred to as the double notch
technique, was used in this investigation to accurately
determine the background.

KMOLTf
The measurements made in the energy range of 1 to 100 eV
were used to qualify the TOF instrumentation and measurement
techniques. Transmission measurements were made for two
thicknesses of carbon (0.743 in and 2.002 in) and polyethylene
(0.109 in and 0.218 in), and three thicknesses of gold (2.5 mil,
10 mil, and 20 mil).
Total neutron cross section* determined from the
transmission measurements are compared with reported ENDF-BV
values. The uncertainty assigned to the average measured and
evaluated cross sections reflects the combined statistics of the
measurement and techniques used in evaluating reported data.
Measurement of carbon and polyethylene transmissions verified the
capability to measure constant cross sections. Gold transmission
measurements were analyzed to determine resonance parameters at
four resonance energies, E o . Two different analysis were used to
calculate the resonance energy, E o , and neutron width, r n , at
four neutron energies. The calculated gold resonance parameters
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were consistent with the reported ENDF values, and were in good
agreement with the exception of the neutron width, r n , for the
60.3 eV resonance.
CARBON CROSS SECTION MEASUREMENT
The measured carbon cross sections averaged over the energy
range of interest were 4.750 ± 0.010 barns and 4.751 + 0.004
barns for the 0.743 inch (CARBON 1) and 2.002 .inch (CARBON 2)
thicknesses, respectively. Table la summarizes the carbon cross
sections measured over the energy range from 1 eV to 100 eV. The
cross sections measured for the two sample thicknesses agree very
well over the 1 eV to 100 eV energy range. The average
difference between the cross sections measured for the two
samples (CARBON 1 - CARBON 2) is -0.002 + .039 barns. The
measured cross sections are statistically equivalent at a 95
percent confidence level.
A linear regression analysis, Y = a + bx, where a (barns) is
the constant component of the cross section and b (barns/eV)
indicates the energy dependence on X (eV), was used to verify the
capability to measure a constant cross section. Table lb
summarizes the regression analysis of the measured carbon cross
sections. The estimated energy dependence is approximately -1.0
± 0.5 percent of the average cross section from 1 eV to 100 eV
for the CARBON l sample. This dependence is primarily due to the
cross section measured at 132 eV which is a significant outlying
data point compared to measurements at other lower neutron
energies.
The measured cross section is consistent with the ENDF
carbon cross sections reported by Mughabahab, et.al., 4.74 6 ±
0.002 barns.2 The average difference between the measured cross
section and the ENDF value for thermal neutron energies is 0.0002
± 0.0326 barns and 0.002 ± 0.023 barns for CARBON 1 and CARBON 2,
respectively. The measured cross sections for each carbon sample
compared to the ENDF value are the same at the 95 percent
confidence level. Measured cross sections for both carbon
samples are accurate to better than 0.1 percent of the ENDF
value, but measured with precision of better than 0.5 percent.
HYDROGEN CROSS SECTION MEASUREMENT
The hydrogen cross section inferred from the measurements of
polyethylene cross sections also showed good agreement with
reported ENDF values. The measured polyethylene cross sections
averaged over the energy range of interest were 44.375 ± 0.011
barns and 45.649 ± 0.006 barns for the 0.109 inch (POLY 1) and
0.218 inch (POLY 2) thicknesses, respectively.
Table 2a
summarizes the polyethylene carbon cross sections measured over
the energy range from 1 eV to 100 eV.The polyethylene cross
section was calculated using a molecular cross section based on a
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molecular composition of (CH 2 ) n for polyethylene. The cross
sections measured for the two sample thicknesses are not
consistent with each other over the 1 eV to 100 eV energy range.
The average difference between the cross sections measured for
the two samples (POLY 1 - POLY 2) is -1.255 ± 0.609 barns. The
measured cross sections are not statistically equivalent at a 95
percent confidence level due to a systematic error in the
transmission measurement or background correction for one of the
sample thicknesses.
Table 2b summarizes the linear regression analysis of the
measured polyethylene cross sections. The estimated energy
dependence is approximately -2.0 t 1.0 percent of the average
cross section from 1 eV to 100 eV for both polyethylene samples.
This energy dependence is most noticeable at the lower energies,
influenced by a significant outlying measurement for the POLY 2
sample at 1.42 eV.
The measured cross section for the POLY2 sample is
consistent with the ENDF carbon cross sections reported by
Mughabahab, et.al., 45.727 ± 0.030 barns.
The average
difference between the measured cross section and the ENDF value
for thermal neutron energies is -1.031 ± 0.619 barns and 0.225 ±
0.590 b*rp
or POLY 1 and POLY 2, respectively. The measured
cross s%_
ns for POLY 1 is significantly lower than the ENDF
value, and is rejected as being the same at the 95 percent
confidence level. However, the measured cross section for POLY 2
compared to the ENDF value is the same at the 95 percent
confidence level. The measured cross section for the POLY 2
sample is accurate to better than 0.5 percent of the ENDF value,
but polyethylene cross sections were measured with precision of
about 1.5 percent.
Subtracting the measured carbon cross section from the more
accurate polyethylene cross section, the measured hydrogen cross
section was determined to be 20.449±0.007 barns.
The measured
cross section for hydrogen is accurate to better than 0.5 percent
compared to the reported ENDF value of 20.491±0.014 barns.2
GOLD CROSS SECTION MEASUREMENT
The gold transmission measurements included sixteen
resonances of which four were chosen for the purpose of comparing
the analysis of resonance parameters. The four resonances
selected in the 1 eV to 100 eV energy range are the 4.906 eV;
58.10 eV, 60.30 eV, and 78.40 eV resonances. Comparisons were
made between the ENDF-BV values and values obtained from the
analysis of transmissions using REFIT and SAMMY.
The REFIT code developed by M.C. Moxon uses a least squares
shape fitting routine for adjusting the multilevel R-matrix
resonance parameters so that the calculated transmissions agree
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with the measured values within the limit of the errors.
uses Bayes1 equations to perform the same analysis.

SAMMY

Four sample thicknesses were used to obtain transaission
data in the 1 eV to 100 eV energy range. A comparison of the
parameters for the 4.9 eV resonance are shown in Table 3a. The
differences between the REFIT and SAMMY values and the ENDF value
for the resonance energy are well within the error margins (shown
as the standard deviation in square brackets, [ ]) and represent
an excellent fit. The neutron width values, however, present a
problem. The SAMMY computed neutron width is consistently
smaller than the REFIT value. Varying the background in fitting
could have accounted for the difference in the predicted neutron
widths at this resonance yet neither SAMMY nor REFIT were allowed
to compute or fit a background function. A possible explanation
appears to be in how REFIT and SAMMY handle the small negative
transmissions that occur in black resonances as a result of the
fluctuation in experimental measurements.
The results of the analysis for the 58.1 eV resonance are
shown in Table 3b, and the analysis shows extremely accurate fits
for the resonance energy, however, the neutron width calculated
by SAMMY is systematically lower than calculated by REFIT by a
very small percent.
The next resonance at 60.3 eV provided the most interesting
case and the results of the analysis are shown in Table 3c. The
resonance energy matched exactly in both models and with the ENDF
value, however, the neutron width determined by both REFIT and
SAMMY deviated significantly from the ENDF value. The match
between both codes indicates that the value used in ENDF for
the neutron width, rn, is too large.
The final comparison is made at the 78.4 eV resonance and
the result of the analysis is shown in Table 3d. A resonance
energy which is slightly higher than the ENDF value was
determined by both SAMMY and REFIT. There is also more
fluctuation in the neutron widths as a result of the larger error
at the higher energy.
The ratios of the neutron widths determined by SAMMY and
REFIT show agreement within 3.25 percent as shown in Table 4.
The agreement between the two SA.MMY methods of single and
multiple regions agree to better than 1 percent except for the
4.9 eV resonance which as mentioned earlier is due to different
values for the Gaussian resolution function.
The agreement between ENDF values and the resonance
parameters determined using SAMMY and REFIT is similar except for
the 60.3 eV resonance. The difference of 15 percent between the
ENDF value and neutron width determined using either SAMMY or
REFIT clearly indicates the ENDF value is much larger than it
should be.
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The analysis using SAMMY consistently determined smaller
neutron widths than REFIT except for the thin sample at 78.4 eV.
This may be a result of the way SAMMY computes the influence of
resonances outside of the region by using the ENDF values out to
1 keV while REFIT was using an R-infinity term.

CONCLUSIONS
The techniques used in establishing the methods for
measuring accurate cross sections require significant attention
to monitoring beam stability and understanding the detail of the
background contributing to the transmission measurement.
Parameters such as the mass and dimensions used to determine the
thickness, atoms/barn, of the material placed in the neutron beam
are accurately measured and easy to verify.
The inaccuracy in cross section calculated from
transmission measurements for the POLY 1 sample is probably
associated with the polyethylene sample. The experiment is
designed to randomized errors introduced by the TOF instrument
and experimental method. Transmission measurements for carbon
and polyethylene samples were obtained during the same runs.
Since the cross sections determined from the transmission
measurements of three of the four constant cross section samples
were consistent with reported ENDF values, it is reasonable to
conclude that the inaccuracy in the cross section calculated from
the POLY1 transmission measurements is associated with the
sample.
A detailed knowledge of the background dependence on neutron
energy is certainly needed to determine cross sections to an
accuracy of better than 1.0 percent. However, the other concern
in making high accuracy transmission measurements, the ability to
monitor the neutron beam variations, is equally important. One
needs to devote as much attention to developing accurate beam
monitors as to determining the background. The monitor system
should use sensitive detectors to gain the maximum efficiency in
measuring the incident neutron flux. Reliable instrumentation
hardware that is tested regularly to demonstrate stability is
essential for the monitoring system. A good operating practice
is to employ several independent neutron flux monitors. This
increases the statistical accuracy of the measurement and
provides a cross check of monitoring systems.
The measurement of constant cross sections for carbon and
hydrogen accurate to better than 0.5 percent of the reported ENDF
values and agreement of resonance parameters for four gold
resonances with ENDF values qualify the 15-meter TOF instrument
for measurement of total neutron cross sections in the energy
range of 1 eV to 100 eV. Techniques are currently under
development at RPI to extend the high accuracy measurements from
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the epithermal energies down into the thermal energies, milli
electron volt (meV). The development of a cold neutron source,
improved source beam monitoring, and more accurate background
determinations will make cross section measurements with
accuracies of better than a few tenth's of a percent accessible.
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Neutron

Table la - Carbon Cron Section fbarna)
ENDF - 4.746
CARBON I
CARBON 2
4.683
0.037
4.775 ± 0.017
4.755 ± 0.038
0.017
4.765
4.733 ± 0.039
0.017
4.744
4.766 ± 0.040
4.798 ± 0.017
i1 . 7 5 0
4.812
0.017
0.041
t1 . 7 7 0
4.769
0.041
0.017
4.757 ± 0.042
0.017
1.773
4.73 7
0.017
0.035
1.730
i1 . 7 2 4
4.750
0.017
0.036
4.783
0.017
0.036
1.734
4.753
0.037
1 . 7 5 0 ± 0.017
4.716
0.038
1 . 7 2 5 ± 0.017
i+

-fl

E (eV)
133.10
56.82
31.32
19.82
13.66
9.98
7.61
4.97
3.27
2.40
1.84
1.45

i+ i+

i+ i+ i+ i+ i-f i-f

1+ l-f

1+

i-f

+i

-fl

Table lb - Carbon Re<jre»»ion Analy»i«
Linear model: Y- a + bX
Intercept
Slope
CARBON 1

4.764 ± 0.009

-0.0095 ± 0.0002

CARBON 2

4.747 + 0.008

0.0003 ± 0.0002

E (eV)
133.10
56.82
31.32
19.82
13.66
9.98
7.61
4.97
3.27
40
84
1.45

Table 2a - Polyethylene Cro»» Section (barn»)
ENDF
45.727
POLY 1
POLY
43.902 ± 0.535
257
45.252
44.333 ± 0.542
260
45.253
270
44.524 ± 0.560
45.563
276
43.905 ± 0.570
45.822
282
45.546
44.121 ± 0,583
289
46.006
44.666 ± 0.594
294
45.802
44.871 ± 0.606
243
45.966
44.710 ± 0.506
248
46.097
45.366 ± 0.518
254
46.281
45.366 ± 0.529
46.414 t 0 259
45.889 ± 0.540
47.416 ± 0 267
44.625 ± 0.550
Table 2b - Polyethylene Regresaion Analyis
Linear model: Y« a + bX
Intercept
Slope

CARBON 1

44.919 ± 0.184

-0.009 ± 0.004

CARBON 2

46.176 ± 0.170

-0.009 ± 0.004
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Table 3a. - Gold 4.906eV Resonance
Eo
ENDF =•'

(ev)

2.5A mil

4.897
[.003]

4.906
REF^T
4.900
[.003]

2.5B mil

4.898
[.0004]

10

mil

20

mil

SAMPLE

SAMMX

(meV)
ENDF - 15.20
SAMMY
REFIT
14.87
[.04]

15.27
[.05]

4.898
[.0004]

14.70
[.04]

15.31
[.06]

4.895
[.0006]

4.896
[.0006]

14.65
[.03]

15.04
[.04]

4.894
[.0008]

4.894
[.0008]

14.58
[-03]

15.02
[-04]

Table 3b. - Gold 58.1 eV Resonance
Eo (ev)
ENDF =- 58.1
REFJT
58.16
58.16
[.05]
[.05]

(m«V)
ENDF - 4.4
REFIT
SAMMY
4.404
[.39]

4.434
[.87]

2.5B mil

58.12
[.05]

58.12
[.06]

4.404
[.388]

4.951
[.967]

10

mil

58.13
[.02]

58.13
[-02]

4.115
[.209]

4.243
[.252]

20

mil

58.12
[-01]

58.12
[-01]

3.900
[.147]

4.075
[.166]

SAMPLE
2.5A mil

Table 3c. - Gold 60.3 eV Resonance
Eo
ENDF => 60.3
REFIT
SAMMY

T n (meV)
ENDF - 68.0
SAMMY
REFIT

2.5A mil

60.33
[.004]

60.33
[.004]

58.39
[.93]

60.28
[1.00]

2.5B mil

60.33
[.003]

60.33
[.002]

57.95
[1.03]

61.38
[1.21]

10

mil

60.31
[.003]

60.32
[.003]

55.05
[.84]

57.84
[.90]

20

mil

60.31
[.004]

60.32
[.003]

57.80
[.83]

60.47
[.86]

SAMPLE.
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Table 3d. - Gold 7 8 . 4 eV Raaonanca
E o («V)
ENDF - 7 8 . 4
SAMMY
REFIT

rn
ENDF » 1 6 . 7
SAMMY
EEEH

2.5A mil

78.63
[.04]

78.63
[.04]

16.15
[1-18]

15.64
[1.68]

2.5B m i l

78.63
[.04]

78.62
[.03]

17.02
[1-24]

19.52
[1.87]

10

mil

78.60
[.01]

78.59
[.01]

14.88
[.50]

15.06
[.57]

20

mil

78.57
[.01]

78.57
[.01]

12.30
[.36]

13.41
[.41]

SAMPLE

Table 4. - Gold Ratio of N«utroq Width*
Er> feV>

SAMMY/REFIT

SAMMY/ENDF

4.906

0.9738 [.0038]

0.9782

58.1

0.9932 [.1962]

1.0009

60.3

0.9686 [.0166]

0.8587

78.4

1.0326 [.1074]

0.9671
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ON THE MEASUREMENT OF THE DELAYED NEUTRON YIELDS IN "EFFECTIVELY INFINITECRITICAL MEDIA
A. Fillp (*) and A. d'Angelo (**)
(*) CEA, Centre d'Etudes Nucleaires de Cadarache.
13108. St Paul lez Durance, FRANCE
(**) ENEA-CRE Casaccia, S.P. Anguillarese 301, 1-00100 Roma A D . ITALY

ABSTRACT

Considering the persistent uncertainties (- 5 X) in the prediction of
the "reactivity scale"(0eff) for a fast power reactor, an international
project was recently initiated in the framework of the OECD/NEA activities
for reevaluation, new measurements and Integral benchmarking of deLayed
neutron data and related kinetic parameters (principally P^ff) •
The Integral benchmarking, the "0eff experiment", planned at Cadarache
(CEA-France) on Masurca fast assembly, aims to extract reliable information
both on basic delayed neutron data (namely V^) and on the reactor
"response" (conventionally the "effectiveness"). In order to realise this
difficult "separation of effects" a particular strategy is adopted.
Concerning the experimental side, several techniques for measuring the $ e ff
("deterministic" and "noise") on several clean, large cores of different
ratio of fissile nuclldes arc planned. Concerning the interpretation of the
measurements, an adapted method related to the "effectively infinite"
critical media (the Perturbed Fundamental Mode) was developed. Moreover,
the
information on V^ froa direct
(nuclear) remeasurements
and/or
reevaluacions are included in the final Interpretation.
In this paper we present a preliminary analysis of the Masurca planned
fl cc experiment. The results permit us to expect firstly a significant
reduction of the uncertainties in V^ for U235, Pu *39 and U238 (to ± 2 X,
3 X and 3.5 X respectively) and, secondly, a better insight in the
"effectiveness" problem.

INTRODUCTION

During the last decade a noteworthy revival of interest towards the
Delayed Neutrons (DN) is to be notice. The fact is due to the key role the
DN play in Nuclear Reactor Technology (NRT), via Kinetic Parameters (KP),
principally the "effective delayed neutron fraction" (j8«ff) • On the other
hand the current uncertainty
on this parameter is still - 5 Z^*'. This
represents more than twice the target one the major part (~ 80 1) being

(*}

Uncertainties are given through as one standard deviation.
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due Co uncertainties in DN yields ( C J ) . For the nuclides of major
importance in NRT, t.I. U235, Pu239, and VZ38, the quoted uncertainties for
f d are - 3 X, 5 X and 7 X respectively*' . For improving the precision in
^eff' t n e
international
community
(OECD/NEACRP-NEANDC)
recommended,
recently, to perform new measurements, both for $eft and basic data (".})•
Then, parallel Co new V^ direct measurements planned at the University
of Birmingham (UK) and in Dubna (URSS) , an important campaign of £,ff
measurements is in training on Hasurca fast, zero power reactor (Cadarache.
France), in the framework of an international cooperation .
The two classes of measurements are in some extent complementary (weakly
correlated). Thus :
1. For the direct ones (counting the DN emitted from an irradiated chin
target in a neutron beam or filed) the main uncertainties are related co :
a) determination of the number of the fissions in target (- 2 X) , b)
counting of emitted DN (- 2.5 X), c) loss of short lived precursor emission
(1 to 3 X) ; see e.g. ref. 6.
Further improvement of the precision may be realized, but with
difficulty.
2. For indirect, via £ e ff. measurement (see later) the loss of DN is
avoided and the DN counting Is "converted" In recording the reactor kinetic
response to a known net variation of neutron (then DN) source. The total
number of fission in reactor is necessary too and Chls induces Che only
correlation bias with the direct method. This is also a major source of
uncertainties.
However, the current fieft experiment are actually performed in a "mockup" perspective : the determination of the "reactivity scale" for some
specific type of reactor. Some noticeable exceptions (e.g. the works in
ref. 6 to 9) illustrate the difficulty of inferring reliable informations
on v^, from 0 e ff measurements.
We note two classes of difficulties along with the strategy adopted in
Masurca £ e £f Project (HBP) to overcome them :
1. The first one is related to the precision requirement for the
experimentation techniques : in utilising the methodology developed in this
paper along with those from ref. 7 it follows that precision of 2 X, or
better, in the 0 e ff measurement is necessary to overtake, in V^ extraction,
precisions comparable with those of direct measurements. Within the
exiscing international experience, the achievement of this goal is possible
if one utilise (with particular care) two independent techniques : the
"deterministic" one, th«
source
"apparent
reactivity""'*"
and
the
stochastic or "noise" method. Both methods are planned In the HBP .
2. The
second
class
of
difficulties
concerns
the
theoretical/calculatlonal side related to two specific items. The first one
concerns the very goal of the HBP : to drive apart the basic information of
DN data (Vd) and those characterising the reactor as a particular
"neutronic environment". This last, synthetised by the "effectiveness"
concept, rises the "effectiveness problem". The main difficulty being
related to the space coordinate we attempt to eliminate it through an
"effective infinitely" media and an adapted model of analysis which we
develop In some detail In this paper. The second item concerns the
conversion of the inherently local (In phase space) detection of the
neutron level variation to the (phase space) integrated models parameters
(eigenvalues, kinetic point reactor lumped parameters). This "local/global
problem" (there we include the detector and source perturbation problem)
will be analysed in more general manner aiming to enhance the sources of
uncertainties and some means to reduce them.
In the following (2 nd ) part tht theoretical background is briefly
reviewed
and principal
topics
for optimal, correlated,
choice
in
experimental realisation and in interpretative methodology developments are
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outlined, with particular reference to the error sources and expected
bounds.
Because of the large range of theoretical/phenoraenological topics
involved, we attempt to construct a unified, comprehensive scheme of models
to be consistently utilised. In particular the connection between the
stochastic and deterministic and between static and dynamic models of the
Boltzmann equation is pointed out and heuristicaly utilised.
The models scheme developed is applied, in the 3 part, in performing a
preliminary analysis of the planned experiment and the availability of
accurate extraction of l>d for the cited nuclides (U235, U238 and Pu 239),
outlined.
In the it part, some concluding remarks and further developments in
progress are presented.

THEORETICAL DEVELOPMENT

THE GLOBAL/LOCAL PROBLEM : STATIC-DYNAMIC MODELS CONNECTION

The basic idea in performing V^ measurements in slightly sub-critical,
neutron n.»ltlplying
assemblies consists in producing a (sudden) net
neutron source perturbation (an "Out of Balance (OoB) state) and recording
its "delayed", time transient compensation, by the DN source evolution
(precursor accumulation and/or decay).
The net neutron source perturbation may be achieved by neutron source
immersion or by considering the natural (random) fluctuations in the
fission process
. The (locally) recorded neutron flux level transient is
interpreted in terms of solution of the Boltzmann (B) operator applied at
these two classes of experiments. Two forms of the B operator are currently
used. The Static Model (SM) is very convenient for accurate calculation of
any complex system but has not physical reality except for criticality (the
"keff" eigenvalue solution). Conversely, the Dynamic Model (DM) simulate
the real OoB states evolution but is much less convenient to calculations
(The "a" eigenvalue problem). Combining the two models one can cumulate the
accuracy of standard SM codes and those of the (inherently) dynamic
measurement methods.
Actually, the connexion between the two classes of eigenvalues is
nothing but the classical "effective delayed neutron fraction", /?eff, t.i.
the (^cj/'/)eff> parameter. We review through a simple heuristical approach
the equations which relate 0 e ff with the other Kinetic Parameters and with
measurable quantities in the "OoB" reactor (principally the neutron field
level and its fluctuations, the fission fates and their "importance").
Using a current symbolic notation
, one can write the equivalence
between the two cited Boltzmann operator models, in a £;ate, near
criticality :

a

- (M-F) * a

+S

a*a,

(DM)

(1)

(M-F) 4y - (1 - \) F+x + S ; 1-A : fi, with p or S-0

(SM)

(2)

=

v dt
=

- #0 (I\t);S - S(r.t) ; T - (r.if.E), 4X
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The two fluxes iaiF.t) and 4\(T) are different, but the differences is
weak near criticality (p, a, S « 0) and cancels at criticality (t.l. when
S • 0, a - 0 - 0) . Then, one can approximate ^ ( T . t ) by i^(T) + A0' r ;)j
and introduces the solution of the SM adjoint equation to approximate - to
second order - functionals of ia —> 4\B+^ - F+^

,

(SM, adjoint)

<3)

The relation between the two eigenvalues p and Or results in writing down
the equality (approximation to second order) of (1) and (2) weighted with
^ + and integrated over the phase space.
SM ->

IX

O (

+

2

eff k— )

< - DM

(4)

In eq. (4), the SM calculable eigenvalue, the "scaled reactivity"
^eff - ^ (left eqn.) is linked with the DM (right eqn.) measurable
eigenvalue, a through the DN parameters ("inhour" eqn.). For figures of
interest, the term ^/Pef( is negligible and $ - CTTd (with T d - 2 a e f f ^ k
and afiff k - (^jc/^)eff). This "asymptotic period" scaling of the control
road allows one to deduce the "scale" (0eff) from recording the response of
this road to the immersion of a neutron source, of known intensity and
known reactor "multiplication" effect (the "Source Multiplication" (SM)
method). In handling SM measurements, many "ad hoc" approximations are
available for correcting the standard Point Kinetic, "lumped" equation for
local (in phase space) effect. We attempts to solve this "global/local
problem", more generally by converting the DM(1) to a set of standard
SM(2).
To do this we follow the Henry/0tt w ' lt3 factorisation method. Taking
into account the very different time scales of OoB transients, i.e.
"prompt" scale (t) related to the neutron life time (- 10"' - 10" 5 sec) and
the delayed scale (t) related to precursor decay (- 10
- 10 z sec), the
• a (T,t) time dependency may by factorised [ia(Tt) ~ p(t)#(r,F)] and (1)
became, after integrating on phases space, with 4+\ as weighting :

A(t) p(t) - [p(C) - p\t)] p(t) + — —
Ao
p(t) - A k c k (t)

2 X k « k (t) + S(t) -> [pi - l(n") (5)
k
1
; k - 1 to PG

(6)

These equations^ solved at t scale with c as parameter, together with
eq. (1) solved at t scale (within the cited factorisation and imposing the
conservation of the neutrons number at this scale) constitutes an
simplified alternative of the straightforward solution of eq. (1).
On the other hand, some detector (with "response" 2 d (fd)) records the
OoB neutron field evolution, through the functional :

R d (Ct) ; < *ft (I\t), 2 d (D > - p(t) < #(r,t), Z d (D >

(7)

Finally, recording the detector signal R d (t,t) together with the exposed
calculational scheme, one realise a "Generalised Point Kinetic" (GPK)
scheme : it is "exact" and solve the global/local problem in general.
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However, applied to the MBP case. t.i. CO weak tnear cricicality). simple
OoB excitation (external source in the center of che assembly or
homogeneous distributed gaussian like fission source fluctuations), one can
approximate the function •(?,£) by ^iCT.t^), solutions of che SM (2). The
parameter t> accounts for some static states (e.g. : source in/source out).
This approximate GPK method (AGPK) was utilised, in a simplified form .
on Masurca, to measure the control road worth in typical fast reactor core.
It was found
that the dispersion in the local/global problem, in respect
to different detector location is very important in Point Kinetic approach,
but is reduced to a few percent in utilising the (simplified) AGPK scheme.
Ue conclude that the utilisation of the AGPK mechod in che scaled
reactivity
measurement
induces
negligible
error
(< 1 X). (Counting
statistic rarely exceeds 1 X). Then, the global/local problem doesn't rise
any particular difficulty in the MBP for the deterministic (source apparent
reactivity) method.
For the noise method an additional step is to be considered. In order to
obtain further information from the detector signal treatment i.e. his
variance, further refinement in the treatment of the B operator to get the
necessary relations with the lumped kinetic parameters. Among many
available methods
more or less specific (namely dealing with "local
effects") one of the most fundamental, in our opinion, it the methodology
initiated by I. Pal (1958) and S.I. Bell (1965) and developed recently
(1987) by J.L. Hunoz-Cobo et al . Starting from a stochastic transport
theory these authors were able to derive standard DM, Boltzmann eq. and,
consistently, an adjoint, inhomogeneous form, which solution (the detector
"field of view") permits one to calculate the variance of the detector
signal. This methodology which links the "noise" interpretative models with
the standard DM (and then S M ) 2 0 is in study for application in the MBP
framework. Founded on this link and on the reported results in noise )9eff
measurements
we expect a precision, in solving the global/local problem,
as good as the in the precedent deterministic case. In the following we
treat this case in more detail.
The next stage deals with solving the AGPK equation for Pefc (and then
for Vj) extraction firora scaled reactivity measurement (the "effectiveness
problem").
In the "apparent source reactivity" method, a Cf
neutron soarce is
introduced in the centre of a sub-critical reactor and the neutron le /el
change is recorded after stabilisation. The AGPK scheme applied to this
experience results in the following relation :

s

Cf

S

Cf <XCf**>

.
>
fi,ff *cf i* is

S

Cf
:

«•

w

"

iE-.i-

Eq. (8) shows that 0 c £f is related to accurately measurable quantities
t.i. the source strength (S c j), its apparent scaled reactivity (S c j), the
values, in the reactor center, of the Cf and fission_ neutror importance
ratio (I"Cf/I*f) »n d °f «*• fission rat* ( F l f * - VZ{',
considering the
accurate calculation of v). The uncertainty related to each of these
quantities lies between 1 X and 2 X, the overall uncertainty induced on
0 e f f being < 3 X8'9.
On the other hand, the spatial, importance weighted, fission source
distribution, the W factor in (8), implies unavoidable, complex, reactor
physics calculations, for fitting measured with calculated quantities.
Then, the W factor is particularly exposed to systematic errors induced by
data (other than DN) and by calculational models, namely in regions with
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strong neutron field variations, e.i. Intra-cell heterogeneity and
core/blanket interfaces. Reducing these "perburbative" effects (fuel of
thin, cylindrical form, and weak blanket contribution to the critical
mass), one can approach an "effectively, homogeneous, "infinite" critical
media and than can utilise the simple and accurate model of the Boltzmann
operator, the (Perturbed) Fundamental Mode.
THE EFFECTIVENESS PROBLEM : THE PFM MODEL
The general formula for 0 e f f i s 1 4 " 1 6 :
V

Jfe
*eff "

2

i,k

dr f dE (VAh,l Zf, $)(E,r) f dE'

"TV
v

Jo

J

* "

f

7—1

dr

J

r

dE (fj2f, *)(E,r)

J

(9)

IT
dE' X< (£') t

(E'.r)

J

The indices i and k stand for fissile isotope and DN temporal group
respectively, V is the reactor volume. The other notation is usual .
Lff reliable information for each
In order to extract from measured ft.cc
nuclear DN yield (Vds) one can be able to separate firstly the DN
productions ("(ji^ff) from their (spectral) importance (_/g X d i ^ + ) and
secondly the fractional contribution of each isotope (i) in the mixture.
tfe attempt to force the first separation starting with the first
approximation of V^ y independence on incident neutron energy. E ,
(actually this is the'case for E n < 4 MeV) : the 2^ summation disappear in
putting : Vdi Xdi = " d i \ ("dkl^di5 *dkl
Further, we Introduce the following spatial distributed, flux weighted
spectra integrated, quantities : fission rates (£f^(r), neutron fission
production (l^S^r)), fractional neutron fission production (.^(r)),
delayed (d) and total, fission yields (- ^ d i (r) - ''di^fi (r)/ ^fi (r) •
respectively - 7 t (r) - « / i 2 fi (r)/2 f , (r)).
Equally, we introduce spatial distributions adjoint flux weighted,
energy integrated, neutron emission spectra ( X J J ^ T ) , X^(r)).
Now, one can define, separately, Che distributions of the "nuclear" part
of the 0 e ff (i.e. 0(r)) and the importance related "effectiveness" pare
(E())

^fl
/} (r) - ^Ti-ii
^^(r)

_
_
> ^(r) - I f ^ r j ^ r ) . (nuclear)
i

di

=±
vL(t)

I d (r) - S( dl (r)f l (r)J 1 (r)/?(r); I(r) - 5( i (r)f 1 (r); E(r) - Id(r)/I(r)

(10)
(11)

Finally, in order to study the progressive (starting from the center)
blanket perturbation effect on the 0*ff (<CI- 10) W e
define the
"progressively
integration"
(p.i.)
of
the
above
distributions
R
[TQ X(r) ; X ( R ) ] , in particular the p.i. of the fission neutron (delayed
and total) importances :

Td(R) - 2 Tdi(R) - 2 fRIdl(r)dr ; I(r) - 2 T^R) - I fRIi(r)dr
i

i JO

i

(12)

i Jo

The resulting "factorIsed" p.i. 0 e ff is :
^ c f f ( R ) - I(R)5(R) ; E(R)

=

Id(R)/I(R)

:

"Effectiveness"

(13)

Note chat for the R-V, 0e£f(R) - £effThis factorisation may be relevant for direct relating eq.(13) with
separately measurable fission rates and importances (<?<f(S)) if one could
transform
the_ "bilinear
functional"
(12)
In products
of
"linear
functionals" ;x(R)7Sf(R)].
To do this it is sufficient to expand the direct and the adjoint flux,
in leading FM factorisable terms and in perturbative ones :

*

*

+

^ ^ E )

+ Atf*(r.E)

(U)

In (14) the FM (index 0), direct and adjoint spectra relevant for the
center of the core, are constant in a major volume of this, while the
percurbative terms h$ and A^ + are progressively significative only
approaching the blanket interfaces.
Introducing (\U) in (10), then repeating the above development one can
redefine the (11) - (13) expressions in terms of FM (spatially constant)
ones, corrected
for spatially
(blanket) "perturbative" effect. The
expression (13) for progressively integrated 0eff(R) is :
•

-i 0* ; &• - 2 0i ft (FM)

(15)

G(R) Pert.

i

(16)

; w x (R)
(x-di or i)

"

The expression (15) put 0 e £j in the hoped factorised form and solves the
"effectiveness" problen. Actually, in our method, this solution means
extracting from Che calculated (13) and the measured (£) expressions, the
values of /}, , consistently with those from direct (nuclear) measurements,
i.e. with the DN "fractional yield" in the fission, induced by a neutron
beam (or field) of accurately known (or calculable) energy spectra. This is
nothing but the "nuclear" ft'^ (11) defined in the core center (15). Then,
the remaining product of the two factors (I'd/I*)G(V), related to the
reactor response is the "effectiveness". This concept is physically
relevant for reactors with large, homogenous central zones, for its leading
factor, I'jj/I* is the measure of the DN "fractional spectrum effect" (his
is the FM effectiness). The FM adjoint weighting in I*d/I° is accurately
calculable as is the direct flux, in fl,' weighting. On the other hand the
residual bilinear functional G(V), a sun of fractional fissile "sources
importances" (w(V) in (16)) is considered as a "spatial correction" for the
perturbation induced by the blanket.
(Note that even for general
heterogenous reactors, the "effectiveness" E(R) in (13) is still a
convenient parameter in the analysis of the "scaled reactivity").
It rests to separate the individual $,' froa the "mixture" /)* (see
one must perform £ e ff measurements, on several cases with different
^
contributions ; there is what is planned in MfiP.
Finally, the system of linear eqs. (13), together with measured values
of 0 e f f (8 ) and with experimentally fitted G(V) factors calculation,
allows the $, extraction by a least squares procedure, in accounting
firstly for "initial" VA values froa nuclear measurements and secondly for
the uncertainties related to the quantities involved in (8 ) & (15).
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NUMERICAL TESTING OF THE PFM MODEL

On che basis of the exposed PFM method a preliminary analysis of the
planned 5 e f£ experiaenc on Masurca (HBP) was performed. Measurements will
be realised on three fast assemblies "R2", "ZONA2". "COMPACT", enriched
respectively in U235 (30 X ) . Pu 239 (25 I), Pu 239 (11 I ) . The nain
characteristics (composition and geometries) of the three cores was
published in ref. 5.
The weak intracel heterogeneity contribution (oxid-U or Pu - chin
cylindrical
rodlecs with
1.25 cm of dlam.) and the weak blanket
contribution (large cores of - 60 ca high and 100 to 160 en dia«.
contributing for > 90 X on the VcQff) allows one to apply the PFM analysis
nethod.
The calculations was performed with the Cadarachc, CCRR codes system2 *\
The direct and adjoint flux was calculated in Che classical two steps. The
first one,the "cell" step (transport) provides, after homogeneisation, the
FM fluxes atv< m iltigroup constants (effective cross sections) necessary for
the second sct> which calculates, in two dimension diffusion approximation
(20). the direct and adjoint flux.
The cell flux !*O(E) ,»0+(E) ] and th* 2D ones [#(E.r), #*(E,r)] was
utilised in calculating the (11) to (16) expressions.
The results are synthesized in the tables and the figures at the end,
with indication on the quantities reported, for two cores, with nin.-nax.
perturbative effects.
In the table 1, the FM ("iero-dimensional") results are presented. Note
che weak contribution of higher Pu isotopes to 0*eff and correlatively
negligible spatial perturbation they induce (table 2). Then, the calculated
contribution of the higher Pu could not introduce any significant error.
The deviation of £ e ff from fur(
(i.e. the spatial perturbation) is
calculated and reported in the cable 3. in two way. The first one considers
^eff * s £ » c c o r i s * D l e . i n calculating separately the perturbation on the
nuclear part (£(R)/0*. row a) and the effectiveness part (E(R)/£*. row b)
and then adding them (row c)._The second way calculate* directly the spatial
perturbation on 0£j(i.e. ^eff(R)/^*,ff. row d). The observed limited
discrepancies (6 X is an extreme case) attests of the availability of our
"factorisation" approach.
On the other hand, in examining the cable 3 and the figures 1 and 2 one
concludes on really small (a few percent) spatial perturbations both
globally [G(V)] and detailed [C(R) .Ti'SiW . ( I d / I > R ) • excepting for Z0NA2.
However th* - 10 X perturbation enregistred for fi and the "effectiveness"
in this cor* compensate largely each other (to £ 7 t ) .
Based on these weak corrections and on th* lack of random coapensations,
ct.e uncertainty in reducing the 4 e ff to FM faccorized fora could be lower
then 1 t.
Finally, we have evaluate th* uncertainties in extracting che v^ for
L'235,, Pu 239 and U238 byy the interpretation
of the £ e ff
measurements
p
e ff
h
FM <£",ff>_<£"ff>_- Th*,
Th
li
i
(13)
ildi
h
reduced to the
FM
linear
aquations
(13),
including
th*
^
£ G(V), with quoted uncertainties
"simulated* measured data (0aff. f^/I.
?£•
(see pg. 6) for the three cores and th* "guess" V^ from new nuclear
measurementj/*valuacion say by solved for Pg, by a classical last-squares
procedure of constraint linear »yst*m (22). It results an improvement of V^
for U235. Pu 239, U238 fro* 3 X. 5 X, 7 X to 2 X. 3 X. 3.5 X respectively.
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CONCLUSION

The integral £ e ff experiment on the fast Masurca critical, assembly is
considered as an accurate ncan to measure V^, for U235, Pu 239, U238.
complementary to those of direct nuclear measurement. Then, in combining
these two sees of nearly statistically independent values, we conclude,
through a preliminary analysis of planned Hasurca Beta eff. Project (HBP),
the significant improvement of V d for the cited nuclides (to - 2 X. 3 X.
3.5 X respectively). The reliability of our approach repose on the
particular arrangement of the experiment (large, quasi-homogene several
cores, with variable composition) and on an adapted method of analysis, the
Perturbed Fundamental Mode (PFH). The PFH was numerically tested on MfiP,
accounting for the quoted precisions in measurement techniques, with very
conclusive results. A better insight in the "effectiveness" problem is
reached, namely in separing the "FM spectral effect" (relevant for the
central
region of the core),
from
the blanket
induced
"spatial,
perturbative
effect",
both
being
(calculations
fitted)
measurable
quantities. On the other hand a calculational schema (ACPK) was developed
and indirectly tested (in referencing on earlier tests on Hasurca cores)
for evaluating the errors in treating the "global/local problem" i.e. in
transposing che inherently local flux level evolution records to the global
(lumped) parameters (P/£eff) * n C n * point kinetic equations. It results
negligible errors.
The demonstrated potentiality of the HBP to improve significantly the
knowledge in ON data (namely V^) could be effective through a large
international
cooperation
for
the
lntercallbration
of
experimental
techniques and for intercomparison of analysis results. The cooperation is
initiated through the NEANDC/NEACRP activities and the participation of
every interested expert and/or laboratory is welcome.
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Table 1. Effective-Beta
Zaro-Dlaan«lonal Calculation*! Results
"ZONA 2"

U235

U238

Pu239

Pu240

Pu241

Pu242

(«) Nucl. Beta

6 .85-3

1.57-2

2 26-3

3 .06-3

5 .28-3

V .31-3

(b) Prod. Weight

0 .007

0.108

0 .803

0 .057

0 .023

0.002

1.0

(a) x (b) Beta

5 .07-3

1.70-3

1 81-3

1 .75-4

1 22-4

1.08-5

3.87-3

SUM

()88

(c) Effectlven.
(a)x(b)x(c)
Eff. Beta

4 '.7-5

1.50-3

I,60-3

1 55-4

1 08-4

9.56-6

3.41-3

Isot. Contr.

1 31 X

43,9 X

46 .9 X

4 53 X

3 15 X

0.28 X

100 X

(a) Nucl. Beca

6 88-3

1.57-2

2. 27-3

3 08-3

5 31-3

7.33-3

(b) Prod. Weight

3 36-2

1.99-1

6. 97-1

4 22-2

2 69-2

1.05-3

1.0

(a) x (b) Beta

2 32-4

3.12-3

1, 58-3

1. 30-4

1. 43-4

7.71-6

5.22-3

"COMPACT"

0 ,78

(c) Effectlven.
(a)x(b)x(c)
Eff. Beta

1. £0-4

2.43-3

1. 23-3

1.01-4

1. 11-4

6.00-6

4.06-3

Isot. Contr.

4. 44 I

59.8 X

30 .4 X

2. 49 X

2. 74 X

0.15 X

100 X
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Table 2. Isotoplc Concrlbutlons to Che Spatial Perturbation

SUM

"ZONA2"

U235

U238

Pu239

Pu24O

Pu241

Perturbac.

89 X

7 X

• 4 X

• 12 X

• 1 X

Isoc. Contr.

1.31 X

43.9 X

46.9 X

4.53 X

3 15 X

0.28 X

100 X

Eff. Beta
Perturbat.

1.2 X

3.1 X

0 .0 X

0 .0 X

1.5 X

Perturbat.

17 X

0 X

- 1X

- 13 X

- 15 X

Isot. Contr.

4.44 X

59.8 X

30.4 X

2.49 X

2 74 X

0.15 X

100 X

Eff. Beta
Perturbat.

0.8 X

0.0 X

- 0.3 X - 0.3 X • 0.4 X

0 0 X

- 0.2 X

- 2.0 X - 0.5 X

Pu242
•

13 X

"COMPACT"

•

20 X

Table 3. Beta and Effectlveneaa Contributions
to the Spatial Ptrturbatlon

"ZONA2"

Perturbat. Effect
on

CENTER

CORE

WHOLE
SYSTEM

(a) Beta

- 0.2 X

- 3.5 X

15.5 X

(b) Effectiven*.

- 0.8 X

• 3.2 X

- 7.9 X

<c) - (a) + (b)

- 1.0 X

- 6.7 X

7.6 X

(d) Eff. Beta

- 1.0 X

- 5.4 X

1.5 X

- 0.0 X

- 2.6 X

6.0 X

(b) Effectlvtn.

• 0.4 X

- 1.2 X

- 4.4 X

(c) - (a) + (b)

- 0.4 X

- 3.8 X

1.6 X

(d) Eff. Beta

- 0.4 t

- 2.6 X

- 0.2 X

"COMPACT"

(a) Beta
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Figure 1. MASURCA COMPACT
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Study of More Efficient Models for
Reactor Vessel Fluence Calculations
by
J.V. Livingston
A. Haghighat
The Pennsylvania State University
Nuclear Engineering Department
University Park, PA 16802, USA

Abstract
In support of the plant life extension (PLEX) program it is necessary to
determine the reactor vessel fluence. In this determination transport calculations for
the fast neutrons (>0.1 MeV) are performed over the life of the reactor. This study
reevaluates the appropriateness of the assumptions commonly used in such analyses.
A review of this depth is generally too costly to perform for every series of
calculations, but it is seen as useful for calculations that will be needed to evaluate the
ex-vessel cavity dosimetry. The results of this study reinforces that the standard
approach used is adequate, but additional savings may be observed by simplifying the
problem. Limiting the range of neutron energies to only those required can reduce the
computation cost by a factor of two. Additionally the use of specific lower order
quadrature sets can yield results comparable to those of **<gher orders.

Introduction
The damage mechanism of concern for the reactor vessel is the radiation
hardening of the steel due to high energy neutrons. A combination of measurements
and calculations is used to determine the neutron fluence in the reactor vessel. A
standardized approach for perfoiming these calculations is presented in reference 1
and applications of this type of approach can be found in references 2 and 3. The
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calculations use transport computer codes such as DOT-IV4 or OORT5' to determine
the neutron flux distribution and the results are then integrated over the operating
history. Hence, it is important to optimize the models (and methods) thereby obtaining
accurate results at a minimum cost (both computer and manpower).
The standard approach, listed in reference 1, for determining the reactor vessel
fluence has three steps:
1.

conduct and synthesize two- and one-dimensional transport theory
calculations to determine the spectra and relative magnitude of the
neutron flux based on a fixed neutron source distribution
corresponding to the reactor power distribution,

2.

evaluate dosimetry measurements to determine reaction rates,

3.

combine steps 1 and 2 to reduce the uncertainties of the results.

Dosimetry reaction rates are calculated using the transport results (in step 1) at
the capsule (in the downcomer region) and at the cavity dosimeter (in the reactor
cavity). These reaction rates are scaled (step 3) to best represent the measured
activities of the dosimeters (of step 2). Improving the accuracy of the calculation (i.e.
better matching the measured values) will improve the confidence in the calculated
speclrums and the interpolated and extrapolated results.
The present study investigates the possibility of developing more efficient
models for the transport calculations by considering simplifications in treating energy,
space, and angular dependencies of the neutron flux. Additionally, the results from
the sensitivity studies conducted on a few parameters (related to the geometry and
material) which can affect the computation time significantly are presented.
Methodology
The transport codes (DOT-IV and OORT) solve the Boltzman transport equation
by discrete ordinates. The discrete crdinates method subdivides the independent
variables including space, energy, and angle into finite segments The spatial
variables are modeled in 2 or 1 dimensions with a grid structure of homogenous
blocks. The energy spectrum of the transport particles is divided into a fixed group
structure. The directions of the particles are limited to fixed number of angles
(quadratures).

DORT is an updated version of the DOT-IV code and can be operated on an
IBM RS6000 workstation. Comparison runs have verified that the codes give
the same results (within the convergence criteria) for the models in this
analysis.
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These calculations use a two-dimensional R-6 model (shown in figure 1), an RZ model (shown in figure 2), and an R model of the TMI-1 reactor. Cylindrical
coordinate models are used to accurately model the outer cylindrical components of
the core. Non-concentric cylindrical components are meshed so as to conserve each
region's volume. The R-6 model utilizes the 1/8 core symmetry by modeling a 45
degree sector of the core and using reflective boundary conditions on the azimuthal
boundaries. A reflective boundary is also used in the core center, while a vacuum
boundary condition is used at the outer radius in the reactor cavity (concrete) wall.
The R-Z model is used to determine the axial variation in the flux distribution.
This study limited the axial extent of the model to the fuel assembly length. For the RZ model, the core centerline has a reflective boundary condition and the others are
vacuum conditions. The instrument wells are not modeled.
The one-dimension cylindrical model (R model) is the same as the midplane
mesh of the R-Z model. This model is used for normalization in the three dimensional
synthesis of the flux distribution. Use of this model to study the sensitivity of the
parameters was limited, since it is not sensitive to multidimensional effects.
Other model characteristics that may be of interest, include:
The R-6 model has 63 azimuthal meshes and a variable number of radial mesh
(93 to 112). Variable rad'al meshes are used in the fuel boundary/baffle plate
and the detector/instrumentation well regions to reduce the total number of
mesh in the model.
The R-Z model has 76 radial and 88 axial meshes in a non-varying pattern.
The analysis uses SAILOR'S6 47 neutron group cross section library.
Axial variations of the core are averaged over an active fuel length of 361 3 cm
(142.25 inches).
The fuel assemblies are modeled as homogenous regions while other major
components are modeled as distinct regions.
The quadrature sets used in this study are spherically symmetnc and satisfy
some even moment conditions7. For the reference case quadratures the even
moment condition satisfied is:

1
2

u

r

m-1

J-i
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An alternate quadrature set is used for a comparison study. This quadrature satisfies
the even moment condition:

It

where n ( M ) = / f l j 7

cos

<>' M = N(N+2)/8. K and { are integers such that K>« and

!<N and n = 0.1,2... 1.
2
The numerica1 values of the angles are the same for the Sa sets and the direction
cosines are within 5% of each other for the S« quadrature. As will be shown later this
small difference will be significant in the transport calculations.
For comparisons 2MU(n.f) and 63Cu(n,a) region average reaction rates
(activities) are calculated at the reactor vessel and cavity dosimeter. The response
cross sections for the activity calculations are obtained from the SAILOR manual.

Results and Conclusions
a.

Energy range

Since the primary goal of these calculations is to evaluate the fluence of the
fast neutrons (E>O.1 MeV), the first simplification for this study is to consider only the
first 28 energy groups (i.e. energies between 0.04 and 17.0 MeV) of the SAILOR
cross section library. This approximation leads to a >50% reduction in the
computation cost without any loss of accuracy in the calculated flux values. This is
due to the fact that the source distribution is fixed and there is no upscattering for the
groups being considered. The cumulative time xo calculate the flux distribution for
each group in the one-dimensional case is shown in Figure 3. The higher energy
groups (>33) require fewer iterations and, thus, less CPU time per group. This fact
increases the value of removing calculations of the lower neutron energies.
Moreover, comparisons of neutrons below group 28 is not completely valid,
since the models used here (and in the remainder of this study) do not accurately
evaluate thermal fluxes. Assumptions, such as, vacuum boundary conditions in the RZ model, material number densities of thermal absorbers (e.g., boron, and fission
products) and mesh spacing are not necessarily appropriate for thermal neutron
analyses.
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b.

Geometry and Material Related Parameters

Here, we have studied the effect of a few parameters which can affect the
computational time of this type of analysis.
Model Inner Boundary Position
The practicality of reducing the model size is reviewed. Neutrons from the
inner fuel assemblies have a low probability of reaching the reactor vessel, thus
should not provide a significant contribution to the calculated activities in the capsule
or cavity dosimeter. This has been substantiated in reference 8 using the adjoint
calculation; it is concluded that more than 99% of the detector response is due to the
source in regions beyond a radius of 102.2 cm.
For this study, four cases with different inner radii were evaluated. 0.0 cm (case
E1, reference case), 102.2 cm (case F1, removal of the inner 69 assemblies), 123.7
cm (case F2, removal of 101 assemblies) and finally 151.9 cm (case F3, the minimum
radius of the baffle plate). Table 2 illustrates that the activities for cases F1 and F2
are comparable to the reference case E1. Case F3. inner radius of 151.9 cm, gives
activities 20 to 30% lower than the reference case.
To observe the importance of the inner boundary condition, two cases were
tested for the 123.7 cm inner radius case: one with a vacuum and one with a reflective
boundary condition (BC). The reflective BC gives better results and requires more
computation time than the vacuum BC case. The reflective BC, however, does not
appear to be significantly better (in time or accuracy) than Case F1 which models a
larger domain.
Concrete Region Thickness (Model Outer Boundary Position)
The accuracy of modelling the concrete region (reactor cavity wall) will affect
the cavity dosimetry results and also the computational cost. This analysis shows that
a concrete thickness of 20/40 cm gives cavity dosimeter activities 7 to 1% lower than
the reference case with 50/70 cm of concrete. So, we believe that a thickness of 50
cm is necessary to account for the neutron backscatterings into the instrumentation
well.
Presence of Steel in Concrete
To evaluate the importance of considering the presence of steel in the reactor
cavity wall, the activities at the cavity dosimeter for th? R-6 model with and without
steel in the wall are compared. The case with steel assumes a homogenous 30% by
volume fraction of steel throughout the cavity wall region. This case gives M Cu
activities at the cavity dosimeter location 16% higher than in the case with no steel
and 0.2% higher in the reactor vessel region. T^e presence of steel in the concrete
affects the calculated 2MU activities at both locations by <1%.
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Pressure Vessel Spatial Meshino
Timing estimates indicates that the code spends 30 to 50% of the CPU time to
evaluate the neutron transport through the reactor vessel; thus, this region is studied
for the mesh sensitivity. The reference mesh has mesh sizes varying from -0.5 to
-2.0 cm, with the smaller meshes on the inner surface. Decreasing the number of
mesh (and thus the mesh size) by a factor of two had less than a 4% effect on the
results outside the vessel and less than 10% effect in the vessel itself for the activities
reviewed (region averaged 238U(n,f) and "Cufn.a) activities). Doubling the number of
mesh had an effect of less than 4% outside the reactor vessel and less than 0.3% in
the vessel. The time for these runs were within 10% of the reference case (i.e., the
CPU time were approximately proportional to the number of meshes). From these
results, the reference mesh appears to be reasonable for the energy groups
considered. Decreasing the mesh does little to reduce the CPU time while
underpredicting the region activities.
c.

S>, Angular Quadrature Order

Different quadrature orders and quadrature sets are studied. For the
spherically symmetric quadrature satisfying the even moment condition of equation 1,
substantial decreases in the computation time can be observed with minor (<3%)
impact on the numerical results (as can be seen in Table 3). The reference case
uses an S8 quadrature (both even moment conditions give the same angle and
weights for Ss sets). Activities from the R-6 model using the S6 and S4 quadratures
(based on equation 1) give results within a few percent of the reference case. This is
not true for quadratures satisfying the second even moment equation (equation #2,
cases S4A and 24A), where the results up to 60% greater than the reference case are
obtained. This finding is seen in both the R-6 and Ft-Z models Cavity dosimeter
activities cannot be reasonably calculated in th3 R-Z model due to the mesh structure.
Typically, both quadratures should give similar results (as stated in reference 7).
Identifying the reasons for the discrepancy between the literature and the iesults of
this study will require further study.
d.

Scattering order

The scattering order has also been reviewed, cases P1 and P2 in Table 4. The
reference case uses a P3 scattering order and using the lower scattering orders
causes significant deviations in the results. These results confirm the highly
anisotropic scattering nature of the problem. Cross sections for higher scattering
orders were not readily available and thus not evaluated.

Conclusions
It has been observed that the standard approach used is adequate, but
additional savings may be observed by simplifying the problem analyses scope or
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range. The limitation of the range of neutron energies to only those required can
reduce the computation cost by a factor of two. Additionally the use of a specific
lower order quadrature set (S4 or S6) yields results comparable to those of higher
orders (S8), while decreasing the computation time by a factor of up to 2.
It is also concluded that the use of the smaller calculational volumes are
possible, however, the savings in the computational costs are minimal (~10%). The
use of a 50 cm thickness for the concrete region is recommended over thickness of 20
cm. It is necessary to consider a proper concentration of the stainless steel mixed
into the concrete region. Finally, the use of at least P3 scattering order is needed for
this type of analysis.
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Table 1
Comparison of the CPU Times and Calculated Activities
for different Model Sizes

Description

CPU
Time
(min)

Reactor Vessel

Cavity Dosimeter

U-238
(n,f)

Cu-63
(n,alpha)

U-238
(n.f)

Cu-63
(n.alpha)

E1: Reference
Case, S8,
28 groups

36.8489

4.7167+14

1.45226+12

8.4857+10

2.2189+8

F1: 102.2 cm IR
vacuum
(%diff from E1)

32.2483
(-12.5)

4.7071+14
(-0.2)

1.4464+12
(-0.4)

8.4673+10
(-0-2)

2.2098+3
(-0.4)

F2: 123.7 cm IR
vacuum
(%difffromE1)

31.7708
(-13.8)

4.6152+14
(-2.2)

1.4011+12
(-3.5)

82982+10
(-2.2)

2.1396+8
(-3.6)

F2: 123.7 cm IR
reflective
(% diff from E1)

32.1180
(-12.8)

4.7018+14
(-0.3)

1.4439+12
(-0-6)

8.4585+10
(-0.3)

2.2064+8
(-0.6)

F3: 151.9cm IR
reflective
(% diff from E1)

28.1250
(-23.7)

3.6693+14
(-22.0)

1.0412+12
(-28.0)

6.5263+10
(-23.0)

1.5660+8
(-29.0)

TablaS
Comparison of tna CPU Timas and Calculated Activitias
for dirfarant Angular Quadratures

Description

CPU
Time
(min)

Reactor Vessel
U-238 (n,f)

Cu-63
(n.alpha)

Cavity Dosimeter
U-238 (n.f)

Cu-63
(n,£!pha)

R-8 geometry
E l : Reference
Case, S8.
28 groups

36.8439

4.7167+14

1.45226+12

8.4857+10

2.2189+8

S4: S4

15.2778
(-58.5)

4.6141+14
(-2.2)

1.4388+12
(-0.9)

8.4275+10
(-0.7)

2.2398+8
(+0.9)

S6: S6
Quadrature
(%ditf from E1)

24.9132
(-32.4)

4.6616+14
(-12)

1.4393+12
(-09)

8.4602+10
(-0.3)

2.2490+8
(+14)

S4A: S«
Alternate
Quadrature
(%ditf from El)

20 2569
(-45.0)

5 99446+14
(+27.1)

1.91123+12
(+31.6)

1.18845+11
(+40.0)

3.52761+8
(59.0)

Z8: S,
Quadrature 47
groups

220.9

9.14101+15 j 3.26230+13

N/C

N/C

Z4: S,
Quadrature
(% diff from Z8)

87.7810
(-60.3)

8.99302+15
(-16)

325424+13
(-0.25)

N/C

N/C

Z4A: S,
Alternate
Quadrature
(% ditf from Z8)

89998
(-59.3)

1 11851+16
(+22.4)

4.02019+13
(+23.2)

N/C

N/C

Quadrature
(%ditf from E1)

R-Z geometry

N/C = Not calculated
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Table 3
Comparison of the CPU Times and Calculated Activities
for different Orders of Anisotropic Scattering

CPU
Time
(min)

U-238 (n,f)

Cu-63
(n.alpha)

U-238 (n,f)

Cu-63
(n.alpha)

E1: Reference
Case, S8,
28 groups,P3

36.8489

4.7167+14

1.45226+12

8.4857+10

2.2189+8

P1: P1 Scattering
Order
(%diff fromEl)

27.2569
(-26.0)

3.0949+14
(-34.4)

9.0895+11
(-37.4)

4.7448+10
(-44.1)

9.1839+7
(-58.6)

P2: P2
Scattering
Order
(%diff fromEl)

31.5972
(-14.3)

4.5424+14
(-3.7)

1.3835+12
(-4.7)

7.9214+10
(-6.6)

1.9448+8
(-12.4)

Description

to

o.

Reactor Vessel

Cavity Dosimeter

Fig- 1 •• An R-6 Model for DOT 'Direct' Calculations (Including the
Instrumentation Veil, Cavity Dosimeter, UCIC, and C1C detectors)

o.
0
u

>'. t < « t W

"rt-

a.

i

no

3

i
r—*

HI

I

i

IN

DC

1-264

sa

Neutron Transport Analysis of the SAILOR and ELXSIR Cross-Section
Libraries Used for the RPV Fluence Estimation
by
R. Veerasingam
A. Haghighat
Pennsylvania State University
Nuclear Engineering Department
231 Satkett Building
University Park, PA 16802
ABSTRACT
In this paper, we present tha results of 1-D transport analysis of the SAILOR and
ELXSIR cross-section libranes which are commonly used in Reactor Pressure Vessel
(RPV) fluence estimation calculations. Particular emphasis is placed on the effect of
using the ENDF/B-V Mod 3 iron ('new') cross-sections (which have a lower inelastic
cross-section in the range 3-8 MeV) on the calculated flux and activities for several
dosimetry materials including i M U . " 7 N P . 2 7 A '> ^ 56f: e. " N i . " S | n an°" M Cu at the capsule
and cavity dosimetry locations. The new' iron cross-sections using the SAILOR library
can affect the results by up to 45% for M Cu (n.ot) reaction at the cavity location compared
with the earlier reported iron cross-sections. For ELXSIR, the corresponding value is
about 43%. The calculated displacement per atom (DPA) per sec in the pressure vessel
shows that both the SAILOR and ELXSIR libranes independently produce similar results
to within ~7%.

I.

Introduction

Accurate estimation of the neutron fluence at the reactor pressure vessel (RPV)
is required for the safe plant operation and the possible Plant Life Extension (PLEX).
Typically, dosimetry data from the RPV surveillance capsule or the ex-cavity dosimeter
and results from t ran snort theory calculations are consolidated to estimate the flux/fluence
at the RPV.11 The transport theory calculations require cross-section libraries, of which
several are commonly used. This paper evaluates the differences between two crosssection libraries, SAILOR*21 and ELXSIR131 used in transport theory fluence calculations.
The goal is to better understand through transport analysis, the effect these cross-section
libraries, their associated fission spectrum and group structure have on the calculated
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neutron flux/fluence. The neutron flux influences the calculated dosimeter activities of the
capsule or the ex-vessel cavity dosimeter and the calculated displacement per atom
(DPA) in the RPV. The DPA is a measure of neutron fluence induced in the RPV
damage. The ELXSIR library provides DPA cross-sections. To studythe effect of using
these two libraries, activities of several dosimeter materials and the DPA are calculated.
In Section II, we briefly describe the different libraries. Section III discusses the
methodology used for this analysis. Section IV presents the results and discussions, and
section V presents the summary and conclusions.
II.

A BrW Description of th« Cross-S«ctlon Libraries

SAILOR cross-section library has 47 neutron and 20 gamma-ray groups with P3
anisotropic scattering order Further, it is created based on AMPX-II141 methodology and
VITAMIN-C'51 library derived from on the ENDF/B-IV library. ELXSIR library is the most
recent library which contains 56 neutron groups with no gamma cross-sections. It also
is created based on the AMPX-II methodology using a combination of the ENDF/B-IV and
ENDF/B-V libraries. Table 1 compares the energy group structure for SAILOR and
ELXSIR above 0.1 MeV which mainly causes the atomic displacements in the RPV. Note
that SAILOR has 26 groups and ELXSIR has 37 groups in this energy range.
The ELXSIR library also contains the ENDF/B-V MOD 3 iron cross-sections
(hereafter called the new' iron cross-sections) reported by Fu.(S1 The 'new' iron crossssciions have a smaller inelastic scattering cross-sections by 8 - 10% in the 3-8 MeV
range121 over the previously reported iron ('old') cross-sections. The smaller inelastic
cross-sections m this range translates to fewer scattering events and, hence, higher fast
fluxes in the regions containing iron, (e.g., in the pressure vessel).
In addition to the differences in the group structure, each library reports its own
fission spectrum, response cross-sections for several dosimetry materials, and in some
cases different isotopic concentrations for certain mixtures such as stainless steel, low
carbon steel, zircaloy-4. and concrete.

III.

Mthodoloav U««d for thit Analysis

A one-dimensional radial model (Shown in Fig. 1) representing the TMI-1 reactor
operating in fuel Cycle 7 is used in DOT 4.3'71 SN transport theory code. Fixed source,
calculations are performed to evaluate the multigroup flux distributions throughout the
model. An S, quadrature with 88 spatial meshes are used. For these calculations, the
fission spectrum given in the respective libraries are used, except for one case m which
the fission spectrum given in the SAILOR library was used to obtain a 56-group form for
ELXSIR. Further, each library uses its own isotopic concentrations of mixtures such as
SS-304, Low carbon steel, concrete and zircaloy. However, for the sake of comparison,
in one calculation, we use the isotopic concentration given in SAILOR for the ELXSIR
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calculations. Table 2 shows the isotopic concentration given in the SAILOR and ELXSIR
library, respectively.
Different cases are studied for the 'old' and new' iron cross-sections using
SAILOR and ELXSIR cross-section libraries. Since, commonly, the calculated results
are adjusted based on the experimental data obtained by m-vessel capsule or ex-vessel
cavity dosimeter, for comparison purposes, the activities are calculated for different
dosimetry materials including 2 M U, 237NP, 27A«, 46Ti, 56Fe, 58Ni, n5 ln and M Cu at both
locations. The capsule is represented by a spatial mesh at radial position of 216.3 cm,
and the cavity dosimeter is represented by a spatial mesh at radial position of 325 cm.
In addition, OPA per sec is evaluated for the cases using the old' iron cross-sections.

IV.

R«sults «nd Discussion

in this section, we present results of itie transport calculations performed for four
cases: i) SAILOR 47-group with "old" Fe cross-sections (SAILOR 'O'),ii) SAILOR 47group with "new" Fe cross-sections (SAILOR "N), iii) ELXSIR 56-group with "old" Fe
calculations (ELXSIR O'), and iv) ELXSIR 56-group with "new" Fe cross-sections
(ELXSIR 'N'). Calculations have shown insignificant differences (less than 1-2% effect)
when the isotopic concentrations given in SAILOR are used for the ELXSIR library
calculations, as compared to the calculations using isotopic concentrations given in
ELXSIR. So, differences in results between SAILOR and ELXSIR calculations are not
strongly influenced by the difference in the isotopic concentrations, but rather due to other
causes such as fission spectrum, group structure, and the source ENDF/B library.
Table 3 shows the relative differences (%) of the activities calculated at the invessel capsule for the four cases; SAILOR 0' is used as a reference case. The SAILOR
N' case shows higher values of activities for all reactions. This is due to the lower
inelastic scattering of iron present in the stainless steel containing regions (i.e. baffle
plate, core barrel and thermal shield). ELXSIR O' case shows consistently smaller
values than the SAILOR O' case. This is caused primarily by the harder fission spectrum
used m the SAILOR library. Finally, ELXSIR 'N' shows higher positive or lower negative
values; in other words, as expected, higher activities are obtained for the ELXSIR 'N'
which uses the new iron cross-sections.
Table 4 presents, again, the activities for all the four cases, however, evaluated
at the ex-vessel cavity dosimeter. The relative differences (i.e. the activities) for the
cases with new iron cross-sections (SAILOR N' and ELXSIR N') are significantly larger
than the corresponding results in Table 3. This is caused by the presence of the

"New" iron cross-sections for the SAILOR energy group structure were obtained'71
and included in SAILOR.
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pressure vessel which has 8" thickness and, therefore, significantly affects the fast
neutron spectrum. Note that the capsule dosimeter activities show smaller changes
compared to the ex-cavity dosimeter when the new' iron cross-sections are used. This
is due to the smaller thickness of the iron containing regions m front of the capsule
Finally, the differences observed for different dosimetry materials at the cavity
region are due to the energy dependence of the response cross-sections. For example.
"Cufn.a) has a 45% increase in activities using SAILOR 'N" over SAILOR O', but tor
"5ln(n,n') the increase is 25.7%. The reason for this difference is that the groups which
contnbute to the reaction rates differ for each material. For ^Cufn.a) only the groups
above 6 MeV are important. Since the inelastic scattering is smaller primarily in the fast
groups for the new' iron cross-sections, the effect on the 53Cu(n,a) activity is stronger
than for n5ln(n,n') for which groups above -.310 MeV contnbute to the calculated
activities.
Figure 2a shows the radial flux distribution for selected groups of the SAILOR O"
calculations, while Figure 2b shows the relative differences between the new' and old'
iron cross-section calculations. Similarly, Figure 3a and 3b show the results for the
ELXSIR library calculations. The relative differences are calculated as ($„,,, - OoJ/0,^ '
100%. The figures show very similar behavior for the two sets of calculations. Note that
in the core region, for the SAILOR library calculations, the fluxes are higher by -50%
compared to the ELXSIR library calculations. This is because the fission spectrum in the
SAILOR library is generally harder by about the same amount, especially in the higher
energy groups. In a previous study,'" we have shown that the results for the libraries are
quite similar if the SAILOR fission spectrum is used for both sets of calculations.
Qualitatively, both figures 3b and 4b. show the same behavior. There is a rapid
increase in ow<¥ over ^ at R ^. 217 cm which is the front of the RPV. This rise is
significant until about R ^ 238 cm which is the back of RPV. The relative differences are
larger at the back of the RPV for these energy groups due to the cumulative effect of the
'new' iron cross-sections.
A quantitative difference between the SAILOR library and the ELXSIR library
calculations is that, in group 1 (E=17.3 MeV), the SAILOR calculations show -25%
relative difference while the ELXSIR calculations show -80% relative difference between
the old' and 'new' iron cross-section results. We suspect this could be due to a
combination of several factors including fission spectrum, and possibly neutron transfer
effect to other groups which could differ between the two libraries. However, we are
unable to satisfactorily explain this difference m group 1 behavior. Note that group 7 (E
= 6.05 MeV) in the SAILOR and group 10 (E = 6.05 MeV) in the ELXSIR libraries show
similar relative difference -75%. However, group 26 (E = 0.18 MeV) in the SAILOR
results shows a peak relative difference -30% while group 36 (E * 0.18 MeV) in the
ELXSIR result shows -18% peak relative difference. A possible causa for these
differences is the different group transfer effect of neutrons in the results of the two
libraries since the 'new' iron cross-sections have changed by different amounts in the
different energy grouns.
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Figure 4 shows the DPA per sec distribution for the (i) ELXSIR, (n) SAILOR and
(iii) ELXSIR using SAILOR fission spectrum, through the RPV for the old' iron crosssection calculations. This case shows that between the ELXSIR and the SAILOR
calculations with each using its respective fission spectrum, the ELXSIR DPA per sec is
lower for most of RPV by about 5% except beyond R z. 238 cm, at which it is higher by
about 7% However, when the same calculation is repeated with the ELXSIR library but
using the fission spectrum obtained from the SAILOR calculations, the results are
identical until R ^ 237 cm. Beyond R z 237 cm the DPA is higher m the calculation (i)
by about 12%. This result shows that using DPA per sec as a measure, the SAILOR and
ELXSIR libraries behave very closely and yield very similar results although the
independent libraries yield different fluxes for the different energy groups. Figures 5a and
5b show the fractional contribution to the DPA per sec values at the front, middle and
back of the RPV for the SAILOR and ELXSIR libraries. Again, the two libraries show very
similar behavior. At the front, the main contribution is due to neutrons in the 3-7 MeV
range; this contribution, however, decreases at the middle and back of the RPV, because
of the energy loss of the neutrons due to the inelastic collisions suffered within the RPV.
The contribution of the lower energy groups increases in the middle and back of the RPV.
which is not surprising.

V.

Summary and Conclusions

In this paper, a comparison of the SAILOR (47-group) and ELXSIR (56-group)
cross-section libraries using 1-D transport analysis shows a very similar behavior of the
two cross-section libranes. The use of the 'new' iron cross-section increases the flux
value beyond the iron-containing RPV region, i.e., the cavity by a factor greater than two
in some energy groups. Also, the group behavior in the two libraries differ. These
calculations are m general agreement with a recent study"01 which compares the ENDF/BV, revised ENDF/B-V, and the ENDF/B-VI cross-sections. William et al." 0) report that the
ENDF/B-V iron cross-sections produce higher activity (or flux) than the ENDF/B-VI values,
between 8-20% for the different dosimeter materials, so using ENOF/B-VI iron crosssections would decrease the activity (and flux) in the above calculations by this value.
The slightly different isotopic concentration given in the two libraries have insignificant
effect, less than - 2 % on the flux calculations. The fact that ELXSIR has 37 groups for
E > 0.1 MeV, while SAILOR has 26 groups, does not produce appreciable difference in
the calculation of the DPA per sec through the RPV. Thus, one may ask what is the
minimum number of groups required to accurately calculate fluence and DPA for RPV
damage estimations. Although these two libranes give overall similar behavior, issues
relating to the optimum number of energy groups, use of the most recent iron crosssections, and compatibility with the LEPRICON31 or other statistical data analysis
package, require that a new standardized cross-section library created specifically for the
purpose of RPV fluence and DPA estimations used for plant life extension studies. This
study corroborates the work by Kam et dl.'111 who recommend that a modified version of
the ELXSIR or SAILOR Cross-section library be developed as a standard multigroup data
for RPV fluence calculations.
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TabJa 1 - Comparison of tha Enargy Group Structures (E> 1.111 +5' eV)
of tha SAILOR and ELXSIR Cross Saction Librarias
SAILOR
Group
No

ELXSIR

Upper Energy
(eV)

Group
No.

1

1.733+7

1

2
3

1.419+7
1.221+7

2
3

4
5

1 000+7
8 607+6

6

7.408+6

7
8

6065+6
4 966+6

9

3.679+6
3.012+6
2.725+6

4

10
11

15

2466+6
2365+6
2.346+6
2 221+6

16

1920+6

17

1 653+6

18

1.353+6

12
13
14

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

1003+6

20
22

8.208+5
7 427+5
6.061+5

23
24

4 979+5
3 688+5

25

2.972+5

26
27

1.832+5
1.111+5

21

1.105+7
8.187+6
7.047+6

2592+6

20
21

19

Upper Energy
(eV)

22
23
24
25
26
27
28
29
30

2122+6

1.496+6
1.225+6
9.072+5

31

32
33
34
35
36
37
38

It reads as 3 355 x 1OJ
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3.020+5
2.128+5

Table 2 - Concentration of the Different Elements as Considered in
Different Regions of the 1-D Model (i.e. Figure 1)
Region

Core

El«m«nt

H

B-10
0
U-235
U-238
2r

Battle Plate

Cr
Mn-55
Fe
Ni

C
Si
H3O(10g/cc)
H2O(0.72g/cc)
Downcomer

B-10
H

0
Core Barrel, Thermal
Shield and Cladding
(SS304)

Fe

Cr
Ni

Mn
Pressure Vessel (A-533-B
Carbon Steel)

Fe
C
Mn
Si
Ni

Mo
Insulation (Low Density
SS304)

Fe
Cr
Ni

Mn
oncrete

H
C
0
Na
Mg
Al

Si
K

Ca
Fe
H2O (STP)

1

T7-1

Concentration
(atom/b-cm)
SAILOR

ELXSIR

2.80 E-2
3 31 E-6
2.77 E-2
1.97 E-4
6.63 E-3
4.30 E-3

2.80 E-2
3.31 E-6
2.77 E-2
1.97 E-4
6.63 E-3
4.30 E-3

1.72 E-2
1 51 E-3
5.78 E-2
8.47 E-3
2.35 E-4
8.90 E-4
9.50 E-3
-

167 E-2
1 19 E-3
5 88 E-2
7 82 E-3

5.89 E-6
4.99 E-2
2.49 E-2

5.89 E-6
4.99 E-2
2.49 E-2

5 94 E-2
1.69 E-2
7.90 E-3
1.20 E-3

5 94 E-2
1.69 E-2
7.90 E-3
1.20 E-3

8.19 E-2
8 25 E-4
1.22 E-3
3.38 E-4
4.02 E-4
2.41 E-4

8.19 E-2
8.25 E-4
1.22 E-3
3.38 E-4
4.02 E-4
2.41 E-4

1.04 E-3
2.96 E-4
1.38 E-4
2.10 E-5

1.04 E-3
2.96 E-4
1.38 E-4
2.10 E-5

7.77 E-3
1.15 E-4
4.38 E-2
1.05 E-3
1.48 E-4
2.39 E-3
1.58 E-2
6.93 E-4
2.29 E-3
313 E-4

..
--

--

-

7.20 E-3

4.00 E-2
1.05 E-2
-

2.39 E-3
1.58 E-2
6.93 E-4
2.92 E-3
3.13 E-4
9.40 E-2

Table 3 - Relative Difference (%) of the Activities Calculated at the Capsule
for Different Cases.

M

SAILOR O1

U (n.f)

+12.0

1

Np (n.l)

27

AI (n,a)

*T« (n,p)

*Fe (n.p)

"Ni (n,p)

'"In (n.n1)

*3Cu (n,a)

0

0

0

0

0

0

0

0

SAILOR N

a?

+10.5

+11 1

+139

+12.2

+140

+120

+11.7

ELXSIR O

-6.2

63

-301

-12.8

-232

-10.4

+0 72

86

ELXSIR N'

+5.5

+4.6

-21 1

+0 35

-125

+27

+13.2

+4.2

Table 4 - Relative Difference (%) of the Activities Calculated al the Cavity
Dosimeter for Different Cases.

" U (n.»)

* ? Np (n.()

SAILOR O

O

SAILOR N'

?

lls

'A# (n.a)

* T i (n.P)

^Fe (n.p)

"Mi (n.p)

O

O

O

O

O

O

O

+334

+9.3

+356

+544

46.9

489

+257

+452

ELXSIR O-

-1.3

+11.5

-35.8

-17.2

-26.7

•11.4

+65

-175

ELXSIR N'

+30.6

+20.6

-48

+31.9

+122

•329

+319

+26.6

1

ln (n.n')

"Cu (n.a)
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NEUTRONIC ANALYSIS AND PARAMETER VARIATION STUDIES FOR THE LOS
ALAMOS ACCELERATOR TRANSMUTATION OF WASTE CONCEPT
Burton J. Krohn, R.T. Perry, Raphael J. LaBauve. Joseph L Sapir. and
Michael W. Cappiello
Reactor Design and Analysis Group
Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT
We apply ONEDANT, a one-dimensional S n code, to extensive neutronic modeling of the
ATW target/blanket systems, that decelerate high-energy protons and use the resulting neutrons to
transmute large quantities of fission product waste. The Los Alamos designs also include
subcrincal multiplication of the source neutrons by inducing fission in actinide waste.
This study focuses on two basic designs. First, we examine properties of a simple system
containing a single active zone for the transmutation of * T c , surrounded by a D 2 O reflecting zone.
This system has allowed us to study the consequences of varying the energy of the proton beam
and the materials used in the target, support, and structural bodies. It has also provided a
convenient model to investigate the Tc absorption and to maximize the transmutation rate by
properly selecting the Tc concentration and the geometrical configuration subject to the practical
constraint of the availability of Tc for processing.
Second, we study a system with three active zones containing Tc, actinide, and Tc. Here
we have fixed the total Tc and actinide inventories within the blanket and their concentrations
within the active zones. Variation in zone widths is permitted to determine fission and Tc
transmutation rates as functions of the geometry. Results illustrate the benefits of neutron
multiplication at two fixed concentrations of accinide.

INTRODUCTION
The purpose of the Los Alamos ATW (Accelerator Transmutation of nuclear Waste) project
is to utilize a high-energy (800-1600 MeV), high current (50-150mA) proton beam to generate an
intense neutron flux for the transmutation of large quantities of nuclear wastes stored at several
Department of Energy sites. Specifically, our theoretical modeling efforts have been directed
toward designing a device that will transmute the 2000 kg of long-lived fission products ("Tc and
129
1) in the waste depository at Hanford, Washington, along with significant amounts of actinides
such as - 37 Np and 2 ^Pu. The device under consideration contains the proton target (which serves
as the neutron source) and actinides and fission products from the waste depository, which are
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irradiated in regions surrounding the source. To enhance the transmutation process, the designs
place the actinides in the path of the source neutrons so that the induced fissions raise the neutron
flux. The actinides themselves are destroyed through fission (or capture followed by fission), and
this potentially provides an energy source. Requirements of this system are that it remain
subcritica! and that it optimize neutron efficiency. This paper presents the salient results of
numerous neutronic calculations in sensitivity studies that examine variations of this design.
The model ATW target/blanket system for this study consists of a cylindrical target
surrounded by a concentric annular blanket. The central target is molten lead or a lead-bismuth
flowing cutcctic, in which the incident protons produce a spallation process. On the average, each
1600-MeV proton generates approximately 50.3 neutrons in a lead-bismuth target, and each 800MeV proton generates 21.0 neutrons in a pure lead target. The target is surrounded by a thermally
insulating double wall. In these ATW system models we refer to two kinds of walls: support and
structure. The support wall is unique, as ic is in contact with the target; in the case of Pb or Pb-Bi
eutect'c, it must remain firm at temperatures above 400C. It is composed of stainless steel,
Croloy, graphite, or aluminum (AL6061), and its thickness is 0.5 cm. All of the other walls are
structure walls, wd are in contact with the actinide or fission product slurries. They are composed
of Zircalloy or the highly neutron-transparent AL6061. In the double wall surrounding the target,
the inner portion is the support wall of thickness 0.5 cm; there is a 1-cm vacuum gap, and the outer
portion is a structure wall of thickness 0.5 cm, to give a total thickness of 2 cm and an annular
volume that is half filled with solid. For the purpose of modeling, the compositions of the
remaining double walls are also taken to be half solid and half vacuum.
The neutrons travel outward to the blanket, which is either a single annular active
transmutation zone or a more complex configuration of two or three concentric annular active zones
divided by thermally insulating, double structure walls. The active zones contain D 2 O slurries of
actinides or fission products. The heavy water moderates the neutrons to thermal energies; this
increases the cross sections for their absorption. Very dilute mixtures of actinides are used to
reduce the potential for criticality and power excursions. The configuration of modular annuli
allows independent transport of the slurry streams in loops which connect the irradiation region
(i.e., the blanket) with the regions of heat exchange and separation process.
The design requirements necessitate numerous modeling calculations. Monte Carlo
calculations can give the highest accuracy, but the computation time needed to obtain statistically
significant results is prohibitive. The Los Alamos deterministic S n codes, ONEDANT 1 and
TWODANT,2 generally take much less time; hence they are more conducive to multiple-parameter
variation studies. We have applied the one-dimensional ONEDANT code to provide analyses in
the radial coordinate. The spatial and energy dependent neutron source in the target serve as input.
Cross sections have been prepared from a 69-energy-group ENDF/B V 3 library with the code
TRANSX 3 . (The highest energy is 10 MeV.) The S g P ( approximation is used, and our spatial
discretizations place one calcuhtional node at 1.0-2.5 cm intervals. Output from the calculations
includes absorptions, fissions, and neutron leakage per source neutron, as well as k~.
Our calculated transmutation or fission rates, which are expressed in terms of one source
neutron, can be translated to kilograms of material transmuted or fissioned per year. If A, is the
proton beam current in milliamperes, then protons strike the target at a rate of 6.242X10 1 */ per
second. In the initial phases of this study, the proton energy was taken to be 1600 MeV, with
currents of 50-80 mA, and a Pb-Bi target was assumed. However, the target was changed later to
pure Pb to avoid production of long-lived actinides. Practical limitations on the output of an
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accelerator like the Los Alamos Meson Physics Facility led us to consider a 140-mA beam of 800MeV protons, where each proton generates an average of 21.0 neutrons, as calculated4 by the Los
Alamos High Energy Transport code (LAHET). The latter beam and target characteristics
correspond to a yield of 5.79X1026 neutrons per year (962 moles), and the macroscopic quantities
reported telow are based on this yield.
A TRANSMUTATION SYSTEM WITHOUT NEUTRON MULTIPLICATION
We have performed ONEDANT calculations for target/blanket systems, shown in Fig. 1,
in which the blanket consists of one active annular zone containing " T c in a D2O slurry In Fig. 1
a bare system (A) is compared with a system incorporating a 50-cm-thick D^O reflector (B). In
Fig. IB a double wall of Zircalloy separates the two D2O regions. For the particular choices of Tc
concentration (87 g/1) and Tc zone thickness (r=24 cm) illustrated, the calculated source and
absorption rates in the regions are given in boxes, and the outer radial leakages are placed adjacent
to the arrows. The results in Fig. 1 illustrate the important benefits of the reflector, which reduces
leakage and increases the Tc absorptions per source neutron from 0.562 to 0.724.
The purposes for modeling these one-active-zone systems (which arc simpler than those
involving multiplication discussed below) were to characterize the neutron absorption by Tc as a
function of Tc atomic density and annular width of the Tc zone, and to investigate how the
neutronic processes change with variations in the proton beam energy and the material
compositions of the target, support wall, and structure walls. Two series of ONEDANT
calculations for the system shown in Fig. IB were performed to accomplish these goals.
The first series of calculations was performed to investigate the effects of changing the
proton energy source and target and wall materials, keeping the overall dimensions and
compositions of the active zone and reflector constant (The 87.0 g/1 concentration of " T c in zone
3 was selected because of an optimization result given below.) The neutron absorptions in the six
constituent zones and the outer radial leakages are given in Table 1. (The first example in Table 1
refers to Fig. IB.)
Models A ?-nd B in Table 1 compare the effects of changing the incident proton energy from
1600 MeV to 800 MeV on a Pb-Bi (44.3w/o Pb, 55.7w/° Bi) target. Figure 2 shows the neutron
energy distributions of the two sources. For both sources the spatial distribution of the spallanon
neutrons was assumed to be unifonn throughout the volume of the cylindrical proton target of
radius 25 cm. The variation in the source neutron spectra produces no significant difference in
neutron absorption or transport Comparisons of models B and C, and C and D show that neither
the replacement of Pb- Bi with Pb in the target, nor stainless steel with Croioy in the suppon wall
has a significant effect on the Tc absorption. Models E and F show that significant gains can be
achieved by replacing the steel or Croioy with low-absorbing matenal such as graphite or
aluminum. Finally, models G and H show that additional gains can be achieved by repkeing the
Zircalloy walls with aluminum.
The second series of ONEDANT calculations on single-active-zone models explores the
sensitivity of Tc absoiption to variations in the thickness (annular width) of the active zone, t, and
the atomic density of Tc within it. We have assumed the proton energy and compositions of the
target and walls specified in model A of Table 1. The 27-cm inner radius of the Tc annulus, the
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50-cm-thick D 2 O reflector, and the structure wall thicknesses given in Fig. 1 also remain constant.
Figure 3 gives the calculated Tc absorption. The solid curves in Fig. 3 are contours of constant Tc
absorption. They represent values obtained from 156 ONEDANT calculations taking 12 Tc
concentrations (0.1, 0.2
1.2 molar) and 13 vaiucs of t (10, 20
130 cm).
The absorption contours in Fig. 3 do not suggest a parameter optimization as long as Tc
concentration and annular width remain independent variables. However, in reality it is likely that
the finite rates of preparation of the fission-product and actinide wastes for ATW processing will
limit the quantities of these materials that can exist in the blanket at any given time. If the height of
the annulus is fixed, then a constraint on the available mass of Tc imposes a functional relationship
between the Tc concentration and the zone thickness, t.
Presently we estimate that the mass of Tc that can be in the system is limited to
approximately 100 kg, and that the annular height is near 2.0 m. The three dashed curves in
Figure 3 indicate the dependencies that the Tc concentration and annular width must satisfy at three
fixed heights, h We note that the dashed curves cross contour lines, and that Fig. 3 suggests the
existence of maxima. This behavior is shown more clearly when Tc absorption is plotted as a
function of either variable; in Fig. 4 we have chosen to illustrate the absorption as a function of f.
as this makes the peaks narrower and more distinct than in plots against Tc concentration. (It is
understood that, as thickness varies, the Tc concentration changes to conserve the total Tc mass.)
Analysis of the three curves in Fig. 4 locates the peaks at ;=22.8, 23.6, and 24.7 cm for h=\.5,
2.0, and 2.S m, respectively. The closeness of these values suggests that it is reasonable to select
r=24 cm as an optimal annular width corresponding to the 100 kg total Tc mass in the system.
For the case of h=2.0 m, the corresponding Tc concentration is 0.88 molar, or 87 g/1. (In Fig. 3
die horizontal line at r=24 cm intersects the dashed curves near their maximum absorptions; the
vertical dashed line at 0.88 molar concentration indicates the peak for the h=2.0 m curve.) It is for
this reason that we fixed the 24-cm thickness of zone 3 in Figure 1, and the 87 g/1 Tc
concentration, in the calculations presented in Table 1. Also, in the 3-zone optimization study to
follow, the Tc concentration is given this constant value.
The shape of Jie curves in Fig. 4 is a consequence of competing neutronic processes
involving deuterium. As the zone width increases, the D 2 O annulus becomes a more affective
moderator, as slower neutrons find a higher Tc absorption cross section. However, as the Tc
density continues to fall, the D 2 O also becomes a more efficient reflector, returning more neutrons
to the target and support zones before they can be absorbed by the Tc. The ONEDANT
calculations verify this effect by indicating a dramatic rise in neutron absorption by the target and
support once die annular width of zone 3 exceeds - 2 4 cm. At r=24 cm, the absorption in zones 1
and 2 is 15%; at r= 128 cm, the absorption in these zones is 43%.

A ZONE WIDTH STUDY FOR ATW SYSTEMS WITH MULTIPLICATION
The following study addresses the potential advantages of a system that produces fission in
actinides during the transmutation of a radioactive fission product. Our objectives have been to
gain insight into the neutronic characteristics of a 3-active-zone system in which total inventories
are constraints! and to maximize the Tc absorptions and actinide fissions. Our calculations refer to
the target/blanket system shown in Fig. S, in which the blanket contains two transmutation zones
containing Tc-D 2 O slurries, an actinide zone between them, and an external D 2 O reflector. The
target is Pb, and the support and structure walls are composed of Croloy and Zircalloy,
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respectivly. Specifying variations in the annular zone widths (which are related through
constraints), we have been able to investigate the Tc absorption and fission as a function of the
thickness of the Tc zone (3) that lies between the neutron source and the acrinidc zone. The
composition of the actinide was taken to be the same as the mixture stored at the Hanford waste
depository, namely 75% 239 Pu, 15% ^ N p , and 10% 2Ai Am (atom fractions). The calculations
were performed for the clean, initial mixture and did not include the buildup of fission products or
other actinides.
To implement these objectives, we have considered six variables that characterize the
model, namely the widths (»,-) of the three annular active zones and the concentrations (c,) of the
materials to be fissioned or transmuted. We have reduced the number of free parameters from 6 to
1 by imposing 5 dependencies as follows: (1) The mass of " T c in the blanket was set to 100 kg,
and (2) the Tc concentration in the inner Tc region remained constant at 87 g/1, based on the results
of the one-active-zone models discussed above. For simplicity, we also equated the concentrations
of Tc.in the two separated Tc zones, i.e., (3) Cy=c3. (These 3 assumptions constrained the two
Tc volumes to total 1149 liters.) Next we (4) fixed the actinide mass in the blanket, and (5) set the
acinide concentration as discussed below.
To examine the effect of varying the actinide content in the system, we have performed
neutronic calculations for 2 actinide inventories and concentrations: In case (A) we considered 1
kg total actinide in the system with concentration 0.2 g/1. In case (B) we assumed 2 kg actinide
with concentration 0.4 g/1. (In both cases the 2 constraints established a constant 5000-liter
actinide volume: however, the annular width, ty could vary.)
We have taken the one remaining degree of freedom to be x=t}, the thickness of the inner
Tc zone, which lies in the range 0 £ i < 23.6 cm. As x increases, the outer Tc annulus rapidly
narrows to conserve the total Tc volume, and the actinide annulus moves outward and gradually
becomes thinner. Because the limiting case at x=«0 is unrealistic (there would be no need for 4
walls), additional calculations were made for models omitting the redundant double wall structure.
In Fig. 5 this corresponds to the elimination of zones 3 and 4. We refer to such configurations as
"redundant wall removed". Although points representing these calculations do not He on the
continuous curves representing the 3-zone models, they appear in Table 2 and Fig. 7 for
completeness.
Table 2 summarizes the results from 26 ONEDANT calculations involving 2 actinide
inventories. As the actinide region is moved closer to the target (decreasing values of x), the
number of source neutrons available for multiplication and the value of ktjj both increase,
producing a larger number of excess neutrons (vflssions - absorptions) in the actinide zone.
These excess neutrons can increase absorption rates in various system components.
These effects are illustrated in Fig. 6, which shows the fissions and excess fission neutrons
produced and the relative absorptions in Tc, target, and structural components. The fissions are
greatest at x=0 (no inner Tc region) and decrease monotonically as Tc is insened between the
actinide and target regions. The reverse trend exists for the total Tc absorption, which increases
monotonically with small, increasing values of x. Therefore, it is not possible to maximize both
actinide fissions and Tc absorptions simultaneously. Increasing the actinide inventory from 1 to 2
kg produces significantly more excess neutrons and consequently more actinide and Tc reactions,
particularly at small values of x. This raises auJ flattens the Tc absorption curve, which then
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passes through a broad maximum. It appears that a higher actinide inventory provides a »ide
range of design options that will allow matching the Tc and actinide transmutation goals.
Figure 7 shows details of the Tc reaction rates. Table 1 indicates that at jr=O tliere is
significant inward leakage from the multiplying actinide region into the target and support regions.
Insertion of Tc is effective in absorbing these neutrons and increasing the overall Tc absorptions.
However, die constraint of a constant Tc inventory reduces the Tc absorptions in the outer Tc
region, and after about 6-12 cm the total Tc absorption rate becomes relatively flat.
The Tc and actinide transmutation rates (kg/yr) are summarized in Fig. 8 for both 1 -kg and
2-kg inventories. The curves all assume a constant source rate of 5.8xlO 26 n/yr and constant
inventories and concentrations. The increase in reaction rates with increasing actinide inventory is
pronounced, especially for the actinide fission. The calculated maximum values of k~ for the 1kg and 2-kg systems, with the redundant wall removed, are 0.42 and 0.67, respectively. Even in
the event of an accidental loss of Tc, i.e., if pure D 2 O were to replace the Tc-D 2 O slurry, then k^
would rise from 0.67 to 0.79 for the 2-kg system This implies that even more actinide mass can
be incorporated while maintaining a safe configuration.
The flatness of the total Tc absorption curve in Fig. 7(B) offers flexibility to choose the
configuration based on other factors. Such considerations might be the quantity of actinide
available to undergo fission per year or the desire to generate a specified amount of electrical
power. At fixed actinide inventory and concentration, the fission rate is particularly sensitive to
variations in x. For example, the actinide fission rate at the peak of the Tc absorption curve for
the 2-kg inventory (at x=15 cm), is 52.7 kg per year, corresponding to generation of 138 MW
thermal power. If x decreases to 10 cm, the respective rates increase to 76.2 kg/year and 200
MW, as the additional fission neutrons are absorbed in the target, support, and structure, rather
than being captured by the Tc.
SUMMARY
We have carried out extensive one-dimensional modeling calculations to simulate an ATW
blanket that effectively uses an intense neutron source generated by accelerated protons to
transmute large quantities of " T c waste. We find mat an external D2O reflector would significantly
enhance the Tc absorption. Several calculations point to potential benefits from the use of nonferrous material in the target support wall and aluminum in the other structure walls. Contour plots
characterize Tc transmutation as a function of annular width and Tc concentration in a system
without neutron multiplication. The availability of Tc for ATW processing imposes a constrain:
that may be expressed as a functional relationship between the width of the Tc annulus and the Tc
concentration. As die width and concentration vary, subject to this constraint, the Tc transmutation
rate attains an absolute maximum at well defined optimal values of the parameters.
A zone-width parameter study of a system with three active transmutation zones provides
insight into die capabilities, shortcomings, and tradeoffs inherent in the Los Alamos ATW concept.
Although actinide fissioning can boost the neutron flux and raise the peak Tc absorption efficiency
(from approximately 72% to 80% in our calculations), its principal advantage may lie in the
broadened range of practical design parameters. Our one-dimensional modeling suggests that, if
sufficient actinide waste is available, it is possible in principle to convert 100-200 MW of
subcritically produced thermal power to electrical power. The presence of power production should

1-282

not strongly affect the Tc transmutation rate.
We have not yet systematically accounted for axial neutron leakage by comparing our onedimensional results with two-dimensional Monte Carlo or S n calculations. We plan to use twodimensional modeling to determine whether external D 2 O end reflectors can mitigate losses
resulting from axial leakage. However, as two-dimensional calculations consume more computing
time, we hope to determine an equivalent buckling for modeling axial leakage in one dimension.
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Table 1. ONEDANT Results for a Target/Blanket System* with One Active Transmutation Zone.

Model

A
B
C
D
E
F
G
H

Protons
(MeV)

Targ
mail

1600

Pb-Bi
Pb-Bi

800
800
800
800
800
800
800

Pb
Pb
Pb
Pb
Pb
Pb

Support Structure
Outer
Zone Absorptions
walls
wails
Targ(l) Wall (2) Tc(3) 'Wall (4) Refl (5) Wall (6) RaJjslLkg
steel
steel
steel
Cioloy
graphile
AL6061
Croloy
AL6061

Zircalloy
Zircalloy
Zircalloy
iircalloy
Zircalloy
Zircalloy
AL6061
AL6061

0.0314
0.0343
0.0442
0.0429
0.0669
0.0663
0.044S
0.0692

0.1126
0.1126
0.1075
0.1028
0.0160
0.0154
0.0927
0.0002

0.7237
0.7229
0.7198
0.7234
0.7811
0.7809
0.7460
0.8078

010297
0.0295
0.0295
0.0296
0.0310
0.0313
0.0005
0.0005

0.0076
0.0076
0.0076
0.0076
0.0079
0.0080
0.0082
0.0087

0.0041
0.0040
0.0040
0.0040
0.0042
0.0042
0.0000
0.0000

0.0899
0.0891
0.0893
0.0895
0.0929
0.0939
0.1080
0.1135

•The geomstrical configuration is constant as specified in Fig. 1. The concentration of Tc is fixed at 87.0 g/1.

Table 2. ONEDANT Results for a Target/Blanket System* with Three Active Zones
Inner Tc
1
Absorption | Ijfcm)
I3(cm)

Aciinide Zone
Fission
Absorption

Outer Tc
Total Tc
t7(cm)
Absorption j Absorption

v'Fissili

Target and Structure Absorptions
Croloy
Zrc
Pb

1 -kg Aclinidc Inventory
Redundant Wall Removed
0.00
66.20

1

0.4725

0.2576

0.7434

0.4444
0.4007
0.3557
0.3125
0.2729
0.2374
0.2060
0.1784
0.1S4S
0.1340
0.1165
0.1019

0.2421
0.2181
0.1935
0.1700
0.1484
0.1291
0.1120
0.0970
0.0840
0.0728
0.0633
0.0554

0.6988
0.6296
0.5586
0.4907
0.4284
0.3725
0.3232
0.2799
0.2424
0.2102
0.1828
0.1599

|

9.08

0 3938

9.00
8.42
7.80
7.15
6.46
5.74
4.98
4.20
3.38
2.53
1.65
0.74

|

0.3938

0.2023

0.4262

0.1463

0.3800
O.33SI
0.2898
0.2466
0.2068
0.1707
0 1381
0.1088
0.0824
0.0585
0.0365
0.01S9

0.3801
0.4563
0.5227
0.5774
0.62)1
0.6554
0.6821
0.7026
0.7183
0.7301
0.7385
0.7439

0.1763
0.1467
0.1221
0.1025
0.0872
0.0755
0.0666
0.0599
0.0S49
0.0512
0.0486
0.0466

0.3688
0.3063
0.2549
0.2139
0.1821
0 1576
0.1390
0 1251
0.1147
0.1070
0 1014
0.0973

0.2296
0.2241
0.2124
0 1983
0 1837
0 1696
0 1564
0 1442
0 1332
0.1236
0 1153
0.1085

Three Active Zones
0.00
2.00
4.00
6.00
(.00
10.00
12.00
14.00
16.00
11.00
20.00
22.00

0.0001
0.1212
0.2329
0.3301
0.4143
0 4847
0.5440
0.5939
0.6360
0.6716
0.7020
0.7280

64.11
62.77
61.47
60.20
58.96
57.76
56.60
55.47
54.37
53.30
52.26
51.26

2-kg Aciinide Inventory
Redundant Wall Removed
0.00
66.20

1.25f>0

0.7350

2.1215

9.08

0.6580

0.6580

0.2584

0.5425

02297

1.1550
1.0193
0.8874
0.7665
0.6597
0.5669
0.4869
0.4187
0.3607
0.3120
0.2715
0.2386

0.6758
0.5963
0.SI90
0.4483
0.3858
0.3315
0.2848
0.2448
0.2110
0.1825
0.1588
0.1396

1.9605
1.7209
1.4979
1.2938
1.1134
0.9567
0.8211
0.7066
0.6089
0.5266
0.4583
0.4029

9.00
8.42
7.80
7.15
6.46
5.74
4.98
4.20
3.38
2.53
1.65
0.74

0.6173
0.5326
0.4513
0.3771
0.3112
0.2532
O.2O2S
0.1579
0 1187
0.0839
0.0523
0.0229

0.6173
0.6791
0.7256
0.7580
0.7791
0.7919
0.7985
0.8010
0.8005
0.7979
0.7937
0 7877

0.2226
0.1809
0.1470
0.1204
0.1002

04642
03765
03060
0.2509
0.2087
0 1799
0 153J
0.1353
0.1222
0.1126
0.1055
0 1004

03239
03080
02856
0262O

Three Active Zones
0.00
2.00
4.00
6.00
1.00

10.00
12.00
14.00
16.00
11.00
20.00
22.00

0.0001
0.1466
0.2743
0.3109
0.4680
0.S386
0.5961
0.6431
0.6111
0.7141
0.7413
0.7648

64.11
62.77
61.47
60.20
51.96
57.76
56.60
55.47
54.37
53.30
52.26
51.26

T h e geometrical configuration is shown in Fig. S. Target, support, and structure materials age given in the text.
Concenimions of Tc and actinide in the D2O slurries are also specified.

0.0848
00734
0.0649
0.0585
0.0539
0.0505
0 0481

02392
02183
0 199J
0.1825
0 1679
0 1554
0 1431
0 1172

Figure 1. ATW Target/Blanket Configurations with One Active Zone;
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Figure 3. Tc Absorption in a One-Active-Zone System with Reflector
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Figure 4. Tc Absorption in a One-Active-Zone System with Fixed Total Tc Mass
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Figure 5. ATW Target/Blanket Configuration with Three Active Zones
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Figure 7. Tc Absorption in a 3-Active-Zone System with Fixed Tc and Actinidc Masses
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i.
There are many report* about nodal method* for static and dynamic problem*,
but not many for the nonlinear feedback c u t s . In this paper, a class of
nodal methods called "mathematical ncdal method" (MNM) ia atudied with the
temperature feedback problems. The spatially complex domain of the problem is
represented as a collection of geometrically linple subdonains of the *ize of
fuel aaeeabliee called nodes. Over each node, the time dependent coefficiente
of the neutron flux, precursor concentration*, fuel and coolant temperature*
are the surface and volume weighted average (moment) value* of the unknown
solution*; the apace dependent basis functions are a combination of Legendre
polynomials. If the material parameters are a linear function of fuel and
coolant temperature*, the coupled equation* can be put in a dimenaionle** form
and a syetam of time dependent ordinary differential equationa containing nonlinear feedback terms is obtained. These nonlinear feedback terms are updated
at each time step during the time iteration process. Results of some
benchmark problems are included in this report.
II.

BASIS FORMUIATIOHS 1 " 6 :

We start with the multigroup neutron equation:
7yB(r)-jef(r)»»(r)- £ 1', " V ) * " (r) - ~— }_ vZj (r)»» (r)

(2.1)

In nodal method*, the nuclear reactor core i* diacretized by a "triangulation"
T n using coarse, homogenized (in material parameters) nodes:
n - u K . /!- M a x diam (K).

Z(r)|,-Z,: VKeT",

For a node i, integrating equation (2.1) over the node volume with a weighting
function W we have:

f J/(r)VJ'(r)dn* g' ( l/(r)*»(f)dn- f Zj *' f l*'(r)»'(r)dn

Ja,

Ja,

,rj,

Jo,

*r~Y.'vZ' ( ^(r)*'(r)dn
*••//«

-i

• '

n

(2.2)

.

Equation (2.2) is a formally exact physical nodal balance equation for a neutron group g. It can be uaed with either hexagonal or rectangular aaaembliea.
,'txe varioua nodal mathoda differ from each other in the way to approximate the
suriaca currant by tha average node fluxes and tha way to choose tha weighting
function H. In mathematical nodal method (HNH), the relationship of surface
current to the average node fluxea ia constructed mathematically. The aurface
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current is now approximated by diffusion theory, equation (2.1) becomes a
second order elliptic equation and weak form is used to reduce the order of
the equation. With 'chase approximations, equation (2.2) of MNM for a node 1
is:
- D" f 7 W ( r > 7 4 ' ( r ) d n « * ' j U ' ( r H « ( O d n - Y I'. '' j W(r')»«(r')dn
J n

or

.

•",

a(*.U')-/(V). Vl/eC;

•

i>t

f - (1/ e H '(O):

n

W -0

on Ta}

(2.3)

where H'(fl) is Sobolev space of functions that have square integrable derivatives up to first order and a ( - . ) . /(-) are bilinear and linear forms*.
As in finite element methods, we look for a finite dimensional approximation
i.eK, of * where VK - <•» | v k t T,.*, |,e S». •» |rj- 0} with •„!» means the restriction
of $ A to K. Thus, the problem cf seeking » e ^ becomes the problem of looking
for •» e l\ such that ci(«,.u.,) = /(i«»);Vu/»t K v
Since we < int to derive the relationship of surface current to the average
node fluxes, let's define a definition for surface and volume average node
fluxes. In the following discussion we consider rectangular elements in Rz
which can be associated with a standard or reference cell [-1,1] 2 by affine
mapping. For a function •(>:. y) defined over the reference square cell [-1,1]
x [-1,1] we define the edge and cell moments by.

f V(

.y)dy
.v,

•

'

,l)-x
•V,

J -i

, m „•

.v,

'

"

.v,

/"fV(*>
'

(2.4)

c

-V.-V,

where L, R, 0, U, c stand for left, right, down, up, and cell respectively; P,
is the normalized Legendre polynomial of degree i and .V,-2/2t* 1. Thus in two
dimensional for a given integer k, the nodal approximation function can be
written as

*k(.x.y)~ 2. <"»i"i(*-y)* m',u',ix. y)*m 'Bu'Bix .y)* rn'uu'u(.x.y)}+ £ m^'u^x. y)
or

•»(*.y)-Zm,u 1 (x.y)

(2.5)

•> i

where u, are the basis functions. The neutron surface current now is a function in which average neutron fluxes (moments) tea coefficients. In contrast
to the conforming finite element method in which the degree of freedoms are
the primary or derivative point flux values, the degree of freedoms in MKH are
the edge or cell moments of the flux. This leads to the looser in coupling of
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the nodes therefore the convergence order as in the conforming FEM will not be
expected. In fact, MNM is similar to the nonconforming FEM where equation
(2.3) is replaced by a,(*».u.»)»/(tt,); vu.tl',.
To satisfy the condition of unisolvence in which there is one and only one
member of S , aatisfying the interpolation conditions in D, the requirement of
dim S, - ,ard D has to be satisfied when selecting the finite dimensional
apace S,. For k«0, we have a lowest order MNM (called sum or Z scheme) in
which:
S* -<?« o^Qo «:

dim S,-S-CardD:

D - {m°. m j . m°D. ml. mf}

(2.6)

In higher order methods of the I type, with stronger coupling between the
nodes, th» rastriction of 9, to the nod* is defined in term of its 2k*l
moments ovar the node, m'c', i=0,...,k with j»0 and j«l,....,k with i = 0 and of
its four average values on the surface of the node mf, m j , ml, and rn?. Here,
s

«'Ci-:«u9o.-i'

dim St~CardD" 2k + S

In thec* scheme* only zero order edge moments on the faces are continuous so
that the 'patch test" is only passed at its lower order. Moreover, only,
P,ES, but never P, for k>l because of missing xy terms*. Correspondingly,
these schemes do not "climb correctly in order" and only convergence ordera
O(h) in H 1 norm and O(h 2 ) in L 2 norm can be achieved. Numerical experimenta
presented in the paper by Fedon-Magnaud et al 1 confirm these theoretical rates
of convergence.
In a higher form of nodal scheme, the Hennart nodal schemes-*, the continuity
of the average surface fluxes between adjacent nodes ia not by mean flux
value* alone at the aurface but by aurface moments depending on the order i.
In these r.odal schemes, designed to 'climb correctly in order", we have (for
the same order of moments in x and y ) ,
5, -<?,.j ,u<?, ,.2. card D-dim

S, - (it • i )(* <• S)

Sine* higher moments are introduced on the cell faces, say the (k+1) first
momenta, the patch test is passed at a higher order and the consistency error
due to nonconformity will now be of order OJh 14 * 1 ) in the H 1 norm and of the
order O(h't+2) in the L^ norm^. Mor*ov*r, now a consistent interpolation error
is obtained if the inclusion ?,.,cS, hold.
Ill

raHPKMTDU

FEEDBACK EFFECTS:

In r.h* temperature feedback problems solving by finite difference method, the
averag* nod* fuel and coolant temperature* are solved at each thermalhydraulic step and the homogenized material parameters in each node are

* Her* P, ia the space of complete polynomials i.e. using multi-index notation:

Pt - Z a. . x* y':
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updated. Since the nod* size in finite difference method is (mall, in the
ordar of favi centimatare, tha assumption of noda average temperature faadback
is accaptabXa. In HNM, with tha noda size is tha size of fual assamblias, tha
••sumption of noda average fual and coolant temperature feedbacks ara unacceptable, therefore, assembly homogenization calculation has to ba rapaatad at
each tamparatura feedback stap in tha itaration process.
Howavar, in soma
spacial casee, tha tamparatura dapandanca of tha matarial parameters is
insartad diractly into tha system of nautron aquations, tha spaca and tuna
dapandant of fual and coolant temperatures ara also approximated by tha HNM.
Tha resulting aquations can ba put in a dimensionless form, and a final system
of tuna dapandant ordinary differential equations containing nonlinear feedback tcraa is obtained. At each time step, tha nonlinear feedback terms ara
recalculated, and the iteration process is continued. In this case, there is
no assembly hoaogenization during the time itaration and tha limitation of tha
node siza only depends on the order of tha approximation of tha MNM. In the
following analysis we use a simple linear feedback nodal for the macroscopiccross sections that accounts for fuel and coolant temperatures, namely
4.J

(3.1)

where
The superscript or subscript 0 refers to the reference or initial time (t»0,
or equilibrium).
By neglecting the detailed distribution of fuel and coolant temperatures
inside the fuel elements and coolant channels, but only the global distribution through out the reactor core is of interest.
The balances of the energy
in fuel elements and coolant channels ar« 7 " 8 :

PCC CV c * - I ^ 1 2 . A f h { T , { ? 0 - 7 " A r 0 > - V X : { T \ { i . t ) - T , . ( r . ! ) >

<*Vt"V'Jr [f.mr.nW?.t)'jdVf

(3.2)

In this model, there is single phase convective heat transfer, the coolant
flowrtte, density, and the average1 radial temperature distribution in a coolant channel ara assumed to be constant, all fission power appears in the fuel
element, and the average radial fuel temperature distribution in a fuel
element is assumed to be constant. The energy generated in the fuel is balanced by tha fuel temperature and the transfer of heat to the coolant. All of
the energy lost froa the fuel element of one channel is transferred to the
coolant in that channel, and this energy is balanced by tne coolant temperature and the convective heat removal by the coolant flowrate.
Applying linear feedback equations (3.1) to the time dependent neutronic diffusion equations with replacing r by (Z^0/ZJi)V. and ( by K ' l ^ and introducing
dimensionless variables,
„ •'(/-.0
K'C'Cr.t)
v ' ( r 0 - ? ' ( r O -
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rml;.O-'C-lT'"\
• 10

Mr.O-^-r7"^

(33)

'to

whara tha 7"0'a ara t.ha initial cora avaraga tamparaturaa and tha aubacripta 0
danota tha initial (t»0) valuaa, a final fora of faadback aquationa for two
nautron groupa ia.

l.?.t)H>' (?.!)-al,(r.t)T3(?.t)v'

(F.t)

AZ'(r.t) ,£c

d7"o(F.0

f
.i'.)Tt(F. t)-c,(?)
F.t)Tt(.f.fi-d2(.?)*d3

(3.4)

Thua, tha problara of tha unknown nautron fluxaa, precursor concantrationt,
coolant and fual tamparaturaa bacomaa a problan of thair ralativa valuaa. Tha
apaca dimanaion uaad ia in tarns of diffusion length and tha tuna ia moaaurad
in nautron lifatimc.
Subatituting aquation (2-5) with m,(<) and p,'(O ara ralativa nautron flux ind
precuraor moroanta and by applying waalc formulation with Galarkin approxinition, i.a. w-ut w* obtain a ayatam of ODE'a for tha coafficiants m,(0 ard
p,'(t) for aach noda aa followa:

•M'^p"»'M' I vEj(Orfi'(O-X'M'p'(O

(3.5)

whara M_ ia tha osaaa and K_ ia tha atiffnaaa matrix.
Whan tha non-diraanaional faadback aquationa ara diacratizad in tha aama Calarkin approximation wa obtain tha following nodal faadback aquation*^:
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im'CO

(O
.VI'

—
t3 6}

w h e r e the m a s s m a t r i c e s H 3 ( f ) and W,(l) expressing the n o n - l i n e a r t e m p e r a t u r e
feedback a r e time dependent m a t r i c e s and have t o be r e e v a l u a t e d for each time
step of integration.
F o l l o w i n g a r e some results of the B e n c h m a r k problems with " r e c t a n g u l a r " e l e m e n t s in o n e , t w o and three d i m e n s i o n s solved by the zeroth order m a t h e m a t i c a l
nodal m e t h o d ( M N M ) .
IV.

RESULTS:

A . INFINITE SLAB REACTOR M O D E L 9 :
B e n c h m a r k Problem Book, A N L - 7 4 1 6 , supplement 1, page 129
1. S t e a d y S t a t e Solution:
Initial value of effective m u l t i p l i c a t i o n
and regional power fraction.

factor

F.E.KI.
40cm

Ref.
2 cm

If 1f

Power (1)
Power (2)
Power (3)

10cm

20CK

.9O15E
.2790
.4420
.2790

.90128
.2794
.4413
.2794

.90009
.2793
.4413
.2793

10cm
.90153
,2790
.4420
.2790

M.N.M.
40cm
20cm
.90127
.2794
.4413
.2794

90009
.2793
.4413
.2793

.90155
.2793
.4413
.2''93

•Trans ient: Regional ,ind total power ( ralative to initial values) versus
time in transient problems by mathematical nodal method (nod e size * 10 cm)
and reference (WIGLE, mesh size » 2 cm)
Region 2
Regi on 1
Regiein 3
Total
Raf.
Ref.
Ref.
Ref.
MNM
T(9)
MNM
MNM
MNM
0.0
0.1
0.2
0.5

1.0
1.5
2.0

1.0000
0.8624
0.7521
0.5346
0.3454
0.3237
0.3069

1.0000
0.8621
0.7520
0.5336
0.3452
0.3235
0.3066

1.0000
0.9329
0.8795
0.7736
0.6755
0.6589
0.6456

1.0000
0.9339
0.8804
0.7724
0.6753
0.6587
0.6455
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1.0000
0.9908
0.9829
0.96S9
0.9463
0.9383
0.9312

1.0000
0.9910
0.9830
0.9655
0.9462
0.9381
0.9311

1.0000
0.9293
0.8728
0.7609
0.6589
0.6436
0.6309

1.0000
0.9298
0.8732
0.7596
0.6588
0.6432
0.6306

Raoinn 1
MNM
Raf.

T(S)
0.0
0.1
0.5
1.0
2.0
3.0
4.0

1.000
1.055
1.400
2.419
3.205
4.009
4.921

Reoi.on 2
HKM
Ref.

1.000
1.056
1.399
2.435
3.21S
4.016
4.92?

1.000
1.026
1.194
1.712
2.119
2.543
3.029

R«gi.on 3
MNM
Ref.

1.000
1.027
1.193
1.701
2.113
2.539
3.026

1.000
1.004
1.029
1.113
1.124
1.301
1.417

1.000
1.004
1.028
1.107
1.119
1.298
1.416

atal
Ref.

MNM
1.000
1.028
1.206
1.742
2.166
2.607
3.106

1.000
1.028
1.205
1.740
2.165
2.605
3.107

INFINITE SLAB KXACTOK WIT! TEMPERATURE FEEDBACK
Tha nuclaar and tharmal-hydraulic matarial parametera for a typical PWR
1-0 thermal raactor abova ara taken from references 10-12
l. sttidy st»ti solutions; Normaliiad nautron fluxaa varaua position by MNM
(nod* size » \ and n 0L) and analytical aolution.

ttormal.

Posi.
<DL>

0.0
2

Fast

Nt1lit i Fluae

MNM

NQJTfln a l .

n

1.000000
0.987688

1.000000
0.987683

nil Ntlit; i Flu*

Thi

Ami.

MNM

Anal.

n
2

1.000000
0.987688

2

n

1.000000
0.987688

1.000000
0.987683

1.000000
0.987688

0.891005

0.891002

0.891006

0.891005

0.891002

0.891006

0.707107

0.707103

0.707107

0.707107

0.707103

0.707107

0.453989

0.453988

0.453990

0.453989

0.453988

0.453990

T

0.156434

0.156434

0.1S6434

0.156434

0.000000
1.007004

0.000000
1.007004

0.000000

0.156434
0.000000

0.156434

5n

0.000000

0.000000

T
5«

T
7*

2

2.

Su p»rer i f.ieal Tr»n«i«nt tay Constant 1R.artivitv Tnsartinn:
Fig IV B I FAST NEUTRON AT CORE

Case 1X. Fission cross sections of the
whole core are increased by 1C%
c»ai 2; Fission cross sections in
ragion R are increased by 20%.
'•

i
5
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t

Fig

IV B 2 FAST NEUTRON VS TIME

Fig

IV B 3 CENTER FUEL & .OOLANT

• •••T

Fig

IV B.4 FAST NEUTRON AT CORE

Fig. IV.B.S FAST NEUTRON VS TIME

Fig

IV B.6 CENTER FUEL & COOLANT

Fig. IV B.7 NORMALIZED AVERAGE POWER

From th» figuraa *bov«, w« tea that aa aoor aa poaitiv* reactivity ia inaartad
into th* reactor the neutron flux begina to increaae and thia leadn to the
increaae of fuel and coolant temperaturea which cauaea a decreaae in the
neutron flux becauae of the temperature feedback. By decreaaing flux, the
increase in temperature i*. reduced with a time delay, and this allow* the
neutron flux to increaae again very alow due to the effect of delayed
neutrons. At a power level such that all positive reactivity insertion is
compensated by the effecta of temperaturea, the steady atate cf neutron flux,
precursor concentration, and temperatures is obtained.
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Since the temperatures are not conatant ovar the slab but have a quasi
sinusoidal shape, the feedback effects are more pronounced toward tha center
of the slab than at the sides. This causes the neutron flux to flatten in the
center of the core as shown in figures IV.B.2 and IV.B.5. In the initial
increasing phase, the shape almost remains unchanged because of the time delay
in the temperature feedback effects, but in the decreaaing phase, the
temperaturea strongly effect the neutron flux, and the flux appears to flatten
in the central part of the alab, as expected.
C.

THIOL TWO-DIMmSXOHAL KBAC20K PROBLEM?:

1.

S t M d v Stit« Solution-

FEM
24632

24632

1.0050

1.0018

2.

KNM
24616
1.0008

12616

Ref.
2 cm

Tabel XV.C.I: Eff. tnultipl.
factor by MNH, FEM, and

.99993

.99983

reference

Transient:
Fig IV C.I

a ) _ Ramp Perturbation: Group 2 removal
cross section decreaaad by -11.6667%
per second in 0.2 second.
b ) _ Step Perturbation: Croup 2 removal
cross section reduced an amount of
-0.0035 cm"1.

T(sec)

Ramn-ne rturb.
Quandry

MNM

1.000
1.303
1.950
2.063
2.080
2.097

1.C00
2.049
2.066
2.083
2.100
2.117

HNM
0.00
0.10
0.20
0.30
0.40
0.50
D.

1.000
1.307
1.957
2.074
2.092
2.109

NORMALIZED AVERAGE POWER

\
»
f
:

step-perturb.
Quandry
1.000
2.061
2.078
2.095
2.113
2.131

Table IV.C.2: Normalized
average core power density
vs. time in Ramp- and Stepperturbation problem by HNH
and reference (Quandry).

TWO-DIMEMSIOMAL BWB MODEL WIT! ADXABATXC EXATUP 9 :

Benchmark Problem Book, ANL-7416, Supplement 2, ?age 548
1.

Steady State Solution;

60,30615

30615

CUBBQX
15xl5cm

Table IV.0.1: Eff. multipli.
factor by HNM and reference

0.99893

0.99611

0.99633

(CUBBOX)

MTfM

2.

Transient;
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Fig

IV D I

AVERAGE POWER DENSITY

Group 2 removal cross aaction in
|
region R ia decraaaed by -6.06184% par ?
aacond in 2.0 aaconda.
I

ZWO-DIMEKSZCHUU. PHX WITH TEMPERATURE FEEDBACK:
Referencae 10-12
a) Caaa 1: Fiaaion croaa aactiona in ragion R are increased by 20%
b) Caaa 2: Fiaaion croaa aactiona in ragion R are increaaad by 5%
Fig

IV E 1

NORMALIZED

AVERAGE POWER

Fig

IV E 2

NORMALIZED AVERAGE POWER

I '-i

T. THME-DIKEHIIOHAL BWR MODEL WITH ADIABAIIC HEATUP 9 :
Banchmark Problem Boole, ANL-7416, Supplement: 2, Page 549
Following are steady atate and tranaient aolutiona which are solved by HNM
with nodal eizee of 30x30x30cm, 30xl5x30ctn, and 15xlSx30cm. The reference
aolutiona are solved by CUBBOX computer code with nodal aizea of lSxl5x30cm
and 15xl5xl5cm.
1. Steady St«tt Solution;
MNM

60 ,30£15
0.99879

15630

CUBBOX
15630cm

Table IV.F.I: Eff. multipli.
factor by HNM and reference

0.99597

0.99626

(CUBBOX) .

2. Transient;
Perturbation ia initiated by ejection of a control rod location R in the
figure. The ejection starts at time t « 0.0 aec and ends at t » 2.0 aec whan
the control rod is completely removed. Constant velocity ia assumed over the
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interval. The control rod acts on the
thermal absorption cross-section l£
which ia reduced from 0.08344 to
0.073324 cm-1 after withdrawal. All
cthar two-group constants remain
unchanged. As in typical SWRs, tha
control rod ia assumed to move towards
tha bottom of tha cora. For raasons
of simplicity it is assumed that tha
group constants of tha bottom reflector ramain unchanged.

V.

Fig

HERAOE

POWER

DENSITY

CONCLUSION:

From tha rasults, »• can «•• that tha mathanatleal nodal mathod is a very good
tool for raactor powar calculation for raactor design or operation purpose*.
It has baan applied hare to the case of fuel and coolant temperature feedback
but it can b« used for any nonlinear problem such as xenon feedback, sodium
void...ate. Depending on the expressions of the material parameters as
functions of power and tamperaturas, the feedback effacts can be built
directly into the system of equations by tha introduction of nonlinear matrix
tarms which ara products of two unknown variables, or by the modification of
tha material constants at each time iteration step. With tha same coarse mesh
size or same numbwr of degree of freedom, the zeroth order one-dimensional
mathematical nodal method has been shown to be a better solution (more
accurate) than the finite element method. However, becausa tha convergence
rate is slower than the finite element method, the zeroth order mathematical
nodal method will converge to the true solution slower than the finite element
method when tha mash size is reduced, so it is only better than the finite
element method when the problem is solved with tha larger mesh. For higher
order mathematical nodal methods (k > 0 ) , since tha convergence rate can
"climb up correctly in order", the k order mathematical nodal method is
batter.
All of our works here ara for tha cases of rectangular nodes i.e, the
rectangular fuel assemblies. The problems of hexagonal assemblies and
vectorial solution schemes ara being investigated.
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ABSTRACT

In the previous work carried out by ENEA and other research organizations, the
burning of Minor Actinides was considered a by-product of electrical energy
production or a way to increase the amount of fissile materials.
in the present report, transmutation is treated as a problem itself. The main
target of the work is to find the variables which influence the burning of Actinides.
In this work, the machine capability evaluation is minimized and the attention
is focused on the different parameters acting on actinide burning, namely: the matrix
containing the actinides, the irradiation time, the level of flux, the spectrum, the
actinide concentration, the absence of a 7 N p
Secondly the critical parameters' values, or value ranges, which can reduce the
actinide risk, at the end of irradiation or at least after 5000 years of decay, to a value
lower than that of natural Uranium ere, are evaluated.
The neutron flux is the critical parameter for determining the actinide burning;
the containing matrix and the initial actinide concentration are important factors too.
The system capable of burning the Minor Actinides and Long - Lived Fission
Products must have a thermal flux value of about 1.0X1016n/(cm2 sec), a low atomic
weight matrix (i.e. FNa).
The Los Alamos spallation system (APT concept) seems to be the closest existing
project which can burn both Minor Actinides and Long - Lived Fission Products.

INTRODUCTION.
Our work is devoted to analyze the different actinide burning systems from the
point of view of the design of the final waste deposit.
The most important Actinide is Plutonium because it represents about 94%, of
the mass of the Actinides. Therefore it is convenient to divide the actinide burning
problem in two parts:
- Plutonium burning,
- Minor actinide burning.
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In the present report only the minor actinide burning problem is analyzed.
From 1973 to 1984 ENEA (at that time CNEN) has done a. large amount of
research on Actinides burning. Particularly, sensitivity methods were used to evaluate
the errors in actinides concentration due to the flux and cross section uncertainties.
The steady state safety analysis was another research field.
The influence on the reactor parameters (control rod worth, reactivity
coefficients....) of actinide burning was studied.
In the work carried out in the past at ENEA and other research organizations,
the burning of Actinides was considered a by-product of the electrical energy
production or a manner to increase the amount of fissile materials.
In the present report, transmutation is treated as a problem itself. The main
target of the work is to find tne parameters which influence the burning of Actinides.
TRANSMUTATION.
There are two different points of view:
a) to use existing technology with some improvements to burn the Actinides in
thermal reactors, employing fuel elements derived from mixed oxide technology
(Siemens idea /1/);
b) to study machines designed for burning Actinides (hybrid system accelerator
- subcritical fast reactor. OMEGA project /2/. or hybrid system accelerator subcritical thermal reactor, Los Alamos project /3/).
The used point of view is to consider the different parameters which may
influence the actinide burning rather than to evaluate the machine capabilities; such
parameters are:
- the matrix containing the aciinides,
- the irradiation time,
- the flux level,
- the spectrum,
- the actinide concentration,
- the absence of 237 Np.
Two main problems were examined in the present work:
First, the determination the most effective physical parameter in actinide
burning.
Second, the determination of the parameter critical values, or range of values,
that can reduce the actinide risk to a value lower than that of natural Uranium ore after
irradiation, at the reactor discharge, or in the case this goal is impossible, after
irradiation and 5000 year decay of the structures containing the Actinides.
The above decay time was selected so that the final storage deposit could be
designed for a long period of time, but not for millions of years. On the other hand 5000
years is the age of the oldest building made by the man and still existing today: the
Egyptian pyramids. .
The environmental impact can be measured using several indexes:
- Actinides mass,
- Radioactive Ingestion Hazard.
- Actinide Radioactive Ingestion Hazard ratio between the value at the reactor
discharge and that at the reactor loading;
- Actinide Radioactive Ingestion Hazard ratio between the value after 5000 years
and that at the reactor loading.
- " T c Radioactivity.

1-302

CALCULATION METHOD.
The calculations performed in this work were carried out with ORIGEN /4/ or
ORIGEN2/5/ generation and depletion codes or using the two together.
A Minor Actinides concentration 100 times that of PWR spent fuel was used in
most of calculations.
In all the figures the values corresponding to the hazard of pitchblende and of a
typical natural Uranium ore (carnotite) are displayed as reference values. These
values, taken from rif. /6/. are 9.51X107 m3 HaO (pitchblende) and 9.4X10* m3 H,.O
{natural Uranium ore).
The hazard measuring unit of m3 H2O gives the amount of water necessary to
dilute each individual nuclide to its Radiation Concentration Guide (R.C.G.) value for the
unrestricted use of water.

INFLUENCE OF THE MATRIX ON THE ENVIRONMENTAL IMPACT
To analyzs the dependence of the environmental impact of the matrix containing
the Minor Actinides four matrixes were considered: ZrO2, CW2, UO2 and ThO2.
Calculations were performed considering a PWR standard fuel element. In the
ThC 2 and inert matrix cases, the fuei (UO2) volume was replaced by the same volume of
ZrOz.CWaandThOa.
The Actinides concentration is 10 times that in the PWR spent fuel. The
irradiation time is 1100 days.
The flux values to be used as input for both ORIGEN codes were modified to take
into account the different absorption properties of the matrices.
The calculations were repeated excluding ^ N p .
The agreement between ORIGEN and ORIGEN2 calculations is good, the maximum
relative difference is of about 33.03%, for the nuclide mass; while for the total
actinide mass the maximum relative difference is 11.09% (see reference 111).
There remains a minimum amount of Actinides in the ZrO2 matrix (about one
fifth of that in UO2 matrix), for the calculations including 2 37 Np).
The ratio between the total mass of Actinides remaining in the ZrO2 matrix with
and without 237Np is about 4.
In these calculations the maximum risk reduction also corresponds to the inert
matrixes.
The absence of 237 Np reduces the environmental impact in an important manner
if the measurement index is the total mass of Actinides. but the reduction becomes less
important if the index is the hazard ratio.
For geological times (more than 5000 years), the hazard of fission products is
negllgeable compared to the Actinides risk.
The most efficient matrix results ZrO2, the worse ThO2. This could be a good
reason to avoid U - Th fuel cycles for actinide burning in LWR
The matrix ZrO2 was selected for the next calculations.
ENVIRONMENTAL RISK VERSUS IRRADIATION TIME
In evaluating the environmental risk versus irradiation time, the Actinides were
concentrated 100 times with respect to the amount in a PWR spent fuel in a ZrO2
matrix. The considered irradiation times are 0.0, 1100, 2200, 3300, 9900 11000
and 22000 days; the neutron flux 2.81x 1013 n/(cm2 sec).
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Calculations with ORIGEN2 are the most conservative ones: from these
calculations an higher amount of Actinides always results.
The ratios between the total amount of actinides at 22000 irradiation days and
1100 days is 67.85 for ORIGEN and 64.31 for ORIGEN2. In the calculations of rif. /8/
the ratio between the total amount of Actinides without recycling and with recycling is
17, this demonstrates the higher efficiency of the ZrO2 matrix respect to UO2 matrix.
Figure 1 displays the behaviour of the curves of the Actinides hazard versus
decay time for the six irradiation periods including the curve corresponding to 0.0
irradiation days. From this figure it is possible to state that for irradiation times below
9900 days, it is more convenient to bury the Actinides (not to irradiate them) because
the hazard level, obtained by irradiating, is higher than not irradiating within
geological times
Figurei shows that by irradiating the Minor Actinides up 'c this period it is
impossible to reach a hazard level lower than that of natural Uraniun ore at any time.
The agreement between ORIGEN and ORIGEN2 becomes worse with the increase of
the irradiation time. The relative differences between the total mass of actinides
increase from 5.14% to 29.92%.
As the most conservative code is ORIGEN2, then it is selected for the next
calculations.
The differences in the total mass of Actinides or in the risk ratio between the
calculations performed with or without 2 3 7 Np, are significantly decreased by the
irradiation time.
Up to 9SC0 days, the burial of the Minor Actinides results the most convenient
solution for final waste disposal.
The irradiation time parameter does not solve the Actinides burning Problem.
ENVIRONMENTAL RISK VERSUS NEUTRON FLUX
FLUXES POSSIBLE WITHIN A LWR CORE
In evaluating the environmental risk against neutron flux, the Actinides were
concentrated 100 time with respect to the amount in PWR spent fuel in a 2rO 2 matrix,
the irradiation time was 11000 days and the flux values were in the LWR range
( 2 . 5 X 1 0 1 3 n/(cm 2 sec) - 8.43X10 13 n/(cm 2 sec)).

HIGHER FLUXES
Considering that there are in literature some new actinide burning systems
having thermal fluxes higher than those of LWR's, such as the Siemens idea IV or the
Los Alamos Spallation System /3/, it is convenient to study higher thermal fluxes.
Higher thermal fluxes were explored in the range from 1.0X1014 n/(cm 2 sec)
to 5.0X10 15 n/(cm 2 sec).
The calculations were repeated excluding 237 Np, for both fluxes.
RESULTS
- " T c concentration is inversely proportional to the neutron flux (the
concentration decreases by one order of magnitude when the flux increases by one order
of magnitude);
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• 129I concentration sharply decreases when the flux increases from 2.81X10' 3
n/<cm2 sec) to 5.0X1014 n/(cm 2 sec), afterwards it increases siowly;
- 135Cs concentration has a behaviour similar to 129I , but less marked.
Increasing the flux strenght - t 2 9 l becomes the principal component of long term
risk, at 5.0X1014 n/(cm 2 sec) the 129 I hazard is 69 times that of " T c and 25 times that
of 13SCs.
In the calculation performed excluding M 7 Np, the behaviour of the three long •
lived fission products is quite similar to that described previously but the 9 9 T c
concentration is 5 times smaller, the 129 I 4.5 times smaller and the 135 Cs 4 times
smaller than the corresponding ones with 237Np .
In Figure 2 the values of actinide and fission product hazards versus decay time
are plotted for several flux values.
From Table 1 and Figure 2 it is possible to see that for a flux value of 5.0X1014
2
n/(cm sec) the actinide hazard becomes lower than the natural Uranium ore hazard
from the reactor discharge, but the fission product hazard results greater than actinide
hazard and remains above the hazard of natural Uranium ore for geological times.
At so high a flux level, the hazard value due to the inert matrix is comparable to
that of the fission products'.
The fission product hazard increases with the flux up to 1.0X1015n/(cm2 sec).
With the flux at 5.0X10 iS n/(cm 2 sec) the fission product hazard begins to decrease. It
demonstrates that long lived Fission product burning is possible.
COMMENTS
With the existing or possible flux values the present LWRs cannot solve the
Actinides burning problem.
Increasing the irradiation flux the 129I becomes the main component of the long
lived Fission products hazard, and the 99 Tc concentration is reduced in inverse
proportion to the flux.
From a thermal flux strength of S.OXiO^n/icm* sec) an artinide hazard lower
than that of natural Uranium ore, at the time of the reactor discharge, can be reached.
The flux is the physical parameter that fjdterminies the actinide burning.
With the burning of the Actinides '.he nature of the risk changes from the
Actinides ' hazard to that of the Long - Livid Fission Products. The total hazard versus
decay time curves are lower but they are still some orders of magnitude higher than the
natural uranium ore hazard.
Tne iratrix is another important physical characteristic determining the
actinide burning.
It is necessary to use, for acti;iide burning, a containing matrix of low atomic
weight.
With flux above 5.0X10 15 n/(cm 2 sec) the fission product hazard begins to
decrease.
This is a very important achievement because, for solving "ie problem of
actinide burning, it is necessary to burn Actinides plus Long Lived Fission Products.
The environmental impact could be worse with the burning of the Actinides while
Fission Products remain /9/, because long - lived fission products such as 99 Tc, 1Z9I
and 135 Cs have infinite solubility in water and high mobility.
To convince the public opinion regarding the credibility of Nuclear Industry, it
would be necessary to modify the target in this way: the Actinides plus Fission Product
hazard must be kept lower than the natural Uranium ore, after irradiation, at the
reactor discharge, or in the case this goal is impossible, after irradiating plus 5000
years decay of the structures containing the Actinides and Fission Products.
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THE ABSENCE OF »7Np
In the calculations performed excluding 237 Np, the Actinides hazard at high flux
and long irradiation times is reduced to one half, while the hazard due to 1 2 9 I , main
component of the long lived Fission products hazard, decreases by a factor of 4.5.
This reduction does not change the dimension of the problem and does not allow to
reach the required target for the Long Lived Fission Products before geological times.
This means that the absence of 237 Np is an important, but not decisive variable.
It seems more convenient to treat 237 Np together with the other minor actinides.

SPECTRUM
Fast flux values in the range 5.0X10 1s n/(cm 2 sec) - 1.0X1017n/(cm2 sec) were
considered.
The Actinides were concentrated 100 times with respect to the amount in PWR
spent fuel in a ZrO 2 matrix; the irradiation time was 11000 days.
For fast systems above 5.0X10 16 n/(cm 2 sec) the Actinides' hazard disappears,
but fission products' hazard remains higher than the natural Uranium ore risk within
geological times. Total risk, Actinides plus Fission Products and Activation Products,
remains always higher than that of natural Uranium ore.
Therefore the situation could be worse /9/ because long - lived fission products,
such as 9 *Tc, 12BI and 135 Cs, have infinite solubility in water and high mobility. This
demonstrates that it is necessary, to burn Long • Lived Fission Products too, to solve
the actinide problem.
THE ACTINIDE INITIAL CONCENTRATION
It is possible to demonstrate that the level of risk is proportional to the actinide
initial concentration if that concentration is proportional to that in standard PWR spent
fuel. This is the other important physical characteristic determining the the Actinides'
burning.
Most of calculations presented in this paper were carried out considering a
concentration of Actinides 100 times that of the standard PWR spent fuel.
Standard PWR means a pressurized reactor using UOZ fuel, with Uranium
enriched to 3.3 weight percent, and having a burnup of 33000 MWD/THM.
Considering its actinide concentration, there are 65 kg of Actinides in the matrix
filling the volume corresponding to a ton of Uranium. This mass of fissile and
fissionable materials is comparable to the 33 kg/THM burned in the standard PWR. The
hazard due to the fission product decay, due to the actinide burning in ZrO 2 matrix and
that of standard PWR spent fuel are comparable.
The volume of PWR standard fuel containing a ton of Uranium is about of
9.615X10 4 cm 3 . This same volume is filled, in our calculations, with a ZrO 2 matrix
containing the actinides.
As mentioned previously, in the case of the Actinides concentrated 100 times
with respect to PWR spent fuel, in this volume 65 kg of Actinides are present having a
density of 6.86X10' gr/cm 3 .

1-306

RANGE OF THE PARAMETERS DETERMINING THE ACTINIDES" BURNING.
The results obtained up to now can be summarized as follows:
Matrix: low atomic weight (i.e. FNa).
Flux 5.0X1015n/{cm2 sec) - 5.0X1016n/(cm2 sec).
Actinides concentration lower than 100 times that of the PWR spent fuel.
BURNING THE ACTINIDES IN FNa MATRIX
In ref./10/ I! is stated that the optimum actinide density for Los Alamos
spallation system is comprised in the range between 5.0X1 o 3 gr/cm3 to 8.0X10 3
gr/cm 3 The mean value of this interval is not very far from 6.86X10 3 gr/cm3 which
is the actinide density in standard PWR spent fuel
Taking into account the previous results, new calculations were carried out with
FNa matrix, the Actinides at the same concentration as that of PWR spent fuel, a
thermal neutron flux of 1.0X1016n/(cm2 sec) and various irradiation times.
The result is that the Actinides are burned after an irradiation time of 100 days.
For this irradiation interval the actinide hazard becomes lower than the hazard
associated with natural Uranium ore (see Table 2 and Figure 3). The fission product
hazard is kept negligeable, as the radioactivity of " T c results 1.108X10 2 Ci and the
radioactivity of 129 I is 5.766X10 s Ci.
The radioactivity of " T c is 1.309X10*1 Ci while the radioactivity of 129 I is
3 . 1 3 4 X 1 0 2 Ci in each ton of standard PWR spent fuel, the amount of radioactivity
corresponding to these two long lived fission products added by the actinide burning is
negligeable respect to these figures.
This means that a system having these characteristics can burn within 100 days
the Actinides produced by a PWR during 1100 days.
ANALYSIS OF SIEMENS IDEA
Calculations were performed considering a Zircalloy2 matrix, the Actinides at
the same concentration of PWR spent fuel, a thermal neutron flux of 2.5X10 14
n/(cm2sec) and several irradiation times.
The result is that the Actinides are burned after an irradiation time of 4000
days. For this irradiation interval the actinide hazard becomes lower than that
associated with natural Uranium ore The fission product hazard remains negligeable.
This system could burn the Actinides at a rate of one fourth of the production one.
CONCLUSIONS
U - Th fuel cycles in LWRs do not improve the quality of these reactors as
burners of Actinides.
Considering the existing LWRs the best solution to the actinide problem is to
bury them.
The absence of 237Np is an important, but not decisive parameter, it seems more
convenient to treat 237Np together with the other minor actinides.
The neutron flux is the critical parameter which determines actinide burning;
also the containing matrix and the actinide concentration are important parameters.
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The system capable of burning the Minor Actmides and Long - Lived Fission
Products must have a thermal flux value about 1 0Xi0 1 6 n/(cm 2 sec), a low atomic
weight matrix (i.e. FNa) and should handle the annual discharge of eleven LWR.
Los Alamos spallation system (APT concept /3/) seems to be the closest existing
project which can burn both Minor Actinides and Long - Lived Fission Products.
With respect to the Siemens idea i\l the actinide burning rate results very
small.
The Los Alamos spallation system seems also to be the best from the nuclear
safety point of view /11/.
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Table 1. Neutronic Flux Influence on Actinide and Fission
Product Radiotoxicitv at Reactor Discharge and After 5000 Years.
Actinides Concentrated 100 Times PWR Spent fuel. 11000
Irradiation davs in ZrO, Matrix. ORIGEN2 Calculations.

Actinides
Flux
(n/(cm2 s)
1.0X101*
2.5X10 14
5.0X101*
1.0X1015
5.0X10"

Fission Products

Hazard at
discharge

Hazard after
5000 years

(m 3 H 2 O)
2.364X10«
1.135X107
7.546X10*
1.659X10*
9.036X101

(rTV>Hj,O)

8.291X106
1.288X10s
8.969X103
5.369X10 3
1.653X101

Hazard at
discharge
(m3H2O)
1.116X10"
1.188X10"
1.449X10"
2.413X10"
4.493X10"

Hazard after
5000 years
(m3H2O)
2.426X106
6.586X106
1.628X10 7
4.965X10 7
2.664X10 7

Fission Product Radiotoxicity at Reactor Discharae and After 5000
Years. Actinides Havina the same Concentration of PWR Soent fuel.
1S
2
Neutrpn Flux 1 0X10 n/fcm sec^ FNa matrix ORIGEN2 calculations

Fission Products

Actinides
Irradiation
time
(days)

Hazard at
discharge

93

2.511X10 8
1.032X108
2.364X10 7
1.135X106
6.269X10 s

100
1 10

275
370

(m3H2O)

Hazard after
5000 vears
(m3H2O)
1 377X105
8.860X10*
8.291X10*
1.238X103
7.076X102
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Hazard after
5000 years
(m3H2O)
(m3H2O)
1
1.118X10 ° 2.345X10*
9.801X10' 1.420X10*
1.116X10'° 2.428X10*
6.188X109 6.586X10*
5.762X10' 3.550X10*
Hazard at
discharge
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ABSTRACT
Recently, a number of low void worth core designs with non-conventional core geometries have been proposed. Since these designs lack a good experimental and computational data base, benchmark calculations are useful for the identification of possib'i
biases in performance characteristics predictions. In this paper, a simplified benchmark
model of a metal fuelled, low void worth actinida burner design is detailed: and two independent neutronic performance evaluations are compared. Calculated performance
characteristics are evaluated for three spatially uniform compositions (fresh uranium/
Plutonium, batch-averaged uranium/transuranic, and batch-averaged uranium/transuranic
with fission products) and a regional depleted distribution obtained from a benchmark
depletion calculation. For each core composition, the flooded and voided multiplication
factor, power peaking factor, sodium void worth (and its components), flooded Doppler
coefficient and control rod worth predictions are compared. In addition, the bumup
swing, average discharge bumup, peak linear power, and fresh fuel enrichment are calculated for the depletion case. In general, remarkably good agreement is observed
between the evaluations. The most significant difference in predicted performance characteristics is a 0.3-0.5% &kf{kk) bias in the sodium void worth. Significant differences in
the transmutation rate of higher actinides are also observed; however, these differences
do not cause discrepancies in the performance predictions.

I. INTRODUCTION
Although large margins between the peak coolant temperature and sodium boiling temperature have
been demonstrated for various unprotected transients, there remains a non-zero probability of at least a
limited amount of sodium voiding in a LMR. Several mechanisms have been postulated that could lead to
limited voiding; these mechanisms include sodium boiling conditions caused by local flow blockages and
gas introduction conditions caused by fission gas release or cover gas entrapment. Moreover, the possibility of large-scale coolant voiding as a result of extremely unlikely events cannot be entirely dismissed;
and in current fast reactor designs, large-scale sodium voiding would introduce substantial positive reac-
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tivity which could potentially lead to reactor damage. In the aftermath of the Chernobyl accident, thare
has been renewed interest m designing LMR cores with a low sodium void worth ' For all of the above
reasons, there remains a strong incentive to minimize the sodium void worth and the consequent potential
for reactor damage in the extremely unlikely event that voiding takes place. However, as pointed out in
reference 1, reduction ot the void worth is achieved at the expense ot performance and design penalties.
Recent LMR design analysesz have also focused on the design ot cores which are net consumers of
transuranics (TRU). Metal-fuelled fast reactors offer a number of favorable leatures regarding management of these man-made actinides as discussed ir. reference 2. The large range of achievable breeding
characteristics provides for flexibility in transuranic management strategy. Low breeding ratio designs
combined with repeated recycle for fission can potentially provide for a means to burn transuranics supplied from n source external to the metal fuel cycle. Alternatively, fissile self-sufficient designs allow a
steady-state fuel cycle which does not require an external source of fissile material.
Joint design activities have pursued the design of tow void worth cores with a wide range of transuranic management characteristics. In reference 3. two core designs which achieve a zero sodium void
worth were analyzed in detail. The first design was a "pancaked" and annular core with enhanced transuranic burning characteristics; the high leakage in that design yields a low breeding ratio and small void
worth. The second design was an axially multilayered annular core which was fissile self-sufficient; in that
design, the upper and lower core regions are neutronically decoupled for reduced void worth while fissile
self-sufficiency is achieved using internal axial blankets plus external radial and axial blanket zones. The
passive safety properties of these low void worth designs are evaluated in reference 4.
These low void worth core designs represent a significant departure from conventional (low-leakage)
fast reactor cores. Moreover, a principal attnbute of these designs (the near-zero void worth) arises from
the compensation of a large (positive) spectral effect and a large (negative) leakage effect. Preliminary
calculational results of the burner core performance indicated significant differences between evaluations
by two separate design teams. Thus, idealized benchmark void worth and burnup calculations were proposed as a means to isolate jiscrepancies caused by methodological differences from those caused by
database differences. For the benchmark calculations in this paper, a simplified model of the low void
worth actinide burner design proposed in relerence 3 is developed in Section II. The calculational
methods used in the benchmark calculations are briefly described in Section III. In Section IV, neutronic
performance results calculated by two different design teams are compared; differences in the calculated
results are identified, and possible causes of the deviations are discussed.

I!. BENCHMARK MODEL DESCRIPTION
The core layout, shown in Figure 1, consists of 420 driver assemblies, and 30 control assemblies in
an annular configuration: since the goal in a burner design is a lew breeding ratio, no internal or external
blanket zones are utilized. A low void worth is achieved in this design by exploiting the negative leakage
and plenum effects* To significantly increase the leakage, a pancaked core geometry is utilized; the
active core height is only 45 cm as compared to 100 cm in conventional designs. Since axial leakage is
dominant in the pancaked geometry, the plenum effect is also enhanced. Unlike conventional homogeneous LMR core layouts, there is a four row central absorber region with the inner three rings steel
reflector and the fourth row absorber assemblies; this central absorber region reduces the void worth by
increasing the active core leakage and allows the elimination or mitigation of enrichment zoning by flat-

' In LMR metal fuel pin designs which do not utilize an axial blanket, the fission gas plenum is located
adjacent to the fuel column. Above the core, the flowing sodium is the primary reflecting material rather
than heavy metal or steel, and significant negative reactivity is introduced upon voiding of the flowing
sodium in the plenum region.

1-314

tening the central power peak.
A simplified core geometry is utilized tor the benchmark model. All assemblies have an axial height
of 160 cm with a 15.4671 cm lattice pitch and are arranged in a configuration with 1/6 core symmetry, as
shown in Fig. 1. In the benchmark model, only nine distinct material zones are specified. In the driver
assemblies, a 30 cm thick lower axial shield is below a 15 cm thick lower reflectcr zone which is adjacent
to the 45 cm tail active core; there is a 70 cm plenum region above the active core. The absorber regions
of the control assemblies are parked above the active core. All other assemblies have uniform axial compositions. The isotopic number densities of each assembly region are specified in Table !. To allow a
wide range o( benchmark comparisons, four different core compositions are utilized:
1.

Fresh uranium/plutonium composition (no minor actinides). as shown in Table I.

2.

A single batch-averaged uranium/transuranic composition without fission products, as shown in
Table I.

3.

A single batch-averaged uraniunvtransuranic composition with fission products (identical to core
composition #2 in Table I with a lumped fission product number density ol 8 8679E-4 atoms/bam-

cm).
4.

Regional burnt uranium/transuranic/fission product distribution based on an equilibrium depletion calculation at end-of-cycle.

In the voided core condition, the flowing sodium in the core and upper plenum is voided; the core and
plenum regions have flowing sodium fractions ol 83.85% and 40.44% respectively. All other regions
remain flooded.

III. DESCRIPTION OF CALCULATIONAL METHODS
Calculational methods are described separately for the two independent evaluations by Argonne
National Laboratory (ANL) and Toshiba. For the ANL calculational results, group constants were gener. aied from ENDF/B-V.2 using the MC?-2;SOX code package.5* Two separate group constant sets were
generated based on a conventional metal fuel composition and a detailed metal fuel composition representative of the low void worth burner design (a high enrichment metal fuel composition with LWR transuranic isotopics). For each set, 21 energy group constants were generated at two temperatures for
sodium-in and sodium-out cases. All flux and adjoint computation* utilized the finite difference theory
option of the DIF3D code.7 The sodium void worth was computed using exact perturbation theory; and the
Doppler coefficient was computed using first-order perturbation theory. In the depletion case, regional
core compositions were gensrated using the equilibrium cycle option of the FEBUS-3 code: 1 a batchaveraged composition is utilized within each depletion region. The regional depletion was calculated in
five (equal length) axial zones and six radial zones using 9 energy group cross sections: each driver
assembly has a residence time of three 310 full-power day cycles.
For the Toshiba calculational results, a 70 energy group self-shielding factor cross section set was
generated from the JENDL-3 file* for principal nuclides except for the fission product cross sections
which were taken from the JENDL-2 file. For design studies, the 70 group cross section data are collapsed to a 25 energy group structure using typical flooded MOX-FBR core spectra; self-shielding factors
were collapsed in a consistent manner. Performance results were evaluated using both the 25 group
design cross section set and the detailed 70 group set. Finite-difference diffusion theory eigenvalue calculations were performed: parametric studies indicated adequate mesh convergence at an axial mesh
thickness of 5 cm. Reactivity coefficients wer9 computed by direct eigenvalue difference between the
base and perturbed configurations. To obtain the regional burnt composition;;, two-dimensional bumup
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calculations were performed using 7 energy group cross sections, tne Dumup calculation models trie equilibrium 310 full-power day cycle lor a three batch refueling scnerre

IV. COMPARISON OF ANL AND TOSHIBA RESULTS
Performance charactenstics were calculated for four core compositions three spatially uniform compositions ;fresn UPu. batch-avsraged U/TRU. and batci-averaged U TRU with fission products) and the
regional distribution obtained Irom ths cepleuon calculation. Fcr each core composition, performance
characteristics were evaluated independently by ANL ana Tosn ba using a conventional design group
constant set and a detailed group constant set (see Section :ii). The ANL and Toshiba benchmark
resutts are summarized in Tables l l - v . each Table contains resu.ts for a different benchmark core composition ;i e.. the ANL and Toshiba results for the tresh U. Pu composition are compared in Table II). For
eacn case, the flooded and voided multiplication factors, power peaking (actors, sodium void worth (and
its components), fleeced doppler coefficient and control rod worths are shown, m addition, the bumup
swing average discharge burnup, peak linear power, and Iresn fi_et ennenme-nt are shown for the depletion case (Table V) Differences in performance characteristic predictions are aiscussed below, unless
notec otherwise, the ascussion focuses on the results cntained LS.ng ihe design group constant sets.
fcr the threa uniform composition cases (Tables ii-iV), :ne Toshiba flooded eigenvalue is lower than
the A M result, in the depletion case iTable V). we ECC eigenvalue is forced to be -1 00. thus, the ANL
ano Toshiba results agree closely. The Cifferer.ce in fioccea eigenvalue vanes somewhat depending on
the composition. For fresh U Pu fuel iTabie M) trie difference .s 0 5%. When the minor actmides are
included (Table Hi; the ofierence decreases to 0 35%. ana wnen the fission products are included (Table
IV). tre 2ifference increases again to 0 6% These differences between the Tosnioa and ANL evaluations
have several posside causes
A.:r,ougft Doth evaluations use an identical geomeincai mccei ias specified in Section II) ?nd utilize
finite-c.iference affusion theory for the eigenvalue computations, small differences in computed performance may be observed from differences in the converged spatial solution; differences in convergence criterion ard solution methodology can lead to slight discrepancies >n the calculated result However, cross
section differences are expected to be the dominant cause of discrepancies In the pvrformanc*
results between the ANL and Toshiba evaluations. Tne A M and Toshiba group constant sets are
generated from different basic data using afferent generation methods The basic cross section data for
the A N L evaluation ccnes from ENDF B-V 2. whereas, ihe Toshiba evaluation utilized basic data from
J E N C L - 3 The A N L grcup constants are generated using the MC"-2 SDX code package, and the Toshiba
group constants are generated using the self-shielding factor method. Differences in either group constant basic data or generation method can lead to afferent group constant values. Thus, it is not possible
to isoiate the differences caused by each source unless identical data or generation methods are utilized.
Tne ANL a^d Toshiba calculated power peaking results snow good agreement. For the first two
compositions (Tables n and ill), the ANL core power peaking factor is 1 53. and the Toshiba result is 1.54.
in Tacie IV. tne ANL value is i 54 as compared to 1 57 tor the Toshiba evaluation. Because the fissile
mater.a! is preferentially burned m high power zones, the power peaking factors are lower in the depletion
case .Table V), the A N L peaking factor is ! 41 as compared \o the Toshiba value of 1 44. Thus, when
the fission products are excluded, the ANL peaking factor is 0 Qi smaller than the Toshiba value; and
when rne fission products are included the ANL peaking 'actor is 0 03 smaller This indicates that there
are scr-,e differences in tne fission product group constants, wnier. e=d to slight cnangss m the computed
power peaking
Larger differences are observed m the calculated void worn in Table II (fresh LJ/Pu composition),
the A M void worth s 0 373-i ±k'{kk) higher than the Tosruba result In Tables Mi-V. the difference is
cicser :o 0 5"'o ifc'!*«* Thus, the ANL evaluation consistently calculates a higner void worth. In Table II.
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the ANL void worth for voiding of the drivers aione is 0 is^o in.;wo higner than ;-e Toshiba result, the
remainder of the total void worth difference (0 19% ±k'[kk)i comes from the plenum contribution For me
other compositions (Tables lll-V). tr? higher void worth o< the ANL results <s also observed to come from
roughly equ J coniributions in the dnver and plenum
Since identical compositions and geometries are used m both evaluations the differences in void
wort;^ are likely caused by differences in the group constants Since the void worth reactivity effect
involves the compensation of a large (positive) spectral etfect by a large (negative) leakage effect, the
magnitude of the difference between the two evaluations .s not surprising The positive spectral effect is
caused by :he toss of sodium downscatlenng m the voided condition The change \n leakage is caused
by reduction m sodium reflection in the voided condition, m diffusion theory, the 'eakage effect is quantified by changes in the diffusion coefficient Since downscattenng group constants and transport group
cress sections are particularly difficult to generate, significant differences can be expected between various group constant generation methods. Therefore, it is not dear whether the coserved differences in
vcid worth are caused by differences m the basic cross section data or differences m the group constant
generation methods; the observed differences may also be caused by some combination of basic data
differences and group constant generation differences
When the void worth is evaluated using more oetailed grouo constants slightly higher sodium void
worths are observed For the ANL evaluation, the calculated void worth is 0 i -0 15% &kt{kk) more positive when ihe detailed group constants are utilized This bias is caused i>y differences m the collapsing
spectra, the ANL detailed group constants were generated for a higher enrichment composition leading to
a narder collapsing spectrum Since the actinde fission-to-capture ratio increases at higher energies, the
harcer collapsing spectrum leads to group constants with less parasitic absorption, this causes an
increase m the spectral component of the void worth as observed in Table il-V in the Toshiba evaluation, the void worth is also 0 i-O 2% zk{kk) higher .vhen the detailed group constants are utilized
The ANL and Toshiba calculated Doppler coefficients, using the design grcup constant seis. show
good agreement For the first two compositions (Tables n and Hi), the Doppier coefficient calculated by
ANu is 2-3% larger than the Toshiba result When the fission products are added (m Tables IV and V),
the diference is less than 1%. However, this good agreement in calculated Doppier results may be fortuitous For the detailed group constants m the ANL evaluation (23% TRu-HM) the Ooppier coefficient is
40% lower than calculated with the conventional group constants (21.4% PuHM) This difference is
caused pnmanly by the reduced self-shielding <n the high enrichment composition, the high transuranic
ennenment reduces the self-shielding effect m u-238 'r. the Toshiba evaluation, the finer group structure
(70 groups) utilized m the detailed set gives Doppier coefficient predictions iG% lower than the design (25
group) set. Thus, the Doppier coefficient is quite sensitive to the composition and group structure
assumptions utilized in the generation of group constants
The calculated control rod worth results show good agreement Worths tor the primary and secondary rod banks are within 0 1 % &k/{kk) for the uniform composition cases (Table H-iV); and the difference
is even smaller in the depletion case (Table V)
in the benchmark cases where the compositions were specified (Tabie II-IV) the performance comparsens exhibit a consistent bias between the A N L and Toshiba results As shown in Table V, similar
trencs are exhibited for the depletion benchmark performance parameters comparison, the void worth in
the ANL evaluation is - 0 5% &to[kk) higher and excellent agreement is observed for predictions of the
power peaking factor. Doppier coefficient,and control rod worths. This similarity to the uniform composition results implies that the ANL and Toshiba depletion calculations yield similar regional compositions.
Good agreement is also obser\<ed in the calculated burnup performance parameters For the bumup
reactivity swing, the ANL result is 1 1 4 % AA and the Toshiba result is 6 05% \k
The ANL and Toshiba isotopic IT.ass flort-wsuKs are compared m Table VI The total heavy mefal
loacmg m tne Toshiba evaluation is 1.6% higher than m the ANL evaluation, thus, a slightly higher heavy
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metal density has been assumed in ihe Toshiba evaluation This higher luei density and differences m
depleted uranium composition (Toshiba assumes 0.3% U-235 as compared to 0 2% U-235 tor ANL) allow
a slightly smaller ennchment requirement m the Toshiba results (28 3 wt% THU/(TRU»U) as compared
to 28 7 %) Isotopic results show good agreement for the uranium isotopes. and.Pu-239 and Pu-241;
these isotopes ara important in conventional fast reactor designs and their cross sections have been evaluated m dstail. In addition, the predicted loss rate ot Np-237 is similar between the two evaluations.
However, significant differences in the net gam predictions are observed (see Table VI) for Pu-240.
Pu-242. and the amencium and curium isotopes. These differences indicate some deviations m the
higher actinide transmutation cross sections between the two evaluations.

V. SUMMARY AND CONCLUSIONS
The ANL and Toshiba neutronic performance predictions for a simplified benchmark model of a low
void worth actinide burner core design are compared in this paper Performance characteristics are compared for four different core compositions ranging from fresh U Pu fuel to regional depleted zones.
Performance charactenstics are evaluated using conventional design cross section sets and detailed
cross section sets tailored to the benchmark problem. In general, good agreement is observed between
the A N L and Toshiba results.
Excellent agreement is observed m the power peaking and control rod worth predictions.
Differences of 0 5% ±k are observed in the flooded eigenvalue predictions between the ANL and Toshiba
evaluations; results indicate some differences in the lumped fission product cross sections Good agreement is also observed between the ANL and Toshiba prediction of the Doppier coefficient when design
group constants are utilized: however, the detailed group constant results indicate large (10-40%)
changes in the Doppier coefficient. Thus, detailed group constant generation is required tor an accurate
evaluation of the Doppier coefficient
The largest performance differences are observed in the void worth; the ANL calculated void worth is
consistently -0 5% $k'[kk) higher than the Toshiba values Because the low void worth is achieved by
the compensation ol a large spectral effect and a large (negative) leakage effect, it is difficult to accurately
compute the void worth. However, these small differences in calculated void worth can impact critical
design goals. For exampie, the cores in reference 3 are designed to a zero sodium void worth constraint;
the low void worth is achieved by "pancaking" the core until the void worth is reduced to zero. Thus, the
void worth constraint determines the core radius: and small differences in the near-zero void worth lead to
significantly different core sizes.
In the benchmark cases where the compositions were specifier, the performance comparisons identified a consistent bias between the ANL and Toshiba results. Similar trends are exhibited tor the benchmark depletion calculation; thus, the AIML and Toshiba depletion calculations yield similar EOC regional
compositions. A companson of the isotopic mass flow results for the benchmark depletion calculation
reveals significant discrepancies in the higher actinide transmutation rates; however, because the higher
actmides remain at low concentrations, these differences do not cause discrepancies m the performance
predictions.
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TAHU: I. MATERIAL COMPOSITION SPECIFICATIONS (Number Densities in aloms/harn-cm)
DKIVI-K

CONIKOi.

;
UXCIIANr.i; REFLECTOR

SHIELD

ISOU)|K:

SlucU

Kcflcclor

Corc«l

Cote *2

I'k-num

In

Na23

7.2956E3

7.9959E3

1 <W59U-3

1.6578E2

8.8652E-3

2.0799E-2

7.2956E3

3.7O13E3

4.87O4E2

1 8S66E2

1.8566E2

1.8566E2

I.5383E2

4.8646E-3

1.2256E2

6 O374E 2

1.9763E2

7.274OE-3

2.7729E3

2 7729E 3

2.7729E3

2.2975F.3

72654E4

1.83O4E 3

9.0I69E 3

2.9516E3

3.2851E4

1.2523E4

1.2523E4

1.2523E4

1.0376E-4

3.2812E 5

8.26h6F.5

4O723E-4

1 3330E-4

2 6846E4

10234E 4

1.O234E4

1 (1234E4

8.4793E5

268ME5

6.7555E5

3.3279E-4

1.O893E4

Mn 55

7.2956E3
1.2256E2
1.8304E3
8.2666E5
67555E5
2.8872E5

1.1474E4

4.3739F.5

4.3739E-5.

43739E5

3.6259E-5

1.1460E-5

2.8872E-5

1.4223E4

4.6557E-5

Fe
Cr
Mo
Ni

Oui

3.7O13E3

B 10

9.284SE3

2.7832E2

9.2845E3

8.4334E-3

B 11

3.7601 E 2

3.O924E3

3.7501 E-2

3.4154E-2

C 12

1.172IE2

7.73O8E3

1.1721E2

1 OM7E2

Zr

2.9924E3

2.9924E3

14788E5

9 7113E5

73793E3

7OO15E 3

5.O354E 7

U 234
U 235

1.OO65EIS

U23f>
U 238

1 134KE4

N|> 237

1.5152E9

l'u-2.%
3.2U24E5

I'u 218

49332ES

I'u 239

I.61S8E-3

1.1769E3

Pu 240

6.3175E4

5.3652E-4

4.2S05E4

23839E4

l>u 241
I'u 242
Am 241

*

1.2227E4

1.I582E4

7.86O5E-5

6.H370E5

Air. 2-Cni

2.7359E ft

Am243

6.O730E5

Cm242

4.1419E6

Cn<243

2.O932E7

Cm-244

2.133OE-5

Cm245

2.6475E6

Cm-246

2.5811E-7

Table II. Comparison of Calculated Performance Characteristics:
Composition #1, Fresh U/Pu
ANL

Toshiba

Design

Detailed

Design

Detailed

1.1760

1.1778

1.1709

1.1668

1.1664

1.1698

1.1564

1.1527

Rods Out

1.53

1.53

1.54

1.55

Primary Rods In

1.47

1.47

1.48

Secondary Rods In

1.61

1.61

1.62

-0.664

-0.562

-1.069

-1.050

Spectral

1.22

1.31

Planar Lkg.

-0.38

-0.38

Axial Lkg.

-0.83

-0.82

Total

0.084

0.173

-0.130

-0.090

-0.748

-0.734

-0.939

-0.962

Fuel

1.30

0.67

Structure

0.36

0.32

Total

1.66

0.99

1.63

1.44

Primary Rods

6.29

6.26

6.37

Secondary Rods

1.46

1.45

1.46

krff, Hooded
Voided

Power Peaking Factor

Sodium Void Worth, %Ak/(kk")
Total

Driver

Plenum

Hooded Doppler, -Tdk/dT x 10 3

Control Rod Worth, %Ak/(kk")

The design and detailed group constant sets for both evaluations are described in Section III.
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Table III. Comparison of Calculated Performance Characteristics:
Composition #2, Batch-Averaged U/TRU
ANL

Toshiba

Design

Detailed

Design

Detailed

0.9780

0.9797

0.9746

0.9691

0.9732

0.9764

0.9644

0.9596

Rods Out

1.53

1.53

1.54

1.55

Primary Rods In

1.47

1.47

1.48

Secondary Rods In

1.61

1.61

1.62

-0.504

-0.342

-1.080

-1.022

1.96

2.09

Planar Lkg.

-0.51

-0.51

Axial Lkg.

-1.10

-1.09

Total

0.446

0.590

0.118

0.205

-0.950

-0.932

-1.198

-1.223

Fuel

1.91

1.03

Structure

0.53

0.45

Total

2.44

1.48

2.37

2.13

Primary Rods

8.07

8.01

8.15

Secondary Rods

1.87

1.85

1.87

krf,, Flooded
Voided
Power Peaking Factor

Sodium Void Worth, %Ak/(kk')
Total
Driver
Spectral

Plenum
Hooded Doppler, -Tdk/dT x 10 "3

Control Rod Worth, %Ak/(kk')

The design and detailed group constant sets for both evaluations are described in Section HI.
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Table IV. Comparison of Calculated Performance Characteristics:
Composition #3, Batch-Averaged U/TRU with Fission Products
ANL

Toshiba

Design

Detailed

Design

Detailed

0.9594

0.9617

0.9532

0.9486

0.9572

0.9608

0.9466

0.9426

Rods Out

1.54

1.54

1.57

1.57

Primary Rods In

1.48

1.48

Secondary Rods In

1.62

1.62

-0.237

-0.098

-0.737

-0.668

Spectral

2.19

2.29

Planar Lkg.

-0.51

-0.51

Axial Lkg.

-1.11

-1.10

Total

0.663

0.778

0.376

0.469

-0.900

-0.876

-1.113

-1.138

Fuel

1.52

0.80

Structure

0.46

0.40

Total

1.98

1.20

1.99

1.78

Primary Rods

7.98

7.96

Secondary Rods

1.84

1.83

k^f. Flooded
Voided
Power Peaking Factor

Sodium Void Worth, %Ak/(kk')
Total

Driver

Plenum
Flooded Doppler, -Tdk/dT x 10

3

Control Rod Worth, %Ak/(kk')

The design and detailed group constant sets for both evaluations are described in Section HI.
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Table V. Comparison of Calculated Perfonnance Characteristics:
Composition #4, Regional Depleted Zones (EOEC)
ANL

Toshiba

Design

Detailed

Design

Flooded
Voided

1.0025
1.0003

1.0002
0.9992

0.9945

Power Peaking Factor
Rods Out

1.40

1.41

1.44

1.41

1.41

1.54

1.54

1.43
1.57

-0.213

-0.094

-0.688

Spectral

2.01

2.11

Planar Lkg.

-0.45

-0.45

Axial Lkg.
Totai

-1.01
0.650
-0.863

-1.01
0.753
-0.846

1.42

0.79

Structure

0.43

0.37

Total

1.85

1.16

1.84

6.82

6.84

1.59

6.85
1.60

Bumup Swing, %Ak/(kk')

6.14

6.10

5.69

Average Discharge Bumup, MWd/kg
Peak Linear Power, W/cm
Enrichment, wt.% TRU / (TRU + U)

89.8
497
28.7

89.9
497

k,.ff,

Primary Rods In
Secondary Rods In

Detailed

1.0014

Sodium Void Worth, %Ak/(kk')
Total
Driver

Plenum
Flooded Doppler. -Tdk/dT x !0 "3
Fuel

0.362
-1.050

Control Rod Worth, %Ak/(kk')
Primary Rods
Secondary Rods

28.5

1.57

28.3

The design and detailed group constant sets for both evaluations are described in Section III.
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Table VI. Mass Flow Results for Benchmark Problem

ANL

Toshiba

Isotope

Loading
(kg)

Net Gain
(kg/y)

U-234

0.0

0.406

U-235

7.51

U-236

Loading
(kg)

Net Gain
(kg/y)

-2.85

11.6

-4.38

0.0

0.595

0.0

0.81

U-238

3790.

-241.

3854.

-236

Np-237

81.6

-23.8

82.5

-24.1

Pu-238

15.3

13.4

15.4

12.7

Pu-239

774.

-160.

776.

-157.

Pu-240

304.

-14.8

304.

-15.5

Pu-241

206.

-87.7

205.

-86.0

Pu-242

59.8

3.53

59.3

4.07

Am-241

38.5

2.21

38.3

3.95

Am-242m

0.17

1.56

0.17

1.51

Atn-243

38.4

-5.90

37.9

-6.90

Cm-242

0.02

1.98

0.02

1.82

Cm-243

0.12

-0.01

0.12

-0.02

Cm-244

8.58

3.37

8.40

5.03

Cm-245

0.79

0.75

0.78

0.43

Cm-246

0.10

0.05

Total

5325.

-508.

5394.

-501.

1-325

0

DRIVER ASSEMBLY

CONTROL ASSEMBLY

STEEL REFLECTOR

(420)

SHIELD ASSEMBLY

(30)

B4C EXCHANGE ASSEMBLY

(13)

Figure 1. Core Layout of 1575 MWt Low Void Worth Actinide Burner
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ABSTRACT
The recycling of all self generated actinides in a P&?R, L M R
and MHTGR has been consistently analyzed. Since the actual
quantities of the non-plutonium actinides is small,
homogeneous recycling with the fuel is assumed. Thus a cell
representation of each core is sufficient. A burnup routine
was written to link with INEL's cross section code, COMBINE,
so accurate cross sections could be attained throughout the
multiply loadings. The burnup routine also searched for the
appropriate feed enrichment so that the target fuel burnup
could be achieved. The analysis was performed for eleven
reloads of che fuel. Tables of actinide masses are
presented for each reactor type. All three reactor types
were effective in burning the plutonium. The non
uranium/plutonium actinides never reached equilibrium in the
11 fuel reloads (33 years for the PWR). There was, however,
a reduction of the actinides in each case when compared to
non-recycling.

Introduction
Recently, there has been a lot of debate on the value
of burning actinides in order to decrease the long term
toxicity of the high level nuclear waste. 1 ' ' 3 Actinides
can be burned in all reactor types but with differing
effects. Although PWRs and LMRs have been investigated for
actinide burning, 4 ' this study contains the first analysis
of an MHTGR for this purpose. When reviewing the literature
on actinide burning, it is difficult to compare different
reactor systems due to differing methods and assumptions.
This study analyzes all three reactor types with a
consistent method.
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Mst'hod
In order to analyze the actinide burning capability of
any reactor accurately, a technique for the calculation of
appropriate cross sections must be developed. For this
study the COMBINE code 6 from INEL was used. This cross
section processing code was developed for analysis of a
broad range of reactors and has been benchmarked with good
results for a PWR, LMR, and MHTGR.
COMBINE, at the time of this study did not have burnup
capabilities so a computer code, ABURN, was written that
would burn and decay the isotopes of interest for actinide
burning. Tha burnup technique used was modeled after the
MARCH subroutine of 2DB.
In addition to burning the
actinide isotopes, ABURN was used to remove fission products
and add the correct amounts of fissile and fertile materials
so each new fuel loading would reach the targeted discharge
burnup. ABURN was linked to COMBINE so new cross sections
could be generated several times per fuel load.
The above procedure assumed the reactors analyzed could
be represented by a cell. The selection of the cell for a
PWR was straightforward but for the LMR and the MHTGR
significant homogenization had to be performed. It is
important to point out that the actinide fuel was irradiated
in the average spectrum of the reactor under study. If
small volumes of actinides were to be burned, the use of a
modified loading plan allowing for a harder spectrum would
be desirable. This study ignored any such spatial effects.
For this study it will be assumed that no reactor was
built for burning actinides. Rather, each reactor type is
required to burn its own actinides.
Figure 1 shows a flow chart of the procedure used.
Each of the three reactor types analyzed had a
different base fuel cycle. The PWR uses a straight uranium
fuel cycle and hence is fed with enriched uranium. The LMR
is based on a U/Pu fuel cycle and is enriched with LWR
discharge Fu. The MHTGR is based on the thorium fuel cycle
and is enriched by highly enriched U-23 5.
The code developed for this project used a target k for
the enrichment search. This k value was an input value that
was changed for each cycle. The target k was selected so
that the typical discharge burnup of the reactor type would
be maintained. For example, for the PWR it was assumed that
a three batch loading scheme was typical. Further it was
assumed that a beginning of life k of 1.2 would yield a
typical discharge burnup. If the discharge burnup were
45,000 MWD/MTU, it was desirable that all loadings would
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have the same k at 30,000 MWD/MTU. This k would be close to
1.0 but the actual k at 2/3 of the discharge burnup was kept
constant. Since the buildup of actinides changed the rate
of the loss of reactivity with burnup, the target beginning
of life k (BOLK) had to be gained by iteration. A constant
BOLK was used for the first run through the system and the
slope of reactivity versus burnup was determined. The
system was then run a second and third time using the
derived slopes to determine BOLK values. Table 1 shows the
BOLK values used in the final analysis.
Results
The results of an actinide burning study are often hard
to follow because of the lack of a uniform concept of what
is desired to be burnsd. Uranium, plutonium, and the higher
isotopes are all actinides, but in different studies uranium
and/or plutonium may be separated out. Tables 2, 3 and 4
show the amount of all actinides that would exist from
running a 600 MWe plant for 11 loadings. A loading here
does not mean the time from startup to shutdown of the
reactor but rather the time from when fuel was loaded into
the core until that fuel was removed. For example, this
would be three cycles in the PWR. The teibles show the
actinide "recycle" case and "non-recycling" below f^r
comparison. The "non-recycling" cases are just the
discharge from a single loading multiplied by the number of
loadings and corrected for decay. All values are given for
the end of a loading.
Figures 2 and 3 illustrate some of the problems in
interpreting the worth of actinide burning. If uranium and
plutonium are viewed as fuels for the IMS, then recycling in
a PWR produces more "bad" actinides for the first century
rather than reducing them. On the other hand, if any nonuranium is a "bad" actinide then almost immediate benefits
take place. If one looks at this benefit, it is clear that
it comes from the burning of plutonium which could have been
achieved with a standard mixed oxide PWR. If one is
interested in removal of all the world's actinides
(including uranium), then it does not matter whether you
recycle or not, since the energy of a fission is about the
same for all actinides and the only way to remove an
actinide is to fission it.
Figures 4-8 allow for a consistent comparison of the
reactor types with regard to their actinide production and
burning. First, the non-uranium/thorium actinide inventory
for each reactor as a function of the energy produced is
shown as Figure 4. It should be noted that the LMR uses a
plutonium feed and hence starts with a large inventory.
For those that do not think plutonium is a "bad"
actinide, Figure 5 shows the true picture of actinide
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burning. Here the best performance is from the MHTGR. This
is due to the use of the thorium cycle. One might object to
this being artificial but it should be pointed out that the
toxicity of the thoriua cycle products tends to be less due
to their half lifes. Next you would notice that the LMR is
superior to the PWR due to its harder spectrum.
Figures 6, 7 and 8 demonstrate the effect of actinide
burning on the higher actinides.
Conclusions
This paper has studied the effect of recycling each
reactor's fuel inco itself. It has used a tool developed
for this study which should give superior results when
compared to a constant cross section ORIGEN type model due
to its frequent update of the cross sections. Reactor
spatial distributions are not considered. For the first
time three different reactor types are compared with a
consistent method. From these results it would appear that
the MHTGR has an advantage over the other two reactor types.
This cones from the thorium cycle used. If one were
interested in burning previously generated actinides from
other reactors, the LMR has a clear advantage. For burning
previously generated actinides in a thermal reactor (PWR or
MHTGR), the analysis is not yet conclusive and work is
continuing.
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Table 1
K Effective values at the
Beginning and End of the Fuel Life
PWR
1
2
3
4

5
6
7
8
9

0
1

Load

MHTGR

BOLK
1.200

EOLfc

1.196
1.157
1.132
1.116
1.104
1.095
1.087
1.083
1.078
1.073

0.941
0.943
0.946
0.948
0.950
0.950
0.952
0.952

0.919
0.943

0.952
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BOLfc
1.075
1.093
1.090
1.083
1.076
1.079
1.070
1.070
1.062
1.063
1.064

EOLk
0.883
0.923
0.936
0.939
0.939

0.950
0.946
0.952
0.945
0.948
0.951

LMR
BOLk
1.330
1.330
1.330
1.330
1.330
1.330
1.330
1.330
1.330
1.330
1.330

EOLk
1.078
1.102
1 . 106
1 . 110
1.112
1.114
1.115
1.116
1.117
1.118
1.119

TU4.I 2

noiwic imnrw rot * M UNM OIKIUKIM nai
CIMISl

rca *oo turn m»i H W I N AII run ta TM COM M« T« OI

OISCMMI

1

2
3
4

?
6
7
S
9
10
11

1

2

3
4

5
6
7

ItCTCUItt A l l ACTIHIOtl

U234
U234
U2»
U2M
9.741*0] *.m*os 2.3Of*« 3.601*07
*.14E*O3 5.75E*O5 J.74€*O» 3.331*07
4.UC«O! 4.231*05 4.Mf*0S 5.51E*O7
4.57t*0J *.84f*O5 5.44C*O5 3.471*07
5.S4€*0S 7.5Ot*OS 6.331*05 5.44C*07

«pU7
2.M*04
4.751*04
1.07E*0S
1.42E'O5

• 63E.03 7.9JI*0»

1.9«I*O3
2.21t*09
2.40C«O9
2.9«*O9

t.m*oi

9.411*07
8.24(*O3 I.35E*OS 7.34C*0J 5.391*07
9.99C.0J 8.571*05 7.49f.C5 5.37E*07
i.iai*04 9.011*05 8.011*05 3.35E*O7
1.34E*O4 9.161*05 s.2H»os 9.34t«07

1.731*03

2.49C*05

»u241
*u23t
PU240
ru2U
M241
3.131*05 t.«l*0* i.35E*Ot 3.541*04 2.Mi*O3
3.HE*O5 1.181*09 1.231*05 t.10C*04 ».34f*OS
4.33(*O9 1.29f*O5 i.4a*os 1.091*09 «.Ut*03
4.71E*O9 1.371*09 l.S6f*05 1.2IE*0S 1.071*04
1 .«£•« 5.07t*M 1.441*09 1.6f{<05 1.541*05 1.i<4*04
1.N(*0> 9.3K*O9 1.511*05 1.111*05 1.411*05 1.391*04
2.331*05 5.6«f*O9 1.571*05 1.911*05 1.45E*O5 1.541*04
2.111*05 9.m*O9 1.62f*O5 1.996*05 1.49«*O5 1.671*04
3.00t*O5 6.14C*09 1.6MXM i.OTE.05 1.52E*O5 1.80E*04
!.281*05 6.33E*05 1.7«*05 2.141*05 1.S5E*05 1.90t*04

1.031*03
3.30f*O4
7.27E*04
1.14E*O9

3.081*01
l.*Ot*fll
1.231*02
1.5Jf*02

i.*2f*O2 9 .751*04
2.871.02 1 .001*05
J.081*02 1 .031*05

1.54|*04 9.29f*« 8.441*05 5.J3t*07 2.tOt*« 3.34E*05 t.SCC«)9 1.7«*O5 ?.2O€*O5 1.5«*05 2.001*04 3.27t*O2 1.04C*05
0*244
CH242
0*243
1.83E*O2 2.211*01 2.311*03
4.79t*02 9.15E*01 2.!3E*O4
6.261*02 1.3M*O2 5.4Sf*04
7.081*02 1.64t*02 8.91£«04
7.70€*02 1.841*02 1.1K*09
1.271.02 2.041.02 1.40C*09
8.77t*02 2.20C*O2 1.56€*O5

Oti47
c«za
•k249
Cf249
C«249
Cf2S0
C'231
1.131*02 8.40C*00 7.UE-02 3.71E-03 1.SOI-05 l.19f-ii> 3.12E-07 1.421-07
1.891*03 3.43E-02 S.SSE'OO 6.05E-01 4.MI-03 1.07f-03 1.621-04 9.121-05
6.32E.0J 1.3K*O3 4.1IE*01 8.05E.OO 7.SK-02 1.916-02 3.55(05 2.171-03
1.22E*04 4.29E*03 l.?iE*02 4.041*01 4.271-01 1.131-01 2.40C-02 1.52E-02
1.111*04 «.32E*O3 4.01E»O2 1.23E.02 1.401*00 3.89E-01 8.96C-02 3.82C-02
2.33E*04 i.33E*O4 7.34E*O2 2.79E*02 S.IU'QO 9.441-01 2.331-01 1.55E-O1
2.791*04 1.l9f*« 1.15E*flJ S.23E*02 6.S6C*00 1.371*00 4.941-01 3.28C-01
I.3M-04 2.*7E*04 1.631*03 8.61E*02 1.11E*01 3.21E*O0 i.821-01 5.891-01

Cf2S2
4.89C-0S
3.75E-05
1.fit-OS
1.61E-02
6.87E02
1.981-01

4.41E-01
I.2K-01
9.60E.02 2.4M*02 1.748*09 3.3St*O4 3.09E*O4 2.13t*03 t.2M'O3 1.7«*01 4.971*00 1.42E*OO 9.491-01 1.371*00

8
9

9.22E*02 2.34f*02 1.671*09

10

9.97J.02 2.S8EO2 1.80O09 3.56E*04 3.U(*04 2.651.03 1.791*03 2.411*01 7.0K*00 2.0K*00 1.401*00 2.07E*0O
1.03E*O3 2.691*02 1.84C*09 3.72E*04 4.1«E*04 3.171*03 2.35E*O] 3.22E*01 f.31E*00 2.86E*00 1.92E*00 2.91t*00

11

7 .801*03

3.241*04
5 .58f*O4
7.20E*O4
1.»JI*02 » .241*04
2.111*02 • .92t*O4
2.381*02 9 ,J9€*O4

•CMUUTED VMS7E UWtlHG NO MCYCUMG

1

J

3
i.

5
«
7
i
9
10
11

1

2
}
4

3

U234
0235
U236
9.76E«03 •. .T2E.05 2.30E>03
1.95E»04 ! .43E*0! 4.61E-05
2.93E.04 1 .41E*06 6.91E*05
3.9OE*04 .891*06 9.21t*05

4.88C*04 2.36C«0* 1.13E*06 2.801*08 1.35E*O9
5.85E*04 2 .S3£°06 1.3M-04 3.36E*O8 1.62E«09
6.83E*04 3 .30E>06 1.61E*06 3.92E*08 1 .Ut-Oi
4.<.K«0« 2.15E*O5
'.ilE-^14 ! .77E^J4
8.78E*04 i .24E*0A 2.07E*06 5.C4E.08 2.4U-05

0*24*
0*244
Ca245
C*243
C«242
i.S3=*C2 i .21E*01 2.31E*O3 1.131*02 8.40C*00
1.83C*02 < .21E*01 4.28E*0S 2.251*02 1.6K*01
1.83C«02 t >.02f«01 5.971*03 3.381*02 2.52E*01
1.83E*02 1'.Mf*01 7.42E*03 4.3OCO2 3.34E*01
1.831*02 1MSf*01 1.441*03 5.43C*O2 4.201*41
1.831*02

8

1.831*02
l.&3(*02
1.831*02
1.831*02

10
11

1.t»*O2

Pu2-.t
Pu242
M241
M242a
Mi243
8.35E*O4 3.54E*O4 2.68E*03 3.08E*01 r.80€»03
1.S3K0S 7.081*04 5.35E*O3 6.10E*01 .561.04
2.11E*05 1.06E.05 6.00C*03 5.071.01 i .34E*04
2.S9C*O5 1.42E*O9 1.04f*04 1.20E*02 I .12E*04

3. 771*04 1.57E*04 4.801*09 2.98E*05 1.771*05 1.33C*O4 1.491*02 :l.90E*04

46E*04 1 .8SE*06 5.75E*O9
5. 12E*04 2.19E*04 4.711*09
5. 741.04 2 .311*04 7.67t*O5
6 39f«O4 2.121.06 8.6«*0S
9.761.04 t .721*06 2.301*04 5.601*08 2.69t*05 • 991*04 3 .13E*0* 9.58E*05
1.07t«05 ! .191*0* 2.531*0*4.16l*08 2.9*f*09 7 5K*04 3.441*04 1.091*04

6
7
9

U238
«02JPu238
Fu239
Pu240
5.60E*07 2.69E<04 8. O : E ' O 3 3 13E«0S 9.60E*04
1.12E*O8 S.39t*04 1 . 58E*04 A 27E»05 1.92E*09
40E*09 2.881*05
1.68E''O8 8.08E«O4 2. 33E*04
2.24E*0l 1.0BE*05 3. 0*1*04 1.25E*04 J.84E.05
4.

Ca247

Ca24S

7 UE-02 3.71E-03
1 57E-01 7.42E-03
2 35E-O1 1.11E-02
3 13E-01 1 .48E-02
3 921-01 1 .861-02

3.32E«O5 2.12E*0S 1.59E*04 1.771*02 < .68C*O4
3.59E*O5 2.4M.05 1.84E*04 2.04E*02 • .44E*04
3.8U*39 2.83E*O5 2.101*04 2.311*02 <t.231-04
4.01E*05 3.1U*05 2.34E*04 2.58E*O2 r.01E*04
4.171.05 3.541*05 2.411*04 2.I4I*CI r.79(*04
4.30C*OS 3.89C*O9 2.861*04 3.101*02 l.57E*04

CI249
IK249
C(250
C(«1
CI252
1.80C-09 3 . 1 * - 0 6 3.12E-07 1.421-07 4.89C-08
1.871-05 6.34E-04 5.451-07 2.(41-07 4.40E08
1.871-05 9.501-04 7.69C-07 4.24C-07 7.2OE-O8
1.871-05 1.261-05 9.35E-07 5.471-07 7.41E-08
1.871-05 1.571-05 1.071-04 7.0K-07 7 . 4 W - U

4 701-01 2.2JE02 1.871-05 1.SM-05 1.1M-06 8.481-07 7.301-08
3 481-01 2 .Mf-02 1.871-05 2.1M-O5 1.271-04 9.8H-07 7.311-08
4 24E-01 2 .97E-02 ;.§T »* 2.4N-05 1.341-04 1.1W-04 7.311-08
7 091-01 3.341-02 t.BTI-ii ; - "--051.391-04 1.271-0* 7.5M-O8
.471*02 1.271*04 1.121*01 8.38K01 7 831-01 3 .711-02 1.871-05 3.08»-i. •.4*1-04 1.401-04 7.521-08
.551*02 1.32E*04 1.241*03 9.22t*41 8 411-01 4 .081-02 1.S7C-0S 3.38I-09 K.1-06 1.541-04 7.SH-08
.051*02 9.73f*03 4.731*02 3.03f*«1
.171*02 1.04t*04 7.4K*02 3.871*01
.281*02 1.141*04 9.001*02 4.71E*01
.381*02 1.21C*O4 1.01t*OJ 7.541*41

1-332

IWTVIC infircsT rot u mtm wo S I K M M I M nxi

(Mill: OUM rot *0* MM KMT 1IWIK til U l II 1« CM IU T« OHOUKX M W !
OISCWUGJ
• M l
Th232
iiJTt
I
I.13(*O7 3.446*05
.121*07 4.(11*0)
12E-07 5.511*91
13E*07 5.931*05
5
1.141*07 *.221*0)
t
1.146-07 6.471.05
7
1.15E*O7*.*5E*O)
(
1.15E*07 6.(31*05
9
1.16E*07 6.96£*05
10
1.17{*07 7.081*05
II
1.18E.07 7.21E.05

1
2
J
4
5
6
7
8
9
10
11

JU£43
< 60E*03
9.28E*03
1.95E-04
2.906*04
1.6AE.04
4.JOE-04
4.571*04
4.82E*04
4.971-04
5.066*04
5.09E.O4

Ca242
5.04E-01
1.531*02
2.02E.O2
2.23C*02
2.34E*02
2.39I-C2
2.471*02
2.49t*02
2.S46-02
2.515-02
2.51f*02

IfaCLIIIS » U ACTIIIOfS
U234
2.35E*O4
).*4**04
l.*1f*04
1.11£«05
1.316'O)
4«-05
,61E*05
.721*0)
.82E«M
.916*05

U235
i.J9t*O3
4.*li*0)
4.9*f*0)
5.2»t*O)
5.501*03
6.34C05
6.5flt*O5
6.90t*O)
6.601.05
6.971-01
7.30£*05

U23*
t.S«f*O)
l.J0f*O)
3.241*05
3.8*6*05
4.40f*O5
4 946.05
5.39C-05
5.43E-05
6.17f-05
6.50E-05
6.S2£«05

U23(
5.121*0*
4 *0t*0*
4.5OE*O*
4.221.0*
3.95E*04
3. 7CE«0*
3.471*0*
3.25E-O*
3.04E«O6
2.836*06
2.67E.04

NpQ7
1.15E*04
3.05**04
5.0M*0*
7.07t*04
(.941*04
1.07t*05
1.241*0}
1..0E-05
1.55E*05
l.ME-05
l.80E«05

Pv23(
i.44(*03
1.151*04
2.3SE-O4
4.21E*O4
6.04E.04
7.94E*04
9.UI*04
1J8E-05
1.371*0)
1.55E-05
l.72£«05

fcJit
(.*9f*04
1.02l*«
1.091*05
1.12E.03
t.lJf.O)
1.141.05
1.1*1*05
t.l7t-05
1.14E*0)
1.146*05
1.13E*O5

Pu240
4.211*04
4.1*1*04
4.9(1*04
5.001*04
4.99t>04
4.9*4*04
4.941*04
4.(fC*04
4.84(<04
4.766*04
4.69E.04

0u241
2.(01*04
4.191*04
4.*7t*O4
4.(91*44
5.016*04
5.171*04
5.Z3E*04
3.30€*O4
5.27E*O4
1 2M-04
5.256*04

Pu242
1.241*04
3..5E-O4
5.09KO4
».l7t.O4
6.(56.04
7.21E*0t
7.4*t*04
7.;*(*04
7.64E«O4
'.636«O4
7.571*04

M241
*.001*02
1.53I*«J
2.0J€*fl3
2.34C*O3
2.51t*O3
2.75g*O]
2.(*E*O3
3.011*03
}.Q1E*O3
3.071*03
3.136*03

C«243
2.89C-00
1.471-01
2.37E«01
2.871*01
.131*01
.25t«01
.40C*01
.466*01
.56^.01
.56£*01
.55E-O1

C«244
2..3£*02
3.171-03
i 05E*04
2.1U*04
3.34E*O4
4.531*04
5.62E*04
6.536*04
7.306-04
7.90t«04
8.34E-04

0*245
7 40E-00
1.766*02
7.7Tt-C2
1.(71.03
J.J1£*03
4.96E*03
4.53E-03
8.056*03
9.251-03
1 03E.04
I.12E.04

0*246
3.S4E-01
1.S1E-01
1.24C02
4.15E*02
9.67t*02
1.771*03
2.69t*03
4.21E-03
3.75E-Q3
7.41£«03
9.15C-03

C*247
2.01E-03
1.99C-01
2.0(f*00
9.27E*0O
2.67t*01
5.81E*01
1.071*02
1 736*02
2.576*02
3.571.02
4.6*1.02

Ca24(
6.50E-03
1.31(02
J.13E-01
l.31E*00
4.87t«O0
1.30£«0!
2.(71-01
5.43E.01
9.30C*Ol
1.46E.02
2.15E-02

(k249
2.03E-07
*.*2I-O5
1.35E-O3
9.41E-03
3.79J-O2
1.081-01
2.49C-01
4.8*6-01
8.341-01
1.371.00
2.O5E-OC

c<249
4.02E-08
2.041-05
5.01E-04
3.8M-03
1.MI-02
5.03E-J2
1.1K-01
2.3)91-01
4.221-01
6.912-01
1.051*00

Cf2S0
2.566-09
1.981-0*
5.S7J-05
5.18E-04
2.39S-03
7.75E-03
i.(9f-02
3.996-02
7.156-02
1.206-01
1.861-01

:r251
1.07E-09
1.05E-0*
3.3U-O5
3.22E-04
1.5*1-03
5.07T-03
1.2U-42
2 686-02
4.8*!-02
8.18E-02
1.28C-01

C»252
1.03E-O*
5.22E-07
2.416-05
2.73C-O4
1.53E-O3
5.4M-03
1.32E-02
3.40E-02
6.74(02
1.18E-01
1.91E-01

(.(*i*00
2.4M*«1
3.421*01
3.956-01
4.27»-01
4.701*01
4.911*01
].1K*01
5.
3.316*01
5.436*01

«CCU»JL*tEO U*ST( tSSWIIIC HO IECTCIIMG

5
6
7
9
9
10
11

m232
'.1JE.07
i.Ztt'OT
5.39E-O7
4.53E*07
5 661 «07
6.796*07
\92E-07
9.0SE*07
!.:2E*08
1.13E*0*
'.24E*0*

JUS
l.UE'OS
6.89E.0S
1 3JE-06
' JM-06
1.726.06
2.371*0*
2..1E-06
2.n(*0*
3.'.CE-06
3.446.0*
3 796*06

U234
2.356-04
4.70E.04
7.05E-04
9.406*04
1.18E.05
1.41|.O5
1.65E-05
l.S4E»05
2.12E*O5
2.35E-OS
2.59E-O5

J233
4 39E-05
8.78E-05
1 I2E-06
1.76E*06
2.JCE«04
2.64t*0*
3.:7t.04
3 5U-C6
3.95E-06
4.396*06
4.83E*06

U236
1.56£*05
3.'.2E>05
4 67E-05
6.23E-05
7 T9f-05
9.351'O'S
1.09l«O6
l.:SE*C6
'.40E*0*
1.56E*06
1.71E-06

U238
5.-JE-06
1.02E*07
1.53E-O7
2.55E-07
2.56£«O7
3.071*07
3.58E«07
>.O9E.O7
4.606*07
5.!2E<^07
5 !>3E>07

«p237
1.15E*04
2.29£*C4
3.446.04
4.581.04
5.HE.04
6.SA6-44
8.02C*04
1 '7E-04
l.03E*0)
1.156*05
1.266*05

Pu23(
2.46E-05
4.87E*03
7.21£.O3
9.506*03
l.17t«04
1 .39E*O4
1.60f*04
1.81t*04
2.01£*O4
2.216*04
2.40E«O4

(>u239
8.69i*04
1.74E-05
2.6l£*0)
3.4*6-05
4.J4E.05
5.2U*O5
6.381*05
6.95E-05
7.82E*05
(.»9t*O5
9.56i*05

Pu240
4.2JE*04
8.46(»04
1.271*0)
1.6W-05
2.11E*M
2.53E*O»
2.966*05
3.381*05
3.8O£*05
4.221*05
4.64£*0)

Pu241
2.80E*04
5.236-04
7.33E*O4
9 15E-04
1.07t*05
I^IE'O)
1.33E«05
1.43E-05
1.52E-O5
1.606*05
1.67E*O5

»u242
1.24E-04
2.481*04
3.72E*O4
4.9*C*04
6.196*04
7.431*04
8.67E.O4
9.91E-04
1 HE-05
1.24(*O5
1.366*05

Mi241
6.00E-02
1.JOE-03
1.79f«03
2.381*03
2.971.03
3.56t*03
4.!4E*03
4.72E»03
5.291*03
5.87E.03
*.446*03

1
2
3
4
5
6
7
8
9
10
11

1.606*33
3.216*03
*.81(*O3
6.41E*03
8.01E*03
9.62E«03
1.12E*O4
1.2(f«O4
l.fc4J*04
1.406*04
1.76(*04

QI242
5.0*1*01
5.10E.01
5.10f*01
5.10O01
).10C*Of
3.101*01
).10C*01
5.10f*01
5.10£*01
5.101*01
5.101*01

Ca243
2.89(*O0
5.571*00
8.35E*O0
1 03E*01
1.25E-OI
1.441*01
1.636*01
l.(0t*01
1.956*01
2.101*01
2.231*01

O»244
2.43E*02
4.381*02
6-96*02
8.181*02
9.49**02
1.106*03
1.22f*03
1.33f*03
1.42t*OJ
1.501*03
1.571*03

Oa24)
7.401*00
1.481*01
2.22E*Ot
2.961-01
3.7O£*01
4.4J6*0t
5.171.01
3.911*01
*.*5t*Ol
7.391*01
*.12t*01

^I24*
3.34E-01
7 686-01
1.15E-00
1.54E*O0
1.9a*«0
2.3H*O0
2.696*00
3.07J.OO
5.456*00
3.83E*flO
4.221*00

Ca247
2.01E-03
4 .2E-03
6.03C-03
8.046-05
1.011-02
1.21E-02
'.41E-02
1 616-02
1.811-02
2.01(02
2.211-02

in24i
6.50E-0)
1.306-04
1.956-04
2.406-04
3.25EO4
3.906-04
4.55E-04
5.2OI-O4
5.151-04
«.50(-04
7.151-04

(k249
2.031-07
2.206-07
2.21E-07
2.216-07
2.216-07
2.211-07
2.216-07
2.211-07
2.211-07
2.211-07
2.211-07

C'249
4.02£-0*
8.01E-08
1.20C-07
1.391-07
1.991-07
2.3M-07
2.7*1-07
3.151-07
1.JU-O7
3.911-07
4.29I-0J

Cf23O
2.5M-O9
4.74E-09
6.5K-09
8.15E-09
9.4*1-09
1.0*i-0*
1.1*6-0*
1.246-0*
1.31I-0*
1.371-0*
1.421-0*

Cf251
1.076-09
2.'.46-09
3.206-09
4.27E-09
5 3K 09
*.3H-0*
7.448-0*
(.498-0*
9.3W-0*
1.0*1-01
1.1*1-01

Clri52
1.031-09
1..96-09
1.691-09
1.781-09
1.821-09
1.(41-0*
1.8SE-09
1.(31-0*
I.ISf-O*
1.(31-0*
1.(31-0*

1
2
3

1-333

8.S9E-00
1.76E*01
2.63E«O1
3.481*01
4,J2|*01
5.151*01
5.971*01
6.77F-01
7.56E*01
8.35E*O1
9.126*01

1*61.1 4

mvutotr fas * urn wwi eitouiciw n * i
(SUII: CUM ret MO MM HM1 MMHIt &U H*l I I T« CCtt DM IM OIICMKi MUI»)
xacimc M I tcruiocs

1

4

2

f .4M*0J 2.*a*o*
' 07t*0* 1.801*04
1 -35£«O* 1.44£*0*
' .41f*0* 1 24£*0*
1 .8*«*0* 1.IJE-04

U2J*
UZ3>
4.571*03 2.5*1*07
7 3*1*01 2.511*47
9*41*03 2.41**07
1.12£*O4 2.45E-07
1,25(*Ot 2.431-07
1.35E*O* 2.418-07

2.9*1*0* 1.0«i*O*

I.«.E«O*

urs*

3
4

5
6
7
8
»
'0
H

2
i
.
5
6
7
8
9
10
11

.m*oi

UZSS
5.*»»*O*

2 .25E.04 1.07(*O4 t.321*0*
2 .42E.C* 1.07E-04 I.»S£'O*
2 .57t«Ot 1.0*1*0* 1 47£.O*
1.74E>0*
2 .71E-04
' ''E-C*
=*!*2
S.37E-02
1 24E*03
.51E-03
64£-03
1 .7*1*01
.S3E.01
1 .**f*01
1 .93t«03
1 .97**01
2 .001*01
2 .321-05

C«241
• VSf-02
5.10£-02
7.S3E-02
9.91E-02

Ca24*
•.73E-O3
5.6>E«Q3
T.38E-04
1.05E*0*

2.22S'O*
2.771.0*
3.2*1*0*
3.T7E.04
4.201*0*
I . 4 ; E * O 3 4.60E-04
t.4«*03 ».95f>04

Mtf»0S
1.24E.03
t.12t*O3
1.3M-O3
1.*2(*03

2.401*07
2.39»*07
2.38C-07
2.37T-O7
2.37£-O7
^243
7 31E*01
4.31E-02
'.-3E-O3
2.13E-O3

•eU7
7.051*41
2.071*01
3.5*1*03
4.9*C*03
4.201*03

PuiS*
1.12E*O5
1 . 22£*"5
1.3K>05
t .2005
1.51E-05

7.271*03 1.58£*O5
*.2CC«O3 1.44£«05

a.«*t*os

1.49C-05

9.471.03 1.74E-05
' 33£«0* i.nt.05
i.C*l*0* 1.SOt-05
CO24*
9.11(01
t.38£.O1
4.30E*01
1.091*62
2.151*02
3.6*f*02
5 541.02
7.I1E.02
1.34f*0S
1.32E.O3

3.331*03
4.45£*03
*.oie*o3
7.37J.03
*.**C*03
9.91E-03
1.111*0* i.ta-03

0*247

'u2J19
KM
4.47(*O>
*.*7|»0»
•04
4.*1£. •0*
4.3K*O*
».3-£ •0*
4 !2£ •04
4.29£.•C4
4.28E''04
* • • " * •

>vi240
ru241
2.0*1*0* j.*a*o5
< . 4 H * 0 * 4.9*1*05
2.46(*0* 4.45I-O5
2.8SC-06 4 591*05
3.001*0* 4.431-05
3.1U-04 4 49C.05

3.201*0*
3.27E.O6
3.32E-C6
3.34E*U
•04 3.39t*O*

4.761*05
4.82('O5
4.S'E-05
4.91£-05
4.95E-05

»u242
1.571*05
4.341.05
*.»7I*O5
5.32E-O5
3.70E*O5
4.02E-05

<«241
1.33I<

2.031*05
2.411*05
2.65£.>05
2.S2C'"05
J.?4£.•05
*.3M*O5 3.041*05
6.55E-05 z.-:t •05
6.,'6£>05 3.18E •05
4.95E-05 3.2(.E •05
7.UE-05 3. : E E•05

*•!*&
l.*M*0J
3 »5t*03
3.»7l*01
7.25£.O3
822E.O3
8.70E.03
« 3*1*0!

M2*S

2.03**04
j

.«••«

3 .791*0*
7 .4*1*04
8 .93E-04
1.Olf*05
1 .14E>05
977E.03 1 .25£>05
1.01(>0* 1 .34E-05
1.33E.O* 1 ..ZE-OS
1.35E*0* 1 .-9E-G5

u

Ct249
11.249
Cf25O
: ( 2 'i !
C'252
7.26E-0* 2.38E-08 3.77E-10 2.21E • 1 1 6.83E-12
4 S4E-04 1.94E-04 5.83E-0* 4.88C •10 5.82E-12
..S9E-03 2.12E-O5 9.02E-07 V51E • : s ' J'E-'O
2.3SE-04 1.34E-C4 5.58E-04 1.20E •07 '.29I-0?
2.3OC-O1 7.24E-04 3.34E-O* 2.12£-05 5.58E •07 6.916-09
5.37E-01 1..'41-03 B.<6(-04 5.59€-05 1.841 •04 2 54E-08
1 071.
•00 3.61E-O3 l . 7 1 ( - ' l 1.3«-0* 4.81E '04 7.21E-0*
1.S9J..00 4.341-03 3.131-03 2.74E-O* 1.041 •05 1.701-07
3.36C'-00 1.3SE-O2 5.WE-03 4.89I-C4 J.0O£-O5 3.5CE-07
4.62E'>oo 1.63E-02 7.99«-01 *.0OI-« 3.67E •05 4.47E-07
4.6'1 • 39 2.3»c-02 1.14C-02 1.22E-03 4.01E •05 1.10E-04
Cn2<

4..^E •05
'.271-01 i.13E •03
•.'3E-01 1 81E •02
2.27E-00 7.76E •02
5.71E-O3

3.33E-OO

i.ojt*ai
1.74J.01
2.67E.0I
3.81E-U1
5.14E-01
6.*4(>01

tCOMULtTEO uiSIE »Saj«ll(C HO tECrCUHG

Utlt

U235

1

4 .!9t*03 3.49f.O*

2

a.JS£.Q3

j

.26£>0* 1.35E.05
i .46C*0* 1.39E.0J
i .59E-04 '..'»£•05
i .S1£*04 2.091*05
2 .9!£*04 2.44E-05
3 .35E-O* 2.771*05
3 .771-0* 5.1»E*O5
v .19E.0* 5..91-05

<

a
7

9
9
•3
11

1

2
3
4

5
6
7

a
9
10
11

i

4.97E«04

ulZt
4.57f*03 J.5SE'O7
9.15E'O3 5.:5(*07
1 !"E«C4 7 ^£-07
1.83E-0* 1.03£*0*
2.29(>04 ' 27f.O8

2.74E.O*
320E.O*
3.4*£*04
4.12E*04
•..57E.04
4 .611*0* }.(*£*03 5.03E-O4

»D237
:3E*O2
.41E>03
••2E-C3
.126-03
.53E-O3

i.SJE.O* . 2 i £ * 0 I
i.!5(«oa « .?4£-03
2.:»E*0* 5.44i«03
2.32E-Oa ( 35E-O1
2.5U*O* .33E'O3
2.83E.0* .-6E-O3

GKi**
0*2*5
C*2*2
U24*
CW4S
.071*02 1.98S"e2 1.73£*03 7.31E-01 1 .l!£-01
.OK'02 I TOf.02 3.UE*03 1.-4E.02 .821*00
.3M-02 5.211*02 *.27E*01 2.l9t*02 , .73E-O0
08J.02 6.52£*O2 5.19f*0l 2.92C-02 .M£*00
.0*1*02 7.671*02 5.9K*0S 3.45E-02 .55£>OO
.0*C*02 8.471*02 *.sa*oi 4.MJ.02 .*S(*00
.0K*O2 9.54E-02 7.01£*0S 5.11E*0J k.3*f*00
.011*02 1.03£*03 7.401*03 3.*4f*0j r.271*00
.0*1*02 1.1M*0I 7.711*01 4.571*02 1.171*90
.O*I*M 1.1*1*01 7.971*05 7.301*02 1>,0*1*00
.0*1*02 1.21t*0S B.1H*0I l.03C*O2 1).Mi*O0

=u238
1.121*05
2.2CE.O5
3.23E«O5
4.21E-05
5.161*05
6.C4E-05
6 9JE-05

Pu239
4.2SE.04
B.55E.04
!.28E«07
1.711.07
2.14E.07
2.57t-O7

»u240
2.0M.M
..12E.0*
6.18E-04
8.24E.0*
1.33E-0'
1.24E.07

2.99(.O7
3.42E-07
3.8SE*07
4.271.07
4.7O(.O7

1..4E-07
1.65E«07
1.151*07
2.06f*07

Ca247
0»2U
5.7U-03 4.75E-0S
1.14E-02 9.50f-05
1.71E-02 1.43t-0*
2.281-02 1.901-0*
2.8SE-02 2.3«f-O*
3.42E02 2.831-0*
3.9*1-02 3.33E-O*
*.S*f-02 3.(01-0*
5.111-02 4.271-0*

It2*9
7.2W-0*
7.J«-0*
7.i4t-0*
7.34C-0J

7.76£.O5
a.S5E'O3
9.31£*05
i.0Ot*O»

2.2M*07

Pu241
3.42E-05
9.98(*0S
1.34E.M
1.60E>O«
1.SOt.04

Pu242
3.57J.05
7.14E-05
1.07E-06
1.43E-04
1.79E«0«

1.96£*04
2.38E.0*
2.18E.04
2.2SE*0*
2.31E-0*
2.35E-O*

J.'.4E-06
2.30E*O4
2.S6C-06
3.21E-O*
3.57E-04
3.93E»06

CI249

C<250
3.77H-10
4.59E-I0
(.6W-10
1.03t-09
1.14C-09
1.231-0*
1.30C-09
1.351-09
1.3M-09

2.381-0*
4.71E-0*
7.061-0*
9.1*1-0*
7.345-0* 1.1M-07
7.34E-0* 1.391-07
7.3*1-0* t.*II-07
7.3*1-0* I.Uf-07
7.3*1-0* 2.051-07

WJ4I
1.33E-O5
2.64E.05
S.34E.J5
5.J3E«O5
6.5'£>05
7.,'8E*05
9.04E.05
1.03E*04
1.15E.0*
1.27E.04
1..3E*06
Ct251
2.211-11
4.41E-11

6.60E-11
8.7W-11
I.091-1O
1.31£-10
1.S3I-I0
1.741-10

1.951-10
5.71C-02 4.7SI-0* 7.MC-0I 2.271-07 1.411-0* 2.171-10
* . 2 H - 0 2 3.221-0* 7.1*1-0* 2.4M-07 1.4St-0» 2.1M-10

1-334

*i«242ia
1 •S3E-O3

3 .23£*03
<• .78£*03
4 .30E.03
? •77E.03
9 225*03

1*243
2 .33E-C4
4 .O6£*0*

4 .39E-04

a.11E«O4
i .01E-05
1 .22E'O5

1 .0M*0* i .42E.05
1 .2CE*04 i •62E.05
1 33E.04 i .82E*05
1 ..44-04
1 .59t*0*

:<252
.tll-12
43E-12
81E12
.*9f-12
.9U-12
.921-12
-92J-12
.921-12
.921-12
•92t-12
.921-12

2 .02E-05
2 .23E«O3

rum outi

READ IN CROSS-SECTIONS FROM
COMBINE ISOTXS FILE

±
READ IN REACTOR DATA (SUCKLING, POWER,
VOLUME!, FLAGS FOR IDENTIFYISJG ISOTOPES
NOT TO BE DEPLETED, AND CROSS-SECTIONS FOR
NON-COMBINE ISOTOPES

READ IN NUMBER DENSITIES OF ALL ISOTOPES,
CALCULATE TOTAL MACROSCOPIC CROSS-SECTIONS
FOR THE SYSTEM, AND DETERMINE THE THEiWUU
TO FAST FLUX RATIO

COLLAPSE THE TWO GROUP CROSS-SECTIONS TO
CUE GROUP AND FIND THE ONE GROUP FLUX

READ IN TIHESTSP SIZE FOR DEPLETION, FLAGS FOR
IDENTIFYING THE FISSION PRODUCTS, ISOTOPE DECAY
CONSTANTS, AND LOGIC FOR THE DEPLETION ROUTINE FOR
DETERMINING ISOTOPIC CHANGES BY DECAY, CAPTURE, AND
FISSION PROCESSES

PRODUCE NEW NUMBER DENSITIES FOR THE TIMESTEP
BY PERFORMING THE ISOTOPIC BURNUP O« DEPLETION
ANALYSIS FOR THE SYSTEM

END OF
FUEL
LIFE

rJO

WRITE A N rw COMBINE INPUT
FILE MITH THE NEW NUMBER
DENSITIES AND RUN COMBINE

YES
XRITE END OF L :FE NUMBER OENSITIES TO A FILE
FOP THE GIVEN FUEL LIFE

REMOVE FISSION PRODUCT ISOTOPES AND MAKE GUESS FOR
NEW ENRICHMENT FOR THE NEXT FUEL LIFE

ITERATE ON ENRICHMENT TO FIND OESIRED K EFFECTIVE FOR THE
NEXT FUEL LIFE AND SAVE NEW NUMBER DENSITIES OF THE ISOTOPES

WRITE A NEW COMBINE INPUT FILE, RUN COMBINE, AND THEM
RETURJ1 TO THE FIRST BOX OF THE FLOW CHART FOR THE FIRST
TIMESTEP OF THE NEW FUEL LIFE

1-335

GRAMS OF ISOTOPE (600 MWe)

GRAMS OF ISOTOPE

(Millions)

(Thousands)

co

)

o

*.

yi

cr

\

i
4
5
GAWATT-DAYS
(Millions)

a

S

\

c
3
>

\

\

6

n\\

2
m

7

\\

5'
a>

8
o

c

\

if
in

en

V
\

o

fn , , .

8

g

o

\
\

\
\

o>

T)
U

h
11

\
\
\
\

\

2
o
a>
v>
5'
o>
TJ
31

8

00

Figure 4
-U Actinide Isotopes in PWR, MHTGR, and LMR (Recycle)
=
?

9E6
8E6

PWR
MHTGR
LMR

i7E6
"§6E6

jo
"55E6
v>
'3E6
2E6
1E6

0E0
0E0

1E6 2E6 3E6 4E6 5E6 6E6 7E6 8E6 9E6 1E7
Megawatt-Days

Figure 5
Non-U,Pu Actsnide isotopes in PWR, MHTGR, and LMR (Recycle*
8E5
o
v
+

7E5

6ES

2.

25E5
o

u»
"54E5

C5
2E5
1ES

oeo

OEO

1E6

3E6

4E6

5E6

6E6

Megawatt-Days

1-337

8E6

9E6

1E7

PWR
MHTGR
LMR

Figure 6
Np-237 in PWR. MHTGR. and LMR (Recycle)
3.0 ES

3.SES

'

->

I
!

•>
•

PWH
!
MHTGft |
LMR

Ja.oss
ii5=5
(51.01:5

5.01:4

O.M:O
0EO

2E8

3ES

5E6

-E6

IE?

MsgawatlOays

Figure 7
Americium Isotopes in PWR, MHTGR, and LMR (Recycle)
SES

pwn
MHTGR
LMR

«ES

5
1ES

0E0
OEO

2ES

4ES

«E«

8E9

167

Megawatt-Days
Figure 8
Curium Isotopes in PWR, MHTGR. and LMR (Recycle)
3.065
PWR
MHTGfl
LMR

2.5ES

§3.065

1

51.SES

5.0E4

0.0E0

0E0

2E6

5E»

Mtgawatt-Oays

1-338

7E8

8E6

1E7

THE NEUTRONICS DESIGN AND ANALYSIS OF A
LIQUID METAL REACTOR FOR BURNING MINOR ACTTNIDES

H. B.Choi and T.J.Downar
School of Nuclear Engineering
Purdue University
West Lafayette, Ind.

ABSTRACT
A Liquid Metal Reactor was designed for the primary purpose of burning the
minor acbnide waste from commerical Light Water Reactors (LWR). The
design was constrained to maintain acceptable safety performance as measured
by the bumup reactivity swing, the doppler coefficient, and the sodium void
worth. One of the principal innovations was the use of two core regions, with a
fissile plutonium outer core and an inner core consisting only of minor actinides.
The physics studies performed hen; indicate that a 1200 MWth core is able to
transmute the annual minor actinidc inventory of about 26 LWRs and still
exhibit reasonable safety characteristics. Sensitivity analysis of the final core
design indicates deficiencies in the minor actinide nuclear data can introduce
large uncertainties in the prediction of the core safety performance parameters.

INTRODUCTION
The transmutation of long-lived minor actinides hat received renewed interest as a means of mitigating tie high
level waste disposal problem. M One of the attractive features of advanced liquid metal reactors is their potential to
consume a large fraction of the minor actinides generated in the production of commercial nuclear power. Several
recent studies have indicated that the hard neutron spectrum of the metal-fueled LMR designs is particularly well
suited for this purpose. The principtl design problem has been to maintain acceptable safety performance of these
designs while maximizing their aansuranic consumption capability.
Because of physics related safety considerations and the many unresolved materials and chemistry issues, most
recent research in LMRs for minor accinids burnino has focused on designs containing a relatively low minor
actinide inventory.* Recent cores designed by U.S.. German.2 and Japanese3 researchers have contained f-15%
minor actinides and, depending on power rating, can accomodate the annual minor actinide inventory from 2-7
LWRs.
The purpose of our work was to perform physics studies of LMR designs with a minor actinide inventory much
greater than would be considered practical with current nuclear fuels technology. We wished to determine if there
A noubk exception 10 Ihii u the ANL Hudy of i fwtreactorfutltd only with minor tcunidu.' However, ihu deiign wn nix opumuisd and
wu not | i n n a thorough ufeiy analyiu.
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is sufficient motivation for pursuing runner engineering research in high actinide content fuel designs. The
principal objective of our work was to develop an LMR minor actinide burner that can have a significant impact on
the accumulated LWR minor actinide inventory and still exhibit acceptable safety performance characteristics.
Specifically, we examined three of the most important safety performance parameters of an LMR, the bumup
reactivity swing, the sodium void worth, and the doppler coefficient A secondary objective was to perform a
detailed sensitivity analysis and identify some of the physics issues requiring further study. The following paper
will first discuss the guidelines used in our design study and then present our minor acunide burner design. Finally,
we present the results of our sensitivity study and provide some recommendations for further work on actinide
transmutation.

ASSUMPTIONS AND PHYSICS METHODS
One of the principal assumptions in our work is that the oxide wastes in the LWR discharged fuel can be
convened to the metal fuel farm. We also assume that the technology exists to extract all the minor actinides from
the plutonium discharge of the minor actinide burner. For purposes of the fuel cycle calculations we've assumed
100% recovery of all isotopes except americium and the fission products which we assigned 4% recovery factors
based on ANL reports.4
All depletion calculations were performed using REBUS-35 which searches for the equilibium cycle condition
of the core.* We performed our depletion calculations with 9 energy groups. The void worth and Doppler
coefficient were evaluated using 21 energy groups and the isotopic number densities obtained from che depletion
calculation. The iDX* code was used to generate the cross section sets from the LIB-IV7 nuclear data library.
In our acunide burner design we employed some of the characteristics of the Integral Fast Reactor (IFR), 1 '
which has been thotoughly discussed in the literature. However, because the fuel material in our core is composed
primarily of actinides, our final design is substantially different from the IFR or any other conventional liquid metal
reactor. In the following section, we provide the details of our minor actinide core design.

THE MINOR ACTINIDE BURNER DESIGN
The presence of a substantial minor actinide inventory in the fuel poses some challenging core design problems.
For example, the buildup of the highly reactive Pu-238 from neutron capture in Np-237 makes it difficult to
maintain both a low bumup reactivity swing and a Jow sodium void worth. In the following section we discuss first
some of the basic innovations used in the core design and then the results of our fuel cycle calculations. We then
analyze some of the core safety performance characteristics.
Reactor Core Model
One of the most basic design goals of a minor actinide burner is to minimize the buildup of more transuranic
isotopes during core operation. This discourages the use of fertile materials such as U-238 and leads to
homogeneous core layouts. However, the void worth of homogeneous cores become unacceptably large (positive)
as the minor actinide inventory is increased because of the fast fission effect of the minor actinides (e.g. Np-237).
On the other hand, if the fuel volume Eraction is reduced in order to increase the core leakage and reduce the void
worth, the reactivity bumup swing becomes unacceptabiy large and the minor actinide inventory is reduced.
One of ths principal innovations used in our design is to maintain a homogeneous core layout but to employ two
core zones; an inner core consisting of minor actiniJe fuel and an outer core containing standard plutonium fuel.
The plutonium outer core offsets much of the poor core safety peiformance caused by the presence of minor
*

The equilibrium cycle u defined t> ibe reactor condition that is invariant for fixed fuel management and core opentinf condition.
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actinides in the inner core. We also chose to employ B,C blocks in the center of the core, as suggested by several
studies as a means of further reducing the sodium void worth.10
The core consists of 114 inner core assemblies (minor actinide assemblies). 138 outer core assemblies
(plutoruum assemblies), and 66 control rod sites. Both the inner and outer boundaries ?ie surrounded with stainless
steel reflector and shielded with BAC blocks. The control rod sites are filled with HT-9 rods when control rods are
out in order to reduce the spectrum hardening in the event of coolant voiding. The horizontal and vertical
configurations of the core are shown in Figs 1 and 2.
The minor acunide and plutoruum fuel assemblies have 271 and 169 fuel pins, respectively. The fuel has 25%
zirconium and the theoretical density was assumed to be 75% to allow for fuel expansion and high discharge
bumup. The isotopic compositions of the inner and outer core assemblies were determined using the equilibrium
cycle capability of the REBUS-3 code. The inner core fuel is composed of 70% Np-237 and the outer core fuel is
enriched to 50% with fissile plutonium. The piutonium fuel pin diameter is smaller to keep the peak linear power
less than 12.0 kw/ft. Because the outtr core fuel is highly enriched and the inner core contains ferule Np-237, the
power shifts from the cuter to the inner core during the cycle. The general core characteristics and fuel assembly
data are summarized in Tables 1 and 2 and the equilibrium cycle performance parameters are given in Table 3.
Fuel Cycle Model
We chose to operate our minor actinide burner using three fuel batches and a IG month cycle length. The
relatively short cycle length is used to maintain an acceptable bumup reactivity swing. We assume the feed material
for the minor acunide burner is provided by a typical 1000 MWe LWR after cooling for 3 years. At the completion
of each bumup cycle, the discharged fuel is recovered and fabricated with the external feed material in the
fabrication plant. The external feed material is assumed to be provided as separate plutonium and minor actinidc
streams with the isotopic distributions shown in Table 4.
The acunide burner accepts 689 kg of minor aciinides and 557 kg of plutonium per year. The minor actmides
are continuously recycled in the core, however 70% of the fissile piutonium is surplus material and is assumed to be
used as fissile makeup in another reactor. The mass flow of the important isotopes is summarized in Table 5
Assuming the typical 1000 MWe LWR generates about 26 kgs of minor actinides each year, the core design here
can transmute the annual minor acunide inventory from about 26 LWRs.
Safety Performance
The reactivity of the inner core will increase substantially with bumup, since the minor actinides fuel consists
mostly of Np-237 (T| = 0.94) which results in Pu-238 (T| = 2.46) after a neutron capture. As the core depletes, this
reactivity gain is compensated by the decrease in the fissile piutonium in the outer core resulting in a small positive
reactivity bumup swing for the core (1.19 %AA).
The dominant contribution to ih-j sodium void worth is spectral hardening (see Figs. 3 and 4) which we mitigate
to some extent by using the HT-9 rods in the control rod sites. The isotope most responsible for the increase in
reactivity upon coolant voiding is Np-237 for which r\ changes from 0.94 to 1.09 as the power level increases in
the inner core. However, as the coolant voids in the outer core the neutron leakage increases because of the
spectral hardening and the power level decreases. Because the outer core is predominantly fissile material, *
reduction in the power reduces neutron production more than absorption which provides a negative coolant void
worth in this region. Because the positive reactivity effect of the inner core dominates, the net effect is still a small
positive void worth, however it is comparable to void worths allowed in conventional LMR designs. We tabulated
the power and reaction rates by ref-.on for the voided and flooded cores in Figure 5 and Table 6 for the EOEC core.
The void worth is smaller at the BOEC state because the outer core contains more fissile material and the negative
reactivity contribution from this region is greater at BOEC.
Because the actinide burner does not contain U-238, the Doppler effect is smaller than a conventional LMR, but
remains negative (-0.32 x 10 "3 5777). At EOEC the core contains about 50% Np-237 and therefore ihe largest
contribution to the doppler is from Np-237 even though its highest resolved resonance is at 130 eV. The Pu-240 and
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Pu-242 have their strong resolved resonances at about 2.4 and 0.9 keV. respectively, but their contribution 10 the
doppler reactivity is small since they comprise only 6.8 and 1.4 % of the EOEC loading, respectively The safety
parameters are summarized in Table 7 for both the BOEC and the EOEC core conditions. -

SENSITIVITY AND UNCERTAINTY ANALYSIS
Studies' thai report the potential benefits of the LMR for actinide burning have noted the potential shortcomings
in the exisiting ability to analyze the fuei cycle of such a design. In particular the lack of credible nuclear data for
the minor actimdes can lead to large uncertainties in the predicted core performance. In our study we performed a
detailed sensitivity and uncertainty analysis in order to provide both confidence in the predicted performance of our
design itself as well as guidance in setting priorities for future experimental cross section measurements. In this
section we report the results of our study of the uncertainties in several core performance parameters attubutable to
nuclear data uncertainties. The methods used here are similar to those discussed in Reference [II].
The prediction error due to nuclear data can be evaluated using the data covariances and sensitivity coefficients:
V = S M 5'
where V, 5 and M are the prediction error, the sensitivity coefficient vector, and the covariance matrix, respectively.
The covanance data vtrc taken from ENDF/B-V for U-235, U-238, Np-237, Pu-239, Pu-240, Pu-241. Pu-242
and Arn-241. We perfoimed this study using 9 energy groups and evaluated the covariance data using the NJOY
system.12 The covariance data not contained in ENDF was taken from other published results. 1 *'"
The sensitivity coefficient with respect to the group cross section in region k, crt(, is given as: 19 ' 20
,K

_ 8«

So*,

where R is the response to be evaluated. The sensitivity coefficients to the group-wise cross sections of trie
capture, fission, v, and scattering reactions were computed using depletion perturbation theory.21'22 Because the
aciinide burner is operated in the closed fuel cycle, these sensitivities were formulated as constrained sensitivities
using the recently developed methods which are reported elsewhere at this conference.23
Our estimates of the uncertainty ( l c ') in the bumup reactivity swing, the EOEC void worth, and the EOEC
doppler coefficient are shown in Table 8. We emphasize that these values account only for the uncertainty due to
data covariance and utilize only the covariance data that is available in the open literature. Some data, such as the
neutron yield per fission, v, of Np-237, have relatively large sensitivities but were not included in the uncertainty
estimate because there was no published covariance data. The largess contribution to the uncertainty in the burnup
reactivity swing, the sodium void worth, and the doppler coefficient come; from the fast fission ( 0.183 - 1.35 MeV )
of Np-237, which is the most abm.dam isotope in the reactor.
Despite the limited data base used to compute these uncertainties, we feel the uncertainly values shown in Table
8 are the correct order of magnitude and serve the purpose of identifying the important isotopes and reactions which
require further study.
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CONCLUSION
We have designed a Liquid Metal Reactor which can bum the annual minor acunide waste Irom about 26
oomrnencal Ljghi Water Reactors (LWR). One of the principal innovations of our Minor Actinide Burner 1MAB1
design was to employ a two region core where the actimdes are burned only tn the innermost region Primarily
because of this design innovation, we were able to maintain acceptable safely performance as indicated by the small
bumup reactivity swing, the low sodium void worth, and the negative doppler coefficient. Sensitivity analysis of the
final core design indicates deficiencies in the minor acunide nuclear data can introduce large uncertainties in
prediction of the minor acunide burner performance.
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Table. 1 General Acuntde Burner Speciticaiion
Reactor power(MWi)
Core concept
Fuel height (inch)
Number of assemblies
Inner core
Outer core
Number of control rods
Control rod parking material
Structual material
Capacity factor (%)
Cycle length (days)
Fuel residence time (cycle)

1200
Decoupled annular
36
114

138
66
HT-9
HT-9

80
304
3

Table.2 Fuel Assembly Design Parameier

Fuel composition
Volume rairoOFuel/coolani/sirucure)
Number of pins per assembly
Fuel pin diameter (inch)
Cladding thickness (inch)
Pitch/diameter ratio
Fuel smear density (% T.D.)
Assembly lattice pitch (inch)

Inner core
U/Np/Am/Cm + 25% Zr

5/71/15/9
38/36/26
271
0.285
0.022
1.18
75
6.09
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Outer core
U/Pu/Np/Cm + 25% Zr
1/90/8/1
13/72/15

169
0.209
0.016
2.01
75
6.09

Table.3 Equilibrium Cycle Performance Parameter
Inner core
Power fraction (%)
BOEC
EOEC

Peak linear power (kw/ft)
BOEC
EOEC

Power peaking factor
BOEC
EOEC

Peak flux (10 l5 /cm 2 sec)
BOEC
EOEC
Breeding ratio

Discharge burnup (MWD/kg)

Outer core

45.64
54.18

52.31
43.77

10.15
10.33

11.78
9.94

1.72
1.47

1.31
1.32

3.33
3.33
0.03
82.08

3.43
3.36
0.12
198.70

Table.4 Isotopic Distribution of External Feed Material

Class 2

Class 1
Pu236
Pu238
Pu239
Pu240
Pu241
Pu242

7

Np237
Am241
Am242m
Am243
Cm242
Cm243
Cm244
Cm245
Cm246

1.26X10"
1.14xlO"2

0.571
0.224
0.151
4.36xlO"2
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0.491
0.227
l.OOxlO"3
0.225
8.81xl(T5
7.12xl(T»
5.00X1O"2
4.60xl0" 3

5.72X1CT4

Table.5 Mass Flow of Closed Fuel Cycle (kg/yr)
Nuclide
Pu238
Pu239
Pu241
Pu(Total)
Np237
Am241
Am243
Cm(Total)
Np-chain *

External feed

External discharge

6
314
83
552
337
159
158
40
579

185
199
38
596
0
131
133
0
169

n~.:« / Discharge s
Feed
30.8
0.6
0.5
1.1
0.0
0.8
0.8
0.0
0.3

* Np-chain = Np237 + Pu241 + Am241

Table.6 Reaction Rates and Individual Void Worth (% Ak) at EOEC
Reaction
Absorption

Production
Leakage

Region
Inner core
Outer core
Reactor total
Inner core
Outer core
Reactor total
Reactor total

Flooded core
7.85X1018
3.98xlO18
1.77xl019
l.OOxlO19
8.12X1018
1.8lxlO19
8.84X1016
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Voided core
7.87xl0 18
3.22xlO18
1.76X1019
UlxlO19
7.15X1018
1.83xl019
1.09xl017

%M
-0.07
4.56
0.62
6.11
-5.45
0.66
-0.12

Table. 7 Reactivity Worth
BOEC
Burnup swing (% M)
Void worth (% A*)
Doppler coefficient (IO~3 8777}

EOEC
1.19

0.74
-0.35

1.17
-0.32

Table.8 Uncertainty in Core Performance Parameter

Parameter
Burnup swing
Void worth(EOEC)
Doppler coefficient(EOEC)

Reactivity
Worth*
1.19
1.17
-0.032

%Ak

1-350

Relative
Uncertainty(%)
220
63
35

Absolute
Uncertainty (a)*
2.60
0.74
0.011

A STUDY OF TEMPERATURE COEFFICIENTS OF REACTIVITY
FOR A SAVANNAH RIVER SITE TRITIUM-PRODUCING CHARGE
D. L. George and R. L. Frost
Westinghouse Savannah River Company
Aiken, SC 29808
(803) 725-5864 / (803) 725-4546
ABSTRACT
Temperature coefficients of reactivity have been calculated for the Mark 22 assembly in the
K-14 charge at the Savannah River Site. Temperature coefficients are the most important reactivity
feedback mechanism in SRS reactors; they are used in all safety analyses performed in support of
the Safety Analysis Report, and in operations to predict reactivity changes with control rod moves.
The effects of the radial location of the assembly in the reactor, isotopic depletion, and thermal
expansion of the metal components on the temperature coefficients have »hf, oeen investigated.
With the exception of the dead space coefficient, all of the regional temperature coefficients were
found to be negative or zero. All of the temperature coefficients become more negative with
isotopic depletion over the fuel cycle. Coefficients also become more negative with increasing
radial distance of the assembly from the center of the core; this is proven from first principles and
confirmed by calculations. It was found that axial and radial thermal expansion effects on the metal
fuel and target tubes counteract one another, indicating these effects do not need to be considered in
future temperature coefficient calculations for the Mark 22 assembly. The moderator coefficient
was found to be nonlinear with temperature; thus, the values derived for accidents involving
increases in moderator temperature are significantly different than those for decreases in moderator
temperature, although the moderator coefficient is always negative.

INTRODUCTION
Temperature coefficients of reactivity describe the reactivity changes that occur when the
temperature of a nuclear reactor core or its components increases or decreases. These coefficients
are useful for safety analyses that must be performed before reactor operations, or they can be used
to predict reactivity changes with control rod moves during operation. Temperature coefficients are
typically determined for separate components of a reactor, such as the fuel, moderator, or structural
materials.
The nuclear reactors at the Savannah River Site are dedicated to the mission of producing
special nuclear materials for the Department of Energy (DOE), and thus are unique in design and
operation. In contrast with commercial reactors, which are designed to produce electrical power,
the SRS reactors were designed for isotope production. The reactors are cooled and moderated by
heavy water at near-atmospheric pressure; the benefit of heavy water is its lower parasitic
absorption of neutrons, which improves isotopic production. The fuel assemblies consist of
concentric annular tubes and flow channels rather than the solid pins typically found in power
reactors. The reactor lattice is on a triangular pitch, and control rods occupy regular positions in
the lattice instead of interstitial positions, as in some commercial reactors. These and other factors
make the neutronic behavior of SRS reactors quite complex.
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Since experimental data are limited, temperature coefficients of reactivity are calculated at
SRS each time a new charge is loaded into the core. The main calculational tool employed for this
is the GLASS (Generalized Lattice Analysis Sub-System) computer code system, which solves the
Boltzmann Transport Equation in two dimensions for an infinite lattice using integral transport
theory.1 This paper presents results obtained from a detailed analysis of temperature coefficients
for the Mark 22 assembly in the K-14 charge. The behavior of the temperature coefficients as a
function of time in cycle, radial core position, and thermal expansion of metal components is also
discussed. Much of this work is discussed in greater detail in internal SRS documents.2-3
DISCUSSION
The tritium-producing Mark 22 assembly is currently charged to (loaded into) the K Reactor
at SRS. This assembly contains two concentric fuel tubes of enriched uranium-aluminum alloy
between two concentric target tubes of lithium-aluminum alloy (Figure 1), where tritium is
produced by the 6 Li (n,a) 3H reaction. Heavy water flows through three active coolant channels,
cooling both sides of each fuel tube. The central and outermost channels in Figure 1 are "dead
spaces," or low flow regions. Figure 2 shows the coolant flow pattern within the core. The D2O
coolant enters the reactor through the top plenum and flows down the channels in each Mark 22
assembly. At the bottom of the assembly, the coolant jets out into the moderator space (the heavy
water region between assemblies), and eventually leaves the reactor tank through exit nozzles.
Temperature coefficients of reactivity are the most important short-term reactivity feedback
mechanism in most nuclear reactors, including SRS reactors. By definition, the reactivity p of a
reactor expressed in terms of the multiplication constant k,g is

(1)
The temperature coefficient a of the reactor is defined as the change in reactivity per unit change in
temperature T, or

-

#

•

From Eq. 2 it is evident that a positive temperature coefficient will cause the reactivity of the core to
increase with increasing temperature, while a negative coefficient indicates that the reactivity will
decrease with increasing temperature. Clearly, a reactor with a positive temperature coefficient as
defined in Eq. 2 would be quite unstable.4
Reactor physics codes such as GLASS calculate the eigenvalue of a given state, so that
reactivity in that state can be found from Eq. 1. It is convenient to recast Eq. 2 in terms of k^ as
follows:
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The last approximation is valid only if km is close to 1.0, as it usually is.
Under actual operating conditions, various core components attain very different
temperatures; furthermore, components can change in temperature at different rates and by different
amounts. For this reason, reactivity analyses typically involve regional temperature coefficients,
which define the reactivity effects of temperature changes in specific regions of the reactor. In the
Mark 22 reactor charge, these regions are the dead spaces, targets, fuel, coolant, and the moderator
space between assemblies. The moderator region is further divided into upflow and downflow
components, which approximate the portions of the core where the moderator flows from core
bottom to top (center of core) and top to bottom (outer regions), respectively.
When considering the overall stability of a reactor, it is often useful to lump the regional
coefficients into a single quantity. A lumped temperature coefficient of reactivity Oj can be defined
as a weighted sum of the regional coefficients:

The WJ'S are weighting factors that depend on the relative temperature changes between
components in the transient; they are determined through thermal hydraulic analysis or experiment.
For operations at SRS, two types of lumped temperature coefficients are calculated using Eq. 3:
one associated with processes that occur on a very short time scale (the prompt coefficient), and
one associated with processes that occur on a longer time scale (the delayed coefficient). Other
lumped coefficients are defined for the study of reactor transients specific to safety analyses.
COMPUTATIONAL TOOLS AND METHODS
Two computer codes are used at SRS for the calculation of temperature coefficients. The
GLASS code1 solves the Boltzmann Transport Equation using integral transport theory, modeling
an assembly as a series of concentric annul! at the center of a hexagonal or square cell. Periodic
boundary conditions are applied to the cell or a cluster of cells, so that GLASS models an infinite
lattice in two dimensions. As an example, the SRS reactors may be represented by a small twodimensional lattice of seven hexagonal cells (one cell surrounded by six). GLASS has been used
to generate all of the regional temperature coefficients except the moderator upflow and downflow
components. GLASS can also be used to generate few-group, cell-averaged macroscopic cross
sections for use by the GRIMHX 3-D finite lattice diffusion theory code 5 , which was used to
compute the upflow and downflow moderator coefficients for this work. The moderator
coefficients were computed by altering the moderator temperature first in the upflow region, then in
the entire moderator space, as though a temperature change were following the moderator flow
path.
Three physical effects were explicitly treated in the GLASS model of the Mark 22 assembly:
temperature changes of isotopes, changes in the density of the heavy water, and thermal expansion
of metal. The isotopic temperatures affect the resonance integrals and scattering kernels; GLASS
calculates these quantities for each problem. The thermal expansion of the annular metal regions
was expected to introduce reactivity effects, so the expansions were broken into radial and axial
components and studied separately. To allow this, material contents in the metal were specified in
units of mass per unit length of the assembly. Radial thermal expansion was then modeled by
increasing the diameters of the annular regions using the area! expansion coefficient of aluminum,
while keeping the linear density constant Axial thermal expansion was accounted for by
decreasing the material density according to the linear expansion coefficient of aluminum, while
keeping the radial dimensions of the metal constant
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The bumup of fuel and target material in a Mark 22 assembly is strongly dependent upon its
position in the core. Despite a ring of vacant assembly positions at the outside of the Mark 22
lattice, where D2O acts as a reflector, assemblies toward the edge of the core experience more
neutron loss than assemblies at the center. The difference is in the increased radial leakage
(through the sides); axial leakage (from the top and bottom of the core) remains relatively constant.
To investigate whether the lower neutron population at the outside of the core could affect
temperature coefficients as it does burnup, computations were performed for assemblies in both the
central and outer regions of the core. The GLASS lattice model is infinite in the radial direction, sc
that th- value of leakage input to the code is normally thought of as strictly axial leakage. The
leakage term can, however, be increased to simulate the higher neutron losses in the radial
directions from the outside assemblies. The GRIMHX code computes neutron leakage itself
during its 3D full-core calculations, so it needs no such input change.
RESULTS
The temperature coefficients calculated for safety analyses and operation of the current charge
in K Reactor (referred to as K-14) are presented below. All coefficients are expressed as the
change in reactivity per degree Celsius of the material of interest. The change in reactivity is
expressed as a percent of one-thousandth of the reactivity p, or percent millirho (pcm). A
reactivity change of one pcm is approximately equal to 10 s &klff.
Best estimates of regional temperature coefficients for use in safety analyses have been
determined for the Mark 22 charge currently in K Reactor, using the computational tools described
above. These values are presented in Table 1. The fuel, coolant, and moderator coefficients are all
significantly negative, while the target coefficient is essentially zero. In contrast, the coefficient for
the dead spaces is significantly positive, although its magnitude is small in relation to th: moderator
and coolant coefficients.
LEAKAGE EFFECTS
Examination of Table 1 shows that aJJ temperature coefficients are more negative for
assemblies located near the core boundary than for assemblies in the center of the core. The only
difference in the GLASS models for these two cases is the input buckling, which is directly related
to leakage. Although GLASS is a two-dimensional code, it allows the user to account for axial
leakage by specifying an axial buckling value. For regions near the core edge, where radial
leakage is predominant, the input buckling is set to approximate both the axial and radial leakage
effects. A simple perturbatioii model can be used to explain the observed effects.
Start with the following definition of the multiplication constant, k,ff:

where v is the average number of neutrons emitted per fission, £ / and £, are the macroscopic
fission and absorption cress sections, respectively, L is the neutron diffusion length, and B2 is the
geometric buckling. The end effect of changing the temperature of a given reactor component is a
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change in the absorption and production cross sections. We will denote these perturbations as 81,
and 5{vLf), respectively. The perturbed multiplication constant, k', is then given by:
(6

>

\ + (L'Bf
where (L'f is defined as:
,,,.,

D+8D

For a temperature increase, 8Za and 5( vZf) are understood to be negative, while the change in the
diffusion coefficient will be positive. Eq. 6 can be simplified and then expanded in a Taylor series
about SLa / Z, = 0 and (3D I I j f l 2 = 0. Ignoring all terms of order two or higher, the resulting
expression for —— is:

We arc interested in the effect of changing the buckling, which does not change any of the 8 terms
in Eq. 8. Consider three different cases:

Casel: 80S1 «\SZa\;
then

Case 2: 8DB2~\8£.\;
then
a

T~-Ci

•

(10)

Case3: 8D82»\8ZS\\
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then

Note that the change in production is negative for negative temperature coefficients; the constanu in
the above equations are all taken as positive. From Eq. 9-11, it is apparent that increasing the
buckling either makes the temperature coefficient more negative or has no effect, which explains
the behavior seen in the coefficients listed in Table 1.
BURNUP EFFECTS
Table 1 also demonstrates that temperature coefficients for all regions except the target
become more negative with increasing exposure. Examination of the printed neutron balance tables
from GLASS, which give relative reaction rates, shows that for most of the regional coefficients,
increasing the component temperature results in an increase in absorption and a decrease in neutron
production in the inner fuel and target tubes, and opposing changes in the outer tubes. However,
the effects in the inner tubes are larger than those in the outer, so that a negative temperature
coefficient is achieved. As the assembly is irradiated, the outer tubes, especially the outer target,
burn much more rapidly than their inner counterparts; as can be seen in Figure 3, they are in a
region of much higher flux density. The temperature coefficients thus become more negative with
increasing exposure, since the relative worth of the inner tubes, which produce the negative
component of the temperature coefficients, becomes higher. Examination of the terms

'—

and —*• in Eq. 8 at beginning and end of cycle confirms that both terms become more negative
with burn up.
FUEL AND TARGET COEFFICIENTS; METAL EXPANSION EFFECTS
When considering fuel and target temperature coefficients, it is necessary to account for the
expansion of the metal alloy due to temperature because of its interaction with the assembly flux
profile. The thermal flux density in the Mark 22 assembly decreases sharply from the outer
housing towards the center of the assembly, with small flux depressions at the four fuel and target
tubes, as shown in Figure 3. A modest recovery of the thermal flux density is evident in the
centra] dead space. Note that the flux depressions in the fuel and target tubes are small compared
to that seen in a typical PWR fuel pin, due to the thinness and annular geometry of the tubes.
Of particular interest in Figure 3 is the steep flux gradient between each fuel and target tube.
Thermal expansion of these tubes causes an increase in their diameter, which moves the metal alloy
into a region of higher flux density. This expansion increases the neutron production rate in the
fuel, and constitutes a positive reactivity effect At the same time, the metal components also
experience thermal expansion in the axial direction. There are two effects from the axial expansion:
the densities of the tubes decrease, and material is moved from a higher to a lower flux region
(assuming a typical axial flux shape peaked near the c inter of the core). These two effects cause a
decrease in reactivity in the fuel, since neutron production is lowered. In the target tubes, the
effects are reversed: while radial expansion in the targets increases the capture rate and produces a
negative reactivity effect, axial expansion reduces capture and increases reactivity. It was found
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that for either kind of tube in the Mark 22. fuel tubes or target tubes, the change in reactivity caused
by considering radial expansion is opposite and approximately equal to the change in reactivity
resulting from axial expansion. This is demonstrated in Table 2, which compares the fuel
coefficient calculated considering only the Dopplcr effect Doppler with axial expansion, and the
Doppler effect with axial and radial expansion. Thus, in future temperature coefficient calculations
for Mark 22 assemblies, it will not be necessary tc consider thermal expansion of the metal
components.
Since net thermal expansion effects are negligible, any reactivity changes in the metal
components are caused by the change in isotopic temperatures. Because the target tube does not
contain any resonance absorbers, the only reactivity effect of rising target tube temperatures is an
increase in the temperature of the 1/v absorber *Li, which causes a small decrease in absorption
and thus a positive temperature coefficient with small magnitude, as seen in Table 1. On the other
hand, Doppler broadening causes the fuel tubes to have significantly negative temperature
coefficients, as is also shown in Table 1.
MODERATOR COEFFICIENT
Although the moderator coefficient in both the upflow and downflow regions was negative
for all cases studied, its magnitude was found to be a function of the direction of the temperature
change, indicating a nonlinear response. This nonlinearity is an important consideration in safety
analyses, as it warrants a different moderator coefficient for temperature increases and decreases.
Consequently, the values of the upflow and downflow moderator coefficients depend upon the
accident being analyzed.
Increasing the moderator temperature has two physical effects: a decrease in moderator
density, and an increase in isoiopic temperatures, which influence the scattering kerne!. It was
found that both of these effects contributed nearly equally to the moderator coefficient. The density
of D2O is itself nonlinear in temperature, and this is thought to be the main contributor to the
nonlineariry observed for the density part of the reactivity effect The behavior of the deuterium
scattering kernel, particularly in the thermal neutron cnefgy region, is highly nonlinear. To
demonstrate this, consider the well-known scattering behavior of a proton gas, which exhibits a
thermally averaged differential scattering cross section described by:4

H Lr/,:—

.

E'>E

where * is Boltzmann's constant, T is the temperature of the proton gas, £' and £ are the incident
and final neutron energies, respectively, I " is the free atom scattering cross section of hydrogen,
and erf is the standard error function. It is quite evident from the involvement of 7" in the error
function in Eq. 12 that a change in the scattering kernel with temperature is a function of the initial
and final temperatures, and not simply A7~. This results in a second nonlinear contribution to the
moderator coeff.cient.
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LUMPED COEFFICIENTS
Given the correct weighting factors for Eq. 4, lumped coefficients can be computed from the
regional coefficients in Table 1, or they can be computed directly using GLASS. For the Mark 22
charge, two lumped coefficients are defined in terms of the regional coefficients as follows:
Oprompi = 2.5 Otfutl" <Z<ooldnl+ Otarget •
^moderau-r upflow + Omoderaior down/lo*

03)
+

&<ieQri sp^cr / 2.

(.1-4)

The prompt coetTicient includes all effects which occur with a time constant of approximately one
half second. The delayed coefficient considers the remaining effects, which appear more slowly.
Both lumped coefficients are used in operations to predict the temperature effects following a
change in reactor power.
These lumped coefficients have been calculated over the length of the firs: reactor subcyde
using the GLASS code. The results are presented as a function of core exposure in Figure 4. In
agreement with the regional coefficients, the lumped coefficients were found to become more
negative with exposure.
CONCLUSIONS
Lumped temperature coefficients for the Mark 22 assemblies currently charged so K Reactor
are significantly negative for all reactor radial locations and throughout the life of the charge.
Regional coefficients are either negative or only slightly positive. When calculating temperature
coefficients for the Mark 22 assembly, it is not necessary to consider thermal expansion effects,
since the radial and axial components approximately cancel one another. AH regional and lumped
coefficients become more negative with increasing radial distance of the assembly from the center
of the core, and as the assembly is depleted. Noniinearities exhibited by 'he moderator coefficient
are due primarily to changes in the thermal scattering kernel.
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Table 1. Best Estimates ot Temperature Coefficients for the MIark22 Reactor O u r a
Temperature Coefficients
pern/C
Stan of Life
Center
Edge
of Core
of C, tfre
-0.6
-0.7
-3 1
-36
-0.1
-O.I
+0.8
+0.4

Assembly
Region
Fuel
Coolant
Targets
Dead Spaces

End of Life
Center
F-dgc
of Core
of Core
-1.0
•1.1
-4.8
-5.5
0
+0.1
+0.3
•0.1

Stan of Life
Moderator

Region

Upflow." Downtlow
-1.8
-3.3
-1.4
-2.3

Temperature Rises
Temperature Drops

End of 1-He
Enure
Region
-5.1
-3.7

Uptlow
-6.6
•6.2

Downtlow
-7.2
-6.4

Entire
Region
-13.8
•12 0

a

Uptlow and downtlow values are changes in reactivity of the entire reactor due to temperature
changes in the identified flow regions. The entire region values are therefore the sum of the
upflow and downtlow values.

Table 2. Effects of Thermal Expansion of Metal on Fuel Coefficients at Start of Life
Fuel Temperature Coefficient
pctWC
Core
Region
Center
Center
Outer Edge
Outer Edge

AT

c
-30
+60
-30
+60

Doppler
Effect Only
-0.9
-0.6
-0.9
-0.7
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Dopplcr Effect,
Doppier, Radial
Radial Expansion flflft AtUill liX
0.0
-0.8
0.2
-0.6
0.0
-0.9
0.2
0.7

Figure 1. Cross Ssction of the Mark 22 Assembly (Not to Scale).
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Figure 2. Coolant Bow Panem Through Mark 22 Assemblies in an SRS Reactor.
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Figure 3. Radial Profile of the Thermal Rux Density in a Mark 22 Assembly,
t0
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Figure 4. Lumped Temperature Coefficients of Reactivity for the Mark 22 Assembly in the K-14
Charge.
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REACTIVITY TEMPERATURE
COEFFICIENT CALCULATIONS FOR
THE SAVANNAH RIVER K-REACTOR
PART f: CODE COMPARISONS
Joe W. Durkee, Jr., R. D. Mosieller, R.T. Perry, and Joseph Sapir
Reactor Design and Analysis Group
Los Alamos National Laboratory
Los Alamos. NM 87545
ABSTRACT
Reactivity temperature coefficients for the Savannah River Site Mark 22 and Mark VI-B
fuel assemblies have been calculated using the ONEDANT, WIMS-D, and GLASS
transport theory codes for both cell and supercell configurations. This paper presents the
comparisons of cell Reactivity Temperature Coefficients (RTCs) calculated by the three different codes. A companion paper discusses supercell calculations. Agreement among the
codes is a strong indication of the calculational and methodological validity of the RTCs
calculated.
INTRODUCTION
The study was undertaken to characterize the reactivity temperature coefficient (RTC) behavior for the Savannah River Site (SRS) K-Reactor pursuant to the safety review mandated by the Department of Energy in August 1983. The results of the study are reported in
an extensive laboratory report.1 This and a companion paper2 describe (he salient findings.
An understanding of the RTC behavior is important because the kirttic characteristics of
the reactor core arising from changing plant conditions or operator adjustments performed
during normal operation, as well »\s during off-normal conditions, .ire quantified using reactivity temperature coefficients.
The framework and implementation of this effort was structured to give detailed independent calculated assessments of RTC behavior and was designed (o be extensive enough that
independent internal assessments could be made. To this end, an effort was conducted
with the ONEDANT3 S n transport code and the GLASS4 and WIMS-D5 collision probability codes to perform a matrix of calculations that incorporated two types of fuel assemblies, two assembly configurations, and two temperature scenarios. Such a brc'debased
analysis was deemed worthwhile in order to adequately assess the anticipated and observed
complexities of RTC behavior.
As noted, this paper has a companion. Here the concern will be with assembly configurations as a cell, the companion paper will present the results from the second assembly
configuration, the supercell. Because the cell can be explicitly described by the three
codes, comparisons of cell calculational results are men a comparison of the nuclear dau
and the mathematical methods used in the codes. If there is good agreement among the
codes, then there is a strong indication that the calculated RTCs have calculational and
methodological validity.
The two fuel assemblies to be studied are the Mark 22 and the Mark VI-B, both of which
are or have been used at SRS. The two temperature scenarios are isothermal temperature
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distributions, and a scenario designated as die Westinghouse Savannah River Company
Safety Analysis Report6 (WSRC SAR) calculadonal model. This second model was used
in order to have direct comparisons with calculational results from other institutions. The
two fuel assembles and temperature scenarios will be discussed in greater detail later.
To reiterate, the caJculational model is a cell that can be explicitly modeled jy three different
transport codes. Temperature coefficients will be calculated for the two assembly types and
for two temperature ixenarios by each of the three codes. In the following sections, the
results for each of the cases will be analyzed and compared.
ASSEMBLY SPECIFICATIONS
The SRS K-Reactor core is composed of fuel and control assemblies arranged in a hexagonal lattice. The fuel assembles are made of a series of concentric fuel, target, and coolant
annuli. The assemblies are arranged in a hexagonal pattern, and six assemblies surround
each control element in each supercell. The geomenric and isotopic specifications for the
unheated Mark 22 and Mark VI-B configurations were obtained from GLASS listings
furnished by WSRC. The WSRC SAR provides additional design and function information.
A cross-sectional representation of the Mark 22 fuel assembly, taken from the WSRC
SAR, is shown in Figure 1. The assemblies are composed of a series of concentric metallic
fuel and target annuii which are clad in aluminum and held in position by spacers. The fuel
is enriched uranium in a U-Al alloy, and the target material is 6Li. D2O flows between the
fuel and target regions to provide cooling and some neutron moderation. The Mark 22 has
an outer sleeve, or housing, whereas the Mark VI-B does not. The innermost D2O region is
termed the "inner dead space" because in this region the D2O flow rate is negligible
compared with the flow in the coolant channels adjacent to the fuel regions. The high-flow
regions are referred to as coolant channels 4, 3, and 2, moving outward from the centerline
according to the convention used by the WSRC. For the Mark 22, the region between the
outer target and housing is termed the "outer dead cpace" since the mass flow rate is also
small there. Outside the Mark 22 housing and the Mark VI-B outer target is the "moderator
region." In our calculations, the Mark 22 is free of fission products while the Mark VI 8
contains l35 Xe and !49 Sm at the equilibrium concentration.
REACTIVITY TEMPERATURE COEFFICIENT
AND TEMPERATURE EFFECTS
The effects that temperature has on k-effective are promulgated by means of cross-section,
thermal expansion, and density effects. The reactivity temperature coefficient is a measure
of the change in system reactivity corresponding to a change in temperature, and in practice
the temperature coefficient is estimated by making neutronic calculations for two different
regional or system-total temperatures and using the resulting k-effective eigenvalues in a
difference approximation. In this paper Equation 1 is used to calculate the temperature coefficient, ate, over the temperature range TBC to T by
k(T) - kBc
aK = —
— .
k(T)-kBc-[T-TBc]

(1)
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In Equation 1, ICBC and k(T) denote k-effective at some base-case or reference temperature
T and at some elevated temperature T, respectively.
The major effects of temperature changes on cross section are those of a change in the D7O
scattering kernel and the Doppler broadening of resonances, primarily those for 2 3 5 U.
These effects are treated in either a cross-section preparation code or the transport code
itself.
Expansion and density changes in the metallic regions changes in temperature were calculated using the assumptions that an assembly is unrestrained and subjected to an isothermal
temperature throughout. Thus, density changes with temperature were based on three-dimensional expansion as both radii and height changes were considered. The dimensions
and mass were conserved to seven-place accuracy, with exceptions for GLASS noted later,
as our studies1'7 indicated that such accuracy was required to obtain consistency.
The D2O density changes were calculated using the TRAC8 code property routine D20LIB.
A pressure of 69 psig was used so that a liquid density could be obtained at all temperatures
used in this paper. Expansion effects were modeled by assuming that the heavy water
would expand into the plenum and not deform the assembly.
COMPUTATIONAL METHODS AND MODELS
The investigation was performed using the ONEDANT Sn transport code and the GLASS
and WIMS-D collision probability transport codes to perform calculations for unit cells in
an infinite lattice configuration for Mark 22 and Mark VI-B assemblies at the beginning of
life. WIMS-D and GLASS have associated cross-section sets that are self-shielded and
temperature dependent. The ENDF/B-V MATXS79 69 group library was used with the
code TRANSX 9 to provide self-shielded temperature dependent cross sections for
ONEDANT.
Two temperature scenarios are examined in these studies. Calculations for both scenarios
were made modeling both the Mark 22 and Mark VI-B assemblies.
In the first of the two temperature scenarios. RTCs are calculated by perturbing temperatures on a region-by-region basis from initially isothermal distributions. The temperature
penurbations were 54K and 50K, and RTCs were obtained for the temperature ranges
296K to 35OK and 35OK to 400K, respectively.
In the second set of calculations, the temperature conditions reported in the WSRC SAR are
used. The RTC were calculated on a region-by-region basis for the temperature response
resulting from perturbations of the normal operating state and were bused on predicted temperature increases in various regions following an increase in the fuel temperature. In particular, a 25K fuel temperature increase induces a 10K increase in the coolant, target, and
moderator. The reference temperatures for the cell model are 423K in the fuel, 363K in the
moderator, and 333K in all other regions. In an auxiliary calculation the dead space temperature is raised 10K to examine its impact; however, die "All Regions" coefficients for
the cell is reported without the dead-space contribution.
All calculations proceed from a base case. After expanding the radii and changing the
density and cross sections to correspond to a new temperature for a specific region, for ex-
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ample the fuel, a new k calculation was made. The RTC was calculated for the change.
The model was returned to the base case and then the next region to be examined was
changed to reflect the increased temperature. In addition to the calculation of RTCs for specific regions, a prompt coefficient, defined as the RTC for the fuel, target and coolant
channels, and a total coefficient were also calculated. For these RTCs all appropriate
regions were changed to reflect the elevated temperature.
The calculations typically employed about 100 space points. An axial buckling height was
used to approximately emulate the experimentally observed flux behavior reported by
WSRC SAR. A convergence criterion of 10"6 or less was used. As noted, seven-place accuracy in the radii and atom density was employed, with the exception of the GLASS input
data. GLASS input is limited to six places of accuracy.
RESULTS
MARK 22 ISOTHERMAL CALCULATIONS
Table 1 contains reactivity temperature coefficients for both fuel regions, both targets, all
coolant channels, both dead spaces, the moderator, and all regions for 296K to 35OK and
35OK to 400K. The temperature coefficients exhibit a linear behavior insofar as interregional coupling effects are concerned. That is, the sum of the components is within a few
percent of the "All Regions" RTCs. Linear behavior with temperature is also exhibited for
the fuel and target RTCs; the fluctuation in the GLASS values is attributed to the use of 6digit data (see Appendix B of Reference 1). Nonlinear behavior with temperature is apparent for the coolant, dead space, moderator, and "All regions" RTCs. The nonlinear behavior is quite weak for the coolant and dead-space RTCs.
The intercede agreement for snost of the components is good. The largest discrepancy in
intercede predictions lies in the fuel region RTC values, where differences of up to a factor
of 5 or roughly 0.8 pcm/C exist.
MARK VI-B ISOTHERMAL CALCULATIONS
Table 2 contains regional RTCs for the Mark VI-B. The temperature coefficients exhibit a
relatively linear behavior. Little or no evidence of interregional nonlinear coupling is present, as the sum of the components is in quite close agreement with the "All Regions"
results for the respective codes.
Sign discrepancies exist between the codes for the Mark VI-B fuel region RTC. The
GLASS results also exhibit a change in sign when comparing the 296K to 350K results
with the 3S0K to 400K results. Notice, however, that the fuel RTCs have magnitudes less
than 0.1 pcm/C. It is evidently quite difficult to accurately calculate this coefficient due to
its small magnitude. There is some confidence in the ONEDANT prediction based on the
well-behaved profile of k verses temperature calculated using 7 digit data.1"7 Recent evaluations 10 at WSRC are in quantitative agreement with these results (see Table 3 of
Reference 2). The numbers are so small that it is nonetheless difficult to draw a firm conclusion as to which is "correct." A new experiment to quantify this RTC is needed.
Exclusive of the fuel and target RTCs, tie regional RTCs are in good agreement on a codeby-code basis. The ONEDANT and WIMS-D predictions for the target RTC agree to
within 10%, whereas the GLASS predictions differ substantially with the ONEDANT and
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WISM-D RTCs. This behavior is like that for the Mark 22 (see Table 1); it is attributed to
the use of only 6-digit data in the calculations.
MARK 22 WSRC SAR MODEL CALCULATIONS
Table 3 contains reactivity temperature coefficients for both fuel regions, both targets, all
coolant channels, both dead spaces, the moderator, the prompt coefficient, and all regions
calculated using the WSRC calculational model specifications. Two sets of values for the
fuel coefficient are included. The first sst, "Inner + Outer Fuel Regions," was calculated
by dividing the change in k-effective by 25K, the actual rise in the fuel temperature. The
second vaiues for "2.5 Fuel" are fictitious values. Here, the change in k-effective is divided by only 10K to enable an approximate comparison between the sum of the components and the prompt coefficient
The component by component comparison for the codes is favorable, with many values
differing by only a few percent. However, as was the case with the isothermal profile
studies, the fuel component with its small magnitude varies by roughly up to a factor of 5
(slightly less than 0.7 pcm/C). GLASS also predicts a positive target RTC. This value is
in disagreement with the ONEDANT and WIMS-D results, and it bears no res nblance to
the values given in Table 1 for the isothermal profile studies. However, the differences
may be too small to be considered significant. This erratic behavior is characteristic of the
lack of reaction rate conservation due to the use of insufficiently accurate (6-digit) data.
Each regional RTC, except for the dead-space RTCs and the GLASS target RTC, is negative. Although the dead-space contribution is included in Table 3, this component is not a
part of the WSRC calculational model since it is assumed that the D2O flow rate in the dead
spaces is so low that the region would not initially experience a temperature change during
a transient. The dead-space contribution was calculated to determine what the dead space
RTC would be if the region experienced the same 10K temperature changes as the coolant
regions.
Table 3 also lists the prompt and total ("All Regions") RTC values. These total RTCs are
estimated by dividing the reactivity change by 10K since 25K temperature changes were
used in the fuel and 10K changes were used in other regions. Notice that, for the
ONEDANT results, the sum of the components equals the total coefficient listed in Table 3.
This indicates that there is little or no interregional nonlinear coupling. A similar result is
apparent for the GLASS results. However, a discrepancy of roughly 8% is apparent for
the W1MS-D results.
MARK VI-B WSRC SAR MODEL CALCULATIONS
Calculated regional RTC values are listed in Table 4. As with the Mark 22 analysis, the
sums of the "2.5 Fuel," target, coolant, and moderator components and the "All Regions"
calculations show exact agreement, indicating a lack of nonlinear interregional coupling.
The prompt component is also in close agreement with its components ("2.5 Fuel" + targets
+ coolant).
Comparison of the regional RTCs calculated by the codes reveals agreement for most of the
components to within 20%, or 1 pcm/C. According to the ONEDANT results, the fuel
contribution is positive, but very small in magnitude relative to the contribution of the
target, coolant, and moderator regions. Similarly, GLASS predicts a positive fuel RTC
while, in contrast, WIMS-D predicts a slightly negaive fuel RTC. Perhaps the discrepancy
can be attributed to the small magnitude of this RTC. Recent evaluations10 at WSRC are in
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quantitative agreement with these results (see Table 3 of Reference 2). ONEDANT and
WIMS-D predict a negative target RTC, whereas GLASS predicts a positive RTC. The
GLASS result is probably attributable to the use of 6-digit data as in the Mark 22 results
Here again, the RTCs are so small it is difficult tod ascertain the "correct" value.
Experimental values are needed.
SUMMARY AND CONCLUSIONS
Because of the sensitivity of the calculational methods used and the small values of coefficients generated, extreme care must be taken in the design and execution and analysis of
any experiment conducted to verify calculational results, in Addition, since calculations
have been made only for infinir. Unices in both cell and super-cell configurations, it would
be of interest to extend the analysis to a reactor-wide level using two-dimensional S n or
three-dimensional diffusion codes.
Our calculations indicate that the total and prompt RTCs are strongly negative. The prompt
coefficients ranged from -3.42 to -4.2 pcrn/C. The total temperature coefficients ranged
from -8.8 to -12.1 pcm/C depending on the code and calculational scenario. Positive fuel
and target RTCs and minor discrepancies between the calculations were occasionally found
in the study. However, in these cases, the coefficients were extremely small and contributed little to the total or prompt coefficient. There was good agreement between the
codes, however the validity of the results must await experimental verification.
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Figure i. The Mark 22 Fuel Assembly
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Table 1. Mark 22 Isothermal Profile RTCs {pctn /C) for the Ceil

Component
Inner + Outer
Fuel Regions
Inner + Outer
Target Regions
Coolant
Channels 2-4

Inner + Outer
Dead Space Regions
Outside
Moderator Region
All
Regions

Temp. (K)
296 - 350
350 - 400
296 - 350
350 - 400
296 - 350
350 - 400
296 - 350
350 - 400
296-350
350 - 400
296 - 350
350 - 400

ONEDAXT
-0.57
-0.60
-0.19
-0.19
-2.22
-2.57
+0.69
+0.80
-4.17
-6.93
6.50
-9.78

GLASS
-1.02
-0.79
-0.23
-0.13
-2.55
-2.64
+0.70
+0.79
-4.70
-7.03
-7.76
-10.1

WIMS-D
-0.18
-Q.16
-0.19
019
-2.64
-2.68
+0.79
+0.84
-455
•6.68
-6.83
•9.19

Table 2. Mark VI-B Isothermal Profile RTCs (pcm/C) for the Cell

Component
Inner + Outer
Fuel Regions
Inner + Outer
Target Regions
Coolant

Channels 2-4
Inner
Dead Space Region
Outside
Moderator Region

All
Regions

Temp. (K)
296 - 350
350-400
296-350
350 - 400
296 - 350
350 - 400

296-350
350 - 400
296-350
350 - 400
296 - 350
350 - 400

ONEDANT
+0.06
+0.07
•0.22
-0.22
-1.74
-1.97
+1.12
+1.50
-8.17
-9.33
-8.83
•9.69
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GLASS
+0.02
-0.04
-0.07
•0.09
-2.07
-2.17
+1.25
+ 1.57
-8.62
-9.27
•9.35
-9.79

WIMS-D
-0.09
-0.08
-0.21
-0.21
•2.17
-2.17
+1.36
+1.62
-9.33
-9.80
•10.3
-10.5

Tabie 3. Marie 22 WSRC Calculanorui ModeL RTCs <pctn."C;. for the Cell
Component
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+001

+oo;
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-0.02

••

0.05

Inner * Outer
Fuel Regions
2.5x (liner + Outer)
Fuel Regions

+0.03

+0.18

Inner + Outer
Target Regions
Coolaat

-0.17

+0.18

•0.25

Channels 2-4

-1.80

•2.08

-2.12

Inner
Dead Space Region

+ 1.33

+1.45

+ 1.57

-9.26

-9.23

-9.79

+ Target + Coolant Regions

-1.95

-1.63

-2.34

All Regions
(Except Unheated Dead Space)

-11.2

-10.9

-12.1

Outside
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REACTCVm TEMPERATURE COEFFICIENT CALCULATIONS
FOR THE SAVANNAH RIVER iC-RfcACTOR
PART 2: APPLICATIONS
I-oc W Du.-tec. I:. R D. Mosieiler. R. T. Perry, and Joseph Sapir
Rcarar Design ind Analysis Group
Los Alamos National Laboratory
Lcs Akr.cs. NM 87545
ABSTRACT
Rsjitw'.Ltv cerrperir.ire cjetfkxr.s fRTCs; a x caicuiated for wo types of rue! designs for
•Jr.* SJ=. i-rah Ri'. cr K-Reac»r These calculated RTCs then arc compared with RTCs calculated
e.;»«'*r.<rr; ind with measured vjd-jes. Agreement among die calculated RTCs generally ts quite
g-xni. r*.c *_u.e agreerrKn: W:K measured values ts reasonably good after allowance is made for
& freer.: revision to one of the measured valiics.
INTRODUCTION
As a contractor to the U. S. Department of Energy. Los Alamos National Laboratory (LANL)
a peifctrmusg LTdependens safety evaluations of the K-Reactor at the Savannah River
tLf pnor to sis ressan. Wesunghouse Savannah River Company (WSRC) performs many of the
safety analyses for ±c K-Reactor with a point kinetics model for the core.1 Input to this model
trie Elides reactivity temperature coefficients ORTCs) for several different component regions of a
fuel assembly, along with as surrounding moderator and control.
The first K-Reactor core subsequent to restart will contain
fresh Mark 22 fue! assemblies.
The geometry of those fuel assemblies is shown in Figure 1. The heavy water in the flow
channels inside the fuel assembly is referred to as the coolant, while the heavy water inside the
cell but outside the assembly is referred to as the moderator. The K-Reactor core has a
hexagonal design, with six fuel-assembly cells clustered about a central control-assembly cell to
form a "supercell," as shown in Figure 2. The results reported herein were obtained primarily
from supercell calculations.
In the K-Reactor design, clusters of control rods are enclosed inside a cylindrical scpufoil.
The calculations reported herein do not explicitly represent the control rods or the septifoil bu:
rather use a single annular rod of the same material as the control rods. This representation was
adopted as a convenience by the various organizations that are calculating RTCs for the Mark
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22 design. Calculations performed by WSRC to produce RTCs for input to their point kinetics
model retain the explicit geometry of the control rods and septifoil, however.
A companion paper2 presents comparisons of RTCs calculated by LANL using the
ONEDANT,3 WIMS-D.4 and GLASS5 codes for fuel-assembly cells. It concludes that consistent
input for those codes produces comparable values for RTCs. This paper presents RTCs obtained
from those codes for supercells and fuel-assembly cells at conditions corresponding to the
expected restart power level for the K-Reactor, and it compares them with calculated and
measured results obtained elsewhere.
The WIMS-D and GLASS calculations were performed using their associated multigroup
cross-section libraries with 69 and 37 groups, respectively. ONEDANT does not have a library
specific to it, so a 69-group library was generated using the TRANSX-CTR code.6

METHODS
The RTC calculations were performed in a manner consistent with WSRC recommendations.
A temperature distribution consistent with at-power conditions was assumed for the fuel
assembly, and RTCs then were obtained for each component by increasing the temperature of that
component by IOC (25C for the fuel) and dividing the reactivity difference by the temperature
change. Several parametric studies were conducted prior to the final RTC calculations. Since
none of these codes perform automatic thennal expansion of spatial dimensions or number
densities, the sensitivity of the RTCs to the input values for these parameters was investigated.
In addition, the sensitivity of the RTCs to the spatial mesh was studied. Finally,
parameterizations were performed to accommodate the one-dimensional geometry required by
ONEDANT.
For these calculations, the temperature distribution was assumed to be uniform across each
component of the assembly and, if appropriate, its cladding. The temperature of both fuel regions
and the cladding of those regions was assumed to be identical, as was the temperature of both
target regions and their cladding. In addition, the temperature of all three coolant channels
always was taken to be identical, as was the temperature of the inner and outer dead spaces.
Spatial dimensions and isotopic number densities often are input to computer cedes with only
four or five significant figures. It was discovered, however, that the RTCs for the K-Reactor are
significantly affected by thermal expansion and therefore are sensitive to the precision with which
such numbers are given. Specifically, it was found that seven significant digits are required to
ensure consistent RTCs.7*
The dimensions of the annuli that comprise a Mark 22 fuel assembly are small enough that
they usually do not need to be subdivided into separate spatial meshes. However, sensitivity
studies indicated that GLASS RTCs were significantly more sensitive to the mesh structure
employed than were those computed with ONEDANT or WIMS-D. Consequently, the GLASS
calculations reported herein contain significantly more mesh points in the fuel, coolant, and
moderator regions than do normal GLASS calculations. In addition, the distance between
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adjacent lines in GLASS'S calculation of collision probabilities was decreased by a factor of 5
relative to its usual value.
These refinements increased the execution time for the GLASS code by about a factor of 6,
from approximately 15 minutes per case on VAX 3600 to about 90 minutes per case. In contrast,
typical execution times for ONEDANT and WIMS-D on a Cray X/MP-416 were approximately
20 and 40 seconds, respectively.
Uncertainties in the RTCs reported herein due to the convergence criterion for the eigenvalue
are approximately +0.1 pcm/C for ONEDANT and WLMS-D and +0.2 pcm/C for GLASS.
ONEDANT and WIMS-D permit the user to specify a value for that convergence criterion in the
input, while GLASS implicity specifies it in its coding.
WSRC plans to conduct measurements of the RTCs for the Mark 22 design prior to restart
of the K-Reactor, but only isothermal RTC measurements have been performed to date.
However, RTC measurements were made in 1962 for the Mark VI-B lattice,' which is similar
to the Mark 22 design. The principal differences between the two fuel assemblies is that the
inner dead space is much larger for the Mark VI-B. and it is not enclosed in a housing sleeve.
Calculations were performed for Mark VI-B RTCs using models that are consistent with those
employed for the Mark 22 design.

RESULTS
The design of the K-Reactor is such that a change in the fuel and/or target temperature
quickly produces a change in the coolant temperature. The moderator temperature changes much
more slowly, however. Consequently, rapid reactivity transients are dominated by the "prompt"
RTC, which reflects concurrent temperature changes in those three regions, while slow reactivity
transients respond to a "total" RTC that includes feedback from the change in the moderator
temperature. The flow rate of heavy water through the dead spaces is so low that the temperature
in those regions changes even more slowly than that of the moderator. Consequently, the
contributions from the dead spaces to the total RTC are assumed to be negligible.
The WSRC model for transients in which the power increases assumes that the temperature
of the fuel increases 2.S times as much as the temperature of the coolant. Consequently, while
the prompt RTC is computed on the basis of a temperature change of IOC, the actual calculation
increases the fuel temperature by 25C. Similarly, the total RTC is computed for a temperature
change of 10C, although the fuel temperature is increased by 2SC and the temperature of the
dead space remains unchanged.
MARK 22 RESULTS
The RTCs obtained from the LANL calculations for the Mark 22 design are presented in
Table I. The RTCs for the components of the fuel assembly are presented first, followed by
those for the components of the supercell and finally by the prompt and total RTCs.
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The moderator and coolant RTCs are negative, and the magnitude of those RTCs is
substantially larger than those for the other components of the fuel-assembly cell. The RTCs for
the fuel and target are significantly smaller and. with only one exception (whose magnitude is
comparable to the accuracy of the calculation) are small and negative. The RTC for the dead
spaces is small and positive, but, as noted above, the rate of temperature change in the dead
spaces is much slower than elsewhere in the fuel-assembly cell, and so feedback from the dead
spaces usually can be ignored.
As expected, the RTC for the fuel-assembly cell is strongly negative, while that for the
control-assembly cell is positive. An increase in the temperature of the coolant and moderator
in the fuel-assembly cell produces a harder neutron spectrum which, in turn, reduces the fission
rate in the fuel. Although the absorption rate in the target regions also is reduced by the harder
spectrum, the effect in the fuel is more pronounced than in the target. Conversely, the harder
spectrum that is produced by a temperature increase in the control cell only reduces the
absorption in the control rods, thereby producing a positive reactivity effect.
The RTC for the moderator throughout the supcrcell is less negative than that for the
moderator region of the fuel-assembly cell, since a uniform increase in the moderator temperature
produces a harder spectrum in both the fuel-assembly cells and the control cell. In fact, the RTC
for the moderator as a whole is very nearly equal to the sum of the RTC for the moderator region
of the fuel-assembly cells and the RTC for the control cell. Although an RTC was not calculated
for just the control-rod region, this result suggests that a temperature change in the control rods
has relatively little effect on control-rod worth.
It was generally found throughout our study7 that the RTCs of the components are additive.
That is, the RTC for the cell or supercell is simply equal to die sum of the RTCs from its
components (once an allowance is made for the actual temperature changes in those components).
This additive behavior was observed in the calculations reported in the companion paper,2 and
it indicates that there is little inter-regional coupling between the components of the supercell
insofar as RTCs are concerned. Furthermore, it can be seen that the prompt and total RTCs
given in Table 1 are equal to the sum of the RTCs from their components. Based on this
observed behavior, the RTCs presented in Table 1 for the fuel-assembly cell ("Fuel Cell") were
not calculated directly but rather obtained as the sum of the RTCs for the regions that comprise
the fuel-assembly cell.
Both the prompt and rval RTCs for the Mark 22 supercell are substantially negative.
Consequently, these calculations indicate that the K-Reactor should be neutronically stable with
respect to both fast and slow heatup transients.
Table 1 also presents results obtained from GLASS by WSRC10 and from W1MS-D by
Westinghouse Hanford Company (WHC)." The WSRC results all are in good agreement with
those obtained at LANL, and the results for the coolant RTC from all three organizations differ
by no more than 0.4 pcm/C. However, WHC predicts more negative moderator and total RTCs
than does LANL.
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RTC calculations also were performed for infinite lattices of fuel-assembly cells (i.e.. a
configuration with no control cells). However, as Table 2 illustrates, the presence of the control
cell does not have a great deal of effect on the RTCs for the fuel-assembly cell. The RTCs for
the fuel, target, and dead-space regions are essentially unaffected by the presence of the control
cell. The RTCs for the coolant and moderator generally are slightly more negative when the
control cell is present, and consequently so are the prompt and fuel-cell RTCs. These results
suggest that the coupling between the control cell and its adjacent fuel-assembly cells is fairly
weak. Furthermore, since only the RTCs for the heavy-water regions are affected, it appears that
absorption by the control rods within the control cell has little affect upon the behavior of the
fuel-assembly cells. This conclusion is supported by additional GLASS calculations, which have
shown that the k,,, for a Mark 22 fuel-assembly cell only changes by approximately 250 pem
from the case where five control rods are present to the case where no control rods are present.
MARK VI-B RESULTS
Table 3 presents the corresponding results for the Mark VI-B lattice. A comparison of the
LANL results from the Tables 1 and 3 indicates that the fuel and coolant RTCs for the Mark
VI-B design are less negative than those for the Mark 22, while the RTC for the dead space is
more positive and the moderator RTC is more negative. Consequently, the prompt RTC for the
Mark Vi-B is less negative than for the Mark 22, while the total RTC is slightly more negative.
The results from the other two organizations1213 tend to support these trends, although WHC
predicts a positive prompt RTC. The measured moderator RTC is in reasonably good agreement
with the LANL and WHC results, but the LANL and WSRC results for the prompt RTC strongly
disagree with the result measured in 1962. However, that measured result actually was obtained
by fitting the response from an ex-core flux monitor to predictions from a point-kinetics model.
It has been reported recently13 that WSRC has re-evaluated the Mark VI-B measurements, using
more modern data and a more realistic representation for the behavior of the detector. This reanalysis produced a prompt RTC of approximately -1.3 pcm/C, which is in reasonably good
agreement with the prompt RTCs predicted by WSRC and L A M -

SUMMARY AND CONCLUSIONS
RTCs have been calculated for the K-Reactor for at-power conditions, and both the prompt
and total RTCs have been found to be substantially negative. In addition, the calculated RTCs
are in reasonably good agreement with the measured values for those two parameters (after the
recently-revised measured value for the prompt RTC is included). These results suggest that the
K-Reactor should be ncutronically stable in response to heatup transients. However, given the
difference between the original and revised measured values for the prompt RTC for the Mark
VI-B design (as well as the method by which it was measured), it is strongly recommended that
the planned measurements for the Mark 22 RTCs be conducted prior to restart.
It also has been shown that the reactivity behavior of the fuel-assembly cell is only weakly
affected by the presence or absence of control rods in the adjacent control cell. The RTCs for
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the fuel, target, and dead-space regions are unaffected by the presence of the control cell, while
the RTCs for the coolant and moderator regions change by less than 1 pcm/C.
In addition, modeling sensitivities have been identified which should be factored into future
RTC calculations for the K-Rcactor. In particular, care must be taken to properly represent the
effect of thermal expansion on dimensions and number densities. In addition, care should be
taken to ensure that a sufficiently spatial fine mesh is employed when RTCs are calculated with
the GLASS code.
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Table 1. Reactivity Temperature Coefficients for a Mark 22 Supercell (pcm/Q

Component

LANL
ONEDANT

LANL
WIMS-D

LANL
GLASS

Fuel
Coolant
Target
Moderator*
Dead Space

-0.5
-3.1
-0.2
-7.5
0.7

-0.2
-3.2
-0.7
-6.0
0.8

-0.7
-3.2
0.1
-6.9
0.6

Fuel Cell"
Control Cell
Moderator1

-12.1
3.0
-4.5

-10.4
1.0
-4.8

-11.8
2.9
-4.0

-4.6
-9.1

-4.3
-9.2

-4.8
-8.8

Prompt
Total

WSRC
GLASS

WHC
WIMS-D
-0.8
-3.3
-0.9

-0.6
-2.9
-0.1
0.7

-4.5

-7.2
-6.2
-13.4

'Moderator in fuel-assembly cell only
"Fuel-cell RTC obtained by summing RTCs for components (except dead space)
'Moderator throughout supercell (i.e., in both fuel-assembly and control cells)
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Table 2. Cell and Supcrctll Mark 22 Reactivity Temperature Coefficients (pcm/C)
WIMS-D
Cell
Supcrcell

ONEDANT
SuDercell

Component

CeU

-0.6
-2.4
-0.2
-6.8
0.7

-0.5
-3.1
-0.2
-7.5
0.7

-0.2
-2.7
-0.2
-5.7
0.8

-0.2
-3.2
-0.7
-6.0
0.8

-0.9
-2.6
0.1

0.1

-6.9
0.7

-6.9
0.6

-4.2
-11.0

-4.6
-12.1"

-3.4
-9.9

-4.3
-10.4"

-4.7
-11.6

-4.8
-11.8

Fuel

Coolant
Target
Moderator*
Dead Space
Promps
Fuel Cell

GLASS
Cell
SupgrceU
-0.7
-3.2

'Moderator in fuel-assembly cell only
"Fuel-cell RTC obtained by summing RTCs for components (except dead space)

Table 3. Reactivity Temperature Coefficients for a Mark VI-B Supcrcell (pcm/C)
Component

LANL
ONEDANT

LANL
WIMS-D

LANL
GLASS

Fuel
Coolant
Target
Moderator*
Dead Space

0.1
-2.3
-0.2
-11.0
1.4

-0.1
-2.5
-0.7
-9.4
1.5

0.2
-2.5
0.2
-10.0
1.4

Fuel Cell*
Control Cell
Moderator'

-13.2
3.4
-7.7

-12.9
1.1
-8.2

-11.7
3.4
-6.8

Prompt

-2.3

-3.4

-1.8

Total

-9.9

-11.7

-8.6

WSRC
GLASS

WHC
SRL
WIMS-D Measurement

0.0
-2.2
-0.1

-10.1
-2.3

0.6

-11.0+2.0
2.1+0.5 9
-1.3+1.6"

'Moderator in fuel-assembly cell only
Fuel-cell RTC obtained by summing RTCs for components (except dead space)
'Moderator throughout supercell (i.e., in both fuel-assembly and control cells)
b
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Figure 1. Mark 22 Fuel Assembly.
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REACTIVITY ANALYSIS OF A SAVANNAH RIVER SITE REACTOR
UNDER SEVERE ACCIDENT CONDITIONS
S.D. Clement', N.D. Woody*, and R.S. Wittman'
'Science Applications International Corporation, Albuquerque New Mexico
'Westinghouse Savannah River Company, Aiken South Carolina

ABSTRACT
An analysis of the reactivity changes in a Savannah River Site reactor tritium-producing charge
during a postulated severe fuel damage accident has been performed. Possible in- and ex-vessel
configurations where recriticality could occur have been identified and analyzed using Monte Carlo
techniques. The results of the analyses indicate that recriticality is possible if fuel debris collects within
the assembly bottom end-fittings (BEFs) in a postulated accident scenario where moderator is retained in
the vessel. All other credible debris configurations identified were found to be subcritica). In the BEF,
recriticality is possible only if the target melt fraction is less than 70% and moderator is present in the
vessel. Giver> that recriticality in the BEF occurred, the resulting power transient was analyzed using point
kinetics coupled with a linear feedback kernel. The calculated final debris temperatures suggest the
potential for a fluid coolant interaction following recriticality; however, no aluminum vapor production
is predicted to occur. The sensitivity of the final debris temperature to initial debris temperature, target
melt fraction, reactivity insertion rate (i.e.. fuel melt rate), and initial neutron power were included in the
evaluation.

INTRODUCTION
As part of the Savannah River Site (SRS) Probabilistic Risk Assessment (PRA), the assessment
of various severe accident phenomena that may accompany postulated core melt accidents has been
performed. The phenomena considered include the relocation of fuel debris following the onset of core
melting. If debris were to collect in a region outside of the core with little neutron poison and with
neutron moderation, the possibility of uncontrolled recriticality would exist.
Depending upon the progression of the postulated accident, debris could collect in one of several
locations: (1) in the assembly bottom end-fittings (BEFs); (2) on the vessel bottom; (3) within the primary
coolant piping; (4) or on the confinement floor in either the trenches or the sumps. Other postulated fuel
damage scenarios could also lead to debris collection within the end-bells of the primary coolant heat
exchangers. The reactivity effects of relocating fuel debris to each of these configurations was
investigated as part of this assessment The only credible configuration identified wuere recriticality could
occur was debris contained within the BEFs with moderator in the vessel. Therefore, the remainder of
this paper considers this configuration exclusively. The purposes of this analysis were: to determine if
recriticaiity would occur; to characterize the corresponding critical configuration(s); to identify any
phenomena which might preclude recriticality; to estimate the resulting power excursion; and finally, to
hypothesize the behavior of the debris following recriticali:/.
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DESCRIPTION OF THE SRS PRODUCTION REACTORS
The SRS reactors see heavy-water cooled and moderated. The core loading (or charge) consists
of concentric fuel and target tubes (shown in Figure 1) that are fabricated from snriched uranium- and
lithium-aluminum alloys. Ainular flow passages between the tubes provide for coolant flow, which exits
uie assemblies through a BEF and passes out into the moderator space. The BEF supports both the fuel
and target tubes and serves to restrict and direct the coolant flow into the bulk moderator.
ACCIDENT PROGRESSION SCENARIO
Previous analysis has shown that realistic critical configurations of relocated fuel debris can only
occur in the presence of water. The postulated Loss-of-Pumping Accident (LOPA) with failure of the
Emergency-Core-Cooling System (ECCS) results in fuel melting with the full inventory of moderator in
the vessel and thus is expected to present conditions that favor recribcality.''* Consequently, this analysis
considers a scenario consistent with a LOPA without ECCS injection. The LOPA can be described as a
large secondary cooling water break (SEC-LOCA) which floods the primary system pump motors resulting
in loss of primary pumping capacity. Previous analysis indicates mat for debris relocation temperatures
of 953 K or below, the fuel will collect in one of two coolable configurations within the BEF.'
Additional analyses indicate that the reactor average rate is approximately 0.1 kg/s.4

METHOD OF REACTIVITY ANALYSIS
The reactivity analysis was performed with the MCNP computer code.' MCNP is a threedimensional, pointwise continuous energy cross section, Monte Carlo transport code. Some of the
advantages provided by MCNP are its intense geometry modeling capability and the lack of prohibitive
approximations in the physics of the particle interactions. A Monte Carlo analysis was chosen because
the configuration of a partial fuel melt with debris and target material contained within the BEFs exhibits
strong heterogeneity and required the use of a complex geometry code.
The analysis was performed by developing models of both an intact SRS reactor core and an
infinite lattice super-cell. Measured physics characteristics were obtained and consistent configurations
were modeled with MCNP to provide verification of tie code's performance of eigenvalue and rod worth
calculations. Configurations consistent with the LOPA accident scenario were then modeled and analyzed.
SUPER-CELL MODEL DEVELOPMENT AND VALIDATION
The first model developed represented an infinite lattice super-ctll. The super-cell is simply a
single septifoil control assembly surrounded by six Mark 22 fuel assemblies forming a hexagonal unit cell.
Each reactor component was modeled only once. The MCNP repeated structures capability was then used
to place the individual components in their appropriate positions. Reflective boundary conditions produce
a model which simulates an infinite lattice of hexagonal ceils (i.e.. zero radial neutron leakage). There
wcr three reasons for developing such a model. First, most of the experimentally measured physics
characteristics of Mark 22 lattices have been expanded (by calculation) to infinite lattice configurations.
For this reason, experimental validation of the code's performance of eigenvalue and rod-worth
calculations required an infinite lattice super-cell model. Second, the simplicity of the model substantially
reduces the computer time required to obtain statistically meaningful results over that required by the a
full reactor model. Multiple configurations could therefore be modeled quickly and inexpensively.
Finally, because of the large physical size of the reactor, it behaves approximately as if it were infinite.
The MCNP model of a Mark 22 super-cell is shown in Figure 2.
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Experimental measurements of the physics characteristics of the Mark 22 lattice performed in the
Subcritical Experiment (SE) and the Process Development Pile (PDP) at SRS were used to validate
reactivity calculations by MCNP. 6 The first comparisons performed were between calculated and
measured infinite-lattice Mark 22 buckJings for various target loadings. The measured bucidings were
expanded (by calculation) to represent an infinite lattice of Mark 22 super-cells with all control rods out.
To facilitate comparison with MCNP calculated data, the buckJings were modified using the approximation
Ak = M2AB2 (where M2 = migration area, cm2, and AB2 = change in axial geometric buckling, cm'2).1
MCNP super-cell models were developed to simulate the measured configurations and the results . shown
in Table 1, were compared. Values of k^ in the table are shown along with their predicted error (1 o)
expressed as a fraction of the stated value. The agreement between the calculated infinite lattice
multiplication factors and the measured data is excellent considering that the uncertainty in the "Li target
loading in the experiment is on the order of 10 percent, and the uncertainty in the PDP configuration fuel
loading is on the order of 1 percent
The infinite lattice buckling of various control rod configurations were also measured. Measured
integral rod worths were then calculated by subtracting these values from the measured infinite-lattice
buckling with all rods out. Integral rod worths were calculated by MCNP in a similar manner and are
compared to the measured data in Table 2. The agreement between calculation and measured data is again
excellent, usually within the MCNP predicted relative error (i.e.. statistical error), and well within the
expected error if the uncertainty in the experimental *Li target loadings is considered.
SRS REACTOR MODEL DEVELOPMENT AND VALIDATION
The second model developed represented a complete SRS reactor. Due to the potentially large
amount of computer time required by MCNP, it was desired to model as little of the actual reactor as
possible while maintaining an adequate ^presentation. It was decided that the complete SRS reactor
model would be a one-sixth segment of the core, using reflective surfaces to simulate the remainder.
Two validation calculations were performed with the full SRS reactor model. These calculations
were intended to provide a calculated integral safety rod bank worth for comparison with experimental
data. With all rods in. the effective multiplication factor was calculated to be 0.9521 (0.0022). Removing
the safety rods from the core results in an increase in k^, of O.O33S (0.1021), which is in excellent
agreement with the measured infinite lattice safety-rod bank worth of Ak = 0.0344 (for M2 = 180 cm").*

REACTIVITY ANALYSIS OF DEBRIS WITHIN THE BEF
SUPER-CELL REACTIVITY ANALYSIS
Several series of MCNP calculations were performed using the super-cell model to analyze
potential critical conditions. Figure 3 shows the MCNP super-cell model of the Mark 22 BEF containing
fue' debris. The assumptions for these calculations, consistent with the LOPA with ECCS failure scenario,
were: (1) the fuel melts, mixing homogeneously with the clad; (2) any target melt mixes homogeneously
with the fuel; and (3) all septifoil control rods are full in. MCNP calculations were performed assuming
various target melt fractions. The reactivity versus debris bed height data was fit with a quadratic and its
zero determined (i.e.. p=0. the critical heKso. These results, summarized in Table 3, show that
recriticality occurs at a debris bed heights of 27 cm, 39 cm. and 61 cm for 0, 30, and 50% target melt
fractions respectively. As the target melt fraction and the corresponding critical debris height increase, the
change in reactivity with height and the calculated reactivity insertion rate decrease. For target melt
fractions of 70%. or greater, recriacality is precluded.
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SRS REACTOR MODEL REACTIVITY ANALYSIS
As a result of the negative reactivity effects of the safety rods and radial neutron leakage, ihe
critical debris height calculated using the SRS reactor model was expected to increase over that calculated
using the super-cell. The reactivity versus debris bed height dau was again fit with a quadratic and its
zero evaluated to determine the critical debris height. For a zero target melt fraction, the critical debris
height was calculated to be approximately 29 cm. which corresponds to approximately 5.5 kg/assembly
of fuel debris. No tareet relocation calculations were perfonned using this model; however, these resuiis
suggest that the mass of debris, and therefore the critical debris height, is greater for the SRS reactor
model than that predicted using the super-cell. The super-cell results therefore predict a higher reactivity
insertion rate than would actually be expected.
METHODS TO PRECLUDE RECRITICALITY
The SRS reactors arc equipped with a supplementary safety system (SSS), which can inject
gadolinium nitrate to insert large amounts of negative reactivity for emergency shutdown. The previously
calculated worth for a 40 gallon injection to an intact core is approximately -33 %&kjk. This large
negative reactivity is sufficient to shut the reactor down under foreseeable non-severe accident conditions.
However, when fuel relocates as in the above-described accident, most of the gadolinium is far removed
from the relocated debris (i.e.. the debris within the BEF), and therefore has less negative worth. In the
slumped core configuration, the reactivity worth of the gadolinium nitrate was calculated to be
-9.5 % Ak/k (0.0105). The gadolinium nitrate's negative worth is substantially reduced in the slumped
core configuration and is insufficient to preclude recriticality in this core melt scenario. Additional MCNP
calculations were perfonned to quantify what concentrarion of gadolinium nitrate is required to preclude
recriticality. The results indicate that six 40 gallon gadolinium nitrate injections (240 gallons) are required
to preclude recriticality for a full core melt with a zero target melt fraction.

REACTIVITY TRANSIENT ANALYSIS
The failure mode of the BEF following recriticality is dependent upon the resulting power
transient. If the energy deposition rate (i.e., the transient) is slow, the BEF will fail and the debris will
slump into a subcriucal configuration before significant debris superheat can be generated. If the reactivity
insertion rate is high following recriticality, the resulting transient will be fast The BEF will once again
fail; however, the time scale ot the transient will be such that substantial energy deposition will occur
within the debris before relocation or reactivity feedback mechanisms can terminate the power excursion.
The energy deposition resulting from recriticality has the potential to create high temperature molten
debris. One key parameter as to the resultant energetics is the final debris temperature. The purpose of
this analysis was to estimate the final debris temperature following recriticality and estimate the b l i failure mode.
POINT KINETICS
To estimate the final debris temperature, an analysis using point kinetics coupled with a linear
feedback kernel was performed. If a one-group effective delayed neutron decay parameter is assumed,
an exact relation for the instantaneous reactor period can be derived from the fundamental kinetics
equations for the point-reactor model.* The temperature-dependent reactivity feedback mechanisms
included in this analysis were Doppler broadening, volumetric expansion, and fuel slumping. Because of
the anticipated short duration of the transient, only prompt feedback mechanisms were considered.
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Point kinetics is a satisfactory approximation to real space-time kinetics if the flux shape changes
very liale from its initial shape (that configuration in which the kinetics parameters were determined) and
if krf, remains near unity.' 10 If a radially coherent melt is assumed, debris collecting within the BEF
will resemble solid cylinders surrounded by D2O. As debris is added to the top of each cylinder, the axial
flux profile will shift slightly upward while the radial flux profile will not significantly change. It is
assumed that this minor flux perturbation will satisfy the point kinetics requirements.
Estimating the power transient accompanying recriticality requires knowledge of the reactivity
insertion rate. The reactivity insertion rate from relocating fuel debris was calculated based upon the rate
of change of the reactivity with the debris bed height (dp/dh) and the rate of debris relocation to the BEF
(dh/dt). Using the reactivity data from the MCNP calculations and a calculated BEF debris collection rate
of 0.1 kg/sec, 4 the reactivity insertion rate was calculated. Table 3 also summarizes these results for the
super-cell reactivity data and various assumed target melt fractions. Similar calculations using the SRS
reactor model assuming a zero target melt fraction result in a predicted reactivity insertion rate of 566
pem/second (1 pem = Iff5 Ak/lc).
The initial conditions assumed a critical debris bed height (k df = 1) and the initial neutron power
was calculated at t j c g ^ + 6 minutes (the calculated time of melt initiation). At each time step, the
configuration reactivity, period, and power were each calculated and the total energy deposited was
integrated. The energy required to achieve BEF failure was analyzed, and the transient was terminated
when debris slumped to the vessel bottom.
The principal shutdown mechanism for this transient is the physical slumping of the fuel following
BEF failure. The debris is assumed to slump to the vessel bottom to what has been previously calculated
to be a subcriticai configuration. It was assumed that the rate of change of reactivity with debris bed
height is the same after BEF failure as before. Debris is effectively removed as it accelerates downward
under the influence of gravity. Therefore, this shutdown mechanism introduces a larger negative reactivity
insertion than would actually be expected.
A simple assessment of debris slumping and the associated reactivity changes following BEF
failure was performed. The assumption was made that the debris flows over the monitor pin (see
Figure 3) following BEF failure. Preliminary results indicate that the reactivity change with debris bed
height associated with debris slumping is negative, but could be up to a factor of three lower in magnitude
than that for debris collecting in the BEFs.
TRANSIENT ANALYSIS RESULTS
The first calculation performed assumed a 30% target melt fraction, 650 K debris, and an initial
neutron power of 1.5 kW/assembly. These initial conditions define a base case with which comparisons
can be made to quantify the sensitivity of uncertain parameters. At time equal zero, the reactivity insertion
rate was set to 426 pem/second. The reactivity, period, assembly power, and total energy deposited were
calculated and are shown in Figure 4. At a time of 1.85 seconds, the configuration exceeded prompt
critical, and at 2.31 seconds, the total energy deposited was sufficient to fail the BEF. Once the BEF had
failed, the resulting large negative reactivity insertion quickly terminated the power excursion. The power
peaked at approximately 77 MW/assembly at a time of 2.33 seconds and then rapidly decreased. The total
energy deposited was calculated to be approximately 7.3 Ml/assembly, which is sufficient to raise the BEF
debris temperature to 1331 K. No aluminum vapor production is expected to occur.
A series of calculations was then performed to quantify the sensitivity of the calculated final debris
temperature to the assumed initial conditions. Calculations were performed for target melt fractions of
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0 and 50%. for initial debris temperatures of 400 and 900 K. for one-half and twue the base case
reactivity insertion rate, and for initial neutron powers of 0.5 and 4.0 kW/assembly. The results of the
sensitivity calculations are summarized in Table 4.
Increasing the target melt fraction results in larger critical masses and higher critical debris bed
heights. This results in a lower dp/dh when a critical height is achieved and the associated reactivity
insertion rate is therefore lower and the transient less severe. The predicted final debris temperature, using
the super-cell calculated constants, increased from 1331 K to 1615 K when a icro target melt fraction was
assumed. Similarly, the predicted final debris temperature decreased to 1060 K when a 50% target melt
fraction was assumed.
The predicted final debris temperature increased significantly with lower initial debris
temperatures. The lower the initial temperature, the longer it takes to deposit sufficient energy to achieve
BEF failure. As a result, when the BEF fails, the reactivity is higher, the period is shorter, and the total
energy deposited before the transient is terminated increases. Lowering the assumed initial debris
temperature by 250 K results in a 539 K increase in the predicted find debris temperature. Similarly, an
increase in the assumed initial debris temperature of 250 K results in a 351 K decrease in the predicted
final debris temperature.
Similar calculations were performed to determine the sensitivity of the final debris temperature
to the reactivity insertion rate and the initial neutron power. The results indicate an increase in the
predicted final debris temperature versus the assumed reactivity insertion rate. Reactivity insertion rates
a factor of two greater than the base case value will likely result in highly superheated molten debris (i.e.,
temperatures greater than 2000 K). The calculations using various initial neutron powers indicate little
sensitivity to the final debris temperature. Increasing the initial neutron power by over a factor of two
results in only a 96 K decrease in the predicted final debris temperature.
One of the principal uncertainties in this analysis is the behavior of the debris following BEF
failure. The reactivity changes associated with debris slumping are sensitive to the assumed physical
configuration the debns obtains as it slumps. Preliminary analysis indicates mat the negative reactivity
insertion accompanying BEF failure could be up to a factor of three less than what is currently being used.
Calculations performed assuming a factor of three reduction in this negative reactivity insertion result in
an additional several hundred degrees of debris super-heat.

SUMMARY AND CONCLUSIONS
An analysis of the reactivity changes in an SRS reactor during a postulated core-melt accident has
been performed. Specifically, fuel debris consisting of a homogeneous mixture of fuel, clad, and target
material has been analyzed for possible recriticaJity following relocation to the assembly BEF in a
postulated severe accident.
Super-cell model calculations indicate that the relocation and reconcentration of 650 K fuel debris
to the BEF result, in recriticality when a debris height of approximately 39 cm is reached for a 30% target
melt fraction, a radially coherent full-core melt, and when moderator is present. An increase in the target
melt fraction resulted in an increase in the critical debris mass and a corresponding decrease in the
reactivity change with debris bed height. This, in turn, resulted in a lower reactivity insertion rate when
a critical debris height was achieved. Similarly, a decrease in the assumed target melt fraction resulted
in an increase in the reactivity insertion rate.
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For an intact core, the MCNP calculated worth of 40 gallons of gadolinium nitrate homogeneously
distributed throughout the moderator was -33 %Ak/k. In the slumped core configuration, however, the
MCNP calculated worth was -9.5 %Ak/k. This substantial decrease in the gadolinium nitrate worth is due
to most of the gadolinium nitrate being far removed from the debris in the reconfigured geometry (i.e..
the debris within the BEF). Gadolinium nitrate injection is insufficient to preclude rccriticality in this core
melt scenario.
A point kinetics analysis of the recriticality transient was performed to estimate the final debris
temperature for various assumed initial conditions. Because the duration of the transient was anticipated
to be short only prompt reactivity feedback mechanisms were considered. Once the critical debris height
was established in the steady-state MCNP calculations, small perturbations in the geometry (i.e.. the debris
height) were made and the change in reactivity (dp/dh) calculated. These calculations were also performed
using the super-cell model and assuming 0.30. and 50% target melt fractions. From calculated fuel debris
melt rates, and. therefore, BEF accumulation rates, the reactivity addition rates were determined. The
large negative reactivity insertion accompanying BEF failure (i.e.. the slumping of the debris to the vessel
bottom) terminated the power excursion. Reactivity transient calculations predict a final debns
temperature of 1331 K for a 30% target melt fraction, 650 K debris, and an initial neutron power of 1.5
s W/assembly. Calculations were also performed to determine the sensitivity of the final debris
temperature to the assumed initial conditions. The results snow an increase in the predicted final debris
temperature for corresponding decreases in either the target melt fraction of the initial debris temperature.
An increase of a factor of two in the reactivity iiisertion rate (i.e.. the fuel melt rate) results in a significant
increase in the final debris temperature. Similarly, an increase in the target melt fraction, the initial debris
temperature, or a decrease in the reactivity insertion rate all result in lower debris temperatures.
The behavior of the debris following BEF failure, and therefore the transient shutdown mechanism,
is an uncertain parameter. A simple assessment of debris slumping indicates that the reactivity changes
associated with slumping could be up to a factor of three lower in magnitude than that currently being
used. Several hundred degrees of additional debris super-heat are predicted when a factor of three
reduction in the negative reactivity insertion accompanying BEF failure is assumed.
The results of the analyses indicate that recriticality is possible if fuel debris collects within the
assembly BEFs in a postulated accident scenario where moderator is retained in the vessel. All other
credible debris configurations identified were found to be subcritical. In the BEF. recriticality is possible
only if the target melt fraction is less than 70%. The calculated final debris temperatures suggest the
potential for a fluid coolant interaction following recriticality; however, no aluminum vapor production
is predicted to occur. The magnitude of the resulting power transient was found to be sensitive to the
assumed initial conditions (e.g.. initial debris temperature, debris relocation rate, and target melt fraction).
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Table 1. MCNP Validation Runs Using the Super-Cell Model

a
b

Target Load
Inner
Outer

Ka

medium
light
light
medium
medium
medium
PDP Configuration"

1.1268
1.1074
1.0813
1.1562

MCNP Calculated
(o,/x)
(0.0032)
(0.0043)
(0.0048)
(0.0051)

assumes Ak = M2ABJ and M2 = 180 cm1, dau expanded to represent an infinite Lattice
procesi development pile (POP) Milt 22 assembly

1-387

Measured
1.1285
1.0994
1.0859
1.1487

Difference
0.0017
0.0080
0.0046
0.0075

Figure 1. Marie 22 Assembly and BEF

MorilorPin

Figure 3. MCNP Model of a Mark 22 BEF
Containing Fuel Debris

Figure 2. MCNP Super-CeU Model
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Figure 4. 426 pan/second BEF Recriticality Transient. Super-Cell Model (30% Target Melt
Fraction)

Thousand*

1 OOE+02

1 00E-03

1 OOE-04
05

07

09

11

13

1 5 1 7 1 9 2.1
Tim* (second*)

23

25

27

29

Table 2. MCNP Super-Cell Calculated and Measured Control Rod Worths

Target
Inner

Load
Outer

MCNP

Septifoil Load
(Control Rods In)

Measured

Ak'

(ajv)

Ak'

Difference

medium

light

Weak Full #1
Weak Full #2

0.0595

(0.1127)

0.0601

0.0006

medium

medium

Strong Fuli
Weak Full #2

0.0707

(0.1045)

0.0729

0.0022

medium

medium

All Rods In

0.1231

(0.0569)

0.1339

0.0108

a

A k from the all rods out configuration
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Table 3. BEF Reactivities and Reactivitv Insertion Rates for Various Target Melt Fractions
Target Me'i
Total Critical
Critical Debris
Fraction (%) Masj (kg/assembly) Bed Height (cm)
Super-Cell
0
30
50
70

5.1
7.6
13.4
Subcritical

dp/dh (pcnVcm)

27
39
61

dp/dt (pcm/sec)'

1268
766

348

705
426
193

a For a calculated relocation rate of 0.1 kg/sec.

Table 4. Reactivitv Transient Analysis Sensitivities

Base Case
T, = 650 K
p - 426 pcm/second
P,= 1.5 kW/assembly
Target Melt Fraction = 30%
T riB1) = 1331 K

Final Debris Temperature (K)

Base Case

1331

Target Melt Fraction
0%

1613

50%

1060

Initial Debris Temperature
400 K

1870

900K

980

Reactivity Insertion Rate
0.5 x 426 pcm/sccoixl

1038

2 x 426 pcm/second

2088

Initial Neutron Power
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0.5 kW/assembly

1473

4.0 kW/assembly

1235

DERIVATION AND EXPERIMENTAL DEMONSTRATION OF THE
PERTURBED REACTIVITY METHOD FOR THE DETERMINATION OF SUBCRIT1CALITY
Kwan S. Kwok,1 John A. Bernard,1 and David D. Lanning2
'Nuclear Reactor Laboratory and 2Depanment of Nuclear Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
ABSTRACT
The perturbed reactivity method is a general technique for the estimation of reactivity. It is
particularly suited to the determination of a reactor's initial degree of subcriticality and was
developed to facilitate the automated startup of both spacecraft and multi-modular reactors using
model-based control laws. It entails perturbing a shutdown reactor by the insertion of reactivity at
a known rate and then estimating the initial degree of subcriticality from observation of the
resulting reactor period. While similar to inverse kinetics, the perturbed reactivity method differs
in that the net reactivity present in the core is treated as two separate entities. The first is thai
associated with the known perturbation. This quantity, together with the observed period and the
reactor's describing parameters, are the inputs to the method's implementing algorithm. The
second entity, which is the algorithm's output, is the sum of all other reactivities including those
resulting from inherent feedback and the initial degree of subcriticality. During an automated
startup, feedback effects will be minimal. Hence, when applied to a shutdown reactor, the output
of the perturbed reactivity method will be a constant that is equal to the initial degree of
subcriticality. This is a major advantage because repeated estimates can be made of this one
quantity and signal smoothing techniques can be applied to enhance accuracy. In addition to
describing the theoretical basis for the perturbed reactivity method, factors involved in its
implementation such as the movement of control devices other than those used to create the
perturbation, source estimation, and techniques for data smoothing are presented. Also,
experimental results are shown in which the concept was used in conjunction with periodgenerated control laws to perform automated startups of the 5-MWt MIT Research Reactor.

INTRODUCTION
This paper reports the derivation and experimental demonstration of the perturbed reactivity
method which is a general means for the determination of reactivity and which offers special
advantages for the estimation of a reactor's initial degree of subcriticality. In particular, this
technique, which was developed as a pan of the on-going MIT program on advanced
instrumentation and control of nuclear reactors, is of direct use for the automated startup of reactors
described by space-independent kinetics [1]. As such it is applicable to research, test, propulsion,
and spacecraft reactors as well as small to mid-size commercial ones. The perturbed reactivity
method's most probable use is in conjunction with the operation of spacecraft reactors which, for
reasons of safety, will be launched in a shutdown condition and only made critical once a nuclearsafe orbit has been achieved [2]. Another possible application would be the operation of multimodular reactors which will require a high degree of automatioii in order to contain operating
costs.
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Conventional methods for reactivity determination include reactivity balances and inverse
kinetics [3). The use of a balance calculation is, by definition, not possible for the performance of
an automated startup when the degree of subcriticality is unknown. That leaves inverse kinetics.
Bernard reported two variations of the inverse kinetics approach based on the dynamic period
equation [4]. These were inverse dynamics' and the "hybrid method.' These, and the original
inverse kinetics approach, yield th«: net reactivity that is present in the core. The perturbed
reactivity method, which is developed in this report, also gives the net reactivity. However, the
method of calculation is somewhat different. Specifically, rather than providing sequential
estimates of the continuously-varying net reactivity, the perturbed reactivity method yields repeated
calculatioi s of a reactor's initial degree of subcriticality.
The perturbed reactivity method, like inverse kinetics, is based on the space-independent
kinetics equations. Its distinguishing feature is that it differentiates between reactivity that is
deliberately inserted as part of a planned perturbation and that which was either initially present or
the result of feedback. This is a major advantage. For example, consider an automated startup in
which reactor power is to be raised on a demanded trajectory. Inputs to the perturbed reactivity
method's algorithm will be the magnitude of the planned reactivity perturbation, the observed
reactor period, and ths reactor's describing parameters such as precursor yields and decay
constants. The output will be the aggregate of all other reactivities including feedback effects and
the initial degree of subcriticality. In the case of an automated startup, feedback effects will be
minimal and the output of the perturbed reactivity method will therefore reduce to the reactor's
initial degree of subcriticality. This quantity is invariant and repeated calculations can therefore be
obtained of it. Hence, statistical methods can be applied to produce a very reliable estimate of die
reactivity that was present upon initiating the startup. This will in turn facilitate estimation of the
net reactivity snd therefore make practical the use of model-based control laws for both the conduct
of the startup and the subsequent tracking of the demanded trajectory. Such laws offer superior
performance, but require accurate characterization of all reactor parameters including net
reactivity [5J.
The specific objectives of this paper are tw: (1) report the theoretical basis for ths perturbed
reactivity method, (2) describe factors involved in the implementation of the concept, and
(3) present the results of experimental evaluations that demonstrated the method's efficacy. The
discussion that follows is limited to use of the concept for the determination of subcriticality.
However, other usages are possible and have been demonstrated experimentally [1].
PERTURBED REACTIVITY METHOD
When utilized as part of an automated startup, the perturbed reactivity method entails perturbing
a shutdown n actor by the insertion of reactivity at a known rate and then estimating the initial
degree of sub niticality from observation of the resulting reactor response. For the purpose of this
paper, the time-dependent response of the subcritical reactor will be characterized by the
instantaneous inverse period oi(t) where dn/dt * co(t)n(t), and n(t) is proportional to the total
neutron population. The insight that led to this method was the realization that comparison of the
observed reactor period in a perturbed shutdown reactor with the period calculated to exist in a
similarly perturbed critical reactor would provide a means jf estimating the degree by which the
real reactor was actually shutdown. The mathematical method used to implement the perturbed
reactivity method does not explicitly make this comparison. But it does depend on making a
perturbation of known magnitude to the subcritical reactor and observing the resulting
instantaneous period.
The essential feature of the perturbed reactivity method is that the net reactivity, pO), present in
the reactor is represented separately using superposition as:
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where P u k n (0
p^Ct)

is the reactivity present in the core excluding the reactivity associated with the
known perturbation, and
is the reactivity associated with the known perturbation.

In a shutdown reactor, the quantity puk?1 will be the initial degree of subcridcality and it will remain
constant during the startup. The quantity p ^ would normally be generated by moving a calibrated
control device connected to a digital controller. Also, it would normally be computed by means of
a balance using data from previously performed calibrations.
The perturbed reactivity method requires a model of the reactor dynamics for its
implementation. Thus far, two have been considered These are the point kinetics equations and
the alternate dynamic period equation [6]. Both accurately describe reactors characterized by space
independent kinetics. The difference between the two is that the rate of change of reactivity is
explicitly represented in the latter. The advantage of the second approach is therefore that it results
in a more accurate estimation of the unknown reactivity during transient conditions under which
reactivity is inserted at a substantial rate. This occurs because the effect of the perturbation is
immediately apparent in the numerical implementation of the model based on the dynamic period
equation.
When the perturbed reactivity method is implemented with tne point kinetics model, the
unknown reactivity is given by:
Pukn (t)

= /-too: + p - p ^ i ) - ^

Z

^qw - ^

Q(t)

(2)

When implemented with the alternate dynamic period equation as the model, the unknown
reactivity is given by:

to(t)(P - Pk-tt)) + / ' L a ) + (tod))2 +1

"I
r yt)Q(t) + Q(t)]/T(t)j / [yt) + oKo]
where the quantity X^ is the alternate, multi-group decay parameter which is defined as:

and where other symbols are defined as:
/"

is the prompt neutron generation time,

cu(t)

is the inverse of the dynamic reactor period.

1-393

(3)

fi

is the effective delayed neutron fraction,

T(t)

is the amplitude function and is a weighted integral of all neutrons present in the core,

N

is the number of groups of delayed neutrons, including photoneutrons,

Xj

is the decay constant of the iib precursor group,

Q(t)

is the concentration of the uh. precursor group normalized to the initial power,

Q(t)

is the effective source strength,
is the rats of change of the inverse of the dynamic reactor period,
is the effective fractional yield of the itij group of delayed neutrons,
is the rate of change of the known reactivity, and

0(0

is the rate of change of the effective source strength.

The method used for the on-line estimation of precursor concentrations was developed by Kim and
Henry and is described in [7]. It is emphasized that Equations (2) and (3) arc numerically
equivalent in that both yield the same quantity. However, Equation (3), with its explicit
representation of rate-dependent effects, was found experimentally to offer superior performance
during transients that involved sudden or large changes in reactivity.
IMPLEMENTATION ISSUES
The computer system utilized for the real-time implementation of the dynamic perturbation
method in conjunction with the automated startup of the 5-MWt MIT Research Reactor (MTTR-II)
has been previously described [8]. Discussed here are other factors that affect the method's
implementation including movement of control devices other than those used to create the
perturbation, source term estimation, and techniques for signal smoothing.

CONTROL DEVICE MOVEMENT
Implementation of the perturbed reactivity method is as follows. First, a known reactivity
change is made to the reactor by moving a designated control element This change is the required
perturbation. The quantities p^, and p ^ are calculated using data from previous calibrations
where, at any instant, p^, is the total reactivity that has been inserted by the control element since
the initiation of the transient and p ^ is the rate at which the reactivity is currently being changed.
As the perturbation progresses, the reactivity inserted by the designated control element continues
to be tracked as p ^ . Reactivity inserted by other means, such as feedback or movement of other
control elements, is summed together with any reactivity that was initially present in the core.
These combined effects constitute the term p ^ . This quantity will therefore be invariant (and
hence pukn zero) only if there are no reactivity feedback effects such as those associated with
temperature and voids and if no control devices other than those utilized to generate the intended
perturbation are moved. The first of these conditions is almost a certainty during a reactor startup.
However, the second will be true only if the reactor is initially subcritical by an amount such that
withdrawal of the control device used to generate the needed perturbation is sufficient to attain
criticality. This may or may not be the case. Accordingly, for purposes of implementing the
dynamic perturbation method, it is convenient to define conditions of 'static' and 'dynamic'
subcriticaUty. Thus,
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(a)

Sane Siiheriticality- This condition is said to exist if the reactor is subcrincal by less thiai
the worth of die control device that is to be used to create the perturbation or if it is
acceptable to rcshim the reactor every time that device attains its out-limit If the former is
true, then the quantity Putn is zero. If the latter is true, the quantity putn can still be set to
zero. However, ihe startup must be performed in a stepwise manner. That is, the
reactor's other control devices are moved but not during the time intervals that
measurements are made to obtain data for the perturbed reactivity method In particular,
movement of the control devices for the startup and that for the perturbation must be done
at separate times. This approach allows the perturbed reactivity method to be used in
cases where the reactor is deeply subcriacal. (Note: A general limitation to such use is
that the shape of the neutron flux be constant during the startup. This restriction is
inherent in the point kinetics relations and is not specific to the penurbed reactivity
method [9].)

(b)

Dynamic Suhcriticality: This condition is said 10 exist if simultaneous movement of both
the control device used to create the perturbation and other control devices will be
necessary. The pub, term can therefore not be set to zero. Under these circumstances.
Equations (2) and (3) are solved by calculating pukn using either a backwards difference
or die slope calculated by a dynsmic least squares fit The pukn calculated using the
backwards difference method lags ical time by two time steps whereas the method based
on the slope of the dynamic least squares fit is in real rime. Bom methods give excellent
results.

Numerical details of both approaches are given in [1]. Experimental results that demonstrate the
efficacy of the penurbed reactivity method under conditions of both static and dynamic
subcribcality are given later in this paper.
SOURCE TERM ESTIMATION
The source term in Equations (2) and (3) is expressed as a function of time so as to represent
the most general case. The neutron source utilized for reactor stanup in the MITR-II is a
distributed photoneutron source that originates from (?, n) reactions within the reactor's D2O
reflector. That is, die fission product inventory in die core emits gamma rays with various halflives and some of these are sufficiently energetic to cause neutrons to be ejected from deuterium
nuclei, thus forming photoneutrons. The relevant fission products decay with an effective half-life
on the order of days while an automated startup is completed on the order of minutes. It is
therefore valid to neglect the time-varying nature of die photoneutron source in both Equations (2)
and (3). A relation between the source term, the shutdown power level, and the reactivity can then
be found from the point kinetics equations. It is:

<*- —

(5)

*»

where the subscript (o) denotes die shutdown condition. This relation was used to calculate source
strengths for a number ot power histories. Once sufficient data was accumulated, empirical
correlations were developed that gave the source strength as a function of each particular power
history. This approach obviated the need to know the initial degree of subcriticality (p o ) in order
to estimate the source which was in turn required to implement die perturbed reactivity method.
TECHNIQUES FOR SIGNAL SMOOTHING
Signal smoodiing techniques were investigated for the purpose of improving the estimates of
bom the initial degree of subcnticality and the net reactivity. The two methods that were found to
give the best results were a 'moving average' technique and a 'dynamic least squares fit.'
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(a)

Moving Average Method: The concept underlying the moving average method is die
performance of an averaging calculation over a fixed number of data points. If a total of
N data points are to be used, then the set selected consists of the data point for the current
time step and those for the (N-l) previous time steps. Thus, the average is constantly
moving' because the set of data points used In the average c alculation moves forward in
time as the sample number increases. In addition to the calculated average, this method
provides the associated standard deviation. Advantages of the moving average method
are that it is simple to implement, 'Jiat it is ideal for the application of the perturbed
reactivity method to 'static' cases ii. which p ^ is constant, and that, once the desired
power level is attained, it generates smoother power profiles than competing methods.
The primary disadvantage of the moving average method is that it reacts slowly to
changes because the full effect of a change in p ^ cannot be realized until all previous
values of p ^ have 'moved' out of the set of data points used in the calculation. Another
disadvantage is that it responds poorly to unknown reactivity perturbations.

(b)

Dynamic Least Squares Fit Method: The dynamic leas; squares fit method of signal
smoothing is based on the least squares fit linear regression technique. The method is
dynamic' because it is capable of responding to change. A predetermined number of
data points are selected in reverse chronological order beginning with the value for the
current time step. A slope and a y-intercept for a fitted straight line are computed. A
standard deviation based on the difference between individual data points and their
respective values predicted by the equation of the fitted straight line is also calculated.
This standard deviation is then used to eliminate any data points for which the deviations
are unusually large. For example, it might be appropriate to discard those with
differences larger than three standard deviations. However, in order to allow for abrupt
or sudden changes, the current data point is always retained in the calculation.
Advantages of the dynamic least squares fit method are that it responds rapidly to changes
in the measured data and that it provides a direct means of estimating pukn- Relative to
this second advantage, pukn is the rate of change of the unknown reactivity and the slope
given by the least squares fit represents (he rate of change of pgt. Given that the dynamic
least squares fit method provides pfU as an estimate of pUkn, the slope of Pflt is an
estimate of Pukn- Disadvantages of the dynamic least squares fit method are that the
method may lead to numerical instability in the calculation of p^n if the pukn terra is
retained, that it causes time delays which are proportional to the numbc. of data points
used in the least squares fit calculation, and that it is a more complex algorithm than the
moving average method.

EXPERIMENTAL EVALUATION OF THE PERTURBED REACTIVITY METHOD
The perturbed reactivity method was initially evaluated by simulation and then through openloop trials. Once judged to be effective, it was used for the automated startup of the 5-MWt MIT
Research Reactor under conditions of closed-loop, digital control. A total of 175 separate runs
were performed. First, sensitivity studies were conducted to compare signal smoothing
techniques, to evaluate numerical methods, and to assess the efficacy of tlie reactor models used to
implement the perturbed reactivity method. Automated startup experiments were then performed in
which reactor power was increased from source level to SO kW on a 50-s period. Experiments
were initiated with the reactor exactly critical and then repeated with the reactor subcritical by a
greater amount for each successive run. Automated startups were also done with the reactor
initially in a fully shutdown (- 8350 m|$) state. The technique was shown to be both effective and
reliable. Selected results are shown here.
Figures 1 and 2 are from one of the experiments that was performed to evaluate the perturbed
reactivity method for automated startups under conditions of static subcridcality. Shown in
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Figure 1 are the power and reactivity profiles obtained during an automated startup in which the
reactor was initially subcritical by 1000 mbeta. The reactivity plotted is that inserted by the control
device rather than the net reactivity. The power was leveled at the demanded value of 50 kW and
the demanded trajectory, a 50-s period, was attained. Figure 2 shows the same power profile
together with the estimate of the initial degree of subcriticality. As is evident from this figure, the
perturbed reactivity method correctly determined that quantity throughout the transient The control
law utilized for these runs was the alternate MTT-SNL Period-Generated Minimum Time Control
Law [10]. This law, which is a form of period-generated control, is excellent for trajectory
tracking. The rapid insertion and removal of reactivity upon both transient initiation and
termination is a characteristic feature.
Figures 3 to 6 show the power and reactivity profiles obtained during an automated startup
from deep subcriticality. The version of the perturbed reactivity method utilized was that
associated with the direct use of the point kinetics relations for the model. For this particular
experiment, the MTTR-il had been operated at full power, 4.9 MW, for 277 hours and then left in a
fully shutdown condition for 1 hour. The reactor is equipped with six shim blades, each of which
is worth about 2 Beta. One of these may be connected to the digital controller. The following
protocol was observed. Upon satisfaction of all administrative and license requirements [S], the
digital controller was activated and directed to raise the reactor power from the shutdown level,
which was a few watts, to 50 kW on a 50-s period. It was, of course, impossible for the
controller to achieve this because the automated blade was only worth 2020 rnjj and the reactor was
shutdown by several times that amount. Accordingly, the controller fully withdrew the automated
blade. At this time, the digital control action was halted and the licensed console operator directed
to reshim the reactor in such a manner that there was no net change in the crincality condition. The
result nf the reshim process was that the automated control blade was again fully inserted and the
remaining five blades were uniformly withdrawn by a distance corresponding to the reactivity
worth of the automated blade. The digital controller was again activated and the above process
repeated until the degree of subcriticality became less than the worth of the automated control
blade. The digital controller then took the reactor critical and achieved the demanded power level.
The four figures should therefore be interpreted as a single series with Figure 3 corresponding to
automated control action prior to the first reshim. Figure 4 corresponding to automated control
action prior to the second reshim, and so on. As determined by the perturbed reactivity method,
the total reactivity inserted was 8350 mfJ. Of this, 7830 m|3 was inserted by the automated control
blade and 500 m[3 manually. The latter action was taken to avoid a fifth reshim. The 8350 mp
figure was verified upon completion of the automated startup by performing a reactivity balance
calculation. This calculation gave a figure of 8340 m|3 which, within the limits of experimental
accuracy, was in excellent agreement with that provided by the perturbed reactivity method.
Figures 3 to 6 show the degree of subcriticality that was estimated Dy application of the
perturbed reactivity method to the above startup. If the method was accurate, then the value shown
in Figure 3 which was for the initial phase of the startup, would be 8340 m$). For Figure 4, which
shows die calculated data obtained after the first reshim, the correct value for the initial reactivity
was (8340 - 2020) or 6320 m|3. For the next figure, the correct value was 4300 m|l. At the
beginning of the final figure, the correct value for the initial reactivity was 2280 and at the end of
that figure (i.e., after the manual addition of 500 trip*) it was 1780 mp.
Examination of the above figures shows that the calculated value of the initial reactivity was
accurate at the outset of the startup. This was to be expected given that the source strength had
been accurately determined. The accuracy of the calculation subsequently deteriorated somewhat
and then recovered. In general, the calculation was most accurate during the latter stages of each
segment of the startup.
Figures 7 and 8 are from a test series that was conducted to demonstrate the efficacy of the
perturbed reactivity method when implemented under conditions of dynamic subcriticality. That is,
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the quantity p,,^, was retained and solved for using the aforementioned least squares fit approach.
Shown are the power, net reactivity, and initial degree of subcriticaliry obtained for an automated
startup that was performed with the reactor nominally subcritical by 1000 mp\ The digital
controller was directed to raise the reactor power to 50 kW on • 50-s period and the perturbed
reactivity method was used to estimate the initial degree of subcriticaliry. As is evident, the power
maneuver was completed satisfactorily.
SUMMARY AND CONCLUSION
A technique for the estimation of a reactor's initial degree of subcnncality has been derived and
experimentally demonstrated. This concept, which has been designated as the perturbed reactivity
method, functions by separating the tiR reactivity that is present in the reactor into that associated
with a planned perturbation and that aisociatedjvith all other effects including feedback, movement
of control devices not used to create the perturbation, and the initial degree of subcriticality. The
first of these two reactivities is referred to as 'known' while the other is termed 'unknown.'
Knowledge of the magnitude and rate of insertion of reactivity associated with the known
perturbation and observation of the resulting reactor period allows calculation of the unknown
reactivity. If this is done for a reactor startup, the unknown reactivity will be the initial degree of
subcriticaliry which is a constant Repeated calculations can therefore be made of this one quantity
and the accuracy of those calculations unproved through use of signal smoothing techniques, such
as the moving average and the dynamic least squares fit methods. The efficacy of the perturbed
reactiviry method was demonstrated through both simulation studies and on-line experimental trials
conducted under conditions of closed-loop digital control on the 5-MWt MIT Research Reactor.
The significance of the perturbed reactivity method is that it allows a reactor's initial degree of
subcriticaliry to be determined on-line during an automated startup. This information can then be
supplied to a model-based control law which in turn permits power ascension to be achieved on a
demanded trajectory. Potential applications of the concept include she automated startup of both
spacecraft and multi-modular terrestrial reactors.
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IMPACT OF BYPASS WATER BOILING ON ASSEMBLY
NEUTRONIC PARAMETERS FOR BWR TRANSIENT
ANALYSIS
G. Abu-Zaied and P. Grimm
Paul Schemer Institute
CH-5232 Villigen PSI
Switzerland

ABSTRACT
During certain transients the water in the bypass region of a BWR may boil. The voiding of this
region has a significant impact on the neutronics. The dependence of the two-group macroscopic cross
sections on the bypass water density was investigated for a typical BWR fuel assembly. The full range
of channel voids and bumups expected in a BWR and bypass void fractions up to 80% were covered
in the calculations. AU the cross sections are signirjeamly affected by bypass boiling and the changes
of the various cross sections are considerably different Since including the bypass water density as an
extra independent variable in the cross section libraries for 3D core calculations would be impracticably
expensive, the cross sections are normally calculated for nominal bypass conditions and adjustments are
used to take into account the effect of bypass boiling. Fit formulas for the two-group cross sections,
which can be used for this purpose, are derived from the results of our calculations.

BACKGROUND
The water in the gaps between the assemblies of a boiling water reactor (BWR), called the bypass water
in terms of thermal hydraulics, is always single-phase liquid at normal operating conditioas. However, in
certain transient situations, this water may boil, which has a significant impact on the neutronic behavior
of the core. An important case where this occurs is an anticipated transient without scram (ATWS). In
references [1] and [2] a procedure to reduce the power during such a transient by lowering the water
level in the reactor vessel is described. A power reduction is desirable particularly when the primary
system has been isolated by closure of all main steam isolation valves and discharges steam through its
safety/relief valves to the suppression pool. This measure increases the time available to shut down the
reactor and helps to keep the pool temperature and containment stresses within limits (1]. In the analysis
of such a transient [3,4] void fraction! of 10 to 20% were found in me bypass water. At least two causes
for bypass boiling are conceivable:
• After the trip of the recirculation pumps, the water circulates in the vessel by natural convection.
Under these conditions the bypass flow can reverse, specially at low water levels when the circulation
through the steam separator and die downcomer is no longer possible. The water enters the interassembly gaps from the top at saturation conditions and is heated by conduction, neutron scattering.
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and 7 absorption while ii flows down. At low bypass flow rates this beating is sufficient to induce
significant boiling.
• During this transient the safety/relief valves open and close cyclically. At the moment of depressurization by valve opening steam is produced by Hashing throughout the reactor vessel, including
the bypass region.

INTRODUCTION
The present work is concerned with the adaptability of the 2-group cross section library for threedimensional neutronic core simulations to such transients. Normally, the two-group constants are generated
and interpolated as functions of burnup, instantaneous and history void, fuel temperature, and Xenon
poisoning for each axial zone of each assembly type. The bypass water is assumed single-phase at norma!
operation conditions. Using such library when bypass water is voided, of course, will overestimate the
core reactivity and, hence, the reactor power during certain stages of the above transient. Not only when
bypass water boils, but also when the core pressure decreases and bypass water density changes the impact
on the cross sections may be non-negligible.
The ideal way to take into account the effect of bypass void might be to include in this library the
bypass water density as an additional independent variable. However, doing this is relatively expensive,
whereas bypass boiling occurs rarely and it is not clear bow important its impact on the consequences of
a transient is. Hence, an easier method is desirable for an assessment of the importance of this effect.
Therefore, we studied whether the main library can be kept unchanged and correlations can be developed
to adjust these cross sections when the bypass water deviates from normal operation conditions. In a
study [5] which was performed in parallel with the present work in the framework of the STARS [6]
project (Simulation Models for the Transient Analysis of the Reactors in Switzerland) as well as in some
simulations of BWR ATWS [4j the effect of bypass voiding is taken into account by defining an "effective"
in-channcl water density which, introduced in the cross section fits for the normal case, would produce
the correct assembly k ^ for the case of boiling bypass. Although it seems obvious that preserving k^, is
the most important target of any correction, this model has some shortcomings: The quantities actually
used in 3D core simulations and in space-dependent kinetics models are few-group cross sections rather
than koo. The above approach does not preserve these cross sections. It is not sure whether a core
calculation using cross sections from this model would produce a correct flux distribution and, hence,
whether it would represent the impact of bypass boiling on the core neutronic parameters such as k^f and
power peaking properly. Moreover, this model is not applicable in situations where the assembly k«, is
outside the range of the results of the normal assembly calculations, e.g. at low channel water density
and relatively high bypass voids or when k ^ increases for a slight reduction of the bypass water density
at zero in-channcl void.
In our work, we investigate how the individual two-group cross sections are affected by bypass boiling
and develop fit formulas for their variation, where different formulas may be used for each cross section.
As a first step, we carried out this analysis for one typical BWR assembly. These fits will provide a basis
against which simpler models for the impact of bypass boiling such as the "effective" void approach can
be validated in 3D calculations using a simplified core model containing only this fuel type. A preliminary
study showed that it is important to cany out these investigations for realistic BWR assembly designs.
For example, if the configuration is simplified by assuming an uniform enrichment in all the fuel rods.
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the reactivity of the assembly becomes more sensitive to bypass boiling, because more fissile material is
directly affected by the water gaps. In our wort we studied both uncontrolled and controlled assemblies.
The latter may be of more theoretical interest, because the controlled nodes affected by bypass boiling are
probably a small fraction of the core. However, from a physical point of view we can expect different
responses of uncontrolled and controlled assemblies to bypass boiling, since the bypass water on the
one hand tends to separate the control blade absorber from the fuel and on the other band enhances the
absorption in the blade by thermalizing more neutrons.

COMPUTATIONAL PROCEDURE
The BOXER code [7] was used in this analysis. BOXER is a modular code for two-dimensional
transport and depiction calculations of LWR configurations. The cell calculation consists of a two region
collision probability catenation in 7000 to 8000 lethargy points for the resonance self-shielding and an
integral transport method in cylindrical geometry for the computation of the fine group fluxes (70 groups).
The effect of the inter-assembly water gaps on the Dancoff coupling was taken into account by a correction
based on double heterogeneity considerations [8] as a function of in-channel and bypass water densities
in the calculations described here. The dominant cell with respect to the spectrum of the configuration
is calculated using white boundary conditions. The outgoing partial current from this cell is imposed
as a fixed source at the periphery of the remaining cell types. The homogenized macroscopic cross
sections of the cells are corrected so as to preserve the reaction rates of the heterogeneous calculation
(this is particularly important for strongly absorbing cells, e.g. poison pins and control rods). The fine
group fluxes in the homogeneous (i.e. non-cell) materials are computed using a one-dimensional transport
calculation in slab geometry. Then the cross sections are collapsed to a broad group structure (11 groups
in the present case) for the two-dimensional transport calculations. These calculations are performed using
a transmission probability method. The angular distribution of the mesh surface current is approximated
by first order spherical harmonics in each quadrant and the space dependence by a linear function. Pi
anisotropy of (he scattering is taken into account. In the depletion calculations the nuclide densities are
expanded in Taylor series of time with a given number of terms. The densities of nuclides with high
destruction rates are calculated analytically. The effect of the changing spectrum on the reaction rates
is taken into account by a predictor-corrector method and by density dependent one-group cross sections
within the time step for 239 Pu and 2/!0 Pu (approximated by a rational function).
The calculations were performed for a typical 8 x 8 - 2 W T BWR assembly with an average enrichment
of about 2.8 w/o 235V and 6 Gd poisoned rods. This assembly wac caosidsvsd a representative one for the
several assembly types leaded in a current BWR core. Depletion calculations were performed at 0, 20,
40, 60. and 80% void in the channel and 0 void in the bypass. At 0.S (corresponding approximately to
fresh Xe equilibrium status), 10, 2 0 , 3 0 , and 40 MWd/kg the depletion calculation was interrupted and the
bypass water density was varied. The void in both the inter-assembly gaps and the central water tubes was
changed from 0 to 80% for each in-chponel void. This range of bypass water densities and combinations
of void in the two regions was chosen in order to get a well-founded insight in the neutronic consequences
of bypass boiling and to provide a sound basis for the fits, although such low bypass densities or the
combination of zero in-channel void and bypass boiling are unlikely to occur.
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RESULTS
The scope of this chapter is to provide some understanding about the behavior of cross sections under
bypass condition changes. Fit formulas for all two-group cross sections will also be described.

DEPENDENCE ON THE BYPASS CONDITION
The calculations indicate that all the assembly averaged macroscopic cross sections axe significantly
affected by bypass boiling. However, the dependences of the individual cross sections on the bypass
void content are quite different Figures 1 through 8 show the variations of the two-group cross sections
at different channel water densities and burnups, where the boundary between the energy groups is at
1.3 eV. In the figures the cross section values from the BOXER calculations are shown as points and the
results of the fits (see below) as curves.
Figure 1 shows the transport cross sections in both groups, £ n and Ea> as a function of bypass water
density. These cross sections decrease almost linearly with bypass void and their variation is practically
independent on the channel water density and the bumup. The same is valid for the slowing down cross
section E l 2 which is shown in Figure 2. The ratio of the derivatives versus the water densities in the
bypass and in the channel for E f l and E n agrees within ±10% with the ratio of the water volumes. This
shows that these two cross sections depend primarily on the total quantity of water in the configuration,
whereas the exact location of this water is of minor importance due to the small gradients of the fast flux.
For La, however, this proportionality is not valid, specially for the uncontrolled assembly. This cross
section is relatively more sensitive to the water density in the bypass than to that inside the channel. The
reason for this is the change of the water gap to in-channel thermal flux ratio: A higher in-channel void
increases this ratio and, hence, the importance of the bypass where £,2 is higher than inside the channel.
This effect compensates partly the reduction of E u resulting from the reduction of the channel water
density. The inverse of this happens when the bypass water boils.
The fast absorption, fission, and production cross sections, E a i, E; r > and f E / i , are plotted versus
bypass water density in Figure 3. Generally, these cross sections decrease with bypass void as in the
above cases. However, their variations are weak at low channel voids whereas they are more affected
by the bypass condition in the case of highly voided channels. Also, in the latter case this dependence
deviates significantly from linear. This behavior is due to the fact that the bypass water becomes more
important as a moderator for low channel water density. The variation of these quantities with bypass
water density depends little on the bumup, specifically, E/j and vEji are somewhat more sensitive to
the bypass void ai high than at low bumup.
The dependences of the thermal absorption, fission, and production cross sections, E a j , E/2. and
1/E/2, on the bypass void content are more complex than those 01 tne quantities discussed above. The
variations of these cross sections with bypass water density at 0.5 MWd/kg for different in-channei voids
are shown in Figures 4, 5, and 6, respectively. Figures 7 and 8 illustrate the evolution of these variations
with bumup for E a 2 at two channel water densities. In most cases these cross sections increase when
the bypass water boils because the thermal flux in the water gaps reduces. This increases the relative
importance of the in-channel region and particularly of the rods in the center of the assembly whi~h have
the highest enrichment. At low channel water density the spectrum within the thermal group hardens so
much when the bypass is voided that in the fresh assembly (which consists mainly of 1/v absorbers) these
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cross sections decrease or remain almost unchanged in spite of the higher fuel importance. In irradiated
fuel the hardening of the spectrum increases the importance of the low energy resonances of 239 Pu and
"°Pu, hence these cross sections have qualitatively the same behavior at all channel voids. It is clear
that the "effective" in-channel void model mentioned in the introduction cannot predict such variations.
The variations of all the above cross sections with bypass water dcnsuj are qualitatively very similar
in controlled and uncontrolled assemblies. The transport and scattering cross, sections are less affected by
bypass boiling when the control blade is inserted than when it is out because of the smaller bypass wacr
volume. For £ a 2 it was noted that i » variation with bypass water density is closer to linear in the former
than in the latter case.
The integrated effect of the above cross section variations on the assembly multiplication factor kx
is shown in Figure 9 for the uncontrolled and the controlled case. At low channel void content, i.x
depends weakly on the bypass condition, however, at high void fraction too decreases strongly when
bypass water boils. In the latter case a BWR assembly is usually undermoderated, hence the bypass
water has an important moderating function. On the other hand, at zero in-channel void the uncontrolled
lattice is somewhat overmoderaied and a slight reduction in the bypass density introduces a higher k^.
The comparison of the results for the uncontrolled and controlled assemblies shows that the variation of
Inoo with bypass water density deviates less from linear in the latter than in the former case. Also, the
slopes of the curves for the controlled assembly change less with in-channel void than in the uncontrolled
case. These differences can be explained qualitatively by the two opposite effects of the bypass water on
the control rod worth: On the one hand, this water tends to separate the absorber from the fuel, which
reduces the effectiveness of the former, on the other hand it enhances the absorption in the control blade
by slowing down the neutrons which escape from the fuel region. The former effect dominates at high
in-channcl and bypass water densities so that a reduction of the latter increases the absorptions in the
control blade. In a poorly moderated configuration, however, the moderation by the bypass water is more
important and bypass boiling reduces the control rod worth. Therefore, at low in-channel voids k w of
the controlled assembly decreases more when the bypass water boils than in the uncontrolled case and
the opposite happens at high voids.

FUNCTIONALIZATION O F THE BYPASS VOID EFFECT
Based on the above results we generated formulas which modify the normal two-group cross sections
to take into account the effect of bypass void. In a later stage of this work these formulas will be
introduced into a 3D core simulation code so that we will be able to calculate the impact of bypass
boiling on the core behavior in detail and to assess the adequacy of different models for this effect.
The fit formulas used for the different cross sections including the coefficients as well as the fitting
accuracies achieved (root mean square relative deviations of the fitted values from the data) are shown
in Tables 1 and 2. The results of the fits are also shown by the curves in Figures 1 through 8 so that
data and fitted values can be compared visually. In Figure 9, the curves show the Kx calculated from the
fined cross sections for an iniftnitc medium, not fined k<x, values.
From Figures 1 and 2 it is obvious that the transport cross sections En and E, 3 as well as the slowing
down cross section £12 can be accurately fined by simple polynomials. The shape of the formulas chosen
(see Tables 1 and 2) guarantees that these functions match the cross section values at zero bypass void
exactly. The corrections for the transport cross sections a n independent on channel water density and
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bumup. For Zt2 the slight reduction of the slope at low bypass water density was taken into account
by a quadratic term in the fit. In the case of F u a detailed examination showed that a linear fit with a
constant slope is not sufficiently accurate, specially at high in-channel void, hence a linear variation of
this slope with channel water density was taken into account.
The absorption, fission, and production cross sections are fitted by a rational function of the form

(see Table 1 for the notation). The coefficients p and q are functions of bumup and channel water density,
their form and complexity depends on the cross section type. As can be expected from the variations of
the cross sections discussed in the previous section the most complicated functions are needed for the
thermal group constants. The choice of this formula was based on the qualitative observation of the curve
shapes of these cross sections versus bypass water density. As in the case of the polynomials this formula
guarantees that the cross sections at zero bypass void (i.e. ADgy = 0) are exactly reproduced.
The fit formulas represent the calculated dependence of the two-group cross sections on the bypass
void with a good accuracy as can be seen from the RMS deviations in the tables. The relatively large
RMS error for E n of the controlled assembly is due to deviations of up to 4% at 80% in-cbannel void
and low bypass water density where the variation of this cross section with bypass void departs from
linear and its absolute value is small. For the other cros* sections, the maximum deviations up to 1.4%
occur for £ a 3 of the uncontrolled assembly at 0.S MWd/kg and 80% in-channel void. The curve for this
case is quite different from those at other conditions (see Figure 4), but without further calculations at
bumups between 0.5 and 10 MWd/kg and in-channel voids between 60% and 80% we have no basis to
improve the fit accuracy by introducing more terms in the formula. The Ito values calculated from the
fitted cross sections agree well with the BOXER results (see Figure 9), the RMS deviations are 0.21% for
the uncontrolled assembly and 0.11% for the controlled case. The largest deviations (up to approximately
0.8%) occur for the uncontrolled assembly at 0.3 MWd/kg and 80% in-channel void because of the error
in E o 2 .

CONCLUSIONS AND OUTLOOK
Boiling of the bypass water has a significant effect on the neutronic behavior of a BWR core. All
the assembly averaged macroscopic two-group cross sections are affected by changes of the bypass water
density. The variations depend strongly on the type of cross section, ranging from a simple linear reduction
with bypass void to quite complex behaviors where even the sign of the change can depend on in-channel
void and bumup.
It is expected that the impact of bypass boiling on the two-group cross sections depends on the
assembly type. For example, it is anticipated that assemblies with large internal water regions, such as
recent ABB Atom or Sieraens/KWU designs, are more sensitive to void in the water gaps (provided that
the void fraction is the same in the inner and outer bypass regions). Also for assemblies with the same
bypass geometry, we suppose that the coefficients of the fit formulas, specially for the thermal group
cross sections, depend on the characteristics of the bundles, such as enrichment and Gd poisoning.
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A next step of the work described here will be investigations on the applicability of our corrections
to other assembly types than the one considered in the present analysis. 3D static and transient core
calculations simulating the impact of bypass void will be carried out as a basis for judgcing how important
bypass boiling is and whether it is necessary to consider the bypass water density in shz main library.
Also, the validity of different correction methods wilJ be checked on the basis of 3D calculations.
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Table 1: Adjustments of the fast group cross sections for changes in bypass water conditions
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Table 2: Adjustments of the thermal group cross sections for changes in bypass water conditions
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Figure 5:
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EFFECT OF SPECTRUM VARIATIONS ON DOPPLER
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ABSTRACT
The impact of spectrum variations caused by absorbers such as soluble and burnable poisons or
control rods and by water density changes on the Doppler reactivity coefficients of LWK configurations
is investigated. Calculations were performed for UOj and MOX PWR fuel assemblies and for a PWR
core loaded by a combination of UO 2 and MOX fuel as well as for a Gd-poisoned BWR assembly.
Adding parasitic absorbers reduces the Doppler coefficient whereas this coefficient is increased by reduced
moderation. These opposite behaviors are due to the fact that in the former case the ratio of resonance
to total absorptions is not changed whereas in the latter case the importance of ihe resonance range is
enhanced. The variations of the two-group cross sections with fuel temperature arc found to be almost
independent on the boron concentration. Hence, effort can be saved in the generation of assembly cross
sections for PWR simulations by varying the fuel temperature at only one boron concentration.

INTRODUCTION
Many of the parameters which determine the multiplication factor, Ic, of a reactor depend on temperature. As a result, a change in the temperature leads to a change in k, and alters the reactivity of the system.
It is known that this effect has an important bearing on the operation of a reactor and. ultimately, on the
safety of the system. Because the temperature of the fuel reacts immediately to changes in reactor power,
the fuel temperature coefficient is called the prompt temperature coefficient. The value of this coefficient
determines the first response of a reacior to changes in either fuel temperature or reactor power, and for
this reason this coefficient is the most important coefficient in so far as reactor safety is concerned. The
prompt temperature coefficient of power reactors is negative, owing to a well known phenomenon which
is the nuclear Doppler effect The impact of this effect on the reactivity depends on the fuel type. Fissions
as well rs radiative captures occur following the resonance absorption of neutrons. Thus for a mixture of,
say, M 9 Pu and 23a\J an increase in temperature not only increases the capture of neutrons by the 2 3 8 U,
but it also tends to increase the fission rate of the J 3 e Pu. This aspect applies particularly to MOX fuel. It
is necessary, therefore, in order to assure the safe operation of the reactor, to include enough 238V in the
system so that on balance the Doppler effect provides a negative fuel temperature coefficient.
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A nonnal procedure for core follow calculations, transient analysis, and core design is to prepare first a
library of homogenized few-group cross sections for each assembly type. In order to represent accurately
the physical behavior of the cross sections versus different variables in an economical way some studies
are needed. For instance, omitting the variation of one parameter for different values of another one
reduces greatly the computational effort, but the impact on the accuracy must be checked. In connection
with the generation of such libraries for the needs of the STARS [1| project (Simulation Models foi the
Transient Analysis of ihe Reactors in Switzerland) we investigated the effect of spectrum variations on
Doppler reactivity coefficients due to changes in moderator lemperalu-c, boron concentration, bumup and
so on. Also, the aim of this study is to improve the physical understanding of such behaviors. The
phenomenology of Doppler coefficient variations was investigated to a limited extent for a BWR case
in reference (2J. In the present work we generalize this analysis to more different causes of spectrum
variations and to PWRs loaded by bolh UO 2 and MOX fuel.
Although the present study has had particular reference to thermal reactors it might be useful lo
mention here that such variations of the Doppler coefficient are even more important for fast reactors, in
a fast reactor there is no moderator, and so the overall coefficient is essentially that of the fuel, apart from
the effect of changes in the nonleakage probability. The net temperature reactivity coefficient depends
largely on the opposing effects of Doppler broadening on capture and fission rates.

TOOLS AND CALCULATIONAL PROCEDURES
The present analysis was carried out using the ELCOS LWR neutronics code system developed
at PSI (3j. This system consists of four codes: ETOBOX processes cross section data in ENDF/B
formal and produces a cross section library for BOXER. BOXER [4] performs cell and two-dimensional
transport and depletion calculations. CORCOD fits the homogenized few group cross sections versus
the independent system variables. SILWER carries out the three-dimensional neutronics and thermal
hydraulics calculations.
The library produced by ETOBOX contains microscopic cross sections collapsed to 70 groups and
point resonance cross sections in the energy range between 1.3 and 907 eV. In the resolved resonance range
point cross sections are reconstructed from the resonance parameters given in the basic nuclear data file.
Then the cross sections are Doppler broadened by numerical integration of the thermal excitation kernel.
Self-shielded unresolved resonance cross sections are computed from the distributions of the resonance
parameters according to the statistical moc 1 and Doppler broadened by means of the • and \ functions.
In the fast range (E > 907 eV) the resonance cross sections (both resolved and unresolved resonances) are
collapsed to groups for three temperatures and 4 values of the dilution cross section. The pointwise lists
are produced for three to seven temperatures (depending on the nuclide). For the unresolved resonances
several lisls are produced at different dilutions. The density of the points depends on the variation of the
cross sections. The minimum spacing of the points is 10~ 5 lethargy units. The cell calculations in BOXER
arc performed in two steps. First the self-shielding of the resonances in the range between 1.3 and 907 eV is
computed using a two-region collision probability method in 7000 to 8000 lethargy points. The resonance
cross sections above this range are interpolated as a function of temperature and dilution cross section from
the tables in the library. Then the fine-group fluxes in each zone are calculated using an integral transport
method. After that the cross sections ate spatially averaged over the cells and collapsed to a broad group
structure (typically 7 to 15 groups). The two-dimensional transport calculations are performed using a
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transmission probability method which couples adjacent meshes by surface current moments. Depletion
calculations are performed using reaction rates collapsed to one group by weighting with the fluxes
from the 2 0 calculation in each pin cell. CORCOD (its the assembly-averaged few-group cross sections
from (he BOXER calculations versus ouraup, thermal-hydraulic variables, boron concentration etc. using
multivariate polynomials. SILWER performs coupled neuoonics and thermal hydraulics calculation' of
LWR cores. Macroscopic cross sections are determined based on the fit coefficients supplied by CORCOD.
The flux distribution is computed by a nodal coarse-mesh calculation, using either a fast analytical twogroup method or a method based on Legendre polynomials which can be used for an arbitrary group
number. As an option, the boron concentration, the control rod positions, or the reactor power can be
adjusted so as to achieve criticality.
Typical U 0 2 and MOX PWR bundles were depleted using BOXER up to 42 MWd/kg at core and
cycle average values of boron concentration (500 ppm), moderator and fuel temperatures (300C and 642C,
respectively). The reflective boundary condition was applied to tbe UOj assembly, whereas the MOX
assemblies were simulated with surrounding UOj fuel in order to take into account the change of the
neutron spectrum at the boundary between the two fuel types. At buinup levels of 0.5, 10.5. 21.0, 31.5,
and 42.0 MWd/kg the fuel temperature was varied at different boron concentrations (0, 500, 1000, and
1500 ppm) and water temperatures (280, 300, and 335C). Three-dimensional calculations were performed
for a real PWR core loaded with 20% MOX fuel using SILWER. Starting from critical hot zero power
conditions at BOC with fully withdrawn control rods the fuel temperature was increased up to 800C.
The impact of poison and moderator temperature on tbe Doppler coefficient was evaluated by varying
the boron concentration and the water temperature one at a time while the other of the two parameters
was kept constant. In order to avoid complications by the spatial weighting of the Doppler feedback
(which makes the interpretation of the results more difficult) a uniform fuel temperature throughout the
core was assumed in these calculations. For the BWR case a typical 8 x 8 - 4 W T Gd-poisoned assembly
was considered. The assembly was depleted up to 30 MWd/kg at core average void and fuel temperature.
The fuel temperature was varied at 0.5, 7.5, 15, 22.5, and 30 MWdA for 0, 40%, and 80% void. In every
case, the Doppler coefficients were determined from the k^, or k«ir values calculated for three different
fuel temperatures by quadratic interpolation.

DOPPLER COEFFICIENT WITH DIFFERENT CAUSES OF SPECTRUM
CHANGES
In this chapter the effect of spectrum changes due to different causes on the Doppler reactivity
coefficient is discussed. It is L,.own that ferule absorption is increased when tbe spectrum is hardened,
hence it is supposed that the Doppler feedback is enhanced. However, one has to distinguish between
harder spectrum through poison absorption (loss of thermal neutrons) and reduced moderation (keeping
more neutrons in the higher energy range). The poisons considered here are soluble or burnable absorbers,
control rods, and exposure effects.
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PHENOMENOLOGY O F VARIATIONS
The dependences of Doppler coefficients on boron concentration, bumup. and moderator temperature
are shown in Figs. 1, 2, and 3, respectively, for both uncontrolled and controlled'UO2 and MOX PWR
assemblies. The Doppler coefficient is defined here as the difference of k ^ divided by the fuel temperature
difference. Figures 1 and 2 show that parasitic absorbers, i.e. boron, bumup, or control rods, reduce the
Doppler coefficient However, the inverse of that is shown in Fig. 3 for a reduction of the moderation.
Qualitatively, there is no difference between uncontrolled and controlled as well as between UO2 and
MOX assemblies in the Doppler coefficients behavior.
Table I shows the Doppler coefficient of a PWR core at different boron concentrations and water
temperatures determined from 3D calculations. In analogy to the assembly case, the Doppler coefficient is
defined as the k^j difference divided by the fuel temperature difference. The results of the 3D calculations
confirm that the Doppler coefficient of the whole core changes in opposite directions when the reactor is
poisoned or when the moderation is reduced.
The effect of burnable poison, control rods, bumup, and void on the Doppler coefficient of a BWR
assembly is illustrated in Figure 4. Like for the PWR assemblies, the bumup and the control blade reduce
the Doppler coefficient and the Gd poison has qualitatively the same effect as the soluble bcron in the
PWR case. When the moderation is reduced by higher void fraction the Doppler coefficient increases,
this correspond-- to the PWR results, too. The combination of control rod and high void content may
reduce this coefficient, because the higher importance of the control rod offsets the effect of the reduced
moderation. The effect of the Gd poison on the Doppler coefficient increases with die void fraction.

EFFECT OF WATER DENSITY AND ABSORBERS
The variations in Doppler coefficient found above can be explained by considering cross sections in
two groups. In an infinite medium k ^ can be calculated as

~o2(?-<<il + ^ l j )

For the present investigation we assume that all the resonances are included in the first group. Hence,
the Doppler coefficient can be represented in a good approximation by the product of dk^/dEai and
d£ai/dTf. We have found that the contributions of £„] and I / E / J to the fuel temperature coefficient
tend to cancel each other, and the contributions of £12 and «/£/i are respectively one and two orders of
magnitude smaller than that of E a i. By differentiating k ^ in Eq. 1 with respect to E a l we obtain:

The variations of these two factors with boron, bumup, and moderator temperature changes for both UO2
and MOX PWR fuel are shown in Table 2. The boundary between the epithermal-fast and thermal groups
in this analysis was at 1.3 eV.
The dependence of £ a ) on the fuel temperature is quite insensitive to the boron concentration for
fixed bumup and moderator temperature. The reason for this is that the Doppler broadening is a function
only of fuel temperature, and the spectrum in the epithermal-fast range is not strongly affected by boron
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changes. However, the resonance absorption will be less important within the first energy group when
the spectrum is hardened, hence, the variation of E a i becomes weaker for higher moderator temperatures.
Similar behavior is found for bumup changes, by analogy, this may be due to a spectrum change as in
the former case. It is worthwile to note here that the first resonance of 2<0 Pu is not included in the first
group, hence the effect of this nuclidc is not seen in T.a\. From Table 2, it can be seen that the behavior
of £ a l in UOj and MOX fuel does not differ significantly.
The derivative dk.x/dLai
varies almost proportionally to kx when the boron concentration or the
bumup is changed. The denominator in Eq. 2 depends weakly on these parameters because the changes
of Eai and £12 are small and tend to cancel each other. The change of dkoo/'c)'Lal in MOX case is
smaller than that in UO2 case, where kr:c in the former is less sensitive with boron and bumup than in
the latter one. However, this derivative increases with higher water temperature due to the reduction in
£12 whicb is roughly proportional to the water density. In short, this factor is qualitatively representative
for the behavior of Doppler coefficient with the parameter changes.
The physical reason for the observed behavior of the Dopplcr coefficient can be deduced from the
variation of dk^/dL^.
Let P denote the production rate and A the total absorption rate. Then k^, is
the ratio P/A and the kOT change due to a change A .4 in absorption can be expressed as:
Ak^ = ~ - ^ A A = - k o o ^

(3)

When the system is poisoned the ratio of resonance absorptions to total absorptions does nol change
because every neutron which is scattered to the thermal energy range will eventually either cause a
fission or be captured, but the total thermal absorption is equal to (he slowing down source which (in
first order) does not depend on the thermal group constants. Hence, the relative change A A/A of the
total absorption when the fuel temperature varies is not affected by parasitic absorbers and the Doppler
coefficient reduces proportionally to k,^. However, when the moderator density is reduced the importance
of the resonance absorption and consequently the Doppler coefficient increases because fewer neutrons
reach thermal energies.

SUMMARY AND CONCLUSIONS
Adding parasitic absorbers or reducing the moderation has opposite impacts on the Doppler coefficient
although in both cases the spectrum is hardened. In the former case the ratio of resonance absorptions to
total absorptions does not change whereas in the latter case the importance of the resonance absorption
increases. Since leakage is also a loss of neutrons we can speculate that it affects the Doppler coefficient
in a similar manner as parasitic absorbers do.
To conclude, as far as Doppler coefficient is concerned, the use of parasitic absorbers for reactivity
control is not beneficial in the view of inherent safety features. On the other hand, moderator adjustment
control enhances the fuel temperature feedback [5,6].
In the preparation of a few-group cross sections library for PWR core simulations it is adequate to
keep the boron concentration constant when the fuel temperature is varied. For an accurate representation
of the Doppler effect a complete set of fuel temperature and water density variations should be performed.
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Table 1:

Dopplcr Coefficients of a PWR Core as a Function of (a) Boron Concentration and (b) Water
Temperature
(b)
(a)
Boron
Concentration
ppm

Doppler
Coefficient
pcm/C

1592

-2.67

1392

-2.72

1192

•i.n
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Water
Temperature
C

Doppler
Coefficient
pcm/C

279

-2.67

300

-2.78

:

20

-2.91

340

-3.12

Table 2:

Variation of Doppler Coefficient Componeno for UncontroUed and Controlled UO3 and MOX PWR
Fuel Assemblies with: (a) Boron Concentration, fb) Bumup, and (c) Water Temperature changes
(a)

Parameter

&r,

Fuel

°

c

5k=o

5S o l

UO2

0 _ 7 cm-»

err,

10

7^—
<?Eai

c

MOX

cm

Boron Concentration (pom)
Control Rod

0

500

1000

out
in
out
in

5.17
4.58
-44.1
•31.7

5.15
4.57
•42.1
-30.7

5.14
4.56
40.4

out
in
out
in

5.44
4.90
-40.6
-31.6

5.41
4.89
-39.6
-31.0

5.39
4.86
-38.7
-30.4

-29.8

At 10.5 MWdTkg bumup and 300C water temperature

(b)
Parameter

37)

°

Fuel

C

0.5

21

42

5.25
4.65
-46.0
-33.1

5.06
4.49
-38.6
-28.2

4.91

UO,

out
in
out
in

MOX

out
in
out
in

5.64
5.10
42.4
-33.6

5.15
4.70
-374
-28.9

aEai

dEol
8T,

..,cra-'
C

Burnup (MWaVkg)
Control Rod

dial

4.33
-33.0
-24.0
i.26
4.70
-33.8
-25.7

At 500 ppm boron and 300C water temperature
(c)
Water Temperature (C)
Parameter

,n,

10

Fuel

c

UO,

<?£al
dZn
dT}

,n-7cm"1
C

MOX

Control Rod

280

300

335

out
in
out
in

5.25
4.68
42.6
-30.9

5.17
4.58
-44.1
-31.7

4.93
4.31
48.2
-33.8

out
in
out
in

5.53
5.01
-39.3
-30.8

5.44
4.90
-40.6
-31.6

5.19
4.61
-44.3
-33.8

At 10.5 MWdfcg burnup and 0 ppm boron
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Figure 1:

Variation of the Doppler Coeffcient of PWR Assemblies with Boron Concentration at 10 5
MWd/kg Bumup and 300C Moderator Temperature
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Figure 2:

Variation of the Doppler Coeffcient of PWR Assemblies wilh Bumup at 300C Moderator
Temperature and 500 ppm Boron
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M

Figure 3:

Variation of the Doppler Coeffcient of PWR Assemblies with Moderator Temperature at 10 5
MWd/kg Bumup and 0 ppm Boron
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Figure 4:

Variation of the Doppler Coeffcient of a BWR Assembly with Burnup
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THE FISSION PRODUCTS RELEASE MODEL
AND ITS USING FOR REACTOR HARD ACCIDENTS ANALYSIS
V.S.Paranyushkin and V.N.Petrov
Atomic Centre of
Moscow Engineering Physios Institute,
Kaeairskoe shOBse,31, Moscow, 115409, USSR
fax: (O95)-324-21-11
ABSTRACT
Pission products release from hard-damage core is a
subject of this analysis.
The model take into account mechanism of Buooessive
radioactivity release from damage core including: fission produo t a eliminate from fuel, transition off the fuel surface,
effluence in the atmosphere.
The radioactivity release intensivity
be is likad
activation process of variety:
Z « exp(-E a /RT),
where activation energy E is temperature step-function.
Canon experimental data estimates are implemented.
INTRODUCTION
In times of assesment of the reactor hard accident is
important to have reliable experimental data on fission
prduots release from the damage oore.
But is very important to realize, that in the situation
of real accident conditions of fission product rlease is
unlike from the experimental conditions. In the hight-level
experiments the samples of fuel is placed in the clear gas
atmosphere therefore the direct using of this data in analisys
may to follow to the superfluous conservative assumption on
aotivity release.
Therefore we will show the fission produotB release model
taking into account mechanism of euooessive radioactivity
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release from the damage oore including:
(a) fission products eliminate from fuel volume to the surface
by diffusion way ( or by oonveotion way into melting fuel
composition);
(b) transition to the gas phase from the fuel surfaoe;
(o) effluenoe in the atmosphere by oonveotion.
On the base of this approach the total PP release rata
coefficient is defined as
'I/U2 = 1/na
where
u ,IA.,U
respeotivly.

- rate

+

1/U^

+

1/H0,

ooeffioients

(1)

of

(a),(b),(o)

processes

FISSION PRODUCT RELEASE MODEL
On the PI* balanoe base the following equation for the
quantyty of fission prduot A in fuel composition may be
writen:

g»» - - a.j - *.„„.
where:
n. - concentrations of component A in fuel volume;
t - time from fuel uncovering;
j - flow of oomponent A from surfase;
S - fuel serfase area;
V - fuel volume.
For determination of the value J we in
to show (a), (b) and (o) stages of process.

succession

will

DIFFUSION IN FUEL (a)
The diffusion flux of oomponenta in fuel composition
be expressed as
j a - (D/3D) .(n AV - n^g),
where:
D - diffusion coeffioient of fuel composition;
3 D ~ diffusion boundary layer;
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oan
(3)

5
- measure of fuel particle radius;
t - time from fuel uncovering;
n
. »n.o- concentrations of oomponent A in fuel volume and
AT

Aa

near surfase respeoivlly.
Although it is Bimpiifioation
analisys purposes.

but

is able

for

the

THE SUBLIMATION PROM SURPASS (b)
3n the base of a analisys of the saturation
and
condensation of component A, the following expression for flux
j b oan be applied:

where:
£ - accomodation coefficient;
n
- oonoentratior of component
near curfaoe;

A

in solid

solution

p
- equlibrium preBsure of oomponent A over olear it
surfaoe;
W - solution energy of oomponent A in dissolver B;
ng - nuolear density of diasolver B;
rL. - oonoentration of oomponent B in gas phase near
surfase.
THE MASS TRANSFER (a)
Por estimating of the oomponent A flux on stage
use ordinal expression for mass exchange in form:
r^ ),
where:
0 - mass exohange coefficient;

(o) we
(5)

Ry- oonoentration of oomponent B in gas phase
surfase.

far

from

In the oomnon oases the mass transfer ooeffioient oan be
written as
(3 = D/^'NUj,.

(6)

where:
D - diffusion ooeffioient of the gas phase;
d^ - hydraulio diameter of the fuel channel;
- diffusion Nusselt criteria.
SUMMAKY RELEASE
with using equations (3), (4), (5) we oan obtain from (2)
expression for molar fraction of oomponent A in form:

where:
I A ~ molar fraotion of oomponent A in fuel composition;
ng (ratio of nuoiear densities);
n - oonoentration measure for gas phase of oomponent A,

V

PeQ

^2 - release rate coefficient of oomponent
composition in term of Eq.1:

VD

+

(g( ~|~

A

from

fuel

m

t. - sopeoifio ( on volume unit) surfase area of fuel
composition, 1/m.
It's obviously that the limiting stage of this successive
FF transient off from damage core to atmosphere is defined by
the process with minimal u..
The expression for fission product release
after solving Eq.7 and may be written as
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oan

be made

t

0A(t) = d-exp(-ut)) - L'a^/^'eipCult-T))^,
o
where 0(t)

(9)

- part of oomponent A released from fuel.
DISCUSSION

For the test application of this model we used
experimental data from reference 1, where disoribed the
invesigation of samples of PffR fuel. Sample by weight about 7
gr subject to heating in helium atmosphere at 5.5 hours.
The rate of PP release *»ae calculated from Eq.(9) on rL.=O
and result in form
v = |i/ff
is shown on Fig.1
In this experiments, as we suppose from the energy
activation aBsesraent for this results and from the estimates
for ^ and |ic with ff= 5 1/om, the ILuiting stage of the
release process is the stage (a), i.e. mass
transfer
coefficient iB very large,
The results of the release rate calculation for the
accident conditions presented
in Table
1. For
this
calculations we assumed that fuel is streamlined by air in
ohennal with d « 1 cm ( Nu <* 4 ) .
One can see, that FP relese rate ( Vy) less than obtained
from experiment data ( v _ ) .
A

From Eq. (0) is obviouse that fuel temperature is main
general effluence factor in set
of others
(diffusion
characteristics for (a)-stage and mass exchange conditions for
(o)-stage ).
Thus it's necessary to examine the damage core timedepended post aooedent thennohydraulio model and the fission
products release mechanism in consideration.
Without solution of heat transfer equation one oan be
made observations:
1. The temperature of fuel and mass of melting fuel is strong
depending of post-aooedent power and cooling conditions. The
presence of easy melting components in core can lead to reduce
the mass of melting fuel or the fuel temperature and,
consequently, 5T release.
2. The using of the high-temperature fuel on the one hand is
reducing factor for meltiiig fuel mass (aooording to the
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Kompton-RiohardBon law C <* 10...11 J/(gr-atom) «T ) but on the
other hand is inoreaeig faator for PP release ( from hight
temperature of the fuel).
3. As showed the heat transfer coefficient analisys, the main
part of summary ooeffioient is the value oonneoted with air or
vapor oonveotion (up to SOU).
With taken into account
connection between the oonveotion heat transfer ooeffioient
(h) and the mass transfer ooeffioient ((3), which is defined
for gases (including air) as

P « h /fpcp;f

where pc - specific heat oapaoity,
decreasing of 0 for the PP release reduce intention is lead to
increasing of fuel temperature and, consequently, to the PP
release increase, i.e. there are the optimal accident control
strategies.
REFERENCES
1 . SanoiTHue OGOJIOIKH peaKTopoB.Bun.4, UHMMATOMWaJiopu, 1970
( T r a n s l a t i o n from "US Containment T e c h n o l o g y " ,
v,1,
pp.1-214 ).
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Fig. 1
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I 1

4.00E-004
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Table 1. Experimental and Corrected FP Release Rate

F

i

B B

i on

Fuel
Temp.,
K

V

V

1.551
1.610
1.710
1.800
1.900
1.980
2.105
2.150
2.200
2.260

6.0E-7
6.8E-7
1.OE-6
1-3E-6
1.8E-6
5.5E-6
5.2E-6
1.4E-5
1.4E-5
1.9E-5

3.6E-3
4.3E-3
5.7E-3
7.1E-3
8.8E-3
1 .0E-2
1.3E-2
1.4E-2
1.5E-2
1.6E-2

pr o duo t a

I

re l e a s e

r a t e , om/s
Sr

CB

V

6.0E-7
6.8E-7
1 .OE-6
1.3E-6
1.8E-6
5.5E-6
5.2E-6
1.4E-5
1.4E-5
1.8E-5

a*

1 .4E-7
1 .7E-7

2 .8E-7
3 .3E-7

9.1E-7
1 .6E-6
2 .8E-6
8.5E-6
i .2E-5
1 .1E-5

V

V

v

4.7E-8
5.6E-8
7.3E-8
9.0E-8
1.1E-7
1.3E-7
1.5E-7
1.6E-7
1.7E-7
1.8E-7

3.5E-8
4.2E-8
5.8E-8
7.1E-8
9.8E-8
1.2E-7
1.4E-7
1.6E-7
1.7E-7
1.8E-7

1.0E-8
1.0E-8
4.0E-8
1.OE-7
2.9E-7
4.3E-7
1.6E-6
3.3E-6
4.5E-6
8.1E-6

l

a

v

o

1.6E-9
2.4E-9
4.9E-9
8.4E-9
1.4E-8
2.1E-8
3.6E-8
4.3E-8
5.2E-8
6.3E-8

V

Z

1.4E-9
2.0E-9
4.3E-9
7.7E-9
1.4E-8
2.0E-8
3.5E-8
4.2E-8
5.1E-8
6.3E-8

VALIDATION OF TGBLA/PANACEA CODE PACKAGE
TO COMMONWEALTH EDISON BWRS
Joan E. Wieging
Commonwealth Edison Company
Chicago, Illinois
312-294-3888
ABSTRACT
Commonwealth Edison Company has completed a benchmark of its 8WR stations
using the GE codes TGBLA and PANACEA as the basis of a submittai to the NRC
supporting Edison's request for approval to perform neutronic analyses.
The fuel product lines included in this validation have axial gadolinia
loadings, axial enrichment variations, various water rod types, and 8x8 and
9x9 fuel rod pitches. This report focuses on the adequacy of the
TGBLA/PANACEA code package to predict the behavior of these various fuel
types and presents some conclusions and observations of these results.
INTRODUCTION
Commonwealth Edison Company has six BWRs at three sites - Dresden, Quad
Cities, and LaSalle County Stations. Table 1 details some key parameters
of the three stations. Advanced Nuclear Fuels (ANF) is the fuel vendor for
Dresden Station; General Electric (GE) is the fuel vendor for Quad Cities
and LaSalle County Stations.
Edison has completed a benchmark for three sites using the GE codes TGBLA
and PANACEA and submitted a topical report (reference 1) to the NRC
summarizing those results. (The GE codes TGBLA and PANACEA are described
in references 2 and 3, respectively.) The benchmark included the
evaluation of hot and cold reactivity, core power distribution, comparisons
to gamma scan measurements from early Quad Cities cycles, and comparisons
to vendor results for neutronic licensing events. This paper supplements
the operational comparisons made for the reference 1 topical report with
more recent plant data based on more advanced fuel product lines.
PARAMETERS OF VALIDATION
The parameters that must be validated to ensure a code package is
appropriate for use are core reactivity, in both the hot operating and cold
shutdown modes, and core power distribution. Hot and cold critical

1-432

eigenvalues are determined by reproducing critical conditions with the core
simulator and accounting for known differences, such as reactor period and
the difference between the actual moderator temperature and the temperature
assumed in the lattice physics calculations. Core power distribution is
validated by comparing calculated and measured Traversing Incore Probe
(TIP) data. Comparisons to gamma scan measurements provide an additional
validation of power distribution. Edison also performed comparisons to
vendor results for various neutronic licensing events. This paper
discusses the results obtained for these parameters using the TGBLA/PANACEA
code package.
Hot and Cold Reactivity
The critical eigenvalues for a core can change slightly from cycle-tocycle, particularly if a new fuel product line is being introduced into the
core. Table 2 summarizes the average hot critical eigenvalues for the
Edison units and cycles which were in the benchmark, as well as a
description of the core composition in terms of the percentage of the
individual product lines in the core. (Cold critical eigenvalues are not
presented in this table since there are relatively few datapoints, and
hence the sample is too small to be statistically significant.) Some
observations from Table 2 arc:
1)

Based on the Oresden data, an increasing percentage of 9x9 fuel in the
core increases the calculated eigenvalue relative to the historical
database.

2)

The Quad Cities data shows that an increasing percentage of four water
rod fuel, which is the GE fuel product line GE8, has an insignificant
effect on the calculated eigenvalue relative to the historical
database.

3)

Thus far, the small percentage of GE9 fuel in the core has not had a
significant impact on the hot critical eigenvalue relative to the
historical database. However, it is anticipated that the eigenvalue
will trend downwards in the future due to a change in the operating
fuel temperature relative to the historical database.

Hot and cold critical eigenvalues for Dresden, Quad Cities, and LaSalle
County Station are shown in Figures 1 through 3, respectively for the
cycles which were included in the benchmark. Additional observations can
be made from these plots:
1)

The hot critical eigenvalue for C-lattice plants (LaSalle) decreases
with cycle exposure; D-lattice plants (Dresden and Quad Cities) have a
relatively flat hot critical eigenvalue throughout the cycle.

2)

The eigenvalues are well-behaved with cycle exposure. This indicates
that gadolinia depletion is being predicted adequately, as difficulties
in predicting the rate of gadolinia depletion typically are
demonstrated by a "dip" in the critical eigenvalue during the middle of
the cycle. While there is a cycle-exposure dependence, the change in
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eigenvalue with the TGBLA/PANACEA code package is gradual and easily
predicted.
3)

The cold critical eigenvalue decreases with increasing exposure for all
cycles and plant types. Additionally, there appears to be a
quantifiable relationship between hot and cold critical eigenvalues for
the three stations, although this relationship is dependent on the
particular station.

Core Power pistributions - TIPs
A summary of the comparisons to Traversing Incore Probe (TIP) measurements
are shown in Table 3. These results should be evaluated with the following
in mind: Edison has thermal TIPs, which are less accurate than gamma TIPs,
and the entire axial length of the core was included in the calculation of
standard deviation.
Conclusions from the TIP comparisons are as follows:
1)

There is no discernible trend with cycle exposure. The code package
predicts middle-of-cycle, during gadolinia depletion, as accurately as
beginning- and end- of cycle. This is expected since there is no
significant dip in eigenvalue with cycle exposure, as discussed above.

2)

There is no significant bias relative to fuel type. The code package
predicts fuel with axially varying gadolinia and enrichment and 9x9
fuel as accurately as uniform, 8x8 assemblies.

Core Power Distributions - Gamma Scans
Gamma scan measurements provide a more detailed picture of the power
distributions inside the core than do TIPs. TIP readings, which are
performed monthly at the station, are a composite of the power distribution
in the bundles surrounding the TIP string and individual bundle-by-bundle
and pin-by-pin power distributions cannot be determined from the TIP
readings alone. Gamma scans of individual, irradiated bundles determine
the barium-140 content of each bundle by measuring the gamma rays produced
by one of its daughter products. These readings can be correlated using
barium-140 decay curves to determine the power of individual bundles and
fuel pins. Assembly gamma scan results are used to determine the adequacy
of the PANACEA predicted bundle-by-bundle power distributions; pin gamma
scan results are used to determine the adequacy of the TGBLA predicted pinby-pin power distributions.
Supplement 1 of the Edison Topical Report, reference 4, compared gamma scan
measurements from early Quad Cities cycles with Edison-predicted values.
These results are summarized in Table 4. These results demonstrate that
the bundle-by-bundle and pin-by-pin power distributions are being
adequately predicted.
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Neutronic Licensing Events
Supplement 2 of the Edison Topical Report, Reference 5, discussed the
neutronic licensing events for which Edison requested NRC approval to
perform. The events include:
1.
2.
3.
4.
5.
6.

Shutdown Margin Calculations,
Standby Liquid Control System Calculations,
Fuel Loading Errors,
Control Rod Drop Accident,
Control Rod Withdrawal Error, and
Loss of Feedwater Heating.

This supplement compared the results Edison obtained for these events with
those furnished by the fuel vendor. These events can be modeled assuming
quasi-steady-state conditions; therefore, PANACEA was used to generate the
data for comparison to GE results. The comparisons showed minimal
differences, thereby demonstrating that Edison can perform the neutronic
licensing analyses in-house.
CONCLUSIONS AND SUMMARY
The TGBLA/PANACEA code package adequately predicts the behavior of
Commonwealth Edison Company's BWRs, regardless of fuel product line. Hot
and cold critical reactivity is well-behaved and easily predictable as a
function of cycle exposure; core power distribution is being predicted
well throughout the cycle; and comparisons to vendor results for the
neutronic licensing events demonstrate that Edison can accurately calculate
the impact of these results.
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Table 1
Key Parameters of Stations

Dresden

Quad
Cities

LaSalle
County

Thermal Power, MWt

2527

2511

3323

Core Flow, Mlb/hr

98.0

98.0

108.5

Inlet Enthalpy, Btu/lbm

524

524

528

Core Midpiane Pressure, psia

1035

1035

1035

Total Assemblies in Core

724

724

764

Average Power Density, kw/1

41

41

49

Lattice Type

0

D

C
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Table 2
Fuel Loading and Hot Critical Eigenvalue Suitmary

Hot Mean
Eigenvalue

Unit/
Cycle

%2WR

%9x9

D3C10

77

23

1.0029

D3C11

55

45

1.0052

Q1C9

100

Q1C1O

72

28

1.0017

Q1C11

54

46

1.0003

Q2C9

ICO

Q2C1O

77

%GE9

1.0004

0.9996
0.9991

23
23

54

Q2C11

%4U

23

N/A

L1C2

100

0.9988

L1C3

100

0.9982

L1C4

77

L2C2

100

0.9987

L2C3

100

0.9984

L2C4

92

23

28

fuel Product Line Designators:
2WR - 8x8 Two Water Rod
4WR - 8x8 Four Mater Rod
GE9 * 8x8 One Large Water Rod
9x9 - 9x9 Two Water Rod
N/A - Not Available;

Cycle Still Operating
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0.9997

N/A

Table 3
Comparisons of Calculated to Measured TIP Readings
jta

[15

Unit/
Cycle

Beginning
of Cycle

Middle
of Cycle

End
of Cycle

D3C10
D3C11
Q1C9
Q1C1O
Q1C11
Q2C9
Q2C1O

7.0

6.7

N/C

7.7

8.2
8.0

N/C

8.4
8.1

8.1

7.3

7.3

6.9
8.7

6.9
8.0

9.1
7.7
8.3
7.3
7.9

QZCU

N/C

5.7

N/A

L1C2
L1C3
L1C4
L2C2
L2C3
L2C4

7.8

6.4

6.2

6.4
7.8

6.1

6.1

7.9

6.2
8.9

6.3
6.4

7.6

6.7

7.0

5.6

7.3
N/A

N/C - Not Calculated.
N/A - Not Available;

Cycle Still Operating.
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Table 4
Gamma Scan Results

Fuel Pin Gamma Scans:

Subset of
Database
All Rods
Gadolinia Rods
Non-Gadolinia
Peak Power Rods

Number of Data
Points
2791
196
2595
56

Mean Difference
0.00
-1.05
0.08
1.22

Standard
Deviation, %
3.12
2.57
3.13
2.60

Nodal Standard
Deviation, %
4.81
4.71
5.29

Radial Standard
Deviation, %
2.42
3.12
4.24

Assembly Gama Scans:

Cycle
2
4
5

Number of
Assemblies
84
116
111
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VERIFICATION OF THE CASMO-3/SIMULATE-3
PIN POWER ACCURACY BY COMPARISON
WITH OPERATING BWR MEASUREMENTS
T ilegata. E Saji and H Taiuika*
Tcden Software Inc.
(A subsidiary of Tokyo Electnc Power Company)
6-19-15 Tokyo-Bi.iuisu-Club Bldg.
Shinbashi. Minato-ku,
Tokyo 105. Japan

ABSTRACT
The intra-nodal pin power distributions calculated by CASMO-3/SIMULATE-3 have been compared with pin gamma scan measurements. These da'a were obtained from the depleted core of an
operating BWR, which is more complicated than PWR to calculate due to the existence of coolant
void distributions and cruciform control blades. Furthermore, measured bundles include MOX
bundles in which steep thermal flux gradients occur. UO 2 and MOX bundles have been calculated
in the same manner based on the standard CASMO-3/SLMULATE-3 methods. The relative La-140
intensities were measured by its 1.6 MeV fray, and were assumed to be proportional to the Ba140 intensities which reflect the power distributions before shutdown. The calculated pin powers
therefore have been convened to Ba distributions, using the Ba yields and the fission reaction
rales of each major fissile nuclide in order to make accurate comparison. The total pin power
RMS error is 2.7%, which includes measurement error, from 896 points comparison. There is no
obvious dependency on axial elevations (void fractions), and also no significant difference
between fuel types (UO } or MOX), though the errors in a peripheral bundle, which is less important from the standpoint of core design, are somewhat larger than those in internal bundles. If the
peripheral bundle is excluded, the total RMS error goes down to 2.2%. Prom these results, it is
concluded thai the excellent agreement has been obtained between the calculations and measurements, and that the calculation^ capability of CASMO-3/S1MULATE-3 for the intra-nodal pin
power distribution is quite satisfactory and useful for the actual BWR core design.

* Present address : Tokyo Elecinc Power Company Fukusima-II Nuclear Power Station
No. 12 Kobamasaku, Namikura. Naraha-nutchi, Futaba-gun, Fukusima-pref. 979-06, Japan
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INTRODUCTION
Various tests have been performed for the SIMULATE-3 pin power reconstruction capability.'-'
This method has been found to be accurate through the comparison with two-dimensional pin by
pin diffusion calculations for a quarter core or multi-bundle CASMO-3 calculations. It is still
important to compare the intra-nodal pin power distribution calculated by CASMO-3/
SIMULATE-3 to measured data because the real pin power accuracy is dependent upon the lattice
physics code, CASMO-3. as well as the SIMULATE-3 pin power reconstruction method.
Although this type of comparison was made using the B&W critical experiment data,* that core
was a non-depleted clean one, and simulated a PWR core, which is relatively homogeneous.
In this paper, pin power distributions within fuel bundles calculated by CASMO-3/SIMULATE-3
are compared with the pin gaTima scan measurements which were obtained from the depicted core
of an operating BWR. Quad Cities Unit 1. Due to the existence of coolant void distributions and
cruciform control blades, an operating BWR core is quite complicated to calculate, especially after
depletion. Therefore the comparison shown in this paper is considered to be a severe test for the
intra-nodal pin power calculational accuracy of CASMO-3/3IMULATE-3.

MEASURED DATA
Pin by pin gamma scan measurements have been performed for several bundles after shutdown at
the end of cycle 2 of Quad Cities Unit I.5 The profiles of six bundles measured are given in
Table 1. La-140 intensities were measured at eight elevations for each fuel rod. They can be
divided to four closely spaced pairs, and each of them are collapsed to be used as single measured
data in order to reduce measurement uncertainties. Thus, four elevation dependent pin power distributions are obtained within each bundle in Table 1, with which large variation in void fraction
are taken into account. Furthermore, it should be noticed that these measurements include MOX
fuel bundles in which steep thermal flux gradients occur.
According to reference 5, measurement errors arc about 1.7% for the eight elevation measurements and 1.2re for collapsed four elevation measurements, respectively. An example of measured data are shown in Figure I. This bundle was manufactured as diagonally symmetric, and it
was located at the center of the core where the neutron leakage from the bundle seems to be
negligible. Looking at the south-west corner and the north-east one, there are small differences
less than 1.0% in each pair of symmetrically located pins. On the other hand, there is 4.5%
difference between the (8.5) pin and the (3,8) pin. Such a large difference seems to be caused by
measurement error. In order to get conservative results, we have not subtract any measurement
error from the calculanonal uncertainties.
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METHODOLOGY AND CALCULATIONAL PROCEDURE
The core follow calculations for cycles 1 and 2 of Quad Ciues Unit 1 have been performed with
their core design and operating data6 using the standard CASMO-3/SlML'LATE 3 ealculaoonal
procedure. CASMO-3 depletion calculations were performed with single-bundle models, no
multi-bundle model were used. Detailed descriptions for the methodology of CASMO3/S1MULATE-3 are beyond the intended scope of this paper. They can be found in references !
and 7, for example.
The La-140 intensity was measured by its 1.6 MeV •y-ray. La-140 is produced only by p-decay of
the fission product Ba-140. The half-life of La-140 is 40.3 hours and that of Ba-140 is 12 8 days
Ba-140 and La-140 becomes radioactive equilibrium after shutdown with enough cooling time
Hence the measured relative La-!40 intensity distributions are considered to be equal to the relative Ba-140 distributions, which reflect the power distributions before shutdown. Since Quad
Cities Unit 1 was operated in long coastdown near the end of cycle 2. the power distributions
before shutdown are considered to be stable enough to ignore the history of Ba distributions.
However the Ba-140 distributions are not equal to the power distributions. Each major fissile
nuclide has different Ba yield. The effective Ba-140 production rate varies according to the proportions of fissile nuclides or the neutron spectra. Direct comparison between the calculated pin
power distributions and the measured La-140 intensity distributions is not accurate. Thus it is
required to convert the calculated pin power distributions to the Ba-140 distributions in order to
compare them accurately with the measured data.
In Figure 2. a calculated pin power distribution and a Ba-140 distribution arc shown with their
comparisons to measured Ba-140 distribution. The former was calculated by SIMULATE-3 pin
power reconstruction, and the latter was convened from the former. By this conversion, most of
the differences between the calculated and the measured became smaller especially in the pins
which were located around the comers, and the RMS error of the plane was improved about 0.4%
in this case This procedure is described below.
The power density. P and the production rate of Ba-140, SB are given by the following equations.
P = I K, F,
and
SB

= f V, F, .

where
Kj = energy release per fission for fissile isotope j .
Fj = fission rate for fissile isotope j .
Yj = fission yield of B»-I4O for fissile isotope j
j = U>V. 2M U. "•Pu and MI Pu .
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Here we introduce K^ and Y^, defined as

and
r
J

where

Then P and SB are written as
P= K,* F T

and
'-Pr

Hence,

SB

=( Y«< r / K

is easily obtained.

Since the Y^, / K,^ values are mainly dependent upon exposure and void history, they are calculated for each pin by CASMO-3 as a function of exposure and void history. anJ the appropriate
values arc chosen in SIMULATE-3 to obtain pin-wise Ba-140 distribution from the calculated pin
power distributions.

COMPARISON BETWEEN CALCULATIONS AND MEASUREMENTS
Calculated Ba-140 relative distributions are compared with those measured, both of which are normalized so that the average is unity in each plane of each bundle. The results are summarized as
RMS errors in each plane and given in Table 2. In genera), a quite good agreement was obtained
between the calculations and the measurements. Since we did not subtract measurement errors
from the results shown in Table 2. the pure calculations! errors should be actually smaller
Pin power distributions calculated by CASMO-3 have also been compared with measured data
They were calculated with single-bundle infinite lattice model, and were convened to the Ba-140
distributions in the same way which have been described in the previous section. The results are
summarized in Table 3. To compare this table with Table 2, it is clear that the RMS errors have
been improved by introducing the pin powe/ reconstruction method, especially for the peripheral
bundle in which the flux distribution has large tiltIn Table 2. the RMS errors of the peripheral bundle (GEB162) are somewhat larger than those for
other bundles, and fome improvement is desirable, though it is not serious from the standpoint of
core design because the power density itself is relatively low in peripheral bundles. If the peripheral bundle is excluded, the total RMS error goes down to 2.2%.
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The bundle-wise result can be compared with each other by their 4 planes total RMS error shown
in Table 2. The 8x8 UO 2 bundle (GEH002) have a surprisingly excellent 1.6% RMS error, which
is almost comparable with measurement error Looking at the other internal bundles, there is no
large difference between the UO 2 and MOX bundles.
In Table 4, the total RMS errors in each plane have been evaluated and are summarized. The data
only from the internal bundles have been used to eliminate the additional uncertainty of the peripheral bundle. There is no error depesidency on axial elevation i.e. on void fraction.
Furthermore, pin-wise fuel type grouping for the internal bundles has been made. Averages and
RMS errors arc tabulated in Table 5, for all pins, UQ2 pins, Gd 2 O, pins and MOX pins. The UO 2
group is the biggest one, and us 2.0% RMS error is nearly equal to thai of all pins. The MOX
group has 2.2% RMS error which is also close to that of all pins. Then it can be seen that there
is no significant difference between ihe UO 2 and the MOX group. For the Gd2O3 group, however,
the total average of ( Calc. - Meas. ) is -2.1%, i.e. the calculated data have been slightly underestimated. If this point could be improved, the RMS errors would become much better.

CONCLUSION
The pin power distributions within fuel bundles calculated by CASMO-3/SIMULATE-3 have been
compared with the pin gamma scan measurement results obtained at the end of cycle 2 of Quad
Cities Unit 1.
The total RMS error for all calculated pin powers is 2.7%, which includes measurement error,
from 896 points comparison, hence excellent agreement has been obtained between the calculations and the measurements. The errors in a peripheral bundle, which is less important from the
standpoint of core design, are somewhat larger than those in internal bundles. If the peripheral
bundle is excluded, the total RMS error goes down to 2.2%. from 736 points. There is no obvious dependency on axial elevations (void fractions), and also nc significant difference between
fuel types (UO 2 or MOX). For the Gd 2 O 3 pins, however, the calculated data have been slightly
under-estimated. If this point could be improved, the RMS errors would become much better.
From these results, it is concluded that the calculation*! capability of CASMO-3/SIMULATE-3
for the intra-nodal pin power distribution is quite satisfactory and useful for the actual BWR core
design.
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Table 1,

Profiles of Measured Bundles

Bundle
Name

Fuel Type

GEB159
GEB161

7x7 MOX
7x7 MOX

reload
reload

GEB162
GEH002
CX214

7x7 MOX
8x8 UO,
7x7 UO*

reload
reload
initial load

internal
internal
peripheral
internal
internal

CX672

7x7 UO,

initial load

internal

Table 2,

Loading

Location
in the Core

Number of
Measured Pins

40
9
40
55
40
40

RMS Errors (%) by Pin ?ower Reconstruction

Bundle

Plane 1

Plane 2

Plane 3

Plane 4

4 Planes Total

GEB159
GEB161

2.5
2.4

2.5
1.8

GEB162
GEH002
CX214

3.6

3.6

1.1
2.1

1.9

2.3
2.4
4.7
1.9

2.3

2.2
2.1

2.5
2.5
4.3
1.6
2.2

CX672

1.8
2.7

2.8
3.2
4.9
1.3
2.6

2.0

2.3

Total RMS Error = 2.7 %
Total RMS Error * 2.2 % (w/o a peripheral GEB162)

Table 3,

RMS Errors (%) by Infinite Lattice Calculation

Bundle

Plane 1

Plane 2

Plane 3

Plane 4

4 Planes Total

GEB159

3.5
2.7

2.9
1.6
13.3

3.0
3.0
9.5

2.9
2.4

17.2

2.2
2.3
10.1

12.5

1.4
4.5
5.1

1.7

1.6

1.3

1.5

2.9
2.8

3.4
2.2

3.1

3.5

1.9

3.0

GEB161
GEB162
GEH002
CX214
CX672

Total RMS Error = 5.8 %
Total RMS Error = 2.7 % (w/o a peripheral GEB162)
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Table 4,

TabSe 5.

ALL PINS

Plane-wise RMS Errors for the Internal Bundles
( Pin Power Recoasiruction )
Plane 1

2.0%

Plane 2
Plane 3
Plane 4

2.2%
2.1 %
2.3%

4 Planes Total

2.2%

Pin-wise Fuel Type Grouping for the Internal Bundles
( Pin Power Reconstruction )
UOjPINS

GdjO3 PENS

MOX PINS

736 Points

622 Points

58 Points

56 Points

AVE = 0.0 (%)

AVE = Q.I (%)

AVE =-2.1 (%)

AVE = 0.9 (%)

RMS = 2.2 (%)

RMS = 2.0 (%)

RMS = 3.4 (%)

RMS = 2.2 (%)
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An Example of Suspicious Measured Data (OEH002 Plane 1)
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Preliminary Investigation of the Code TORT
Timothy N. Ake
The Babcock & Wilcox Company
Lynchburg, Virginia
Abstract
A preliminary investigation of the three dimensional, coupled
neutron-gamma transport code TORT was conducted to examine its
capabilities to perform radiation transport calculations. TORT is
being developed at Oak Ridge National Laboratories, and was
released under Defense Nuclear Agency sponsorship.
A sample
problem was modeled in TORT, and the results compared with those
from previous calculations made using the two-dimensional transport
code DOT. Benefits of a three-dimensional over a two-dimensional
calculation in determining neutron and gamma fluxes are shown.
Development needs for TORT are discussed, since TORT is still a
developmental code.

Introduction
TORT1 is a three-dimensional, coupled neutron-gamma transport code
that utilizes discrete-ordinatss finite differencing methods in
solving the Boltzmann transport equation. In this sense, it is
similar to its two-dimensional predecessor DOT2.
DOT has been
proven effective in calculating radiation transport problems that
can either be solved in two dimensions, or can be synthesized by
separating the solution function:
*(R,e,z) = *(R,e) * F(Z).
The advantage TORT has over DOT is that in TORT, problems can be
modeled that require a true third dimension.
This feature is
significant for problems where asymmetries do not allow for
separation of the solution function.
This need justifies the
effort being expended on developing this code.
Presently TORT is ii> a developmental stage. It was written at ORNL
to meet a specific set of customer requirements. Therefore, it is
missing many of the features available in DOT that are needed to
model many radiation transport problems common in the nuclear
industry.
The purpose of this paper is to describe tne compv.+'.ing resources
required to run TORT, to examine some of TORT's current
capabilities to perform radiation transport calculations for a
reactor environment, and to identify developmental needs.
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Procedure
To test the capabilities of TORT, a problem previously modeled with
DOT, but needing a third dimension, was chosen. The results then
generated by TORT were compared with the results generated by DOT.
The similarities and differences in the results were then noted,
with emphasis given to the additional data generated by TORT.
The problem chosen for this study involved the calculation of
radiation heating in a horizontal shield plate laying beneath a
reactor core.
Currently, only a radial heating rate distribution
is available from DOT. The design of this shield plate, though,
requires azimuthal heating rate distributions to be known so that
the temperature induced stresses can be accurately determined.
The coro and shield plates can be seen in Figures 1 and 2. The
core is composed of cylindrical fuel assemblies 5.1 inches (13.1
cm) in diameter, spaced on an 8-inch (20.3 cm) pitch. In place of
some fuel assemblies is a control rod assembly location in a
housing of the same diameter. The calculation of the shield plate
heating is complicated by the asymmetry in the core caused by the
presence of these control rod assemblies. TORT has the advantage
of being able to handle a model that simultaneously models both
the fuel and the control rod assemblies.
A cross section of the core arrangement is shown in Figure 1.
Since the fuel assemblies are arranged in a triangular pitch array,
the core can be considered to be a series of hexagonal patches,
each containing one fuel assembly in the center surrounded by six
assemblies. However, in each patch, one assembly location contains
a hexafoil control rod assembly instead of a fuel assembly. This
is also seen in Figure l.
The fuel is comprised of concentric cylinders of fuel and absorber
materials, as shown in Figure 1. The fuel assemblies are contained
in aluminum flow tubes held in place by the lower support plate.
To protect the lower support plate from excessive radiation
exposure, a 2-inch (5.08 cm) thick shield plate made of stainless
steel is placed between the active core region and the lower
suppiort plate. The shield plate is 18 inches (45.72 cm) below the
bottom of the active fuel, and 8 inches (20.32 cm) above the lower
support plate. This arrangement is shown in Figure 2.
The radiation transport problem in question is to determine the
heating rates in the shield plate due to neutron and gamma
irradiation. The magnitude of the heating rate is a function of
the power in the fuel assemblies. For this study, we will not bs
concerned with the absolute heating rate generated, but the
relative distribution of heat generation in the plate. This is due
to the excessive leakage resulting from the use of vacuum
boundaries, as discussed in Section V, below. As such, parameters
such as reactor power, and radial and axial power distributions are
not pertinent to this problem.
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The relative heating rate and flux spectra at a particular point
in the shield plate are related to their proximity to a fuel
assembly or hexafoil. As such, heating rates and flux spectra will
be functions both of the radial distance from the central fuel
assembly and its azimuthal angle.
To test TORT in relationship to DOT, parallel models in the two
codes wera made, and the results compared.
The shield plate
problem was first modeled in an R-Z DOT model.
Radial heating
rates in the plate were calculated for the region near the renter
flow hole, as were axial flux distributions along the centerlin';.
The shield plate below the hexagonal patch was then modeled in
TORT. Radial and axial heating rates in the plate were calculated
around the center flow hole both radially and azimuthally. Axial
fluxes through the centerline were also calculated.
The results are discussed in this paper. The fluxes generated by
TORT were compared with the DOT results. Azimuthal heating rates
as calculated by TORT were also calculated, and the additional
information gained by TORT not readily available from DOT-generated
information is shown. Finally, a discussion is also given as to
the needs for further development in TORT.
Computing Environment
Both the DOT and TORT models were run on an APOLLO 10000 computer
having a dnlOk operating system. TORT needed a large amount of
disk space, much more than did DOT. For this size geometry (34,560
nodes: 30 radially, 36 azimuthally, and 32 axially), using 32
scattering angles, and having 67 energy groups, two large files
were created. The scratch flux file (tape2) required 148 megabytes
of disk space and the another 148 megabytes was required for the
output flux file (fort.l).
To provide additional capacity, a
remote disk was networked using NFS networking software.
The
remote disk used was an HP6300 re-writable optical disk, and
provided approximately 270 megabytes of additional memory.
Version 4.3 of DOT was used for the two-dimensional calculations.
Version 1.2 of TORT was used for the three dimensional
calculations.
Both the DOT and TORT models used BUGLE80 67 group cross sections.
These cross sections have 47 neutron groups and 20 gamma groups.
The last two neutron groups are thermal neutron groups with
energies less than 0.414 ev. There is no upscatter in these cross
sections.

Two-Dimensional DOT Model
The shield plate is modeled in an R-Z DOT model, with the
centerline of the central fuel assembly being the center of the
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model.
This model is shown in Figure i.
In the center is
homogenized fuel material. Below this are two concentric cylinders
of absorber materials, since the absorbers are longer than the fuel
region.
Below this is a D2O-filled flow channel.
The fuel
assembly is surrounded by and supported by an aluminum tube. In
the fuel region this tube is blended with other material, but is
explicitly modeled below the fuel region. Beyond the fuel region
is a D2O-filled region, out to a radius of 10.669 cm. This is the
equivalent radius for a cylinder that has the s^me cross sectional
area of an 8-inch pitch hexagon. Below this D2O region is the
stainless steel shield plate, the 8-inch D2O-filled gap, and then
the 12-inch thick lower support plate. D2O is below the lower
support plate, and steel tubes separate it from the shield plate,
and guide the flow through it from below. Radially surrounding
this specifically modeled region, are blended regions of core
materials, target and D2O materials, and steel and water materials.
Reflective boundaries were used on all sides except for the bottom,
which had a vacuum boundary. Uniform source distributions were
input to the fuel and core regions.
The output from DOT that is pertinent to this study are the heating
rates fro.ii neutron and gamma interaction, and the neutron flux.
These parameters were generated in a single DOT run. They are
presented and discussed below.

Three-Dimensional TORT Model
The same problem was modeled in TORT. However, since adding a
third dimension drastically increases the number of nodes to be
solved, the availability of computer disk space became a problem.
Therefore, the model had to be somewhat simplified.
Azimuthal and axial profile schen, ,tic drawings of the TORT model
are shown in Figures 4 and 5.
In the azimuthal profile, the
problem is divided into 36 angular spacings, each being 10 degrees.
Since the circular fuel assemblies cannot be modeled as round
bodies, except at the center, a region of combined arc segments was
chosen for each fuel assembly that had approximately the same cross
sectional area, and centered at the same location as the center of
the fuel assemblies. The circles in Figure 4 show the size of the
fuel assemblies that the shaded regions are approximating. Beyond
the explicitly modeled fuel assemblies is a region of blended core
material, the same as in the DOT model. This blended region is to
approximate the effects of surrounding core material on the
radiation heating in the center of the problem.
The control rod assembly location is assumed to be empty, (i.e.,
all control rods are withdrawn from this region). Therefore, the
control rod assembly location is modeled simply as a water-filled
channel. The aluminum housing for the control rod assembly does
not easily fit the geometry of this model. Since aluminum has a
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low neutron cross section, the housing is omitted.
should have a negligible impact on the results.

This omission

The axial profile of the TORT model is shown in Figure 5. It is
very similar to the DOT model. The most significant difference in
the model is that TORT does not include the lower support plate and
the heavy water region below it. This region was excluded to
reduce the number of nodes in the problem.
One other step taken to reduce the size of the TORT problem was to
reduce the number of scattering angles as compared with the DOT
problem. DOT used S8 scattering, TORT used S4. Since TORT is a
three-dimensional code, S8 scattering would have required 96
scattering angles, while S4 only requires 32. This change in the
number of scattering angles, then, allowed the problem size to be
reduced by two thirds.
TORT currently does not have reflective boundary conditions. The
only boundary condition available for this problem, according to
the manual, is a vacuum boundary on all sides. This will greatly
increase leakage from the core, especially for high-energy
particles.
This is the main reason only relative, rather than
absolute, fluxes and heating rates are considered in this study.
The excessive leakage from the problem will be considered in the
discussion of the results.
However, to complete the arc for the theta variable, a periodic
boundary was needed to connect the 360 degree boundary to the 0
degree boundary. According to the manual, the programming for the
periodic boundary is not complete. However, one sample problem
that came with the code used r-theta geometry, so it is assumed
that at least for the theta variable, the periodic boundary can be
used. So while the periodic boundary can be chosen in the input,
it is used at the user's own risk. Also, the TORT manual warns that
the periodic boundary condition causes difficulties in converging
the acceleration iterations.
The lack of a reflective boundary is also why a complete 360 degree
model is made of this problem.
If a reflective boundary was
available, only the part of the problem from 0 to 180 degrees could
have been modeled, with a reflective boundary place along that
line. This feature would have cut the size of the problem in half,
and would have greatly improved calculating efficiency.
Also,
along the bottom of the TORT problem, the model was ended eight
inches below the shield plate.
In the DOT problem, the model
extended through the support plate. This caused a difference in
the results since the support plate is a source of gammas, and can
also reflect neutrons.
An albedo boundary in TORT could have
accounted for this phenomenon, but again, this boundary condition
is not available.
The main TORT output was chosen to be similar to that obtained from
DOT. The combined neutron and gamma heating rates, and the total
neutron and gamma fluxes were the parameters of interest. These
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parameters were generated in a single TORT run. However, unlike
DOT, these results are over a much broader area, and showed greater
spatial variation of the parameters. Figures showing TORT data
are presented and discussed below.
Results
The DOT run required 3.5 hours of computer time. A plot of the
heating rate in the shield plate as a function of radial distance
from the center of the modei is shown in Figure 6. A similar plot
of fast flux is shown in Figure 7. The absolute magnitude of the
heating rate can be determined from the plot. However, DOT can
only approximate the radial distribution of the heating rate and
fluxes. As radial distance increases, the heating rate and fluxes
are more dependent on the homogenized core portion of the model (as
shown in Figure 3) than it is on modeled fuel assembly. Of course,
no azimuthal distribution of heating rate is available.
It was hoped that TORT could provide the desired geometric
distribution of the heating rate. However, TORT did not finish
running. At group 34, (a medium energy neutron group), the run
stop due to a floating point error. This prevented the code from
generating heating rates, a thermal neutron flux and gamma fluxes.
Since most heating in the plate is from gamma interaction, not
neutron, the most desired output was not available.
To test if the input model was at fault, or if it was a code
problem, the same model was re-run using vacuum boundaries along
the G degree and 360 degree boundaries. This time the code ran for
all 67 groups.
Apparently, the error lies within the code's
ability to handle the periodic boundary. As the code output warns
that this option is not complete, and the manual warns that
convergence problems can occur with the use of a periodic boundary,
difficulties with this option remain to be resolved.
The TORT that ran all 67 groups required two full days of running
time (48 hours) to be completed.
TORT also had convergence
problems. Several of the higher energy groups on neutrons did not
fully converge after 6c iterations.
This fact needs to be
considered i.n examining the results, especially since lower groups
are direct products of higher groups.
Partial TORT results are shown in Figure 8, based on the partially
complete run which used periodic azimuthal boundary conditions. The
empty control rod location occurs at 180 degrees. Figure 8 shows
the fast neutron flux (>7 MeV) from the first five groups
calculated by TORT along the inner wall of the center flow hole in
the shield plate. The effects of the stalks and the large water
channels are clearly seen in the plot, as deflections in the smooth
curve at multiples of 60 degrees. The flux peaks near the fuel
assemblies and dips near the water channels. The effects of the
empty control rod location are evident in the rise in flux at the
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180 degree mark. This is due to the fact that the empty channel
acts as a flux trap, causing slightly higher power to be produced
on the side of the center stalk facing the channel. It is this
type of azimuthal variation in power that is desired for the
heating rates.
Figure 9 shows the azimuthal heating rate along the center flow
hole (the same location as in Figure 8 ) , but the model has vacuum
boundaries at 0 and 360 degrees. Here it is seen that the heating
rate is skewed toward the 180 degree point. This is due to the
high leakage at the 0/360 degree boundary. Little is learned from
this graph, except that TORT can handle large azimuthal gradients.
The axial distribution of neutron and gamma fluxes through the
center of the center fuel assembly as generated by DOT and TORT are
compared in Figures 10 and 11. Since TORT lacks a reflective
boundary at the top, the model has excessive leakage compared with
DOT. As such, comparing absolute values would be meaningless. To
make comparisons between the DOT and TORT models, then, the fluxes
were normalized. It was arbitrarily decided to normalize each set
of fluxes to its value at a point parallel to the top surface of
the shield plate.
It is seen in these two figures that, except
near the top, both DOT and TORT calculate relative fluxes very
similarly. Both DOT and TORT show fluxes varying by nearly three
orders of magnitude over the axial length of the problem. The TORT
curves drop off suddenly near the top of the problem, showing the
effects of having a vacuum boundary near the top.

Conclusion
TORT shows enough satisfactory agreement with DOT to conclude it
is adequately solving the Boltzmann transport equation in solving
radiation transport in a reactor environment.
A comparison of
neutron and gamma fluxes as well as heating rates shows it provides
comparable results to similar DOT calculations.
The explicit
three-dimensional heating rates allow the determination of more
accurate temperature gradients that occur in the shield plate to
what is available through a DOT calculation. These heating rates
will improve the precision of temperature gradient calculations in
the shield plate, which results in better knowledge of temperature
induced stresses the plate needs to withstand.
Further development needs to be performed for TORT to become a
design tool. The most notable needed feature is a complete set of
reflective, periodic and albedo boundary conditions. These are
needed to both appropriately model many design problems, and also
to
reduce the size of the modeled problem.
Another needed
feature, though not explicitly revealed in this study, is the need
to generate output boundary sources that can than be used as input
to subsequent problems. This allows large, complex problems to be
broken into a series of smaller, more efficient to run problems.
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Running TORT requires a large, efficient computer.
The long
running times of TORT on the APOLLO 10000, even for a fairly simple
problem such as this, make it difficult to effectively use TORT for
design work.
Advances in computer hardware, rather than
programming improvements, will probably prove to be the solution
to this problem in the future.
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Figure 2. Axial Arrangement Showing Shield Plate and Lower Support
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Figure 4. TORT R-e Cross Section through Fuel Region
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DOT vs TORT Normalized Neutron Flux
Figure 10
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CALCULATION OF THE FAST FLUX TEST FACILITY FUEL PIN TESTS
WITH THE WIHS-E AND HCNP COOES
K. N. Schwinkendorf
W. 0. WitteMnd, H. Toffer
Uestinghouse Hanford Company
ABSTRACT
The Fuel Assembly Area (FAA) at the Fast Flux Test Facility site on the
Hanford Site at Richland, Washington currently is being prepared to fabricate
mixed oxide fuel (U, Pu) for the FFTF. Calculation*! tools are required to
perform criticality safety analyses for various process locations and to
establish safe limits for fissile material handling at the FAA. These codes
require validation against experimental data appropriate for the compositions
that will be handled. Critical array experiments performed by Bierman
provide such data for mixed oxide fuel in the range Pu/(U+Pu) - 22 wtX, and
with Pu-240 contents equal to 12 wtX. Both the Monte Carlo Neutron Photon
(HCNP) and the Winfrith Improved Hultigroup Scheme (WIHS-E) computer codes
were used to calculate the neutron multiplication factor for explicit models
of the various critical arrays. The W-CACTUS module within the WIHS-E code
system was used to calculate k. for the explicit array configuration, as well
as few-group cross sections that were then used in a three-dimensional
diffusion theory code for the calculation of kaf( for the finite array.
INTRODUCTION
The Fuel Assembly Area (FAA) at the Fast Flux Test Facility (FFTF) site
currently is being prepared to fabricate mixed oxide fuel for the FFTF.
Various sources of plutonium are being considered, including the product from
N Reactor. Because the Pu-240 content is not yet determined, the criticality
analysis requires a parametric treatment of this variable. Calculational
tools require validation against
experimental critical data. The Bierman
critical array experiments >z provide these data for mixed oxide fuel with the
ratio Pu/(U+Pu) « 22 wtX. Two computer codes, the WIHS-E modular code system
and the HCNP (version 4.2) code, were used to model these experiments.
DESCRIPTION OF EXPERIMENTS
2

0

The Bierman'' '*'' experiments consist of mixed-oxide (U,Pu)Oz fuel rods,
stainless steel clad, arranged in square arrays, with 15 cm or more of
reflection on all sides. Several sets of experiments were performed,
including different materials for both moderator and reflector. Various
lattice pitches were used in the arrays, resulting in different nunbers of
fuel rods being required to attain criticality. In the first set of
experiments, which were both water moderated end reflected, six different
arrays were analyzed. Figures 1 through 6 illustrate these arrays. Two types
of fuel pins were used in experiment 003R, with compositions (adjusted for
Pu-241 decay) contained in Table 1. The more reactive Type 3.1 pins were used
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on the periphery, at a larger lattice pitch. All other arrays used only
Type 3.2 pins.
The stack density of Type 3.1 pins was 9.783 g/cm\ and
9.830 g/cmJ for Type 3.2 pins.
DESCRIPTION OF ANALYSIS NETHOOS AND PROCESS
The British WIMS-E system3 is a collection of neutronics modules that are used
together to perform calculations. Separate modules exist for one-dimensional
(10) integral transport calculations in either cylindrical or slab geometry,
with the user's choice of numerical solution techniques. Also included are
two-dimensional (20) transport modules, for either (x,y) or (r,0) coordinates.
Additional modules exist for detailed self-shielded resonance integral
calculations in tube-in-tube fuel geometries, collapsing cross sections in
space and energy, merging data files, depletion calculations, etc.
The Bierman1'2 arrays were analyzed by first generating cross sections
appropriate for a single fuel pin, then using these cross sections in the
20 transport module U-CACTUS. This single fuel pin was surrounded by
moderator to a cylindricized cell boundary, equal in area to the square-array
lattice area. The WIMS-E modules U-THES and U-PIP were used to perform these
calculations for each fuel type in 69 energy groups. The U-THES module
calculates cylindrical collision probabilities according to the Bonalumi
method4. The W-PIP module calculates the flux solution, which then is used to
collapse cross sections for each material to an 18-group set of cross
sections. These 18-group data were then employed in the H-CACTUS module.
The W-CACTUS5 solves the multi-group transport equations in (x.y) geometry
using the "method of characteristics," a numerical solution to the
differential Boitzmann equation. .The user specifies the maximum allowable
separation between the 20 "track" mesh. Both azimutha]- and polar-angular
integrations are performed numerically, with user-specified angular mesh for
the transport approximation. Explicit representation of imbedded cylindrical
"inserts" (in this case, fuel pins with cladding) arc allowed within the
cartesian mesh.
The W-CACTUS flux iteration uses Chebychev polynomial source extrapolation.
This accelerates convergence, but numerical instability may occur when there
are strong spatial flux gradients. When modeling a repeating unit with
relatively weak spatial flux gradients [I.e., a Pressurized Water Reactor
(PWR) assembly within a core], the Chebychev routines converge very rapidly,
usually after 5 to 10 outer iterations. However, when there are large
portions of the problem without fissile material, such as a large reflector,
Chebychev extrapolation will become unstable, usually after 10 to 15
iterations. A solution to this problem is to turn off the Chebychev
extrapolation after a few iterations.
The Bierman1'2 critical experiments were modeled with five Chebychev
extrapolations. The balance of the flux iteration was performed using
nonoverrelaxed "power iteration." This approach removes the Chebychev
numerical instability. Unfortunately, long running times result because, in
some cases, hundreds of outer iterations were required to converge ktff to
within 10 . Additionally, there are user-defined criteria on volume elementwise flux and boundary angular flux convergence.
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The cross-section library used by MIMS-E is the 69-group
library, created by tfinfrith .

1986' MIMS-E

The W-CACTUS is liaited by ths choice of boundary conditions, either
reflective or periodic boundary conditions at the outer pertphery. but r.st
zero flux or zero incoming neutron current. It JS not possible to ncdel
rigorously a neutronically isolated system. However, if the reftectar ?s
"thick enough," the distance between arrays ts sufficient for effectue
neutrorsic isolation to model a single array. Experiment 029 was nodefed UST-<;
the 15.0-cm thickness as shown in Figure 5, but also with 20.«- in4 2*.G-cn
reflector thicknesses. Figure 7 shows that kt#, converged tc somewhat 'ewer
values with thicker reflectors, [t was decided that 15-0 c* was suffrcre*t
for the purpose of generating cross sections for 30*. so the r«sc af the
critical arrays were modeled with 15.0-cm reflector*.
After 2D transport convergence, cross sections wer« coHapscd into two grasps,.
for both the fuel and reflector regions. These two-group, two-region cross
sections were then input to 3D*, a 30 diffusion theory code used extensively
at the Han ford Site - This code allowed for modeling the (*.;«> Ta>out w*tfc
finite axial dimensions. A top and bottom reflector of 1S.C cm also was
•ode led with 39N. The k##f produced by 30N, using two-group cross sect t e n
obtained from a 2D transport model of the actual array, were compared to the
experimental ktf, (which was equal to ucity).
The MCNP code* uses rando* numbers to simulate particle transport through
three-diaensional (3D) geometries. Statistical estimates then are «ade an
parameters of interest, which may include kaff and flux at certain desired
volumes. Nuclear cross sections are obtained from th« EMDF/B version
V nuclear data library and are treated in MCNP as continuous functions of
energy. The advantages of NCNP include the ability to treat highly
complicated 30 geometries and the lack of spatial and energy group averaging.
Disadvantages include long execution times to obtain reasonable statistical
estimates on ktff, especially for large or complicated geometries.

iESULTS
Figures 8 through 12 show V-CACTUS k ff values as a function of iteration for
all critical arrays. Table 2 contains the WIMS-E/3DN results. The k. column
refers to the eigenvalue produced by the M-THES module, which performed the
initial pincell calculation. The kj, column refers to the value that W-CACTUS
converged to, which represents the ?D transport calculation (finite in (x,y)
but with no axial leakage correction). The k „ column, produced with 3DK and
using two-group cross sections produced by WIns-E, is the final prediction for
the k(ff of the critical array.
Accuracy is lost when numerical approximations treat the energy dependence of
cross sections by using group-averages. For thermal systems, this approach is
usually a very good approximation. However, in harder neutron spectra, the
prediction of system reactivity is more sensitive to the treatment of
resonance absorption. Fast reactor calculations are performed in many more
than two or four groups. The Bierman • critical array experiments represent
a wide range of lattice spacings. As the lattice spacing is reduced, the
lattice becomes more under-moderated, requiring additional fuel pins to attain
criticality. As a fissile system becomes more under-moderated, the neutron
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spectrum shifts to higher energies (i.e., the spectrum becomes harder). As a
result, more neutron energy groups are required to predict accurately the
system reactivity. Experiment 006 represents the largest lattice spacing
analyzed, and the fewest number of pins required for criticality. The
*-CACTUS ca?cut at tons performed for this array (as well as experiments 004
and CO I) rn IS energy groups produced two-group cross sections that allowed
30ft to calculate i «... that was very close to unity (within just a few mk of
critical), for the closer-spaced lattices (experiments 029, 005, and 003R)
the accuracy began to erode. Experiments 006 and 00S also were evaluated by
performing W-CACTUS transport calculations in two and four energy groups. The
same two-group crass sections were then extracted from each of these
calculations, and fed into 30N. For experiment 005, both four-group and
two-group W-CACTUS calculations produced cross sections for 3DN that resulted
TR cntTcal predictions much less accurate than the 18-group calculation.
This compart son is shown in Figure 13. For experiment 006, the 18-group
approach was a!ready accurate; the accuracy penalty in going to either four or
two groups was not as severe. This comparison is shown in Figure 14.
Table Z*. contains the 30N results for both experiments 006 and 005, given
cross sections that were produced by W-CACTUS using 18, 4, and 2 energy groups
for the m a m transport calculation. Performing transport calculations with
W-CACTUS requires a large amount of disk space. Large 'scratch files" are
created by W-CACTUS while execution proceeds. These files contain detailed
geometry tracking information for the problem. When there are Many spatial
mesh, many energy groups, and a high-order transport calculation is required
(aziauthal and polar angles), these parameters will multiply to produce
enormous scratch files. The one larg- scratch file produced by W-CACTUS for
array 003R was in excess of i GB. I* s not practical to increase the number
of W-CACTUS energy groups beyond If or the larger arrays.
NCNP was used to compare with WIHS-E models of the Bierman1-2 critical ity
tests. MCNP was used with reflecting planes above and below the Biermin '
lattice to simulate the WIHS-E k. calculation with 15.0 cm of radial water
reflector around the lattice. NCNP was also used with a lattice three feet
high and 15.0 cm of axial water reflector as well as the 15.0 cm of radial
reflector around the lattice.
These water Moderated critical experiments also were computed by MCNP using a
More physical representation of the actual geometry, which included explicit
representation of upper support structures.
For experiment 006, Figure 15 illustrates the k ff produced by MCNP as a
function of neutron generation. The upper and lower curves represent the
confidence bounds for ktfftZa. Summarizing the comparison between WIHS-E/3DN
and NCNP, Table 5 combines the results computed with the two codes.
Similar water-moderated critical experiments, but with concrete reflectors9,
were analyzed by MCNP using the more physical representation geometry.
Results are shown in Table 6.
Similar critical experiments were performed10 using a liquid organic moderator
instead of water. These arrays also were computed by NCNP using a physical
representation of the actual geometry. Results are shown in Table 7.

1-467

CONCLUSIONS
This work illustrates the application of state-of-the-art neutronics codes to
evaluation of benchmark critical experiments. Both stochastic and
deterministic approaches were used. Both WIMS-E/3DN and MCNP predicted k ,f=l
to acceptable accuracy. Execution times for WIMS-E and MCNP were comparable
for the calculations performed. However, shortening execution times for MCNP
would require simulating fewer neutrons, with the penalty being in the
statistical uncertainty in the answer. WIMS-E required long running times
because of the nonoverrelaxed nature of the flux iterations. As currently
implemented, Chebychev polynomial source extrapolation becomes numerically
unstable on some types of problems. Future modifications to W-CACTUS could
address these stability problems reducing computing time.
The W-CACTUS, as currently coded, does not have the user-option of specifying
boundary conditions consistent with an isolated array. The choices are either
reflective or periodic. If a single isolated system is to be modeled, there
must be sufficient reflector thickness for the array to be effectively
isolated from the rest of the arrays in the "infinite lattice," which
reflective boundary conditions imply. In practice, it was found that beyond
15.0 cm, the keff produced by W-CACTUS did not decrease significantly. All
critical arrays were modeled using a 15.0-cm reflector thickness, which,
because of symmetry, provides a total distance between arrays in the W-CACTUS
model equal to 30.0 cm.
Another source of error that would tend to adjust the WIMS-E/3DN eigenvalue
arises because the axial reflector (15.0 cm of water, top and bottom) was
modeled as a "pure material." The metal structure (springs inside the
cladding, above each fuel pin column, etc.), penetrating the top reflector,
was not modeled. The inclusion of these refinements would have resulted in
increased neutron streaming through the top reflector, as well as increased
neutron absorption in these regions.
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Table 1. Isotppic Compositions (wtX) for Bierman Critical Experiments.
Isotope

PH 22 43 0'
Pu
Pu 2 4 1
Pu 2 4 Z

*•£

U 235
U238
016

Type 3.1 Pins
Experiment 003R
0.01.10
21.0641
2.8606
0.3124
0.0526
0.0841
0.4547
63.5857
11.5728

Type 3.2 Pins
Experiment 029
0.0111
17.1251
2.3150
0.2493
0.0381
0.0980
0.4853
67.8638
11.8143

Type 3.2 Pins
All other EXDS
0.0111
17.1251
2.3150
0.2596
0.0381
0.0877
0.4853
67.8638
11.8143

Table 2. The WIMS-E/3DN Calculations of Array Reactivity.
k. (THES)
#
# of Pins LP Icm)
472111
006
162
9050
530770
004
205
5342
531370
001
279
2588
465992
029
580
9677
461692
005
605
0.952b
389339
972
0.7671
003R/Type 3.2
545231
65
1.5342
003R/Type 3.1
Note: There were two pin types in experiment

EXD.

k^

(CACTUS)

1.002421
1.016204
1.024201
1.043800
1.043902

ff (3PN)

.000681
0.992811
0.996414
1.008973
1.009545

1.046635
1.024506
003R, totaling 1,037.

Table 2a. The 3DN Results Using Different W-CACTUS Cross Sections.
Number of groups
18 group W-CACTUS
4 group W-CACTUS
2 group W-CACTUS

Experiment 006
1.000681
1.006258
1.031816
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Experiment 005
1.009545
1.037952
1.053336

Table 3.
Experiment
Number
003R
005
029
001
004
006

The MCNP Calculations of Array Reactivity.

Number
Lattice
Spacing (cm) of Pins
0.7671
1037
0.9525
605
0.9677
580
1.2588
279
1.5342
205
1.9050
162
Table 4.

Experiment
Number
003R
005
029
001
004
006

Infinite
Length
1.022760 + 0.0017
.022739 0.0017
,023269 0.0017
.023606 0.0018
.022559 0.0016
.024144 0.0015

Finite
Length
1.000711
0.0015
1.004087
0.0016
1.000378
0.0016
0.997788
0.0016
1.004184 0.0016
1.006262
0.0015

The MCNP Calculations of Array Reactivity.

Lattice
Spacing (cm)
0.7671
0.9525
0.9677
.2588
.5342
.9050

Lattice Width
(pins)
36
28
28
18
18
14

Number
of Pins
1037
605
580
279
205
162

Physical
Representation
0.994129 ± 0.0016
1.003073 ± 0.0017
1.002819 + 0.0017
1.004571 + 0.0018
1.004090 + 0.0016
1.007570 t 0.0016

Table 5. Comparison of WIHS-E/3DN vs. MCNP for Critical Arrays.
Experiment
Number
003R
005
029
001
004
006

MCNP, Infinite
MCNP, Finite
W-CACTUS
3DN
Length
Length
(2D transport) (3D diffusion)
1.022760 ± 0.0017 1.000711 + 0.0015
1.046685
1.014506
1.022739 ± 0.0017 1.004087 + 0.0016
1.043902
1.009545
1.023269 + 0.0017 1.000378 + 0.0016
1.043800
1.008973
1.023606 ± 0.0018 0.997788 + 0.0016
1.024201
0.996414
1.022559 ± 0.0016 1.004184 + 0.0016
0.992811
1.016204
1.024144 + 0.0015 1.006262 ± 0.0015
1.002421
1.000681

Table 6. The MCNP Calculations of Concrete Reflected Critical Experiments.
Experiment
Number
010
007
012
011
Table 7.
Experiment
Number
065
063
062
061
060

Lattice
Spacing (cm)
0.953
1.263
1.541
1.906

Lattice Width
(pins)
28
18
18
14

Number
of Pins
554
260
191
152

Physical
Representation
1.001748 ± 0.0017
1.012778 ± 0.0018
1.010110 ± 0.0017
1.002032 ± 0.0017

The MCNP Calculations of Liquid Organic Moderated Critical
Experiments.
Lattice
(cm)
0.761
0.968
1.242
1.537
1.935

Lattice Width
(pins)
36
28
18
18
14
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Number
of Pins
1037
579
279
205
162

Physical
Representation
1.001857 ± 0.0017
1.003641 + 0.0017
1.006359 + 0.0017
1.006766 + 0.0019
1.005103 + 0.0015

Figure 1. The WIMS-E Model for Critical Experiment 006.
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Figur» 7. Th« W-CACTUS k-»ff v*. Oration.
Critical Experiment 029.
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NEW NODAL DIFFUSION AND PIN POWER CALCULATION METHOD
BASED ON MODIFIED ONE GROUP SCHEME
T. Iwamoto and M. Tsuiki
Toshiba Corporation, Nuclear Engineering Laboratory
4-1 Ukishima-cho, Kawasaki-ku, Kawasaki, 210 Japan
intemet:ra ts@rcg.nel.rdc.toshiba.co.jp
ABSTRACT
A new nodal d;ffusion method for BWR core analysis has been developed, based on the
modified one (one-and-a-half) group scheme. In this New Modified One Group (NM1G)
method, neutron flux wd material distributions within a node are explicitly represented to
combine the heterogeneous effects for the fuel assembly into homogenized reactor
calculations. The intranodal thermal flux distribution is expanded with the analytical
solutions of the diffusion equation. The nodal power density and the interface net current
are calculated, taking the intranodal thermal flux shape into consideration. Coupling
coefficients for the fast flux are calculated by making use of transverse integration
techniques. There is essentially no need for core dependent adjustable parameters in the
present method, since boundary conditions are derived in a consistent manner. A pin
power reconstruction method was developed on the same basis as that used for the nodal
method. Ths local power distribution is readily obtained from the intranodal flux
distribution. Calculation time for nodal equations is comparable to that for the conventional
modified one group method. This makes it possible to apply the present method to on-line
core evaluation. Verifications of the present methods were made by comparing the results
to those obtained by heterogeneous fine-mesh multi-group diffusion calculations. The
NM! G method accuracy is shown to be fairly good.

INTRODUCTION
In the scheme embodied in the modified one (one-and-a-half) gtuup diffusion model,
whole-core coupled equations are solved only for the fast group, since global power
distribution in a BWR core is essentially determined by the fast flux. The thermal flux is
uken into the source term for the fast group through the ratio to the fast flux in each node.
(The ratio is called spectral index). The spectral index approaches its asymptotic infinitelattice value at the center of the assembly size node, since thermal diffusion length is short.
The average nodal spectral index in the conventional model, for example in Borresen's
PRESTO 1 , is calculated with factors adjustable to higher order calculations. Boundary
conditions for the fast group are also adjusted with albedos. These adjustable factors arise
from the fact that the conventional modified one group methods do not make use of the
explicit intranodal flux distribution.
Based on the modified one group scheme, Tsuiki obtained the nodal spectral index semiempirically, using a one dimensional analytical model for the two node problem 2 . However,
the adjustable factors still remained, due to the difficulties representing the multidimensional intranodai spectral index shape and combining the heterogeneous effects for
the fuel assembly into the homogenized reactor calculations.
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A new modified one group (NM1G) nodal method, which utilizes explicit representation
of the inttanodal flux distribution and the assembly heterogeneities, has been developed for
BWR core analysis. The NM1G nodal method achieves high accuracy, through eliminating
the above mentioned insufficiencies in the conventional method, while still retaining the
computational time advantage for the modified one group scheme. A method for calculating
accurate pin powers, required for thermal margins evaluation, has also been developed on
the same basis as that for the nodal method.
NEW NODAL DIFFUSION METHOD
The two-group neutron diffusion equations in a homogeneous node are written as

(D

where notations are standard. Nodal cross sections are assumed to be homogenized with
the usual flux weight average method. If the buckling of the fast and thermal groups are the
same and are equal to the fundamental mode, a standard modified one group equation for
fast group is obtained. However, the spectral coupling between the adjacent nodes causes
the spectral index to have transient form near the node interface. Deviations in intranodal
thermal flux distribution from the fundamental mod? mwst ta appropriately evaluated to
obtain accurate reaction rate and fast leakages. The modified one group equation, with the
spectral correction, is written as

k-A.

-

where m2 is the effective migration area. The infinite multiplication factor k'~ is given by

k~ = <vl.fl

+ f-vLf2)/

Sj

(4)

with the asymptotic infinite-lattice spectral index f°° defined by Z1_¥2/La2.
In the right
hand side of Eq. 3, hk(r)
denotes the correction term for the k-infinity, due to the
deviation in the spectral index from its asymptotic infinite lattice value. If this term is
neglected, Eq. 3 reduces to the conventional modified one group model.
THERMAL FLUX REPRESENTATION
The most significant feature of the present NM1G r/odal method is the analytical
representation of the intranodal thermal flux shape. The intranodal spectral index is
expanded with general solutions for the thermal group di/fusicn equation. The expansion
coefficients are determined from the spectral index values at a center, four midpoints in the
surfaces, and four comer points for the node, as shown in Fig. 1. At the center of the
assembly size node, the spectral index approaches its asymptotic value for the infinite
lattice. The surface midpoint value for the spectral index is calculated with the ocedimensiona! model presented in Reference 2, and is given by a weighted average of the
infinite-lattice spectral indices for problem node i and adjacent node j .
Jfl

j

j

j

n

a

i

)

,

(5)

where (H=D2K and K is the inverse of the thermal diffusion length (=VzJ7oJ;. The corner
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values are estimated by a weighted average of four nodes surrounding the corner, in
analogy to the surface midpoint value. These nine points give the asymptotic boundary
conditions for the intranodal spectral index.
The spectral index distribution, which satisfies the thermal diffusion equation and the
asymptotic boundary conditions, is given by

f(r)=

f~I+I8f^e-KJrJ

+£ <$f1-&fm-&fn)e-Kmrm/^2e-Kl-rn/V2,

(6)

where rj is a distance from point r in problem node i to the surface of adjacent node j . The
index j indicates the facing adjacent node on problem node i, index 1 indicates the
diagonally adjacent node, and indices m and n indicate two facing adjacent nodes on both
sides of node 1. For example, m and n are 1 and 4, respectively, for the diagonal neighbor
node 5. In Eq. 6, 6 f j indicates the deviation in the spectrum index from f°° x at surface
point j (denoted by circles in Fig. 1). The last term approaches zero along the line linking
the centers of the adjacent two nodes (dashed line in Fig. 1). Thus Eq. 6 represents the
one-dimensional model presented in Reference 2.
It has been confirmed by numerical experiments that the deviation distribution Of(r)
for the spectra! index from f°°, calculated for the homogenized node, shows good agreement
with the change in the spectral index, that is calculated by heterogeneous multi-group finemesh diffusion calculations. An example will be shown in a later section.
NODAL AVERAGE REACTION RATE
The deviation in a nodal reaction rate from the infinite lattice value is evaluated by
averaging the spectral index within a node. In the integration, the node must be treated
heterogeneously, since, as noted above, the deviation in the spectral index, given by Eq. 6
r? produces the heterogeneous flux shape. Since there is no fissile material in water gaps in
a BWR fuel assembly, the integration reduces to the in-channel region for the assembly.
The node average deviation in the k-infinity is shown to be approximated by

5k, = k '

i

i

n

c

h

1

i

i

j

Equation 7 shows that the spectral correction for the average k-infinity is given by a
weighted average of differences between the spectral indices for the problem and the
adjacent nodes. Weighting factor w is given analytically by
(for

jmlt4)t

KB)

tfor

j-s.Bi,

(9)

where wi is the width of the water gap, h'i=hi-2wi,
and / ^ is the radial node length.
Equation 7 can be extended for a 3-dimensional case, and the weighting factor for the axial
neighbor node k is given by

Wk i = —\

11 -

,_ i,

e-Ki"i^2}

(for k'1.2).

(10)

where hzl is the axial node length. The value of the weighting factors thus obtained
analytically are very close to those obtained empirically in the conventional model.
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Nodal powers are calculated from the average reaction rate and can be expressed by the
node average k-infinity, as follows.

*vhere v~is the group average number of neutrons per fission.
NODAL COUPLING COEFFICIENT
Nodal coupling coefficients for the fast flux are calculated with the transverse integrated
homogenized diffusion equation. A change in the infinite multiplication factor, caused by the
spectral mismatch at the node surface, is treated as an additional source term. The
additional source term shape is approximated by the above mentioned one-dimensional
model, since transverse thermal leakage is negligible along the line linking the centers of
two adjacent nodes. Transverse leakage for the fast flux is approximated by the node
averaged transverse buckling. If the additional source is at x=0 and h, the one-dimensional
differential equation is given as
^ixl+B^^x)

^{SklOle-Kx+Skthte-Kth-x)

}<t>, ( x ) , , 1 2 )

where Blx2 is the effective x-directional buckling and 5Jt is the additional source term.
Differential Eq. 12 can be solved analytically, giving the noUe interface flux and net
current as boundary conditions, if the fast flux can be assumed to be spatially flat in the
right hand side the equation. Integrating the obtained flux from x=0 to h, the nodal average
flux is represented with the surface flux and the current. Eliminating the node interface flux
from the two adjacent nodes i and j , the interface net current is expressed analytically in
terms of the node average
fast flux. In order to reproduce the heterogeneous current, flux
discontinuity factors3 are incorporated into the model, since the fast flux is solved for
homogenized node. The flux discontinuity factor is defined by the ratio of the heterogeneous
flux to the homogeneous flux a: the node surface. The resulting node interface net current at
x=0 is given by the finite difference form.
^
(2y1Q,)

— i r i j iJ: -—2—^—^—;'
forij2

3X1*

+ K,'

1 -

v-

(i3

>

J

where c> x is the flux discontinuity factor at the surface of x=0, y1 and Q1 are the correction
factors for finite difference expression, due to the intranodal fast flux shape. These factors
are expressed analytically and can be expanded in terms of the nodal buckling.
y± = 1 t

(l/6)Bxl2hL2,

(15)

2 2

h-

(16)

1-479

Jt should be noted that these factors arc equivalent to those obtained by Weiss for the
one-dimensional case
with invariant embedding theory and are applied for the BWR
simulator CYGNUS4 at Halden Reactor Project.
The second and the third terms in the current Eq. 13 are a contribution from the
additional thermal source at the node interface, which are neglected in a usual modified one
group model. oT, x denotes the node average change in k-infinity, caused by the additional
source at the interface with adjacent node j , and is defined by
5kJtl

= Sk.iOj/fK^,)

.

(17)

The effect of the source at x=h disappears in the current expression at x=0, since the
thermal diffusion length is short, compared to the node size. Inserting the current
expression into the nodal neutron balance equation, which is obtained by integrating the
modified one group Eq. 3 in the problem node, a coarse mesh finite difference equation for
the NM1G method is obtained.

where a, 7 and 0 factors are all direction dependent, though not shown explicitly. The
effective correction term for the nodal k-infinity is given by
F1bk1 = Iffk
,
(19)
; where the factor F: for direction j for the interior node is given by the following equation.
>.

(20)

The F-factor is approximated by 2/(KLhx)
and is about 0.3 for the hot state and 0.5 for
the cold state, respectively. This shows that spectral mismatch effect on the net current is
localized at the node interface. The different expression for the F-factor is given for the
reflector adjacent node. Nodal Eq. 18 has the form of usual modified one group model, and
so can easily be implemented into the existing simulator code.
BOUNDARY CONDITIONS
Reflector nodes are not included in the nodal equation, as they are in the conventional
modified one group model. In the case of a slab reflector, the nodal equation for the reflector
adjacent node is obtained analytically, in the same manner as in the interior node. The
boundary condition for the fast flux is given by the relation of the node average flux between
the reflector node and the interior node.
djLax

Klrhr

dfYr

J-

where K1Z. is the inverse of the fast diffusion length for the reflector, hr is the size of the
reflector node, and yr and d r for the reflector node are defined similarly as those for the
interior node.
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The thermal spectral index at the slab reflector boundary is also calculated analytically
with the reflector constants, as presented in Reference 2. For boundaries that have
complicated geometry, for example two water faced nodes, it is difficult to obtain the
analytical solution for the thermal group. Making use of the transverse integration
technique, the complicated geometry effects can be included into the one-dimensional
model with transverse buckling. Thus, the boundary conditions for such a complicated
geometry are obtained by adjusting the effective buckling tc higher order calculations, as
presented in Reference 2. These correction factors, however, do not depend strongly on the
core configuration by its nature. In the NM1G nodal method, there is essentially no need for
core-dependent albedos.
PIN POWER CALCULATION METHOD
LOCAL PEAKING FACTOR
The pin power distribution is obtained by the product of the nodal average power and
the local power peaking factor (LPF) within a node. The local peaking is defined by the
assembly normalized telative pin powers. The pin power calculation is carried out after the
power-void iteration is terminated, and thermal margins, such as the linear power
generation rate and the critical power ratio, are calculated with the pin power distribution.
The heterogeneous local power distribution in the infinite lattice is calculated by
P°°(r) = 'Lfl(rW*'l<r)+Zf2(rW°a2(r),

(22)

where P is normalized, such that its average over the power generating rods is 1.0. The
local power distribution, in the system that is subject to the effects of adjacent nodes, is
expressed by
P(r)

= [P°°(r)+$P(r)

]/<H$P),

(2 3)

where §P(r) is the change in the local power and 8P is its average over the in-channel
region for the node. Since practical contributions to the local power change are produced by
the thermal group, from Eq. 22, Sp (r) and &P are given by
bP(r) = Lf2!r)^2<r)
67 = {P~/§°°2i

inch

= [P°°(r)/$°°2(r) ]S$2(r),

]W2, inch

= W2,lnChrt°°2,inch-

(24)
(25)

If these are substituted in Eq. 22 and if the second-order terms in 5 are neglected,
P(r)

= Poo(r)(l+&t2(r)/<Vx2(r)-^2,lnch/$°°2rinch}-

(26)

Equation 25 is written in terms of the spectral index, instead of the thermal flux,
P(r)

= P-(r > (1+(&f (r )/*¥<*>< r)-'$finch]/£«•},

(27)

where 5Finch is the in-channel average for the spectral index change from the infinitelattice value, and 4'°° (r) is the thermal flux form factor, defined by the ratio of the thermal
flux to the in-channel average thermal flux in the infinite-lattice calculation. The intranodal
spectral index distribution, appearing in Eq. 27, is given by Eq. 6 derived for the nodal
method.
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Thus, the local peaking factor can be calculated with only the infinite-lattice LPF value
In calculating the linear power generation rate, only the maximum local peaking is of
interest. With Eq. 27, it is not necessary to calculate all of the fuel pin powers in order to
obtain the maximum peaking. It is only necessary to calculate the several most limiting
ones, which can be estimated by the infinite lattice peaking. In the case five or six
candidates for the maximum peaking are calculated, the computation time for the maximum
local peaking factor reduces by a factor of 10. This is especially useful for on-line core
performance evaluation.
CRITICAL POWER RATIO
In the BWR core performance calculation, the critical power ratio is used to monitor the
margin to the fuel rod burn-out. The critical channel power is defined as the power of the
assembly that generates the boiling transition, and is predicted using the boiling transition
correlation. This correlation includes the R-factor, which characterizes the local power
distribution within a fuel assembly, and so is subject to the effects of the neighbor nodes,
as is the local peaking factor.
The local powers, obtained by the present method, are used to calculate accurate Rfactors. The local powers for all fuel pins are needed to calculate the R-factor in principle.
However, the R-factor can be approximately calculated with only the R-factor for the
infinite lattice calcuLtion and with the change in the local power for the maximum peaking
rod, as indicated below.
R

=

R

°°

+ C

r

dR/p ) ~p
* n,ax>
dp

(28)

where C r is the correction factor which depends on the location of the maximum peaking rod.
RESULTS AND DISCUSSION
NODAL POWERS AND EIGENVALUE
The NMIG nodal method accuracy was verified for the HAFAS BWR benchmark
problem in Reference 3 by making a comparison to fine-mesh heterogeneous two group
diffusion calculations. The HAFAS is a 2-dimensional 2-group problem for a quarter core
BWR, which is constituted from 9x9 assemblies of two types of enrichment; each assembly
has a heterogeneous structure, including water gaps and control blades. The fuel region
includes 4x4 sub-regions, which have different enrichment values.
The reference fine mesh solution is obtained by a volume-center finite difference
diffusion code BLOX with 11x11 meshes per node. Assembly homogenized constants for
nodal methods are obtained by the same code, with the same mesh structure making
infinite-lattice calculations. A single assembly discontinuity factor (i.e. one narrow gap
ADF per node) is used for nodal calculations. Comparisons are also made with results from
2-group calculation of an analytic polynomial nodal (APN) code, which utilizes interface
partial current technique and quadratic source expansion method 5 . The APN code is
modified to incorporate flux discontinuity factors.
Figure 2 shows a radial power comparison for NMIG and APN to the reference BLOX
solution. The error in Eigenvalue is -0.06% for NMIG and -0.09% for APN. RMS and
maximum errors in radial powers are 1.7% and -4.2% for NMIG, while they are 2.2%
and -5.7% for APN. These results show that the NMIG method accuracy is comparable to
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that for the modem nodal method. Relative computation time to that for the reference finemesh calculation, used in this case, is 0 002 for NMIG and 0.127 for APN. The NMIG
method efficiency comes from the concept that the unknown for a single node is only an
average fast flux, while unknowns in APN are six partial currents per group. (The above
cpu time is only a measure, since no acceleration technique is used in either NMIG or
APN.)
PIN POWER DISTRIBUTION
The pin power calculation method is verified by companng the local power obtained by
NMIG to multi-bundle heterogeneous fine-mesh 3-group calculations on the TGBLA
lattice physics code 6 . The nodal constants for NMIG are obtained with the same code, by
making the infinite-lattice calculations. Figure 3 shows the multi-bundle problem case and
the local peaking comparison for the center node. The problem center node (average
enrichment of 3.3%) is surrounded by eight nodes, which have relatively lower enrichment.
The node has 8x8 fuel rods, including two water rods at the center.
The thermal neutrons flow into the problem node from the surroundings and make the
local peaking near the surface higher than in the infinite-lattice calculation. As can be seen
from the figure, such effects can be taken very well in NMIG, and the RMS error for all fuel
rods is only 0.7%. The error for maximum local peak is -0.2%, while the infinite lattice
calculation under-predicts local peaking to an amount of 8.4%.
The intranodal spectral index distributions for the present method and the
heterogeneous calculation arc compared for the problem center node in Fig. 4. The curves
show the deviation in the spectral index from the infinite lattice calculation along the
diagonal line connecting the two opposite corners of the assembly. Although the thermal
flux has a complicated shape near the assembly corner, the spectral index calculated by the
present method shows good agreement with that obtained by the heterogeneous
calculation.
CONCLUSION
The NMIG nodal diffusion and pin power calculation method were developed, based on
the modified one group scheme. In the present method, neutron flux and material
distribution within a node are explicitly represented to combine the heterogeneous effects
into homogenized reactor calculations. It is shown that the accuracy and the efficiency for
the method are fairly good. The present method is implemented into the 3-dimensional
coupled nuclear thermal-hydraulics BWR core simulator for the advanced reactor
management system 7 . The power-void iteration computation time is comparable to that
for the conventional modified one group model. Calculation time for the nodal local peaking
factor is nearly a twice that for a single power-void iteration time. The method will be an
effective tool for BWR core analysis and on-line core performance evaluation.
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Figure 1.

Local Region for Calculating Spectral Index

in NM1G Method (2-Dimensional Case)
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Figure 2. Comparison between Radial Powers
for HAFAS Problem.
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Figure 4. Comparison between the Deviation for Spectral
Index Distribution from the Infinite-Lattice Calculation.
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A SIMPLE QUADRATIC NODAL MODEL FOR HEXAGONAL GEOMETHY
Youssef A. Shatilla and A. F. Henry
Massachusetts Institute of Technology
ABSTRACT
A nodal method for analyzing reactors composed of regular hexagonal
subregions in radial planes is described. Within each hexagon the shapes
of transverse integrated group^fluxes are approximated as quadratic
polynomials. Discontinuity factors are introduced to account for this
approximation and for approximations made in replacing physically
heterogeneous nodes by "equivalent" homogeneous regions. Numerical
comparisons with static reference calculations indicate that, uithout the
use of discontinuity factors, the method provides predictions of nodal
fluxes and global eigenvalue that are slightly lees accurate than those
obtained using a somewhat more complicated nodal model and much more
accurate than a finite difference model with one mesh cube per node.
Additional test comparisons suggest that discontinuity factors obtained
from infinite lattice calculations are marginally acceptable for small,
heavy water moderated and reflected cores composed of heterogeneous
subassemblies.

INTRODUCTION
For transient analysis of heavy water moderated reactors of the Savannah
River type, nodal methods appear to offer great advantages in computational
efficiency over finita-difference schemes. However, such methods usually
require that the highly heterogeneous, hexagonal "cells" making up the core
lattice be modeled by homogenized energy-group cross sections. Errors
resulting from the homogenization procedure can be corrected by introducing
discontinuity factors into the calculation. However, while, for light
water reactors, these factors can be obtained from an assembly spectrum
calculation, more complicated procedures seem to be required for heavy
water production reactora. In view of these difficulties, it seems prudent
to choose a nodal model that would require only minor correction if the
nodes making up the reactor were truly homogeneous. Then the discontinuity
factors, ahich correct errors due to all sources, m i l be correcting mainly
those due to the use of homogenized cross sections.
These considerations have led us to turn to a quadratic, polynomial,
nodal model for the nuclear portion of a multigroup, hex-Z, transient code
now under development. The method is much simpler than the analytical
nodal scheme investigated by Yannan.
It instead makes use of a quadratic
expansion of the transverse-integrated, intra-nodal fluxes as was done by
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Laurence.

However, it avoids certain extra terms introduced by Lawrence

to account for possible discontinuities. Wagner also avoided these terms
bat then went on to solve the oue-dimensional, transverse integrated
intra—nodal equations analytically. We stay consistently with a simple
quadratic expansion. A consequence is that the transverse-leakage
4
2 3
approximation, that usually appears in nodal schemes,
never has to be
introduced explicitly.
Although the computer prograa implementing the nodal model has been
written for both the static and dynamic cases in three-dimensional hex-Z
geometry, we shall, for simplicity, derive the nodal equations for the
two-dimensional (hexagonal) static situation.
THE NODAL MODEL
The essential approximations of the modal for the two-dimensional
hexagonal, static case are best described by referring to Figure (1), which
shows two neighboring hexagonal nodes, for which it is assumed that
homogenized group-diffusion theory parameters are available. (The nodes
would in physical fact be heterogeneous with a pitch (h) of - 18 cm.)
Figure 1.

Two Neighboring Hexagonal Nodes.

(i.j)

y.U)

\3sah-

i-t-1
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The nodal balance equation for node-(ij) is
6
p-1
where
r

~nl

for G groups, jJ J

is a G-element column vector of face averaged,

outward-directed, net currents across face-p; l*1^
vector of volume—averaged group fluxes;

is a G-e*eraent column

A1"' is the G « G-elemer'c net

removal matrix (absorption plus scattering-out, less scattering in from
oth<*r groups), and M ^

is the G < G fission neutron production matrix.

As usual, in order to express the [-Li's in terms of the [$T s, we
introduce transverse integrated fluxes for the three coordinate directions
perpendicular to the faces of the hexagon. For the X-direction thi3
G-element vector is defined (see Fig. 1) as

X x

(2)

1

s.vr

Note that if [<*>(x,y)] is a constant, [C] , [01Hx)] equals that same
constant.
of x.

Thus the elements of [^(x)] are continuous, smooth functions

If we approximate [0X^(x)] as the quadratic

*Dr. Henry Honeck pointed out to us that the rather complicated coefficient
multiplying (v-v ) in (3) is necessary if $ ^ as calculated from (2) (as :.t
should be) is to be correct.
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cl +.,)]
(-2v+3v2)
l

i

J
ff
lo C** 1

+

J
^T
)] • [O J Cx _.,)]
<;D Co (X l
l + l ^ IeCv-v^); v 3 -j-irl

C3)

and differentiate it with respect to x, equate the result to the sane
derivative of Equa. (2), express -r-[<?(x,y.)] as - [ D 1 J ] - 1 [J (x,y)], and
evaluate the final expression at x = x , we obtain

+s/2

n -i
dy [D 1J ] [J (x ,y)]

X 1
-s/2
This equation contains values of the fluxes at points (x * I ) . To
eliminate them we make the approximation

and obtain

§ [•»] * § [^] }

(5)

where [o;J3 = [o^Cx^] , [0^3 = [01](x1+1>] . and
s/2

Since it is based on a quadratic expansion of the transverse integrated
flux, Equation (6) should be more accurate than one based on the finitedifference approximation. However, it contains average surface fluxes on
two node faces, and both of these will have to be eliminated if we are to
express [Jc ] ln terns only of volume averaged flux vectors such as [$ -*] .
To do this we first apply to the other half of the node (x +h/2 < x < x )
a procedure analogous to that just described. The result is
72

wij] 4

49

By manipulating Equation (6) and (7) we obtain
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(7)

(3)
and
23

LJ

2

J

LJ

5

J

h

LU

J

23 L *

\

J

23

1J
2 Jl

L[o
0

O)

There are many methods for eliminating the surface fluxes from (8) and
(9). However many of them lead to iterative procedures that diverge. We
have taken an approach motivated by tha fact that for snail nest intervals,
h, the resultant equations will take on the finite-difference fcrm for
which there are well known, efficient iterative solution procedures.
Tc attain this goal we add the nodal balance Equation (1) to (9) to
obtain

8
144

[DiJ]

j_

Then we subtract Equation (1) from (8), but write the result with l
replaced by l+l.

+

53 [ J 5 > 1 > J ] + X
144

[J +1 ] + h Al+1 J

p" '" § [ " ~ ^Ml+1

[D i*l, 3]

j_

Since [o^l = C<J)5+1>J] an«i C ^
(11) by [D 1+

>J

J

* ~CJ5+1'J:I

we can

^Itiply Equation

and subtract it from Equation (10) multiplied by [ D 1 J ] ~

and thereby eliminate the surface-averaged fluxes obtaining [jt-'] m terns
of ['fc1-'] , [0

'^] and 8 transverse currents.

However, before doing so we force Equations (10) and (11) to be exact by
introducing discontinuity factor matrices. Specifically, to take care of
the fact that the nodes are really heterogeneous, that diffusion theory may
not be valid, and that the quadratic expansion of the flux may still be
inaccurate, we multiply [0~ ] ln Equation (10) by the G*G diagonal matrix
5 J~ • When reference values of all the quantities in Equation (10) are
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inserted, this procedure defines [ f ^ ] " • Similarly, we multiply
in Equation (11) by [f*
[o~J] = [Cq + 1 > J ].

'^]

to force it to be exact.

[oi+*'^

Then we eliminate

The final result is
-l

p#2.5
Substituting this result (along with the analogous expressions for the
other five currents across the faces of the hexagon) into the nodal balance
Equation (1) yields an equation coupling the volume-averaged flux in node
(i,j) to the volume—averaged fluxes in its six neighbors. Transverse
face-current terms (the summation over p in Equation (12)) will appear in
this "seven-point" nodal equation. These must be updated iteratively using
Equation (12) and the analogous equations for the other five currents
across the node faces.
Extending the quadratic expansion method just sketched to include the
axial dimension and to transient modeling leads to nodal equations for the
time—dependent, volume—averaged group-fluxes that have a nine-point
difference form with six (rather than four) transverse current correction
terms for each hexagon in the expressions for the face currents.
NUMERICAL TESTING
The accuracy of the nodal model described in the preceding section has
been tested numerically by comparison with a number of reference
calculations. The largest of these tests involved a three-dimensional,
two-group simulation of a critical heavy water reactor of the Savannah
River type. Table (1) displays results.
The DIF30 and reference calculations were performed at the Argonne
2
National Laboratory. The DIF3D quadratic model is somewhat more
complicated computationally (and somewhat more accurate) than the HIT
quadratic model. However, both quadratic models have 27 times fewer
unknown fluxes to find than the 6-triangle/hex finite-difference scheme and
hence, for the same accuracy, should be considerably faster running.
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Table 1:

Error in k

Accuracy of Various Models as Applied, to the Simulation of a
Heavy Water Production Reactor

CX)

eff

Max. Error
Assembly 'Power ('/.)

Quadratic Models*

Finite Difference Model*

MIX

DIF3D

6-Vs/hex

-0.39

-0.203

-0.211

-0 .062

-1.38

1.03

1.98

0 .51

's/hex

Avg. Error,
Assembly Pover (7.)
0.59

1 unknown/hexagon; 3 axial segments
**DIF3D, 36 axial segments
To teat further tha accuracy of the quadratic modal and to e x a a m a
improvements brought about by the use of discontinuity factors, a much
smaller two-dimensional benchmark problem was analyzed. The geometry is
shown in Figure (2).
Figure 2.

Diagram of the Core Used for tha Small Benchmark Problem

-CCNTFOL

•TARGET <
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As cam be seen, the core, (D«0 moderated and reflected) is made of sever.
'supercells" (or "patches"), each patch consisting of a control hexagon
(about 18 cm across flats) surrounded symmetrically by three target hexes
and three fuel hexes. (The three-dimensional problem of Table (1) has
about 500 hexagons in the fuel region of a radial plane.) For the geometry
of Figure (2), one-third of a control hex, a full fuel hex and a full target
hex form a repeating cell of an infinite lattice (subject to current
boundary conditions based on 120

rotational symmetry).

Cores made up of both homogeneous and heterogeneous hexes were analyzed.
For the heterogeneous cases each control, fuel and target hexagon was
partitioned with 24 equilateral triangles, the central six being
homogeneous control, fuel or target material and the remaining 18 being
D 2 Q.
Two-group infinite lattice calculations with 24 triangles per hex were
run to obtain homogenized cross sections an4 discontinuity factors for the
individual, heterogeneous control, target and fuel hexes. These values
were then used for the full core, nodal calculations. Full core reference
results for all cases were obtained using 24 triangles per hex.
Table (2) shows results for cores composed of both homogeneous and
heterogeneous nodes. Both the finite difference and nodal calculations
were run aith one mesh box per hexagon.
Table 2.

Error in k flff

Comparisons of Quadratic and Finite Difference Results with
Reference Values

(*/.)

Max Error, Nodal Power (7.)
Avg Error, Nodal Power (7.)

Finite Difference Model
Hom;l
Het
Het ;x
2. 54
0. 10
1.86
-13.7
7.28

-10 .6
5 .95

-5..02
1 .81

Quadratic Model
H e t ;j
Het
- 0 . 005 -0.4

Horn
-0. 66

2..39
0. 96

3..74
1.,73

1.80
0.90

Horn = Homogeneous nodes; Het = Heterogeneous nodes; 1 = Unity discontinuity
factors used; » = Infinite lattice discontinuity factors used.
We conclude from the cases (Tables 1 and 2) rue for homogeneous nodes
that the simple quadratic nodal method provides a substantial improvement
over tho finite difference method with one mesh box per hex. Whether
homogenized cross sections and discontinuity factors found from lu.inite
lattice calculations provide acceptable accuracy for the quadratic model
remains an open question. The small benchmark problem provides a very
severe test, since the reflector region influences the entire core.
However, the heterogeneities are mild, and, since the infinite lattice
calculations were run only with two-group diffusion theory, they provide no
test of transport or multigroup spectral effects. Mors work is called for
on this question.
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ABSTRACT

In this paper the theoretical description of an alternative approach to the Analytic Nodal Method is given,
in which a full multigioup formulation is developed. This approach differs from the weU known OUANDR Y
approach in three aspects. Firstly, a negation which is more widely used in Quantum Mechanics has been
adopted to enable a clear and concise presentation of this multigroup approach. A basis transformation is
then used to reduce the directional equations to a scalar form and finally, Green's Second Identity is used
to rewrite each of the resulting scalar equations in a form which eventually leads to a response matrix, as
opposed to using classical methods to actually solve the coupled multigroup directional equations.

1. INTRODUCTION
The accuracy of the Analytic Nodal Method (ANM) is attributed to '.he fact that the only approximation
which needs to be made in the method <s that which is used to describe the shape of the transverse leakages.
The use of a quadratic polynomial form for these transverse leakages is a popular approach and has been
implemented in the two energy group code QUANDRY1 Subsequent to the development of the
QUANDRY formulation, attention has been drawn to (he algebraic complexity which is inherent in the
evaluation of the coupling coefficients
This problem has been highlighted in particular by the tedious
extension4 of this formulation to four energy groups, which was only made possible by including the
assumption that there is no neutron upscattering, that neutron downscaltering is only allowed between
adjacent groups and that fission neutrons are only born into the first three energy groups. As a result, the
general perception has been created that the ANM is effectively limited to two energy groups2 . While this
may be true for the QUANDRY approach, it is not true for the Analytic Nodal Method as a technique for
solving the neutron diffusion equation. Recently, the multigroup PANIC5 formulation of the ANM was
introduced, and following a very brief overview of the theory and numerical methods used, it's successful
application to a selection of two-, four- and six-group PWR calculations was demonstrated. This latter
formulation only relies on a quadratic transverse leakage approximation and makes no other assumptions.
While the overview5 serves as * useful introduction to the method, the aim of the work reported in this paper
is to present a detailed theoretical derivation of this PANIC formulation to show how it rigorously extends the
ANM to a general, multigroup technique.
This new formulation has three features which distinguishes it from the well known QUANDRY approach and
makes it a tractable theoretical model to work with in any number of cne:^y groups. The first feature of the
new formulation is the Dtrac' eolation which we borrow from Quantum Mechanics and adapt for this
application to the ANM. The second feature is the use of a basis transformation technique to reduce the set
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of energy group coupled one-dimensional, transverse integrated equations lo a set of uncoupled equations
The final aspea of the the PANIC formulation which distinguishes it from thai of QL'ANDRY is the use
of Green's Second Identity' to reduce a weighted form of (he directional cqudimn to an expression which
leads to a response matrix equation instead of using classical methtxls to soKe the second order,
inhomogeneous, ordinary differential equations.
A brief introduction to our use of the Dirac notation is given in the next section Section 1 then shows how
the basis transformation is used lo decouple the energy dependence of the (GxG) set of directional equations
and introduces the concepts of group and buckling representation. The use of Green's Second Identity is then
outlined in section 4. Section 5 outlines the introduction of the node averaged flux into the response matrix
equation and then section 6 describes how the nodal coupling relations are formed Section "I gives further
details on the evaluation of the transverse leakage functions and sec ion S summarises and concludes this
paper.

2. THE DIRECTIONAL EQt'ATJONS
The continuous P, form of the three dimensional, multigroup neutron diffusion equation can he written in
Cartesian geometry using a symbolic notation as

V | J(x,yjt)> * E,Cw) I V,W)> ' i Qd.yA>
il)

where
| Q(x.yA)> = -L ! J J X V J , I 4Kx.y.z)> • £, | 4>(x,>.z)>

12)

The basic philosophy of (he symbolic Dirac notation is that the state vector, which is postulated to contain
complete information about the physical state of the system, is given in a complex vector space by a ket
i x>. Corresponding to every ket there exists a bra <x \ in the bra space which is introduced is a vector
space dual8 to the ket space. The inner product of a bra and a ket is defined by <y' A ,x» and in general
refers to a complex number in which the operator always acts from the !-/ in the ket and from the right
on the bra However there is only a dual correspondence between A | x> and <x \ A1 where the operator A*
is the Hermilian adjoint, or simply the adjoint, of A. In Quantum Mechanics the operators arc usually
Hermitian (self-adjoint) and thus the bra space is defined as ihe image6 of ihe kct space, while in our
application, the operators are non-Hermitian and the bra space is defined to be the dual of the ket space.
While in this notation the quantity i x><y ! represents an operator, the remaining notation used in (he two
equations above is standard and is used for many other nodal methods Transforming to a set of
dimensioniess co-ordinates for a three dimensional node (labelled n), and defining the multr-xoup (GxG)
nodal buckling operator B, in such a way that

allows us to write the balance relation from equation (1) a^

h
v

*

*v

*

*«

*"

•

- Dm B\ ', •>(u,v,w)> = , 0>
where, for example, ue[-l.l] and AM is the node size in direction jr. Using the definitions of surface
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(4)

averaged neutron currents (given below, for typical direction u) and node averaged neutron fluxes

-1 -1

and
*i *\ 'i
L

A > = — I I I I (b (u v w)> du dv d&
8

*

I'')

U\ U '

together v.ith the definition of the node averaged leakage in direction u

leads to the following form for the neutron balance equation for the node
Three supplementary equations, called the nodal coupling relations, are then derived by chosing each coordinate direction in turn and then integrating equation (4) over the two transverse directions in each case
As an example, consider the direction u and integrate equation (4) over directions v and w This leads to a
one dimensional directional (or transverse integrated) equation given by

~ I -r JJrt* - D.Bl ' •.<»>" ' - r" I •/«.v(")> - r - I ^ » >

C)

Using the relevant form of Fick's Law (from equation (1)), together with che transverse leakage defined
l O * ) * ' - ~ '• J..M> - ~

i J,ju)> .

(10)

leads to the following form for the directional equation

air
The above equation makes use of the definitions of the dimenstonless buckling operator and the (('*')
normalised transverse leakage as
a2

- I B2*2

(12)

and

3. SPECTRAL ANALYSIS OF THE BLCKLING MATRIX
The idea of generalising the ANM to a multigroup fc ration by utilising a spectral analysis approach was
initially proposed in this regard by Weiss In conjunction with the Dirac notation, this spectral analysis
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method serves to provide a clear and compact description of the Analytic Nodal Method in the required
multigjoup form. The manipulation of matrix functional which is required during the evaluation of the
coupling coefficient relations becomes easy to follow and also to program in a computer code The problem
of energy group limitation arises from the need to obtain an analytic solution to a set of coupled, one
dimensional equations of the form (11), for a scries of interconnected, homogeneous nodes. This equation
can be written explicitly in the group representav m for a node as

dur

for g = 1,2.. ,G The scalar quantity <g | <t.(u)> is the g-th component of the flux vector daii<g | a ^

g>

is the g g' element of the matrix which is the representative of the buckling operator for Ihis particular choice
of base kets and their dual basis bras. Trigonometric functions of the buckling matrix arise as a result of the
analytic solution of this set of G coupled energy group equations. In the QL'ANDRY approach, an analytic
solution based on classical methods is obtained for this coupled set of equations. The work reported in this
paper relies on the use of a transformation which diagonalises the dimensionless buckling matrix and reduces
the set of equations to a scries of uncoupled scalar equations An analytic solution is then sought for each
of these G scalar equations. Examples of where this approach has been used in the development of other
nodal methods can be found' 011 , but to the authors' knowledge, the spectral analysis technique has not vet
been used to generalise the Analytic Nodal Method to a mulligroup formulation.
The spectral analysis approach begins by solving eigenvalue problems in each node.

where A<Jtll is the eigenvalue corresponding to the k-th eigenvector. In group representation this is given by

t
and in conventional notation by

•I". •<*.£,.

(l7)

where A^ is the diagonal eigenvalue matrix and Vn is the modal matrix containing the G eigenvectors of
the buckling matrix a,M as its coiumn vectors. Any function of the dimensionless buckling matrix can now
be .ompuled by applying a similarity transformation (as opposed to using a unitary transformation which is
applicable to the Hermitian matrices in Quantum Mechanics) Together with the orthonormality property
of the eigenkets. using tht identity

means that the matrix function can be represented by
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which in conventional matrix natation can be written as

The computatiOD of all functions of the full |(ixG) buckling matrix has now been reduced to the evaluation
of functions of a (GxG) diagonal matrix of eigenvalues. When more lhan i»v energy groups are used, some
of these eigenvalues may be complex. The problem of added arithmetic overheads under these circumstances
has been addressed by Weiss12 and use of the published algorithms effectively negates the impact ol these
complex eigenvalues.
This transformation to a basis a> in which the buckling matrix is diagonal means lhat equation (14) can
be written in the buckling representation as

thr

i

for k = 1,2, .0 By virtue of the definition of the eigenvalue problem this equation reduces to

which is a set of G uncoupled linear equations Thus, the buckling representation appears to be the most
convenient basis in which to continue the development of this approach to the Analytic Nodal Method

4. FURTHER DEVELOPMENT THE ONE DIMENSIONAL EQUATION
The node and transverse direction indices in equation (22) will be dropped for convenience since the
equation only depends on information from within the node itself In addition, the subscript k identifying the
relevant eigenvector and its eigenvalue appearing in the equation will also be dropped. Multiplying equation
(22) by an arbitrary weight function •(") and integrating over u we have

d1
dit

,

du - 0

Applying Greens Second Identity to the derivative term, reduces the equation to

du

\

aii

an

t
(24)

The weight function is chosen to satisfy the homogeneous Helmholtz equation so that the inlegrand on the
left side of equation (24) vanishes. This latter equation has two linearly independent solutions which are
denoted here by f(tt) and f (u). Equation (24) then reduces to two expressions
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• '(•1) <o ! — $J>

du

- I > ' ( - 1 ) <a

- —
du

— <fr >

du

• ' ( • I ) <a

! * . > -

— • ' ( - ! ) <a
<ti

<$>.> * ( * ' l u ) < a

, ? u ) > du

In this formulation of the AN'M, the quantities which are of interesl are ihc huundarv wnterf.ii.ci jvi-raucd
fluxes on the left

$,> and right

$i> boundaries and the outward directed normal gradient" >t the iluxti

— •„'*• which have been evaiualed at the cndpoints of the interval If we imp. ,c [he l.'ll.iwina K.undjrv
du

conditions on the weight functions
f C D

• 1 .

• (-D " 0 .

f(-\)

- 0 .

i|r(-l)'l.

;f

"

and apply them to the general form of the solution of the homogeneous Helmhnit/ equation
t(u) - a, sin (X u) • £j cos U u) .

i-"i

where flj and a^ are two arbitrary constants, we obtain

sin (2i)
The derivatives of the weight functions evaluated at the node boundaries as required in [25) can he obtained
using the above equation It is (hen convenient to define the following functions of the given eigenvalue

tan(2i)

.

PU)
PU) • — - — .
sin(2i)
sin(2i)

i-'"

so that the equations (25) reduce to the following form

du
where the components of the transverse leakages Me defined as
•i

<o I / "> = f •* (a) <a fiu)> du
Equations (30) can be rewritten as
<a

— •;>

•> • fXX) | •'> -

/' > I * 0 ,

and using the fact that any arbitrary vector which is orthogonal to the complete •.et of eigenvectors musl be
the zero vector, we obtain
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i1*1-!

I 4 • ; > * c(A) i *•> - p(i) i • • > - i / • >
an

Kets can aow be constructed for the boundary fluxes at both endpoints of the interval
( i $^> a col ( | $.> , I $ # > )). The same can be done for their normal gradients and the transverse
leakages. Defining the gradient-flux response matrix as

Tlk) « i

[ - p(X)

ax)

the two equations (30) can be written as a single set of equations in the form
I — * > - 7U) ! • > • ! / >
du "
'

<35)

The one dimensional equation (22) in a node has been rewritten in general operator notation in the form
of a response matrix equation which relates the boundary fluxes and external sources to the normal gradients
of the fluxes at the boundaries via thr eigenvalues of the buckling matrix.

5. INTRODUCING THE NODE AVERAGED FLUX
The solution to the directional equation has been obtained in the form of a response matrix The ultimate
aim cf the PANIC formulation is to produce a multigroup nodal method based on node averaged fluxes and
surface averaged currents. As a result, the equations developed in the previous sections must be manipulated
so as to ensure the appearance of the node averaged flux. This process begins by rewriting the response
matrix in equation (34) as
I ^\A) * P\")
^
Til) ' |
[
0
c(X) • p(A)

[ P\^t P\")
I p(A) p(X)

-

il v*\
J0
'

,

so that equations (30) can then be rewritten as
j

<a j —
du

A*>

• (c(A) • p(A) ) <« I •*» - p(X) (<a | • " > * * a | $">) • <o | / * >

(37)

An expressiop for (he sum of the boundary fluxes which appears in these equations is obtained by returning
to equalled (22) with the following definition of the node averaged flux
•i

<a | • > » — f <o | $(u)> du ,

(38)

and integrating the former equation over the width of the interval so that
•l

.1 ( <a
2

,

d . —
A > ^ <a

du

'

i

d i « v
*?
—
A > ) • A
<a.

du

i T

I f
s> • —
I <a

k

'

Then by rearranging terms, the node averaged flux can then be written
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2 J,

I

»
\
/iu)>
duJ

C\Q\
K™)

<a |

-L-

| fiu) >> du I
)

IX1

(40)

The two equations given by (37) can then be summed to get

i4

<a
•

(

I •'" * < o

<a

<o

Using equations (29) and (30) in equation (41) and substituting the results into equation (4G), leads to an
expression relating the boundary fluxes and the averaged (lux in the form
<o I * > - < a I f>

(42)

UU](A)

where the following definition has been introduced
(43)

These results can be substituted back into equations (37) to get expressions of the form

<« I x •;> - tW I <o I •*> - SIX) ( <« I $> - <„ I A ) ] • <« I /

(44)

where Lew functions of the eigenvalues have been defined so that
*/>U)

c(A) • p(A)

X
ttn(A)

(45)

sin(2A)

By forming the following expression for direction u

<o I /„> •

s(A)

5(A) <o I «C>

(46)

the equations (44) can be further reduced to

<a | — $"> * f<A) [ <o | $'> - J(A) <a

where the transverse leakage contribution defined within the brackets in equation (46) is given by
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(47)

<o I / r _ («)> du

I4**'

At this sta^e, a relationship between the boundary fluxes, their outward directed normal gradients, the node
averaged flax and the external sources due to transverse leakage effects has been derived. These quantities
are all relates through (he eigenvalue functions defined in equation (45).
6. THE NODAL COUPLING RELATIONS
With these equations it is possible to construct a relationship between node surface averaged currents and
the node averaged fluxes for two neighbour nodes shariag a common interface. For this purpose, the two
nodes in general direction u are labelled n and m and these indices will now be re-introduced in the
equations that follow. The traditional use of continuity conditions on the interface fluxes and net currents
can then be used to couple the nodes across the common boundary. Since the application of the interface
flux and current continuity conditions is only valid in the physically realistic group representation, the further
development of this formulation of the ANM will take place in this representation.
Transforming equation (47) to the group representation leads to

<g i -£ < . » - E < * i K « L ) i«'»[ <«' i • « » -««' i ««L. > i •„> ]
»'

(49)

for g= 1,2,....G. From the definition of Ficks Law, the surface averaged neutron current is given by the
negative product of the diffusion matrix and the normally directed flux gradient at that surface, so that from
equation (49) an expression for the current on the ngfct boundary of node n in direction u is obtained as

* « I / U * * !C ** I < C ! «'* [ **' I •*.»* - "*' ! * ( « i , ) ' • • * ]
•'

(50)

while for the left boundary of neighbour node m, the current in group g can be determined in a similar way.
The modified diffusion coefficient matrix has been defined by

for g= 1,2,...,G. The equation above gives a clear prescription for computing the elements of the modified
diffusion coefficient matrix in group representation from the oiagonal elements of the r ( s ^ ) matrix in the
buckling representation via the modal matrix and its inverse. At the common interface between the two
nodes n and m, the boundary fluxes and currents should be conlinuous. By enforcing the current continuity
condition, an expression for the common flux at the interface can be obtained in general operator notation
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I • » * • [<C • < j ' ' [ < . » „ • • • > • C »„

*.»

In the equation above, the explicit dependence of the modified diffusion coefficient matrix and the node size
correction matrix (s(a'^) on the buckling matrix has been dropped for convenience I sing the following
definition of the coupling coefficient matrix between nodes n and m.

and substituting equation (52) into the general operator form for equation (50) leads to an expulsion for
the face averaged current which is given by
»•„ i*.

(54)

In this equation, all explicit reference to direction u (and v and w) has been dropped since the orientation
of neighbour node m with respect to node n is sufficient to uniquely define this dixei'ion as well as those
transverse to it. By explicitly making use of the coupling relation given by equation (54). the currents can be
written in terms of the node averaged fluxes so that the balance equation (8) now becomes
M

U

E * « *. • °. *.J

. •." * •E• 1 w«. *. I •-• • I /-> •

(55)

where

These two discrete equations can then in solved numerically using the standard nested inner and outer
iteration procedure common to many finite difference and nodal based computer programs.

7. TRANSVERSE LEAKAGE FUNCTIONS
The final aspect of the work which needs to be addressed here is the evaluation of the components of the
transverse leakage in equation (48). The widely used quadratic polynomial approximation for the transverse
leakages on the right side of equation (13) is used so that

The expansion polynomial coefficients and the nodal diffusion matrix in this equation arc defined in the
group representation, while the form of the expansion needed in equation (48) is in the buckling
representation. The relationship between the two is given by the following"

A2

1

By writing the expansion coefficients in the buckling representation as
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<d , I C > " —^ T <O .

and then using the result in equation (58), and then that result in equation (4*S>. leads U>
'It

1 - cos( A

( Itu ) ) )

*» i *

""I

^

Define the following scalar quantities
'I I 1 - co» ( i ^ ^ ( Uu ) ) .
9*^1 = j
~
I « du-

and then use these in equation (60) so thai it can be rewritten as

The integrals in equation (61) have been evaluated1' and are explicitly given by

if.

sin 2A

.i

(03)

"«A«

"

"

^

.

,

2

(64)

K*

l j l . » m2X ^. „ _?_ ^ i ^ y . j j .

(65)

Once the eigenvalues of the nodal buckling matrix are known, these integrals can be evaluated and then used
in equation (60) together with the coefficients of the transverse leakage expansion to evaluate the transverse
leakage effects as required in equation (48).
8. SUMMARY AND CONCLUSIONS
The diagonalisalion procedure which has been used in this paper serves as a very useful tool to circumvent
problems traditionally arising in the analytic solution of the energy group coupled directional equations
resulting from the application of the Analytic Nodal Method to the solution of the multigroup neutron
diffusion equation. Knowing the eigenvalues of the buckling matrix for each node, the trigonometric functions
which appear in equations (45) can be easily computed and entered as the elements of diagonal matrices
which can then be transformed back to the group representation whenever needed. As a result, this PANIC
formulation represents a general mulligroup form of the ANM. The viability of this approach has been tested
by analysing a series of two dimensional two, four and six energy group test problems with a research
computer code called PANIC13. These tests show that PANIC produces results5 for these problems which
exhibit the same order of accuracy as other well known nodal codes.
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From a practical point of view (here are some additional considerations Initial studies indicate that the n»il
o' ;he spectral analysis is reasonably small in comparison with that for updating (he coupling coefficient1',
performing the inner flux iterations and doing the transverse leakage update-. While ihc Tr jnsverse Lcjk i^e
Iterative method has proven to be very successful algorithm for the outer iterations in PANIC the mr.cr
iterations still operate with full (GxG) coupling matrices although j substantial speedup of this process has
already been achieved by using the Cyclic Chebyshev Semi-Iterative method1'1
In conclusion, we feel that although this formulation has thusfar been successful in extending the Analytic
Nodal Method to a general multigroup method, some further work is needed to speed up the coupling
coefficient and leakage updates and to reduce the cost of the inner iterations. This will then bring a computer
code based on PANIC into line with the pcrfoimance characteristics of well established nodal nodes used
bv the international community

REFERENCES
1

K S Smith. An Analytic Nodal Method for Solving the 2-Group. Multidimensional. Static and Transient
Neutron Diffusion Equations'. Nuc. Engr Thesis. Department of Nuclear Engineering. Mass In-,! of Tech..
Cambridge. Massachussels, L'SA (l°7<»).
:

R D LawTence. "Progress m Nodal Methods for the Solution of the Neutron Diffusion and Transport
Equations'. Prog Nuel. Energy. 12.

5
T M Sutton. NODEX: A High Order NEM Based Multi-group Nodal Code'. Topical Meeting on
Advances in Nuclear Engineering Computation and Radiation Shielding. Sania Fe. New Mexico. USA, April
4-13. 1 W .
4

D K Parsons and D W Nigg. F-.xtension of the Analytic Nodal Method to Four Energy Groups . EGGPBS-Cvjj:i. EG&.G Idaho Inc.. Idaho, USA (WS5)

" D L Vogel. 'An Alternative Theoretical and Numerical Approach to the Analytic Nodal Method". Topical
Meeting on Advances in Mathematics, Computations and Reactor Phvsics. Pittsburgh. Pennsylvania. USA.
April 2S • May :. l*H
5

P A M Dirac. The Principles of Quantum Mechanics, Fourth Edition. Oxford University Press. 1458

M R Spiegel. Mathematical Handbook of Formulas and Tables. Schaum's Outline Series. McGraw-Hill
Book Company. I4t>s
* J J Sakurai. Modern Quantum Mechanics, The Benjamin/Cummings Publishing Company, Menlo Park,
California, L'SA. WS5.
J

Z J Weiss. Unpublished Lecture Notes, W*4

10

Y A Chao, C A Suo and J A Penkrot. "On the Theory of Interface Flux Nodal Method. Proc. CNS. ANS
Int. Conf. on Numerical Methods in Nuclear Engineering, Montreal. Canada. September fj-^. N8.V
11

J J Arkuszewslu, "S1XTUS-2: A Two-Dimensional Multigroup Diffusion Code in Hexagonal Geometry .
Prog. Nud. Energy. JJJ, (1986).
• ' J Weiss, Economical Computation of Functions of Real Matrices'. Annals 31 Nuclear Energy. 18, No

" D L Vogel, The Transverse Leakage Iterative Solution of the Multigroup Analytic Nodal Eqi.aiions", PhD
Thesis in preparation
14 R S Va/gj. Matrix Iterative Analysis. Prentice-Hall, Inc., Englewood Cliffs, New Jersey. l l *O.

1-508

A NODAL INTEGRAL METHOD FOR NEUTRON
DIFFUSION IN HEXAGONAL GEOMETRY
Y. Y. Azmy
Oak Ridge National Laboratory
Oak Ridge, TN 37831-6363

ABSTRACT
A nodal integral method is derived for the monoenergetic, steady-state, fixed source
neutron diffusion equation in hexagonal geometry based on a coordinate transformation
that maps a parallelogram into a rectangle. The new Hexagonal Nodal Diffusion method is
implemented in the computer code HND where the discrete-variable equations are solved
via an iterative scheme. Because the new method's equations are derived for a rhombus,
they can be solved on a sequence of embedded meshes to study the method's error order.
Indeed a preliminary numerical error analysis reveals a second-order error in the mesh
size, and comparison with finite difference results obtained with the finite difference based
BOLD-VENTURE code indicate the superior accuracy of our new nodal method.

1. INTRODUCTION
We derive a new nodal method for the neutron diffusion equation using the
Nodal Integral Method (NIM) formalism.1 The new approach is based on a coordinate
transformation, reminiscent of that used in boundary fitted coordinates methods, 2 ' 3 to
transform a general parallelogram into a rectangle. The transformed equation in this
case contains a mixed derivative, in addition to the standard diffusion operator. We then
apply the NIM formalism to the transformed equation and derive the discrete-variable
balance equation and current continuity conditions. We apply the resulting discretevariabie expressions in the original coordinate system, and augment it with the appropriate
set of boundary conditions. The resulting algebraic system is underdetermined, so we
introduce a set of closing equations representing a cubic interpolation of the flux on cell
surfaces.
We implemented the resulting Hexagonal Nodal Diffusion method equations in a
computer program HND in which the algebraic system is solved iteratively via an algorithm
similar to a previously developed and analyzed iterative scheme.4 In order to verify the
code, we used it to solve a simple, single hexagon test problem on a sequence of meshes.
Unlike the previous nodal diffusion method for hexagonal geometry, 56 the present NIM
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is derived and applied on rhombal cells. Since a hexagon can be immediately reduced to
three rhombi, and each rhombus can be divided into finer embedded rhombi. it \±, possible
with the present NIM to represent inter-cell detail, such as material discontinuities, etc
Furthermore, this enables us to perform a numerical error analysis on the test problem
to show that it is second order in the mesh size. Also, we compare the accuracy of the
solution to the test problem to that of finite-difference solutions obtained using the BOLDVENTURE' computer code and we establish the superior accuracy of our new nodal
method. It is important to note that the NiM equations can be algebraically manipulated
over the hexagon to produce a hexagon-based nodal method.5 6
In Section 2 we derive the NIM discrete-variable equations for steady-state.
mo'.oenergetic diffusion problems on a general parallelo^.-am. The resulting expressions
are applied in Section 3 to a rhombal cell to which a general hexagon can be divided, and
the closure of the algebraic set of equations is discussed. The iterative algorithm used to
solve the algebraic problem is presented in Section 4. and in Section 5 we describe a simple
test problem that we used to test the order of error of the present NIM and to compare its
accuracy to that of finite-difference schemes. Finally, we close in Section 6 with a sumrnary
and some conclusions.

2. NIM FOR THE DIFFUSION EQUATION IN A PARALLELOGRAM
The steady state, monoenergetic, homogeneous medium, fixed external source neutron
diffusion equation reads.

where D and a are the diffusion coefficient and macroscopic removal cross section,
respectively. 0{i.y) is the neutron scalar flux, and S ( J , J / ) is the fixed external source
of neutrons The independent variables in Eq. (1). i and y, vary over the general
parallelogram shown in Fi&. 1. Standard extension of the final equations developed here
to multigroup and criticality calculations is achievable via implementation of inner and
outer iterations.
Transformation of the parallelogram to a rectangle in the (u, v) coordinate system is
accomplished through the mapping,
I = U + l'COS# ,

(2)

y - vsma .
Accordingly, the diffusion equation, Eq. (1). becomes.
^ ^

J T + "> ° = •*•
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(u.f)fE [O.a] x [0.6] .

(3)

where we have denned,
Q

= 2 cos 6 ,

j = i S/D) sin21) .

Equation (3) differs from Eq. (1) in only one respect, namely the cross derivative term in
the former. Now. we apply the usual NIM steps to Eq. (3) in the transformed coordinate
system.
First we define the nodal- and transverse-averaging operators by.

L = — I

du 1 dv • .

a*1 Jo

=-I

i.5.u)

Jo

dr • .

r = u or v; s = a or b ,

(5.6)

* Jo
respectively. Applying t h e nodal-averaging o p e r a t o r to Eq. (3) yields,
ldd>"
~b~dv~

t=o

a du

u-

- ^ J '[0{a,b) -o(a.O)

- o(0.6)4-v>(0,0)]
(6)

+ YQ - s ,
where.

0 ( i') = L " o ( u . r ) ,

0 (,u) = £ <?(u, I1) .

Next, we transverse-average E q . (3) with lespect t o u, to obtain,
- rnr

+ ->V = a".

i-e[o.ft].

(Si

where we have included the transverse-leakage and cross-derivative terms on the RHS. The
ODE (8) is solved by expanding the RHS and truncating the expansion at the lowest-order
term, then writing the solution as a linear combination of the complimentary functions
and the particular integral,
i-Mu/72 •
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(9)

Now, we apply Lv to Eq. (9) and use the definition of 0 to obtain.

0= m)

[coshb&J - 1]+

f^

(10)

Also, we differentiate Eq. (9 1 with respect to v. evaluate the resulting expression at v — 0
and b. to obtain.
do"

dv

(11.a)

v=b

The integration c c s t a n t s are eliminated in favor of the transverse-averaged, surfaceevaluated flux. 0" = 0(0). and 0% = <?u(6). by evaluating Eq. (9) at v = 0 and b, then
solving the resulting expressions for £1 and £2 Using these into Eq. (10) and solving for
the source-like term we obtain.

•*" = 7 2 { « - y K + oua))n-(>v)

.

(12)

where the spatial weight, p", is defined by,

Using the expressions for £1 and £ 2 , as well as Eq. (12) in Eqs. 111) yields.

dv

(1 + w" )«?? - (1 - wv )ouo -

2wvo

i 14.6)

where the spatial weights, w", are defined by,

Equations (14) are clearly a weighted-ditference representation of the flux derivative in
the transformed plane. Analogous weighted-difference representations of the u-derivative
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of the c-averaged flux are obtained via analogous manipulations, and definitions of the
spatial weights p" and u'u analogous to Eqs. (13) and (15). respectively
Substituting the weigi.ted-difference forms into the nodal balance equation. Eq. (6).
yields.

(16)
—\ [o(a.b) - O(a.O) - 0(0,6) + o(0.0)] + ->2o = f .
In Eq. (16) we implicitly imposed uniqueness of the nodal-averaged flux: 0 = 0

=O

Equations (14), their r-averaged counterparts, and (16), form the basic set of NIM
discrete-variable equations in the transformed plane. Clearly, the transverse- and nodeaveraged fluxes are invariant under transformation to the original coordinate system.
Imposing continuity of the normal current across cell boundaries, as usually done in
diffusion calculations, requires deriving expressions for the transverse-averaged, surfaceevaluated normal current in the original coordinate system. The flux derivative normal to
the J- or u-axis is given by.
do
„ 60
„ d&
— = cot 8 —- + cosectf — .
ay
au
ov
It follows that the transverse-averaged current normal to the i-axis is given by.
= D - C-^—{o(a. v) - 0(O,n)} + eosectf —
.
[
dv \

(17)

(18)

E v a l u a t i n g Eq. (18) at r - 0. a n d 6. a n d using E q s . (14) y i e l d s .

J»o = D

j

- —

{ola.Oj - 0 ( 0 , 0 ) } -

(19.*)

=

respectively. Analogous expressions are derived for J£ and J% also.
The set of discrete-variable equations, Eqs. (16). (19). and the latters' r-averaged
analogues, differs from its Cartesian geometry counterpart in one main respect, namely the
appearance of flux point values in the present case. Thus, while in Cartesian geometry the
NIM produces as many equations as discrete-variables it introduces, in "oblique" geometry
there are more unknowns than equations to determine them. Hence, additional relations
must be provided in order to close the deficit.
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3. NIM EQUATIONS FOR A RHOMBAL CELL
A hexagonal cell can be divided into three rhombal cells: each rhombal cell can be
further subdivided into an I x l cartesian mesh of rhombi as shown in Fig. 2. For a
rhombus 6 — 2*73.a —• b = h.p" = p" = p. and IT" = w" = u\ The NIM neutron balance
equation for the (i,j) rhombus now becomes,

i 20)

Continuity of the net current across inconstant surfaces is expressed by.

2(l + u-)<jr.,+i - ( 1 - " . • ) ( < + o',+J)
i =1

I, j = 1

1-1 .

and an analogous expression representing continuity of the net current across u=constant
surfaces. Continuity of the net current across the global boundaries of the rhombus relate
its discrete variables to those in adjacent rhombi within or without the same hexagonal
cell. For example, in case of symmetry about u = i'=0, the periodic boundary conditions
reduce to.
0, + i i - 0, i -t- [Z

I - ( 1 +w)0^ + ( 1 - w)0u,2 +2wOti] = 0 , j = 1

I,

(22)

along the r=0 axis, and an analogous periodic condition along the u=0 axis.
The NIM in hexagonal geometry introduces more discrete-variable unknowns than
equations solved to determine their values. As an example, consider a single hexagonal
cell with vacuum, i.e., zero flux, boundary conditions. The one-third rhombus of this
hexagon divided into I x I rhombi as shown in Fig. 2 has I2 each of ot)s, o^s, 9^3, and
O,jS, adding up to a total of 4I2 discrete-variable unknowns. Equations (20-22) and their
u-current analogue provide I 2 , 1(1-1), I. 1(1-1). and I equations, respectively, adding up
to a total of 3I2. This leaves a deficit of I2 relations between the point fluxes and the
transverse-averaged fluxes that must be provided to close the system. To avoid degrading
the accuracy of the NIM. we use a cubic interpolation formula for all interior points.

(23)
+ 0 , - 1 . ; + < ? , . ; + ! + 0 , . J - l ) ] / 8 . l-J = 2
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I.

For points on the v=0 axis, we use a cubic interpolation formula in the u-direction. and a
linear formula in the r-direction. yielding.
0,1 = [ p f . ? , 1 ; -t- <?,"_, , / - (<?, + 1 , 4- 0,-1.1)}/

4 + 4©,", - 2 0 , j

3.
(24)

; =2

I.

and analogous interpolation formula for the u = 0 axis. A linear interpolation formula is
employed at the origin
On =9~n +Ovn - ( 0 2 1 + 0 12 )/2.

(25)

Equations (20-25) provide as many equations as discrete variable unknowns for the test
problem used in Section 5 to verify the HND code and perform a numerical error analysis.
However, straightforward modifications of these equations extend their applicability to a
wide class of problems.

4. THE ITERATIVE SCHEME
The structure of the nodal balance equation, Eq. (20), and the current continuity
conditions, Eq. (21), is very similar to that of their counterparts for the NIM in cartesian
geometry. Therefore, we adapt the iterative scheme developed and analyzed for the latter 4
to the hexagonal geometry case. Even though we have not yet performed a formal analysis
of the iterative scheme, or investigated methods for its acceleration, we are fairly confident
that this can be accomplished in the near future.
A single iteration is composed of four steps, each resulting in an update of one of
the four sets of discrete-variable unknowns. First, the nodal balance equation. Eq. (20).
is solved for each rhombus-averaged flux i>l} using values for 0"r<p"y and QtJ from the
previous iteration, or zero for the first iteration. Next. Eq. (21) represents one tridiagonal
system of equations per column of rhombal cells that can be solved for 0^ in that column
independent from all other columns. Clearly, the values of <j>tJ just obtained in the previous
step are used in the RHS of Eq. (21). The third step results in an analogous update of
0"f. The fourth, and final, step of the iterative process comprises solving Eqs. (23-25) for
the flux point values. Instead of solving this I2 x I2 system of equations simultaneously for
0tJ, we adopt an approximate approach whereby Eq. (23) is first solved for 0[j, with the
zero flux boundary condition used for 0\+\,\ and <?I,I+], and the previous iteration values
used for OJ.I.I and 0i,|_i- The entire mesh is swept inward, always using the available most
recent values for point flux. This concludes an iteration, and is followed by a comparison
of the relative pointwise error to a prespecified convergence criterion, which if not satisfied
initiates a new iteration, and otherwise terminates execution successfully.
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5. NUMERICAL RESULTS AND ERROR ANALYSIS
The NIM equations for Hexagonal Nodal Diffusion problems, Eqs. (20-25), were
implemented in the computer code riND, and solved via the iterative algorithm described
in Section 4. For the purpose of verifying the code and evaluating the new method's
performance, we used a simple test problem composed of a single rhombus with side of
unit length, a uniform unit source, homogeneous material composition with D=l and
c = l. Vacuum boundary conditions are imposed on two intersecting edges, and reflective
boundary conditions are imposed on the other two, so that the rhombus represents a
homogeneous hexagon with vacuum boundary conditions on all six edges.
The test problem was solved on a sequence of embedded meshes with 1=2,4,8,16 and
32, and the converged <t>,} was used to calculate four "quadrant"-averaged fluxes, where
each "'quadrant" coincides with one of the four cells comprising the 2 x 2 mesh. Due to
the diagonal symmetry of the problem, the upper-left and lower-right quadrant-averaged
fluxes were identical for all cases considered. The results of these numerical experiments
are shown in Table I. The results were obtained using a very strict convergence criterion
of 1Q~8. The 16 x 16 and 32 x 32 mesh quadrant-averaged fluxes were extrapolated to
infinitesimal values of the mesh size using Richardson's h2-formula, as shown in Table I.
Also shown in this table are the relative errors for each mesh quadrant-averaged fluxes
with respect to their extrapolated values, which indeed confirm the quadratic order of the
error in the mesh size.
The same test problem was solved using the triangular mesh option in the finitedifference code, BOLD-VENTURE,7 on the same sequence of meshes. The quadrantaveraged flux is shown in Table I; it converges to the same extrapolated solutions as the
NIM, and the order of the error is quadratic. However, the NIM is about twice as accurate
as the finite-difference solution on the same mesh, consistent with similar comparisons in
two-dimensional cartesian geometry.

6. CONCLUSIONS
We have derived a nodal integral method (NIM) for solving the neutron diffusion
equation in hexagonal geometry. Using a coordinate transformation, a rhombal element
of a hexagonal cell is mapped into a rectangular cell on which the NIM formalism is
applied to derive the discrete-variable equations. These are transformed back to the original
coordinate system to produce a system of coupled algebraic equations in the cell-averaged,
transverse-averaged, and point values, of the flux. The algebraic system is solved via
an iterative procedure. The resulting equations are implemented in a computer code
HND, which is used to solve a simple test problem. Numerical results indicate the high
accuracy of the hexagonal geometry NIM, and a preliminary numerical analysis indicates
a quadratic order error in the mesh size. Comparison of the NIM solutions with finitedifference solutions shows the superior accuracy of the former.
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The purpose of this paper is to present a proof of principle for the application of
the NIM formalism to the diffusion equation in hexagonal geometry. In the future we
will perform additional tests, and a more comprehensive numerical error analysis, and
comparisons with standard finite difference and nodal methods. Our long-term goal is
to develop a high-order nodal hexagonal method and to install it in the production code

BOLD-VENTURE.
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.5000E-1
.4943S-1
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(57)

VENTURE
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.1565
.1546
.1541
.1539
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.1539

4x4
8x8
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(.45)
(.13)
(.00)
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(38)
(1.1)
(.28)
(.08)

.49212-1

Fig. 1. Origirial [x, y) and transformed (u, u) coordinate systems; the point, transverseaveraged, and nodal-averaged discrete-variables, and the transverse-averaged net currents
normal to cell edges

x,tt
Fig. 2 . 1 x 1 Cartesian mesh of rhombi, and the indexing convention for the discretevariable unknowns.
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