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FOREWORD

The major Research and Development and
activities carried out during the year 1990 in Reactor
Division are presented in the form of summaries in this
The various activities are organised under the following
1.
2.
3.
4.
5.

Project
Physics
report.
areas:

Nuclear Data Evaluation, Processing and Validation
Core Physics and Analysis
Reactor Kinetics and Safety Analysis
Noise Analysis and
Radiation Transport and Shielding

FBTR was restarted in July 1990 and the power was
raised upto 500 kW. A number of low power physics experiments on
reactivity coefficients, kinetics and noise, neutron flux and
gamma dose in B cells, were performed, which are discussed in
this report.
The commissioning of a versatile cross section
processing code, NJOY which can generate coupled neutron-gamma
cross section libraries and covariance data required for
uncertainty analysis, has been taken up. Analysis of selected
benchmark critical assemblies with the multigroup sets generated
from JENDL-2 basic library, for its validation, has been done.
The section on Core Physics and Analysis covers the
work on development of computational methods and codes for
neutronics studies, FBTR experiments and their analysis and some
of the core physics studies carried out for the detailed design
of PFBR.
Some of the improvements carried out in the
mathematical modelling of the codes for accidenc and safety
analysis, the studies on transient analysis of PFBR and a
comparative study of unprotected LOFA for oxide, carbide and
metal fuelled cores for PFBR, have been included in the third
section on Kinetics and Safety Analysis.
The fourth section on Noise Analysis discusses the
study of anomaly detection in the noise analysis benchmark data
received from OECD/NEA and the studies pertaining to sodium
boiling noise detection in fast reactors, as part of the IAEA-CRP
on signal processing techniques for sodium boiling detection and
sodium-water leak detection.
rhe section of Radiation Transport and Shielding
includes studies on fission product inventory, cover gas
activities etc. carried out for the present small carbide core in
FBTR and the optimisation studies for PFBR radial shields with a
different shield configuration and a parametric study on the
fission product decay in PFBR.

The otner major activity carried out during March, 1990
in the Division, is the organisation and participation in a joint
Indo-Soviet seminar on FBR Core Physics held at this Centre in
which nine papers by six Soviet participants and ten papers by
Indian participants from RPD were presented and discussed.
Another important event during this year is the holding
of a BARC-IGCAR Discussion Meeting on Reactor Physics
Calculational Methods at BARC in September 1990 to review and
discuss the status of present development in both the centres in
the calculational methods and computer codes for neutronic design
and analysis of thermal and fast reactors, so that a
collaborative programme of work on problems of common interest
could be taken up.
The meeting was very successful and
recommendations for a joint collaboration on specific problems
identified during the meeting have been made.
The members of the division also organised a three day
National Workshop on Ionising Radiation Measurements during
December 18 - 20. 1990, at Madras successfully, under the
auspices of the Kalpakkam Chapter of Indian Society for
Radiation Physics, in which 17 Invited Talks and 12 contributed
papers were presented and discussed on various aspects of
radiation measurements.
The list of publications made by the members of the
Division and the Reactor Physics Seminars held during the year
1990, are included at the end of the report.

(R.Shankar Singh)
Head, Reactor Physics Division
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1.0

NUCLEAR DATA EVALUATION, PROCESSING AMD VALIDATION

1.1 Present Status of Our vfcrk on Uncertaintity Estimation
Reactor Integral Parameters
(K. Devan and V. Gopalakrishnan and M. M. Ramanadhan)

in

The estimation of uncertainty in reactor integral
parameters due to microscopic cross section uncertainties
requires group sensitivity and muitigroup covariance matrices.
We have reported /1/ the preliminary results of our earlier work
using the covariance data from the literature.
As a first step to create our own multigroup covariance
data library of the materials of our interest, the multigroup
covariance processing code NJOY/ERRORR module / 2 / has been
commissioned /3/ in ND570 computer. Attempts are being made to
generate 25 group covariance matrices and also to generate cross
material and cross reaction covariances.
Recently, we got the ENDF/B-VI library from IAEA which
contains the covariance data of most of the materials of our
interest and it is planned to generate multigroup covariance
library with it.
A numerical example to calculate uncertainties in keff,
central sodium worth and breeding ratio of ZPR-6-7 assembly due
to uncertainties in U-238 capture, Pu-239 fission and Pu-239
capture cross sections was performed using vector model of error
propagation /4/. It was observed that errors in keff and
breeding ratio increase wi*"1": the positive correlation and
decrease with the negative correlation and a reverse trend is
observed for central sodium worth.
1. K. Devan, V. Gopalakrishnan and S. Ganesan, A Preliminary
Estimation of the Uncertainties in k-eff of ZPR-6-7 Using
Cross Section Covariance Informations, Internal Note,
RPD/NDS/26, (1989).
2. D. W. Muir and R. E. MacFarlane, The NJOY Nuclear Data
Processing System, Volume IV: The ERRORR and COVR Modules,
Los Alamos National Laboratory, LA-9303-M, Vol. IV, (ENDF324) (1985).
3. K. Devan and V. Gopalakrishnan, "Adaptation of NJOY/ERRORR
module in ND570 computer",Internal Note, RPD/NDS/34, (1990).
4.

K. Devan, The Uncertainty Estimation of Reactor Integral
Parameters Using Vector Model of Error Propagation, Internal
Note, RPD/NDS/33, (1990).

1.2 New Results of the Use of Recent Nuclear Data Files for U233 and
Th-232 on Doubling Time Characteristics for a
Typical FBR
(S. Ganesan, M. M. Ramanadhan, V. Gopalakrishnan, P. V. K.
Menon and S. M. Lee)
The group constants of processed nuclear data of U-233
and
Th-232 from recent evaluated nuclear data files are
intercompared. U-233 data were processed from ENDL-84/V and
JENDL-2 and ENDF/B-IV and Th-232 data were processed from ENDF/BV(Rev.2) and JENDL-2. Comparison of these later data with the
standard
data in use in Kalpakkam for FBR design were
presented/1/.
The pre-processing and processing of data were
carried out using the IAEA codes LINEAR, RECENT, SIGMA 1 and the
Kalpakkam codes REX1, REX2 and REX3. The U-233 and Th-232 data
thus obtained were used tc study the characteristics of a 500 MWe
FBR in terms of breeding ratios, fissile inventories and
doubling times.
1.

Paper presented at the International Conference on the
Physics of Reactors: Operation, Design and Computation
(PHYSOR-90), held during April 23-27, 1990 in Marseille,
France. See Proceedings of this Conference, Volume 1 (Oral
Sessions I to VII), page III-1.

1.3 Computation of Fine Group Constants for Elastic
by Light Nuclides as required by EFFCROSS Code
(V. Gopalakrishnan)

Scattering

The usual broad group treatment is known to be
inadequate for the elastic scattering by light nuclides. The
code EFFCROSS, which prepares the compos ition dependent mixture
cross sections using multigroup constants, corrects for this
inadequacy by invoking a supplementary data library, called Part2 Horary, containing fine group elastic scattering data for
light nuclides. A mention about creating a parallel part-2
library from JENDL-2 data was made in the last Activity
Report/1/. During this year, the program that computes the
required fine group data from reconstructed point data was
improved (improved version named PARTTWO-90), conputations done
for the seven nuclides viz. Fe, Cr, Ni, '^3, Al, 0 and C, and
detailed comparisons of the calculated data with the available
Adjusted 1969 version of the French data were made. The
comparisons brought out large differences between the two sets,
indicating significant revision in the elastic scattering cross
sections and the average cosines, in addition to shifts in the
resonance peaks. Probable errors in the French set were noticed
in some fine groups. Figure 1.3.1 gives a graphical comparison
of the fine grojp elastic scattering cross section for Chromium.
Figure 1.3.2 is a similar comparison for Carbon, wherein a
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probable error in the French set is indicated by a sudden dip
around SOO keV. An internal note has been written up on the
above program, computations and comparisons/2/.
The data computed from JENDL-2 were recast in the Part2 library format, compatible with EFFCROSS, and were used for the
integral validation by benchmark critical assembly analyses.
1.

Acivity Report of Reactor Physics Divsion - 1989, pg. 1.

2.

V. Gopalakrishnan, Internal note RPD/NDS/38 (1990).

1.4 Radiative Capture Cross sections for Mercury-202
(V. Gopalakrishnan)
Capture of a neutron by 80-Hg-202, a stable isotope of
Mercury, with a natural abundance of 29.8% results in Hg-203, a
radioactive nuclide with a half life of roughly 47 days.
Recently the presence of Hg-203 was detected in the FBTR core.
The only expected source is Hg-202, of the natural mercury drawn
in from the manometers, and interacting with reactor neutrons.
The (n,y) cross sections of Hg-202 would help estimate the amount
of mercury drawn into the reactor. In this connection a
request/1/ from the Radiation Shielding and Statistical Physics
Section of our Division was received, for multigroup Hg-202(n,Y)
cross sections. Since the nuclide sees the spectrum of reactor
neutrons, the cross sections in the entire energy region of
reactor neutrons are needed.
On scanning several of the
literature dealing with neutron cross sections and also the basic
neutron cross section libraries available with us, no evaluated
nuclear data file was found to exist for Hg-202 and the available
data for this is sparse.
In order to meet the present requirement, an attempt to
construct smooth cross sections over energies varying from subthermal to 20 MeV was made. The details of this exercise and the
(n,y ) cross sections constructed are presented in an internal
note /2/.
The neutron cross section document BNL-325/3/ and the
paper by Beer and Macklin/4/, were the data-sources for the
present work. Ref. 3 gives the thermal (n,Y? cross section of A.9
barns in addition to resonance parameteis at two energies viz.
1.71 keV and A.1 keV. Ref. 4 describes some measurements in the
range 4 keV to 500 keV and gives some average cross sections in
small energy bins derived from the measured data.
In the present work, the resonance parameters of Ref.3
and the average data of ref. 4 in keV region were coded in the
ENDF/8 format. The average cross sections were treated as point
data and were assigned to the middle points of the respective

energy bins. A iog-log interpolation was assumed between any
pair of those points.
In tne lower energy region, a cross
section of 4.9b was taken at 0.0253 eV and a 1/v shape was
assumed above and below this energy. The resonance region of 1.5
-6.0 keV was arbitrarily defined such that the 1/v shape meets
the resonance tail nearly smoothly. In the higher energy region,
ie. beyond 500 keV, the data was extended by assuming a 1/v
shape. The cross section thus obtained is given in figure 1.4.1
1.

A.K. Jena, Private Correspondence (October,1990).

2.

V. Gopalakrishnan, Internal Note RPD/NDS/39 (1990).

3.

S.F.Mughabghab and G.I.Garbar, Neutron Cross Sections, BNL325 (1973).

4.

H. Beer and R. L. Macklin, Phys. Rev./C, 32, p738 (1985).

1.5 Analysis of Selected Fast Critical Assemblies Using JEMDL2 Multigroup Data
(K.Devan, V.Gopalakrishnan, M.M.Ramanadhan and S.M.Lee)
Most of the LMFBR core physics neutronics calculations,
at IGCAR make use of the 1969 version of French adjusted 25 group
neutron cross section library called Cadarache (also called SETR
25 group Version II) set. Presently, it is our interest to
create our own multigroup non-adjusted cross section set in
suitable format for our neutronics codes for performing LMFBR
core calculations, in order to study the impact of recent
revisions in the basic data. In 1985,
we received the
Japanese Evaluated Nuclear Data Library (1981) (JENDL-2) from
IAEA and the generation of a 25 group neutron cross section
library in the SETR format from JENDL-2 for materials of interest
to LMFBRs was completed recently, and our activities towards this
were reported Jast year/1/.
To make an integral validation of
this new multigroup library, neutronic calculations were
performed
for several
fast critical benchmark
reactor
assemblies, and the predicted integral parameters were compared
with the reported measured values. The integral parameters we
considered in this study are effective multiplication factors,
central reaction rate ratios and central reactivity coefficients.
An Internal note/2/ has been written on this work
giving
detailed comparisons. In table 1.5.1 below, the multiplication
factors predicted by neutroiic calculations are given against the
measured ones for the assemblies considered. From the present
study, we observe that k-eff are predicted with JENDL-2 based
unadjusted set as well as or better than with the French adjusted
set. While :,he other quantities viz. reaction rate ratios and
central reac'ivity worths show variations in agreement. Large
deviations from measured values are observed to persist, in
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Table
Comparison

of

1.5.1

calculated values of k-eff of
critical assemblies

experimental

u

k-eff

Assembly
ZPR3-12
ZPR3-54
ZPR3-53
ZPR3-50
ZPR3-48
ZPR3-49
ZPR3-56B
ZPR6-7
ZPR6-6A

Fuel
U

Pu
Pu
Pu
Pu

Pu
Pu
Pu
U

(litres)
100
190
220
340
410
450
610
3100
4000

Average:

JENDL-2

FRENCH

1.00630
1.03307(*)
1.00159
0.99597
1.00112
0.99978
1.01250
0.99818
1.01554

1.01030
0.99839(*)
1.00180
1.00138
1.00688
1.00726
1.01640
1.00491
1.00159

1.00437

1.00492

+ 1D to 2D and homogeneous to heterogenous corrections applied.
* omitted from the average

1.6 Multigroup
Cross sections Calculated for
Applications
(K. Devan, V. Gopalakrishnan and M. M. Ramanadhan)

Various

Multigroup cross sections in the Cadarache 25 group
structure and the DLC-2 type 100 group structure were calculated
from JENDL-2, following a request from the Radiation Shielding
and Statistical Physics Section of our Division, for the nuclides
8

viz. Na-23, Cr-50, Mn-55, Fe-54, Fe-56, Fe-58, Cc-59, Ni-58, Ni60, Ni-62, Ni-64, Cu-63, Cu-65, Mo-92, Mo-95, Mo-96, Mo-98 and
Mo-100.
Though cross sections for specific activation reactions
only were requested, simple unshielded average cross sections for
all the neutron reactions given in the data file were calculated
and, in addition, group to group transfer cross sections of
secondary neutrons were also calculated in both the group
structures and saved for future use. An internal note giving the
steps of calculations and the calculated multigroup data for the
requested reactions has been written/1/.
Recently active Hg-203 was detected in FBTR core,
consequent to the entry of natural mercury from the manometer,
and subsequent Hg-202(n,y ) activation with reactor neutrons. For
estimating the amount of Hg that has entered, this activation
cross section was requested by the Radiation Shielding and
Statistical Physics Section of our Division, and the request was
met. The details are given in an Internal note/2/ in addition to
a report elsewhere in this Activity Report.
1. K. Devan, V. Gopalakrishnan and M. M. Ramanadhan, Activation
Cross Sections of Sodium and Structural Nuclides in 25 and 100
Groups from JENDL-2, Internal Note RPD/NDS/32 (1990).
2. V. Gopalakrishnan, Radiative Capture Cross Sections
Mercury-202, Internal Note RPD/NDS/39 (1990).

for

1.7 Development of Computer Codes in the Nuclear Data Section
(K. Selvi, V. Gopalakrishnan, K. Devan and M. M. Ramanadhan)
The following modules of the NJOY comprehensive Nuclear
Data Processing Code System have been adapted to the Inhouse ND570 computer system/1/:
i.
MODER
- Ihis module is used for restructuring ENDF/B type
data in the card image format from the binary mode or vice versa.
ii. RECONR •• This module calculates point cross sections from
the resonance parameters, adds the floor corrections and
produces piec^wise linearly ioterpolable cross section table.
This module may be used also to Doppler-broaden the cross
sections using "f'/i^/^approach.
iii. BROADR
- This module does Doppler-broadening of linearly
interpolable point cross sections using the kernel broadening
approach (SIGMA-1 method).
iv. UNRESR - This module calculates the temperature and dilution
dependent cress sections in the unresolved resonance region, from
the unresolved resonance prraneters.

v. HEATR - This module generates pointwise heat production or
damage energy production cross sections.
vi. GROUPR - This module does cross section multigrouping
giving unshielded or selfshielded cross sections, group to group
transfer cross sections of secondary neutrons and their Legendre
coeffients etc.
vii. GAMINR
This module computes multigroup cross
sections for photon interactions.
viii. ERRORR - This module calculates multigroup error matrices
from the microscopic covariance data/2/.
ix.
DTFR - This module reformats output of GROUPR or GAMINR
to be compatible with the neutronic codes ANISN or DTF.
viii. NGLIB - This program is developed here to combine DTFR
outputs of GROUPR and GAMINR to create the coupled neutron-gamma
cross section set.
The following two programs were written
compatible PC/AT:

for the

IBM

i. GIPC - This is a BASIC program to do xy plotting on the PC
video and on the Houston Plotter. This program is conversational
with the user/3/.
ii. HEX - This BASIC program is to plot the schematic cross
sectional views of hexagonal subassemblies of reactors, with
several options for shading and marking. This program also is
conversational/4/.
1. S. Selvi, M.M. Ramanadhan and V. Gopalakrishnan, Adaptation
of Various Modules of the Comprehensive Nuclear Data
Processing Code System NJOY to the ND-570 Computer, Internal
note under preparation.
2. K. Devan and V. Gopalakrishnan, Adaptation of NJOY/ERROR
Module in ND-570 Computer, Internal note RPD/NDS/34 (1990).
3. S. Selvi and V. Gopalakrishnan, GIPC - Code for Plotting
Multi Graphs in a Single Frame on Houston PC Plotter Using
Data Files, Internol note RPD/NDS/35 (1990).
4. S. Selvi, HEX - Code for Plotting Schematic Cross Sectional
View of Hexagonal Subassemblies of the Reactor, Internal note
RPD/NDS'37 (1990).

10

2.0 CORE PHYSICS AND ANALYSIS
A.

FBTR Physics

2.1 Reactivity Effect of Movement of Auxiliary Neutron Source
to Location 04-23 in FBTR Small Carbide Cores
(S.M. Lee & C.P. Reddy)
Auxiliary neutron source is required for pre-start up
check of the functioning of FBTR start up channels at a minimum
shutdown count rate of 3 cps. The original selected location for
the auxiliary neutron source for the nominal full core 65
subassembly loading of FBTR was 06-34 (see Fig.2.1.1). For the
FBTR small carbide first core loading and initial criticality, a
study made earlier/1/ had shown that the effectiveness of the
source in location 06-34 for the 65 subassembly core is
intermediate between the effectiveness of the source loaded in
location
04-23 and 05-28 for the small carbide core
configuration. It had been consequently recommended that for the
first approach to critical of FBTR small carbide core the
auxiliary neutron source could be loaded in location 05-28 and
if necessary later moved to 04-23 if count rates need to be
improved.
The location 05-28 had been preferred to 04-23
initially, essentially
to maintain the source detector
configuration as close as possible to that which had been
successfully used for the fuel loading and first criticality of
RAPSODIE, and to reduce the source perturbation effect on initial
control rod calibration at very low powers. These considerations
no longer hold for the routine power operations with the small
small carbide core of FBTR.
Subsequently, a study was made/2/ of the re-activation
of the source during power operations in F8TR at 10 MWt. It was
noted that the total flux as well as the source effectiveness
decreased, while the Sb activation cross section increased, as
one moved outwards from the core. The net effectiveness of the
source (ie. product of total flux, Sb activation cross section
and source effectiveness) for location 04-23 was found to be more
than twice that for location 05-28. Consequently, after studying
all other effects such as source internal heating and effect on
core power distribution, it was recommended that for routine
power operations with the small carbide core the auxiliary
neutron source be placed in location 04-23. Hence, the reactivity
effect of movement of neutron source to location 04-23, was
required to be found for proper evaluation of the change in shut
down margin/3/.
Calculations for effect of source movement to location
04-23 have been made using a homogenised subassembly reactor
model with Cadarache (Version 2) 25 group cross section set.
Calculations were made both by first order perturbation theory
using cylindrical 2D-RZ diffusion theory fluxes, and by
difference of k-eff using planar hexagonal geometry (2D-HEX)
diffusion theory with constant axial buckling. The calculational
11
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2.1.1 FBTR CORE CONFIGURATION

methods are affected by cress section uncertainties, geometric
modelling errors as well as by transport theory effects (which
are prominent for a small core like FBTR). The results of the
calculations are given in Table 2.1.1 and compared with
measurement. The Table 2.1.1 also gives the calculated and
measured (reactivity values for an earlier movement of source
from location 05-28 to 03-17 made in 1989.
Table 2.1.1
Reactivity Effect of Source Movement (pem)
Reactivity
Effect of
Source
Movement
from

F i r s t order
Perturbation
Theory
(2D-RZ)

Difference
of

Measured

k-eff
(2D-HEX)

05-28 to 03-17

101

198

252*

05-28 to 04-23

12

16

11

* This is the sum of 130 pem directly observed and 122 pem
being
the estimated reactivity loss due to change in Pu
composition of 23rd fuel subassembly. This 122 pem has been
computed by 2D-HEX difference of k calculations normalised
by the measured worth (1348 pem) of the original 23rd fuel
subassembly relative to nickel.

From Table 2.1.1 it is seen appears that the reactivity
effect of source movement from location 05-28 to 04-23 is small.
The reactivity effect of source movement from location 05-28 to
03-17 was large as 03-17 location touches the core and the source
beryllium reflects and moderates core neutrons directly. This
effect is not felt in location 04-23.
1. S.M. Lee, C.P.Reddy and T.M. John
REDG/01100/RP-273, Feb. 1985.
Optimisation of auxiliary neutron source location for
first approach to critical of FBTR small carbide core.
2. C.P.Reddy and S.M. Lee
RG/RPD/317, Sept. 1989
Study of Cf-252 source for FBTR.
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2.2 Auxiliary Neutron Source Regeneration in FBTR Small Carbide
Core
(S.M. Lee & C P . Reddy)
Auxiliary neutron source is required for the pre-start
up check on functioning of FBTR start up channels. In
June
1990, it is observed that the count rates due to inherent neutron
source is 0.1 to 0.15 cps. For purposes of analysis the inherent
neutron source count rates with the present channel settings and
characteristics is taken as 0.12 cps. After loading freshly
irradiated antimony pin in location 04-23 in June 1990 it was
observed that Sb-124 activity of 326.5C< led to a count rate of 8
cps.
Using freshly obtained characteristic curves for the
fission counters and startup channels it is reported that/1/ it
is possible to optimise discriminator bias settings so that th=
count rates increase by a factor 2.5.
From the above data the following approximate formulae
are derivable for the shutdown count rates (C) with the present
FBTR core configuration and with the auxiliary neutron source in
location 04-23 (refer Fig. 2.1.1) :Present discriminator bias settings
C = .02414A + 0.12

cps

(1)

Proposed new discriminator bias settings
C -- .0604A + 0.3

cps

(2)

wheie_ A is the total Sb-124 activity in Curies.
Tie main uncertainty in the above formulae is the contribution to
the count rate from the inherenc neutron source.
Using a 100 group cross section set, the antimony saturation
activity in 05-28 location has been calculated earlier/2/ as 426
Ci for reactor operating at a maximum linear pin power of 250
w/cm. ^iis calculation has taken into account effect of beryllium
moderator by a cell computation. An earlier study/3/ has also
reported one group capture cross sections of Sb-123, source
neutron importance and total flux in different radial locations
of FBTR. From these the saturation activity of antimony as well
as overall source effectiveness in different loactions are
calculated and these are given in Table 2.2.1.
Noting that Sb-124 has a 60 day half life and using the
formulae (1) and (2) one can deduce that for steady cyclic
operation of 1 month at power and 1 month shut down, the
equilibrium activity and shutdown count rates will vary between
maximum and minimum values as given in Table 2.2.2, for present
core configuration of FETR and source in location 04-23.
14

It is concluded that/A/ :-1.

With the present core configuration of FBTR, operations at 1
MWt does not enable the regeneration of auxiliary neutron
source to the extent of maintaining the shut down count rate
above the desired threshold of 3 cps.

2.

For having useful source regeneration with 1 MWt operations
it is necessary to reduce the threshold to
about 0.4
cps (for present discriminator bias settings) or about 1 cps
(for proposed new discriminator bias settings).

3.

With 3
source
present
proposed

1.

C.P. Pillai, Optimisation of operating points on startup
channels R0D/FBTR/S.RS-4/66200/TR-012 dt. 7.11.90.

2.

A.K. Jena & G. Radhakrishnan, Neutron Source Regeneration in
FBTR, RPD/RSSP/25, 1988

3.

C.P. Reddy & S.M. Lee, Study of Cf-252 Source for FBTR,
RG/RPD/317, 1989.

4.

S.M. Lee & C.P. Reddy, Auxiliary Neutron Source Regeneration
in FBTR Small Carbide Core, RPD/CPOS/23, Nov. 1990.

cps thresnold the minimum power of operations for
regeneration to be useful is about 8 MWt (for
discriminator bias settings) or about 3 MWt (for
new discriminator bias settings).

Table 2.2.1
Saturation Sb-124 Activity and Overall Source Effectiveness
in Different Locations
Location

Total Flux*
(n/cm -sec)

Sb-124 Saturation
Activity (Curies)

Relative Overall
Effectiveness of
Source+

00-00

1.68 x 10 1 5

35.2

0.335

03-17

1.08 x 10 1 3

185

1.0

04-23

0.81 x 10 1 5

368

0.967

05-28

0.57 x 10 1 5

426

0.460

06-34

0.38 x 10 1 5

371

0.145

* At a maximum linear pin power of 250 W/cm.
+ Ratio of product of total flux, Sb-124 saturation activity and
importance of source reutron to that in location 03-17.
15

Table 2.2.2
Equilibrium

Shut Down Count Rate for Cyclic Operation of 1 month
at Power and 1 month Shut down

Minimum Count Rate
Power
Level
(MWt)

Present
Channel
Settings
(cps)

Proposed New
Channel
Settings
(cps)

1

0.49

1.22

10

3.82

9.55

Maximum Count Rate
Minimum
Sb-124
Activity
(Curies)

15.24
152.4

Present
Channel
Settings
(cps)

Proposed New
Channel
Settings
(cps)

0.64

1.60

5.32

13.32

CTs

* 23 fuel subassemblies and source in location 04-23.

Maximum
Sb-124
Activity
(Curies)

21.56
215.6

2.3 Observations On FDTR Excess Reactivity Variation During July
October 1990
(John Arul, C.P. Reddy and S.M. Lee)
After the shutdown in July 1989, FBTR was restarted in
July 1990 and operated at different power levels upto 500 kW. The
observations made on the core excess reactivity at different
inlet temperatures and different power levels during these
operations have been analysed/1/ as described below.
All interpretation of FBTR core reactivity requires the
following basic input data :- control rod worths and reactivity curves;
- inlet temperature coefficient;
- flow coefficient at zero power;
- power coefficient at operating flow;
- reactivity loss rate with burnup.
As of now, the power coefficient and reactivity loss
rate with burnup have not been measured and calculated values are
to be used. Further, the present observations have been all made
at constant flow (550/560 rpm) of primary sodium, so the flow
coefficient at zero power plays no role.
Table 2.3.1 presents the observations made at inlet
temperatures close to 180 C and power levels below about 25 kW.
For
these observations the errors due to uncertainty
in
temperature coefficient measurement and lack of knowledge of
power coefficient should be negligible (less than 1 pern). However
there is some error due to different temperature distributions
over the core.
The following observations are made (refer Fig. 2.1.1) :
a)

There appears to be a small reactivity "loss" of 12.A
between the criticaiities of 18/7 and 4/8. The reactor
essentialy
in shutdown state between these
criticaiities. This reactivity appears to be "regained"
31/8.

b)

The observations of 21/9 and 22/9 point to the possibility
of existence of a much larger power coefficient than
calculated, in the low power range.

c)

There appears to be a small reactivity "gain" of 12.5 pem
between criticaiities of 25/9 and 20/10 when reactor was
shut down, which reactivity could have been "lost" prior to
25/9.
17

pem
was
two
by

d)

The replacement of nickel reflector subassembiy (04-06) by
steel subassembiy (criticality of 20/10/90) should have led
to small reactivity loss which is not observed, being masked
by other reactivity variations.

e)

If non-reproducibility of +_ 1"C in thermocouple readings and
+_ 0.5 mm in control rod position be assumed, and if all
errors act in the same direction then small reactivity
"gainsV'losses" of the order of 15 pern are explainable.

f)

The observed cumulative reactivity loss appears to be 2 to 3
times that calculated due to burnup.

g)

In order
to derive accurate values of reactivity
coefficients, burnup reactivity loss rate etc. it is
necessary to observe reactivity changes of the order of
hundred pem, and it is inadvisable to use the present small
reactivity
changes which seem susceptible to lack of
reproducibility errors.

Table 2.3.2 presents the observations made on different
days at various higher temperature and powers. The base
reactivity level is again referred to the criticality of 18/7/90.
Other than the reading of 18/7, the observations are classified
into five groups, where each group corresponds to measurements at
approximately the same temperature and power level.
Thus,
uncertainties in the power coefficient value or temperature
coefficient value will have small influence on intercomparison of
reactivity discrepancies within each group. However, there could
be considerable effect of these uncertainties when intercomparing
between two different groups. By "discrepancy" is meant the
difference between values in the last two columns of Table 2.3.2.
From

the

Table 2.3.2 the

following

observations

are

made:a)

Within a group there are differences in reactivity
discrepancies of less than 10 pem when comparing cases of
nearly equal burnup. This can be taken to be due to nonreproducibility errors.

b)

When cases of quite different burnups within the same group
are compared the difference in reactivity discrepancy is
more - as for instance readings of 17/8 and 4/9. The
observed reactivity loss within any group appears to be over
3 times that calculated due to burnup.

c)

In spite of a remeasurement of the temperature coefficient
there remains a difference in reactivity discrepancy of the
order of 17 pem when the inlet temperature increased from
351.9 e C to 373.9 °C at same power of 500 k'W and with small
difference in burnup (compare readings of 7/9 and 10/9). The
inlet
temperature
coefficient value in this higher
temperature range appears to need further adjustment.
18

Table 2.3.1
Observations at 180 deg. C and Low Power

Date

Burnup
Status
MWD

Power

C R I T I C A L CONTROL ROD P O S I T I O N S (MM)
A
B
C
0
E

kW
TEMPERATURES ( d e a . C )
7NA000
TNA100
"TNA200

18.7.90

i.8.9n

31.3.90

21.9.90

22.9.90

25.9.90

20.10.90

2.36

2.36

7.85

14.81

14.85

15.06

15.10

F

.i

.1

.7

25

26

.5

.5

262.0

262.1

261.8

265.0

265.7

267.4

265.1

262.0

262.0

262.0

179.1

179.1

179.7

180.1

268.8

262.0

262.1

262.1

178.5

180.3

180.2

180.6

270.5

262.0

261.1

262.0

178.4

181.1

• 180.8

180.3

267.8

265.2

265.1

265.1

178.2

181-3

180.9

180.2

265.8

266.0

265.6

266.0

178.1

180.4

180.3

179.6

265.0

265.0

265.0

265-0

- -

181.5

182.0

181.2

260-8

265.0

265.0

265.0

178.7

179.8

180.1

179.5

Corrected
Shutdown
Margin

Observed
Reactivity

Loss
pcm

Calculated
Burnup
Reactivity
Loss
pcm

pcm

pcm

262.0

4317.9

4317.5

0
(base)

262.1

4332.5

4329.9

12.4

261.9

4331.8

4330.5

13.0

6.6

265.0

4379.9

4377.7

60.2

14.9

265.7

4386.0

4386.3

68.8

15.0

265.0

4378.8

4373.6

56.1

15.2

265.1

4359.0

4361.1

43.6

15.3

TNA300

261.2

Observed
Shutdown
Margin

0
(base)

Table 2.3.2
Observations at 180 Higher Temperatures and Powers
Power

CONTROL ROD POSITIONS (MM)

Temp.

Date

(C'i

MW

A

B

C

D

E

c

Reae Due
to C Rod
Withdrawal

Shutdown
Margin

(1990)
pem

18,7
24,9
6,3
8,8
9,8

10,3
13.8
20,8
21,8
22,8
23,8
27,8
16,8
16,8
17,8
4,9
5,9
6,9
7,9

10,9
11,9
72,9
13,9
17,9
18,9

2.36
15.05
2.72
3.05
3.19
3-81
4.41

6.02
6.24
6.46
6.67
7.51
5.26
5.26
5.61
8.72
9.07
9.42
9.91
11.41
11.91
72.41
12.41
13.84
14.34

180.1
182.2
236.4
235.3
235.8
235.2
235.3
2J'U.2
250.0
254.0
254.4
254.4
305.2
304.8
307.2
302.2
314.0
314.4
351.9
373.9
374.4
375.7
375.8
374.4
374.7

.0001 262. 0
.1009 267. 2
.2068 277. 4
.2026 276. 7
.2018 277. 0
.2031 277. 0
. ?nn? 277. 3
.219
280. 6
.220
280. 6
.2185 281. 4
.208
281. 8
.213
281. 9
.356
295. 8
.35
295. 8
.352
296. 3
.35
295. 9
.35
300. 0
.349
300. 0
.503
313. 0
.499
320. 9
.497
321. 2
.507
321. 4
.496
321. 5
.497
322. 0
.502
322. 1

264. 2
267. 9
276. 8
276. 7
277. 0
276. 8
277. 1
280. 8
280. 8
281. 8
281. 9
281. 8
295. 4
295. 5
296. 9
296. 0
300. 0
300- 2
313. 1
320. 9
321. 1
321. 4
321. 4
320. 8
322. 1

262.0
267.1
277.5
276.8
277.0
277.0
276.9
230.5
280.6
•281.2
281.8
281.9
295.6
295.6
296.2
295.9
299.8
300.0
313.0
320.8
321.2
321.3
321.4
320.8
321.1

262.0
267.3
277.6
276.8
277.0
277.0
277.2
280.5
280.6
281.3
281.9
281.9
295.4
295.4
296.3
296.1
299.8
300.0
313.0
320.9
321.2
321.4
321.3
320.8
320.8

262.0
266.9
277.0
276.7
276.2
276.2
277.1
280.3
280.6
281.8
281.9
296.0
295.9
296.3
295.7
298.0
298.6
310.6
320.9
321.1
321.3
321.2
320.1
320.1
320.1

262. 0
266. 6
277. 1
276. 7
276. 8
276. 3
277. 5
280. 3
280. 5
281. 3
281. 8
281. 9
296. 0
295. 9
296. 2
296. 0
299. 6
299. 9
311. 5
320. 8
321. 2
321. 4
321. 3
320. 5
320. 6

4317.92
4412.72
4593.66
4584.77
4586.69
4584.67
4592.55
4649.37
4651-34
4665.68
4672.30
4673.21
4909.82
4909.61
4919.37
4913.36
4965.93
4969.43
5151.94
5274.68
5278.54
5280.73
5280.56
5273.96
5277.34

pem

4317.48
4397.86
4338-36
4334.61
4334.93
4342.52
4331.77
4334.58
4331.14
4336.53
4337.18
4338.95
4340.85
4339.77
4356.24
4356.00
4357.76
4356.80
4375.25
4376.85
4375.18
4372.28
4372.28
4372.27
4373.96

Observed
Reactivity
Loss

Calculated
Reactivity

pem

pern

0.00
80.38
20.88
17.13
16.86
17.45
25.04
14.29
17.10
13.66
19.05
19.70
21.47
23.37
22.29
38.76
38.52
40.28
39.32
51.11
59.37
57.70
54.80
54.79
56.48

0.00
15.23
0.43
0.82
0.99
1.73
2.45
4.39
4.65
4.91
5.17
6.18
3.48
3.48
3.90
7.63
8.05
8.47
9.06
10.86
11.46
12.06
^2.06
13.78
14.38

Loss

d)

Between two different groups there is much larger difference
in reactivity discrepancy which should be mainly due to the
power coefficient of reactivity. It appears there exists a
much larger power coefficient than calculated in the low
power range.

1. John Arul, C.P. Reddy & S.M. Lee, Observation on FBTR Excess
Reactivity Variation During July - October 1990, RPD/CPOS/26,
Nov. 1990.

2.4 Refuelling Strategy for FB7R Small Carbide Core Maintaining
Constraints on Shutdown Margin and Control Rods Withdrawal
Upper Limit
(C.P. Reddy and S.M. Lee)
The present study/1/ describes a refuelling strategy for
FBTR small carbide core (Fig.2.1.1) which satisfies the following
conditions:
a.

Shutdown margin shall be greater than or equal to 4200 pern;

b.

During normal operation at power, the six control rods shall
be in a bank and not raised to a position higher than 405
mm.

This study uses the calculated results presented in an
earlier detailed study/?./, as well as new calculations for worths
of stainless steel reFlector subassembly relative to nickel
subassembly.
The new calculations have been made by the same two
dimensional hexagonal geometry diffusion model and 25 group
Cadarache Version 2 Cioss Section Set as reported earlier/2/.
The reflector worth calculations are affected by modelling errors
(axial buckling, diffusion theory, finite difference) as well as
by cross section errors (mainly nickel cross sections). It is not
possible to accurately correct for these errors since no
measurement has been so far made for the worth of a steel
reflector subassembly relative to a nickel reflector subassembly.
However,
an
earlier
study/3/
of
experiments
in
RAPSODIE/FORTISSIMO and ZPR-III has indicated that the calculated
worth of nickel reflector in FBTR small carbide core should be
corrected by the factor : C/E = 2.133
We have us'3d the above correction factor and the
corrected
losses
of reactivity
when nickel
reflector
subassembiies are replaced by steel reflector subassemblies as
given in Table 2.4.1 :
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Table 2.4.1
Number of
Nickel
Reflector
Location
Subassemblies
replaced by
Steel

Reactivity Loss (pern)
Calculated

Corrected by C/E

1

03-18

250

117

2

03-18, 03-06

497

233

3

03-18, 03-06,
03-12

748

350

The proposed refuelling scheme is given in Table 2.4.2.
The scheme maintains the shutdown margin at greater than 4200 pem
and also always keeps the control rods inserted to lower than the
level 405 mm. The proposed refuelling stages are :
a.

Operation for 48.2 EFPD

b.

Replacement of 3 nickel reflector subassemblies in locations
03-18, 03-06, 03-12 by steel reflector subassemblies.

c.

Additions of 24th fuel subassembly in location 03-13.

d.

Operation for 80.9 EFPD

e.

Addition of 25th fuel subassembly in location 03-04.

f.

Operation for 86.4 EFPD

g.

Replacement of steel reflector subassemblies in location 0318, 03-06, 03-12, by nickel reflector subassemblies

h.

Operation for 29.2 EFPD till end of life of first core

The following art:: calculational uncertainties which
affect the selected refuelling scheme and the figures given in
Table 2.4.2. Reactivity worth of source movement from location
05-28 to 04-23, reactivity worth of added fuel subassemblies in
03-13 and 03-04, power coefficient of reactivity (the power
coefficient of reactivity is expected to decrease after burnup
due to restructuring of fuel which needs to be taken into
account). Change of control rod worth with change in core
configuration, reactivity worth of nickel reflector subassembly
relative <.o steel reflector, rate of reactivity loss with burnup.
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Table 2.,4.2
Proposed Refuelling Scheme

5.
NO.

Subassemblies
in core

Location
of the
last subassemoiy

Core
Burnup
Status

Excess
Reactivity

(EFPD)

Shutdown
Margin

(pern)

Total
Control
Rod
Worth
(pem)

(pem)

Full
Power
Operation
(EFPD)

Part
Power
operation
(EFPD)

5.2

+

1

23

03-10

0

1847

6110

4263

43.0

/.'•>

03-10

48.2

1269

6110

4841

addition of 3 steel S/A
in place of Nickel

3

23

03-10

48.2

> \J

• • m

6110

5191

refuelling

4

24

03-13

48.2

2176

6376

4200

69.9

5

24

03-13

129.1

1205

6376

5171

refuelling

6

25

03-04

129.1

2379

6579

4200

86.4

7

25

03-04

215.5

1342

6579

5237

replacement of 3 Ni S/A
in place of steel

8

25

03-04

215.5

1692

6579

4887

29.2

9

25

03-04

244.7

1342

6579

5237

End of Life (upto 35 EFPD
part
power
operation
still possible)

2

ro

+ Power decreasing from 10 MWt to 8.4 MWt over 6 days
++ Power decreasing from 10 MWt to 6.7 MWt over 13 days

+
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These parameters would be progressively measured as FBTR
operates and depending on actual values the refuelling scheme
could be modified by decreasing/increasing the actual number of
steel reflector subassemblies to be added in place of nickel
reflector subassemblies.
1.

C.P.Reddy and S.M. Lee, Refuelling Strategy for FBTR Small
Carbide Core Maintaining Constraints on Control Rod Topmost
Position and Shut Down Margin, RPD/CPOS/17, June 1990

2.

C.P.Reddy and S.M. Lee
RPD/CPOS/FBTR/01100/SC/003 dt. 16.8.89
Projected Shut Down Margin Values During
Operations with FBTR Small Carbide Core.

3.

2.5

Refuelling

S.M.Lee, J.V. Muralidhar Rao and V. Sudha
REDG/01100/RP-242, Nov. 1983
Error Analysis
for Effective Multiplication
Calculations of FBTR.

Factor

Preliminary Physics Design of Intermediate Sized FBTR Core
(C.P. Reddy, S.M. Lee and R.Shankar Singh)

For intermediate sized FBTR core we assumed that 200 kg
of PHWR plutonium with the isotopic composition of Pu-239/Pu240/Pu-241/Pu-242 as 0.6879/0.246/0.0526/0.0135 is available. We
also assumed that 2.5 times the incore fuel inventory is required
for the complete fjel cycle leading to 80 kg of critical mass.
For the purpose of calculations we have used R-Z cylindrical
geometry and Cadara:he Version 2 cross sections.
The main conclusion of the study are :
1.

With 80 Kgs of plutonium and 70% as the upper limit on the
PuC content in mixed carbide coie, we cannot have a fully
ThO reflected intermediate sized core.

2.

We can have a core design with (A) 70% PuC content and about
36 fuel SA with radial nickel reflector replaced by UO and
radial SS reflector replaced by ThO and axial SS reflecttor
replaced ty UO blanket ; or (B)
60% PuC content with
about 43 fuel subassemblies keeping the present radial and
axial reflectors of FBTR.

3.

Of the above two cases Case (A) has the
disadvantages compared to ':he case (B) :
(a) Maximum central flux i-j less by 13% ;
(b) Tota". power is less by 8.5% ;

following

(c) HO blanket subassemblies and pins have to be fabricated
However case (A) has the advantage of a higher breeding
ratio of 1.59 and will be able to produce clean plutonium in
the blanket.
4.

Detailed analysis and calculation of other core parameters
can be taken up after selecting one of the above options.
With the selected blanket/reflector (Case A or Case B) and
selected PuC content (70% or 60%) the exact core size will
be fixed based on permitted core excess reactivity decided
by control rod worth and shut down margin calculations.

5.

Since the transport correction is large and has been earlier
estimated only for the nickel reflected cases, it should be
re-evaluated if case (A) is to be studied further. Results
are presented in the ref/1/.

1.

C.P. Reddy, S.M.. Lee and R.Shankar Singh
Preliminary physics design of intermediate sized FBTR core
RG/RPD/CPOS/25, Nov. 1990

2.6 Determination incore Fission Counter Characteristics
(V. Sathiamurthy, John Arul, S. Sivakumar and C,P.Reddy)
In core fission counter will be used in the measurement
cf absolute power in FBTR. This detector is expected to be used
along with CIPTEX and IF 1300 special
subassembly.
The
characteristics of this detector were earlier determined in
APSARA reactor in 1965. The characteristics were measured again
in order to make sure that t~ie detector has not deteriorated in
the course of five years.
In order to deLe..mine the characteristics, the incore
fission detector was loaded in one of the detector pits and the
characteristics was taken when the reactor was operating at 200
kw. Disc bias characteristics and plateau characteristics are
presented in Fig. 2.6.1 and Fig. 2.6.2.
The characteristics
show that the detector has not deteriorated.

2.7

Worth? of Special Subassemblies in Small FBTR Core
(C.P. Reedy)

Jif ft/rent types of special subassemblies are being
planned to be used in FBTR for the measurement of reaction rate
distributions and absolute power calibration. In order to
evaluate the worths of these special subassemblies calculations
have been made using laJarache version II cross section set two
dimensional R-Z and two dimensional hexagonal geometries. Some of
the important results ire as follows.
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K-eff values calculated in 2D-HEX model and RZ model
are given in the Table 2.7.1. Also given in the Table are the
worths of different subassemblies. It is to be noted that worths
of subassemblies calculated in 2D-HEX model are higher compared
to worths calculated using RZ model. This is due to the error in
the Ducklings used in 2D-HEX calculations. It also should be
noted that the relative difference is greater for IF-1300 with
larger central vacancy as compared to IFZ-100 with narrower
central vacancy.
The
fuel subassembly worth with new plutonium
composition replacing sodium was measured to be 1708 pern in
location 03-10 as against the predicted value of 2461 pem by 20HEX. It is found that when we normalise the 2D-HEX worth for 0310 location by the ratio of central subassembly worth predicted
by 2D-RZ model and the central subassembly worth calculated by
2D-HEX, we get 1667 pem which is in reasonably good agreement
with measurements. So the calculated worths of non-central
subassemblies by 2D-HEX model can be made reasonably accurate if
we normalise the worths with the ratio of central location worths
of similar subassembly calculated by both RZ and 2D-HEX models.
Worths of central fuel subassembly (with old plutonium)
replacing sodium is calculated to be 5214 pem by 2D-HEX
model
whereas ALCIALMI two dimensional RZ model predicts 3531 pern.
The latter value does not have the error due to buckling values
and will be closer to the correct value. It can be definitely
stated that FBTR with 22 fuel subassemblies and central sodium
hole will not go critical as excess reactivity available with 23
fuel subassemblies is only 1831 pern.
The predicted loss in reactivity on loading IF 1300
subasseinbly with capsule in the central location is 1188.1 pem
whereas the excess reactivity available is 1831 pem, so
criticablity will be achieved.
The loss of reactivity when IFZ 100 is in the central
location as calculated by R-Z model is 540.5 pem and 644.4 pern as
calculated by 2D-HEX model. The loss of reactivity of IFZ 100 in
02-10 location as predicted by 2D-HEX model is 540.1 pem and
when we normalise this value with the ratio of reactivity loss
as calculated
by R-Z and 2D-HEX models it becomes 453.0 pern.
Thus the predicted
Loss of reactivity of IFZ 100 in central
location is 540.5 pem and in 02-10 location it is 453.0 pern.
Total loss of reactivity for loading of two IFZ 100 is 993.5 pcm.
1.

C.P. Reddy, Worths of Special Subassemblies in Small FBTR
Core, RPD/CPOS/12, March 1990.

2.

C.P. Redoy, Commissioning Test Procedure PHY 408, Absolute
Power calibration, RPC/CPOS/FBTR/CP/005, Feb. 1990.

3.

C.P. Reddy, Commissioning Test Report PHY 405, Measurement
cf
Sodiun1, Flow and Argon Pressure
Coefficient,

RPD/CPOS/FBTR/01100/CR/011.
4.

C.P. Reddy, Remeasurement of Isothermal
Coefficient
with
Falling
RPD/CPOS/FBTR/01100/CR/10, Nov. 1990.

Temperature
Temperature,

Table 2.7.1
Keff and worths of special subassemblies as predicted by RZ and
HEX models for various cases
Case

2D HEX model
Loss of
Reactivity

K-eff

RZ model
Keff

Loss of
Reactivity

Normal case

1.003312

- -

1.050802

Central subassembly
with new Pu

1.001171

214.1

1.048976

182.6

IF 1300 in central
location witout
capsule

0.988196

1511.6

1.039146

1165.6

IF 1300 in central
0.987688
location with capsule

1562.4

1.03892

1188.1

Central subassembly
0.996868
IFZ 100 with capsule*

644.4

1.045397

540.5

Two IFZ 100
(central and 02-10)*

0.991474

1184.5

* with empty capsules.

2.8 Remeasurement of Isothermal Temperature Coefficient Sodium
Flow and Cover Gas Pressure Coefficient of Reactivity in
FBTR
(C.P. Reddy, S.M. Lee, V. Sathiamurthy and John Arul)
Isothermal temperature coefficient of reactivity was
measured earlier in 1986 in FBTR. These values are again
measured this year. The latest measured values are given in Table
2.8.1 and earlier values are given in Table 2.8.2. It is observed
that there is slight change in the measured isothermal
temperature coefficient compared to earlier measurement. Earlier
it had been found that isothermal temperature coefficient is
slightly decreased with increased temperature, but the
remeasursments indicates chat isothermal coefficient slightly
29
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increases with temperature.
Sodium flow and argon pressure coefficient at 180° C in
1989. This time, the above coefficients were measured at 180°C
and 380° C. The results are presented in Table 2.8.3 and 2.8.4.
The results of earlier measurements were given in Table 2.8.5.
The results compare well, with in the experimental error with
earlier measurement.
1.

Temperature
Temperature,

C.P. Reddy, Remeasurement
of Isothermal
Coefficient
with
Falling
RPD/CPOS/FBTR/01100/CR/10, Nov. 1990.

C.P. Reddy, Commissioning test report PHY 405, Measurement
of
Sodium Flow and Argon Pressure
Coefficient,
RPD/CPOS/FBTR/01100/CR/011, Dec 1990.
Table-2.8.1
Re-measured

TNa 300 X
Inlet Sodium
Temperature

isothermal

temperature coefficient
temperatures

for

various

Reactivity added due
Isothermal Temperature
to control rod withdrawn
Coefficient
from Shut down State
PCM/deg. C
in pern

377.2
324.3
276.3
224.7
18C.4

5266.4
5015.1
4800.3
4569.7
4379.4

- 4.75
- 4.48
- 4.47
- 4.30

Average

- 4.51
Table 2.8.2

Earlier

(Jan/Feb

1986)

measurement of
coefficient

TNA 300 X I n l e t Sodium
Temperature

isothermal

temperature

Isothermal Temperature
Coefficient pem/deg. C

353.1
303.9
240.4
182,4

- 4.51

- 4.59
- 5.02

Average

- 4.72
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Table 2.8.3
Measured

change of reactivity for change of primary pump

speeds

with inlet sodium temperature around 380°C
— — — —— — — — —

— _ - _ — — — — _ _ _ _ _ _ _ „ „ _ , _ _ _ _ _ _ » _ _ • . — _ — — — _.w—— — — — — — —

S. Primary Pump speed in RPM
No.
Initial State
Final State
East
West
East
West
1
2
3
4

549
696
909
909

560
703
898
898

696
898
551
551

703
909
562
562

— ——. — — — — — — — — — — — —

—

Change in reactivity
in pern

- 6.13
- 7.94
+ 10.27
+ 15.62

Case 3 was observed at 74.15 hours on '\9.9.90
Case 4 was observea at 8.00 hours on 20.9.90

Table-2.8.4
Measured

change of reactivity for change of primary pump

speeds

with inlet sodium temperature around 180°C
S. Primary Pump speed in RPM
Nc.
Initial State
Final State
East
West
East
West
1
2
3

551
698
896

563
707
910

698 707
896 910
549 558

Change in reactivity
in pem

- 4.07
- 9.19
+ 9.03

Table-2.8.5
Earlier measured

(May 1989) change of reactivity for change of

primary pump speeds with inlet sodium temperature around 180°C
S.
No.

Primary Pump speed in RPM
Initial State
East
West

1
2

551
690

560
700

Change in reactivity
in pem

Final State
East
West
690 700
893 900
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- 7.4
- 10.3

B.

PFBR Physics

2.9 Breeding Performance of Metal Fuel with Reduced Linear Pin
Power in PFBR
(T.M. John & P.V.K. Menon)
Larger intervals between successive refuelling campaigns
is desirable for commercial power reactors, from the point of
view of continuous availability of the power plant. Choosing a
large refuelling interval, for cores with core conversion ratio
much less than unity, calls for very large reactivity investment
at the beginning of cycle, needing to be controlled. On the other
hand if one adopts a core design or fuel type which can provide
core conversion ratio near to unity, then long refuelling
intervals are possible avoding the large excess reactivity and
control problems mentioned above. This study tries to evaluate
the internal conversion ratio obtained through metallic fuel.
This study is an improvement over earlier studies on metal fuel
in that it has used a more exact evaluation of initial reactivty
reserve at the beginning of core. A variation of the core, in
which the allowed maximum linear power was reduced to 400 W/cm
and at the same time increasing the core size, was also studied.
In earlier studies on performance of metal fuel in
PFBR/1/ we had assumed that the volume fractions of fuel,
coolant and structural material of metal fuelled core to be
exactly identical to that of oxide fuelled core, thereby ignoring
the sodium volume enhancement due to bonding. Because of sodium
bonding, the fission gas plenum at the bottom of the core had to
be shifted to the top of the core. The shift of fission gas
plenum will increase the fluence to grid plate. Current study
incorporates the above two changes. The second modifications
incorporated in the current study is more exact estimation of the
excess reactivity of the core at the beginning of life. As a
first guess, one year refuelling interval was assumed for the
metal fuelled core.
A variation to the reference core, with the active core
size increased to 205 fuel subassemblies and the maximum linear
power correspondingly reduced, was also studied for observing its
effect on internal breeding. In this study the fuel fraction in
the core was increased to take the place of reduction in sodium
volume fraction, when the linear power was reduced.
2.9.1

Calculational Methods

The volume fractions of fuel, sodium and structural
materials, used in the study are given in Table 2.9.1. To obtain
a first estimate of the excess reactivity to be invested in the
beginnging of cycle, for achieving the assumed one year
refuelling interval, an enrichment, search calculation was made to
obtain a multiplication factor of unity. Breeding ratios
(internal and total) for the particular case was evaluated. The
internal breeding ratio obtained was 0.78 for reference core and

0.84 for extended core. The reactivity loss due to burnup was
extrapolated from this value, using'the results in Ref. 2. This
leads to yearly loss of 3100 and 2260 pern for the metal fuelled
cores in the cases. Some additional reserve of reactivity is
required for the fission product buildup during approach to
equilibrium and also for the uncertainly in burnup loss. Keeping
a lumpsum value for these effects, it was decided to have an
excess reactivity of 4000 pem for reference core and 3000 pem for
the extended core. (This is the result of first iteration, more
accurate evaluations are in progress).
Enrichment searches for these values of K-eff was made
for the corresponding cores and the critical enrichments
predicted.
The Doppler worth and sodium void • worth were
calculated by successive k-eff calculations. All the mentioned
calculations were performed with two dimensional cyclindrical
geometry and 25 energy group cross sections under diffusion
theory approximation.
2.9.2 Results and Discussion
The volume fractions of fuel, coolant and structural
materials used in the calculations are given in Table 2.9.1. The
breeding ratio is also given there. For prediction of the sodium
void worth, only the flowing sodium was voided. An approximate
estimation of the improved prediction of breeding ratio, if one
uses ABBN-78 cross sections for the calculations is also included
in the table. This was performed by estimating the reaction rate
predictions by ABBN-78, by simple extrapolation taking into
account the comparative ratio of, prediction of reaction rates
obtained in the Indo-USSR benchmark problem/3/. The estimation
showed that ABBN 78 set may predict the internal breeding ratio
higher than that obtained with Cadrache cross sections by 0.05.
For the extended core, eventhough the internal breeding increases
from 0.72 to 0.79 the sodium void worth also increases by 200
pcm. The extended core does not show any improvement in the
Doppler coefficient. The study shows that for obtaining internal
breeding ratio unity, the fuel volume fraction in the core have
to be increased to 32.25% (smeared volume fraction 43%) even for
metal fuel. The results of the study are presented in Ref. 4.
1.

T.M. John, Comparison of some neutronic parameters for
oxide,
carbide
and
metal
fuels
in
PFBR,
PFBR/01113/DN/1008/R-A, January 1987

2.

S. Gcvindarajan and P.V.K. Menon, Refuelling interval for
PFBR Oxide Core, PFBR/01113/DN/1020/RA, July 1990.

3.

P. Mohanakrishnan and T.M.
physics benchmark problem
RG/RPD/CPOS/16, June 1990.

4.

r.M. John, Breeding performance of metal fuel with reduced
linear pin power in PFBR, RG/RPD/CPOS/22, October 1990.
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John, Comparison of the core
for a
few cases, Report

Table 2.9.1
Comparison of neutronic parameters for metal fuelled cores
Reference core

Extended core

Fuel type

U-Pu-Zr (1090

U-Pu-Zr (10%)

Number of active fuel assemblies

181

205

Number of radial blanket assemblies

180

156

Percentage volume fraction of
fuel/Na/Structure in core

26.31/49.8/23.89

28.09/48.3/23.61

30.67/46.44/23.89

31.94/44.45/23.61

Percentage volume fraction of
fertile/Na/Structure in Radial
blanket

44.48/36.04/19.48

44.48/36.04/19.48

Excess reactivity of beginning
of cere

4000 pcm

3000 pcm

Plutonium Enrichment required
(Pu/U+Pu)

13.23/18.9

12.26/17.51

Breeding Ratio predicted with
Cadrache cross section
core
Total

0.724
1.288

0.794
1.328

Expected value of breeding ratio
prediction if ABBN 78 ;ross section
are used
core
Total

0.775
1.341

0.850
1.386

Wcrtn of voiding tne flowing sodium
(core and axial blankets)

2011 pcm

2204 pcm

Averaae Doopler coefficient in
(420 K - 790 K)

- 573 pcm

- 575 pcm

Parameters

Percentage volume fraction of
fsrtile/Na/Structure in Axial
blanket

34

?.1O Optimisation of Refuelling Interval
(S.Govindarajan* and P.V.K. Menon)
* Nuclear Systems Division
The choice of a refuelling interval for PFBR affects
core discharge burnup,
excess reactivity
and control
requirements, breeding ratio, in vessel storage locations,
thermal cycling, reactor availability, outpile inventory and
doubling time. Generally, short refuelling intervals imply high
fuel utilisation and high core discharge burnups. However, this
may result in reduced reactor availability compared to longer
refuelling intervals due to increased fuel handling operations.
We have studied the merits and demerits of short and long
refuelling intervals. Based on this, an optimum refuelling
interval was recommended for PFBR.
Four candidate refuelling intervals were considered - 3
months, 6 months, 9 months and 1 year. One year refuelling was
found unsuitable as the central subassembly residence time (560
days) is a non integral multiple of this refuelling interval. The
maximum
attainable discharge burnups, excess reactivity
requirements and core enrichments were estimated for the
remaining
refuelling intervals. Reactor availability
was
determined taking into account the number of fuel and blanket
assemblies to be handled in a year assuming a constant annual
outage for maintainance (see Table 2.10.1).
Outpile time and fissile inventories were calculated by
estimating annual core and blanket throughputs so that plutonium
inventory in the fuel cycle is minimised (see Table 2.10.2). This
calculation also predicts the amounts of spent fuel and blanket
to be reprocessed and re fabricated annually and hence serves to
fix a minimum design capacity for these plants (see Table
2.10.3).
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Table 2.10.1
Reactor availability for Various Schemes
Quarterly
No. of refuelling
campaigns per year

Half
yearly

Three
quarterly

4

2

No. of fuel
subassemDiies handled
per campaign

26

56

87

159

No. of blanket
subassemblies handled
per campaign

9

18

27

36

No. of control
subassemblies handled
per campaign

1

2

5

6

No. of hours required
for handling per
campaign

13A

284

444

762

Shutdown duration per
year for refuelling,
days

42

38

37

46

Shutdown duration per
year for maintenance,
days

42

42

42

42

Maximum reactor
availability, %

76.9

78.1

36

1.33

Annual

78.3

1

75.8

Table 2.10.2
Effect

of Refuelling

Interval on Doubling Time

Refuelling interval (months)

Inpile inventory, Kg of fissiie

3

6

9

12

13603
(1302)

1369
(1305)

1383
(1331)

1375

Bleeding ratio

1.0568
(1.1123)

1.0485
(1.1094)

1.0353
(1.0849)

1.0426

Outpile inventory, Kg of fissile

789.5
(1620.3)

852.2
(2263.1)

1322
(2661)

2386

Avg. no. of cycles inside core

7.0
(3.3)

3.3
(1.3)

2.1
(1.0)

1.3

No. of cycles outside core

4
(4)

2
(2)

2
(2)

2

rissle gain per year, Kg
(reprocessing losses ignored)

19.8
(39.1)

16.9
(38.1)

12.3
(29.6)

14.9

Required fissile reserve, Kg

2149.8
(2921.8)

2221.3
(3567.6)

2702
(3992)

3762

Simple doubling time, Y

108
(75)

131
(94)

219
(135)

253

Notes :
1.

The bracketed numbers correspond to a case of 50,000 MWD/T peak burnup in oxide fuel
Unbracketed numbers are for a peak burnup of 100,000 MWD/Te.

2.

A load factor of 75% is assumed

3.

Reprocessing and re fabrication losses are ignored while computing
fissile gain and doubling time.
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Table 2.10.3
Effect

of Refuelling

Interval on

Reprocessing Capacity

(100,000 MWD/t peak B.U.)

Refuelling interval (months)
6

3

9

12

Core unloaded every campaign
a. No. of subassemblies
b. Mass of mixed oxide, Kg

26
1221

56
2631

87
4087

159
7469

Axial blanket
unloaded every campaign
a. Mo. of subassemblies
b. Mars of mixed oxide, Kg

26
776

56
1671

87
2596

159
4744

Padial blanket
unloaded every campaign
a. No. of subassemblies
b. Mass of mixed oxide, Kg

9
1170

18
2340

27
3510

36
4680

Minimum time for pre-storage,
transport and contingencies, days

90

90

90

90

Minimum time for invessel cooling

180

180

270

360

Minimum time for reprocessing, days
and re fabrication

90

90

180

270

Total cut of pile time, days

360

360

540

720

Minimum Reprocessing & re fabrication
Plant capacity (for 2 reactors)
Fuel (kg/day)
Blanket (kg/day)

27.1
43.2

29.3*
44.5

34.1
50.8

27.6
34.9

* Staggering is possible since plant is idle for 90 days
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Table 2.10.A
Economic Comparison of Refuelling Intervals
(w.r.t. quarterly refuelling)
Refuelling interval (months)
3

6

9

12

0

4

5

- 4

Gain in revenue due to
0
power generation, Rs. (lakhs)

552

690

- 552

Extra fuel to be reprocessed
annually, Te of mixed oxide

0

0.338

0.442

2.673

Loss in revenue due to
reprocessing, Rs. (lakhs)

0

-21.125

-27.625

-167.062

Extra fissile required, kg

0

71.5

555.4

1611.8

Return on investment on the
cost of extra fissile reserve
in lakhs of rupees. Pu cost
0
assumed at Rs. 1200/- per gram
and interest rate 10% p.a

-85.8

-666.5

-1934.2

Extra reactor availability
due to fuel handling, days

Note : The cost of scaling reprocessing and refabrication plant
capacities to different design capacities has been
neglected.
Based on available expected cost of fuel reprocessing
and
refabrication and the unit cost of PFBR generated
electricity, a rupee comparison was then made between revenues
gained or lost due to reactor non availability for overrides any
gain due to higher core discharge burnups for very short
refuelling intervals.
Based on the above, we recommend a refuelling interval
of 6 months for the present PFBR design of 6.38 mm diameter oxide
fuel pins with a peak burnup of 100,000 MWD/t.
1.

S. Govindarajan and P.V.K. Menon, Refuelling Interval for
PFBR, PFBR/01113/DN/1020/RA, July 1990.

2.11 Study
of
Axial
Flux
Tilts
due
to
Insertion/withdrawal of a Control Rod during
Operation of PFBR
(B. Mahalakshmi & P. Mohanakrishnan)

Partial
Reactor

A study to examine the possibility of any accidental
local criticality, arising due to axial neutronic decoupling in
PFBR core was made. The power distribution in the core for
various control rod (CR) configurations were also determined.
The study was performed for operating condition of the reactor
using 3D four neutron energy group calculations. Table 2.11.1
represents the keff value, maximum power and worth of control rod
for critical configurations. Table 2.11.2 represent the control
rod worths and amplification factor values for different control
rod configurations. The value of amplification factor is found to
be - 2 indicating the reactor is neutronically tightly coupled
axially. Fig. 2.11.1 represents the axial power profile in
peaking subassembly when the control rods are in by 16 cm/55 cm
respectively with rest of the CRs withdrawn from the core. Fig.
2.11.2 represent the axial profiles in the peaking assembly when
a control rod is inserted at operating condition through 0 cm
and 100 cms and they have been compared with the axial profile in
the subassemblv adjacent to the CR inserted by 55 cm at operating
condition. Table 2.11.3 represents the total power and neutron
capture power of primary and secondary control subassembly for
few of the control rods. It is found that the insertion or
withdrawal of a single control rod seldom causes any distortion
in the power profile.
B. Mahalakshmi and P. Mohanakrishnan, Study of Axial Flux Tilts
due to Partial/Insertion Withdrawal of a Control Rod during
Reactor Operation of PFBR, RG/RPD/CPOS/19, (1f90)
Table 2.11.1
Keff value, Breeding ratio and Maximum Power for the
Operating Condition of the Reactor
Case description

Keff
value

All primary control
rods in by 32 cm

1.01091

All primary control
rods in by 40 cm

0.99997

Breeding
ratio

40

Max. power
in MWt

Worth
in pern

1.0507

1159.15

2526

1.0580

1149.52

3620

9.?

18.5

G.".

55.i

St.6

13.B

B3.0

92.J

FIG. 2.11.1 AXIAL POWER PROFILE IN PEAKING ASSEMBLY AND AN ASSEMBLY
ADJACENT TO THE CONTROL ROD AT OPERATING CONDITION
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Table 2.11.2
Worth and Amplification of Worth of an Outer Ring
Control Rod for Various Insertion Distance
Case Description

All primary control reds except one
are in by 32 cm and the outer rod
inserted by a distance of

a. 0 cm
b. 16 cm
c. 55 cm
d. 80 cm
e. 100 cm

Worth
in pern

Amplification
factor

Magnitude of
the worth
with respect
to operating
condition
(32 cm)
252
185
353
609
713

All control rods except one are
withdrawn from the core and one
outer primary control rod is
inserted through a distance of
a. 16 cm
b. 55 cm
C 80 cm

163
309
589

1.13
1.14
1.03

Fable 2. 11.3
Power in Control Rods for Different Control Rod Configuration,

lypii of control rod

Outer ring primary control rod
Ir.tiil power in

Case description

All primary control
rods in by 40 cm
One outer ring primary
control rod alone out
arid rest of primary
control rod in by 32
cm (The powers of the
withdrawn outer ring
primary
rod
are
quoted)
One
outer
primary
control rod in by 32
cm. All other control
rods out. (The powers
quoted are for
the
inserted
out
ring
primary
rod
and
withdrawn inner
ring primary rod)

Assemb iy
in MWt

0.51V

Last mesh
of the
control
rod in
KWt/ctn

13.4

Inner ring primary euptioJ rod

in

Iota] power in

Capture
power

Total power

in

Assembly
in MWt

Last mesh
of the
control
rod in
KWt/cm

in
MWt

Assembly
in MWt

Last mesh
of the
control
rod in
KWt/cm

0.354

0.604

15.6

0.413

0.195

4.23

0.144

\WJ.bv.

15.7

0.355

0.197

4.45

0.144

110'5.V!

0.148

0.204

4.87

0.165

1163.1)4

MWt

Capture

Secondary control rod

DOWt"11

0.196

7.83

0.141

0.516

0.42

12.6

9.287

0.23

9.13

Capture
fjuwtri

in
MWt

1f 1

MWt

2.12 Analysis of Some Slumped PFBR Oxide Core Configurations
Diffusion Theory
(P. Mohanakrishnan)

in

In case of fuel melting, the core of a fast breeder
reactor could slump down. Generally tii.- ;. >p axial blanket also is
expected to slump down and occupy the vacated core region. We
studied one third height of fuel slumping to middle and than to
core bottom. Fuel assemblies in core-1 (central) region above
were considered. All calculations ware lone in R-Z geometry with
ALCIALMI and convergence on keff achieved was typically 2x10*"^
The results are shown in Table 2.12.1. It is found that even
though slumping of central subassembiy above gives a negative
worth, the slumping of seven or larger number of subassemblies is
fojnd to give slumping worth in the range of +28 to +73 pern per
subassembiy. In most cases the slumped fuel and clad material is
assumed not to displace the Na in the below portion of core.
However, the values quoted in paranthesis were obtained by
assuming
that the Na is completely displaced by slumping
materials. The former gives a underestimate of slumping worth.
Similarly the assumption of Na filling the vacated core region
gives a over estimate of the slumping worths/1/.
1.

Analysis of Some Slumped PFBR Core Configurations
Diffusion Theory, RPD/CPOS/24 (1990).

in

Table 2.12.1
Slumping Worths Relative to Normal Core
Worth (pern)
Descriptor! of slumped
core portion

Blanket fills Na fills
the vacated
the vacated
core region
core region

Top one third height of r = 0 to
-11
7.148 cms slumps to core middle height
Top one third height of r = 0 to
7.168 cms slumps to core bottom

-59
(- 48)

+22
- 25
(- 15)

Top one third height of r - 0 to
18.913 cms slumps to core middle

+ 196
(+ 346)

+ 375
(+ 516)

Top one third height o f r = 7.96 to
39.8C cms slumps to core middle

+ 1644

+ 1857

Top one third height of r "7.96 to 39.80 cms slumps to
core bottom part

+ 1155

+ 1432
(+ 1849)

2.13 Assessment of Effect of Neutronic Uncertainties on PFBR
Performance
(S.M. Lee)
An assessment was maJe/1/ of the effect of neutronic
uncertainties on the performance of a 500 M/te Prototype Fast
Breeder Reactor (PFBR) and consequent economic penalty. The
possible reduction in this penalty by improvements in ths methods
of neutronic analysis was estimated.
The
evaluation of uncertainties in
neutronic
calculations of LMrBRs is a complex subject and is based on the
following studies:
i. Calculation of the sensitivities of reactor performance
parameters to uncertainties in the nuclear data, and
prediction of the errors in these parameters by making use
of the v'ariance-covariance files of the data library;
ii. Detailed
studies of the approximations made in the
calculation methods, involving comparisons with more
accurate methods;
iii. Comparison of th= predictions made using these methods and
data with a wide range of experimental observations made
principally in zero power critical experiments and also in
experimental and po^ar reactors.
Such an exhaustive study is not possible at IGCAR and
has not been made. With th= above remark in mind an evaluation of
uncertainties in ojr calculations for PFBR using the Cadarache
Version 2 Multigroup Cross Section Library has been made to the
extent possible and is given in Table 2.13.1 below.
This evaluation is based on the analysis of U5 and W.
German critical experiments reported in the open literature mainly for k-eff and control rod and material worths, reported
-"rench experience with the Cadarache Version 1 and 2 sets, and
our experience with FBTR. In this context, Table 2.13.2 presents
the results of an intercomparison analysis of a 1200 Mite
theoretical benchmark/2/. Our results with the Cadarache Version
2 Set (1969) shows considerable differences from the more recent
cross section sets such as CARNIVAL IV (1977) and BNAB-78 (1978).
Table 2.13.3 presents the target accuracies
for
neutronic parameters that are presently considered desirable in
tha European LMFBR design community/3,4/.
The combined effect of all the uncertainties, especially
those of reactivity, core size, plutonium enrichment, power
distribution, control rod worths and reactivity loss due to
burnup, is very complex to evaluate. In this study the individual
effect of each uncertainty was estimated assuming that others are
•not present. The combined economic penalty should be atleast
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greater than the largest individual effect for rancbm combination
of uncertainties. The uncertainties usefl are those given in Table
1 for the Cadarache Version 2 set as used at IGCAR. The possible
reduced
uncertainties
using improved methods of
analysis
supported by an experimental programme, are taken to be as given
in Table 2.13.3.
The details of the economic penalty study are available
in ref.1. Essentially three uncertainty effects have been treated
independently namely :- k-eff uncertainty, power distribution
uncertainty and control rod worth uncertainty. While a number of
economic effects have been included th= major two contributions
are found to be from return of investment on plutonium inventory
cost and power loss due to reactor down time. The economic
penalty due to uncertainties in prediction of a few of the key
neutronic paraneters of PFBR and the consequent gain on reduction
of these uncertainties by improvement of the methods of analysis
as obtained in our study, are summarized in Table 2.13.A.
Table 2.13.1
Estimated
Cada ache

Uncertainties in PF6R Neutronic Parameters Using
Version 2 Adjusted Cross Section Set Unsupported by
Critical Experiments

Neutronic Parameter

Estimated Uncertainty

Reactivity

+ 3 %

Control Rod Worth

± 20 %

Power Form "actor

+ 10 %

Burnup Reactivity Loss

± 25 %

Breeding Gain

+ O.OD
- 0.05

Material Worths
Fissile

_+ 25 %

Structure1

_+ 30 %

Doppler Coefficient

+ 20 %
- 0 %

Max. Sodium Void Reactivity Gain

+ 0 %
- 35 %

4/

Table 2. 13.2
Comparison Calculations for a 1200 MWe Benchmark

t
CD

Caiarache
Version 2
IGCAR

CARNAVAL-IV
FRANCE

BNAB-70
USSR

BNAB-78
USSR

JENDL
JAPAN

ENDF/B-IV
USA

k-eff

1.0429

1.0127

1.0085

1.012

1.00S6

0.9930

IBR

0.895

0.979

1.062

0.98

0.979

0.990

BR

1.269

1.393

1.439

1.39

1.373

1.395

Central CR Worth
(sodium) (pern)

352

361

390

310

265

275

Central CR Worth
(fuel) (pem)

420

388

470

370

320

333

Central CR Worth
(Void fuel) (pem)

569

560

520

440

456

Inner Core Na
Void Worth

2488

2190

1850

2214

2344

Inner/Outer Core
Axial Bl. Na
Void Worth

2517

2151

1670

2100

2307

2433

647

708

650

580

794

713

423

477

340

360

522

453

Doppler Worth
Na In
Na Ojt

Table 2.13.3
Target Accuracies (One Sigma)

Accuracy

Parameter
Fresh Core Reactivity

•f 0.5

Burnt Core Reactivity

+_ 1.0 %

Breeding Gain

_+ 0.05 (i.e.

Control Rod Worths

± 5%*

Power Form Factor

_+ 1%

Core 1 to Core 2 Power Ratio

+_ 5%

Power Distribution within a Zone

_+ 2%

Local power :
Fuel subassembly
Near Control Rod
Blanket Subassembly

+ 3%
+ 10%
_+ 10%

Burnup Reactivity

_+ 10%

Loss

%

Doppler Effect :
Normal
Voided

+ 15%
+ 25%

Max, Sodium Void Reactivity

± 15%

Decay Heat

± 2% to 5%

Activity of Core Components

± 10%

Neutron Flux

± 5%

Radiation Damage Dose

± 5%

Dose Gradients

i

Inherent Neutron Source

+_

Beta-eff

± 5%

Deep Penetrat.'.on Flux

_+ 30%

In France:

* 3.5% ;

+

10% ;
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i 20 %)

Table 2.13.4
Econcni.i: Effect of Neutronic Uncertainties
Parameter

Present
Uncertainty

Reactivity

- 3%

1303 to 20D0

- 1%

870 - 1330

Reactivity

+ 3%

543 to 1015

+ 1%

362 -

Power Form
Factor

+ 10%

1035 to 1990

+ 2%

828 - 1592

Power Form
Factor

- 10%

1031

- 2%

825

Control Red
Worth

+. 20%

434

_+ 7%

282

to 1022

i 10%

Burnup
±
Reactivity Loss
Long Term Effect s

The
uncertainties
first core.
over-design of

1.

2.

25%

Economic
Penalty
(Lakhs Rs.)

340

Possible
Gain
Reduced
(Lakh Rs.)
Uncertainty

204 -

— Several times higher than above

677

613

—

total
potential gain due
to
reduction
of
is in the range from Rs.966 to 2181 lakhs for the
Reduction of long term uncertainties resulting in
core imply economic gains which are much larger.

S.M. Lee
Assessment o c Effect
Per formance
RPD/CPOS/11, Jan 1990.

of Neutronic Uncertainties

on

PFBR

a) L.G.LeSage,
R.D.McKnighv,
D.C.Wade, K.E.Freese and
P.J.Collins
Proc. NEACRP/IAEA Spl. Mtc. on International Comparison
Calculation of a Large Sodium-Cooled Fast Breeder Reactor,
ANL, Feb 1978, Report ANL-80-78 (August 1980).
b) A.I.Vcropaev, O.P.Chukhlova, A.A.Van'kov, L.N.Kudryashov
and R.V.Nikolskii
Comparison of Calculations of a Two Dimensional Model of a
Fast Reactor
Soviet Atomic Energy, 48 (6) 1980 p. 353.

3.

J.R.Askev,, C.G.Campbell and J.G.Tyror
Reactor
Physics in "(\uclear Power
W.Marshall) Oxford, 1983.
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Technology",

(Ed:

4.

M.Salvatores and G.Palmiotti
LMFBR Design Parameter Uncertainties and Target Accuracies.
Ann. Nucl. Energy _12 (6) 291 - 306 (1985).

C. Analysis
2.14 Estimation of Bounds for Sensitivity Based Uncertainty
Analysis
(P.T. Krishnakumar)
Nuclear reactors in the design phase encounter
uncertainty concerning a number of factors including nuclear
data. A proper prediction of these uncertainties will pave the
way for the reduction in the excessive design margin and leads to
the determination of levels of confidence in the results
obtained. One of the most inexpensive approaches to quantify the
accuracy of the design calculation due to nuclear data alone is
the sensitivity methodology where sensitivity matrix is generated
for the reactor parameters of interest. The sensitivity matrix
is combined with covariance matrix which quantify the uncertainty
in nuclear data to predict the uncertainty in the calculated
performance parameter.
The generation of sensitivity matrix poses no problem
while there are many limitations to our present capabilities of
generating the covariance matrix. One of the serious limitations
has been our inability to include in a complete and systematic
way the correlation on experimental measurement. This correlation
is manifested in the measurement process itself as most of the
cross sectional measurements are relative measurements due to
difficulty in determining an exact absolute neutron flux density.
But, experimentalists while quoting the value of measured cross
section either fail or provide inadequate information regarding
correlation. Hence there is a need to estimate the upper and
lower bounds for reactor parameters due to uncertainty in cross
section.
We developed a new and comprehensive technique using the
concept of determinantal inequalities to estimate simultaneously
both the upper and lower bounds for reactor parameters of
interest. Our approach enables to estimate how far we are from
the real value compared to conventional functional analysis
method where only upper bound can be estimated. The above
technique being conceptually more elegant and computationally
easier to implement compared to rigid restrictions and
limitations of the earlier methods. We demonstrated the
advantages of using our method for cross section uncertainty
analysis by taking examples from experimental measurements. The
details of the above method can be found in /1/.
1.

P.T.Krishnakumar, Estimation of bounds for Monte Carlo
Uncertainty analysis by the technique of determinantal
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inequalities, Annals of Nuclear Energy, Vol. 17, No.1 , pp
483-486, 1990.

2.15 3DB : A New Version Developed
Environment
(T.M. John)
2.15.1

for Parallel

Computing

Introduction

The basic
idea of parallel computation is to employ
many small computers to solve large time consuming problem, by
assigning to each unit a smaller segment of the problem. In this
way the turn out time for solution of large problem can be
reduced very much. The concept is best suited for on line
computer applications. Since development of parallel computers
could be the line of progress in the computer industry in India
in near future, it is worthwhile to convert the computer codes,
which were developed with mar.n frame computers in mind, to the
environment of parallel computers. In this connection, the three
dimensional diffusion theory cods 3DB/1/ was restructured.
3DB code is developed for solving the neutron diffusion
equation in multigrojp form for X-Y-Z, R-8-Z or hexagonal-Z
geometries. The basic method is the finite differencing scheme
followed oy inner and outer iterations.
The homogeneous multigroup neutron diffusion
can be written as

equation

^ v.

The upscattering of neutrons in energy space is neglected.
Symbols have the following meaning respectively
%

- er.ergy group index

NG

= Votal number of energy groups
=

Diffusion coefficeint
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0.

v

0 — *•-) - removal cross-section from the energy group
(n) - group to group transfer cross section through

(

a 3
o"I L
•V

=

scattering
fission cross section

= average number of neutron produced per fission

%q, = group spectrum of fission neutrons
kTe.ff = Ths eigen value or neutron multiplication factor

All th= crosssections referred to above are of macroscopic
nature. For the purpose of finite differencing the differential
equation, the domain of solution of the equation is divided into
smaller meshes by planes parallel to the basic co-ordinate planes
used for describing the system.
The differential equation (1) is then converted into
difference equations using the average value of solutions in the
meshes. The resultant algebraic equations are written as a matrix
equation

'
The meshes are sequentially numbered from left to right, then
front to back and bottom to top. This way or ordering the mesh
points will make the structure of A such that non zero elements
of A will occur only along certain diagonals of A. There will be
seven such diagonals for 3 dimensional equations.
The scheme for solving the above set of matrix
equations is
as follows. First assume a
(fa vector, then
compute S^:*s using the assumed <Pj-S. Scattering source is zero
for the first group. Invert the A matrix in equation (2) to get <#•
This inversion is done iteratively. These iterations are called'
inner iterations in the conventional terminology. There are many
iteration schemes for the inversion procedure. In the one
followed in 3DB, the upper diagonals of A other than that closest
to the main diagonal are multiplied by the guessed solution and
transferred to the R.H.S. The left over matrix of A is then
inverted exactly. This inversion involves only the sequential
inversions of certain number of tridiagonal matrices (which are
rather straight forward for programming and require very less
intermediate memory requirement) and substitution back into the
matrix. This scheme is known as successive line relaxation (SLR).
The new solution thus obtained is then overrelaxed by an
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externally specified parameter before proceeding with the next
iteration. After performing a fixed number of such inner
iterations, the £«+i is calculated with the improved value of
and (h+i is calculated with the latest S$+\ • After updating
the
<£^
for all groups the fission source is recomputed and
the ratio of the fission source integral to that of previously
calculated fission source integral is taken as the latest
estimate of eigenvalue. The inner iterations mentioned above are
then repeated with the updated spatial distribution of fission
source. These iterations are called outer iterations. The outer
iterations are continued until the successive estimates of
eigenvalues converge to a specified precision.
2.15.2

Parallel Computing Version of 3DB

In the configuration of parallel computers there will be
one computer called the FEP (Front End Processor) node, and
several other computers called node computers. In the
configuration stipulated for parallelising 3DB, the FEP node will
do all communications with the user and the node computers will
interact only with the FEP node. This implies that the program
residing on node computers need only have the basic iteration
routines and the routines for receiving and sending datas from
the FEP node. All node computers will have identical programs
residing in them. Thus the parallelised version of 3DB contains
two independent program files, namely program meant for residing
on FEP node (it will be referred to as FEP program) and program
meant to reside on all other node computers (called as NODE
program). The FEP program contains all the routines of the
original 3DB program and the routines for communicating with node
computers.
The FEP program receives the input data from the user,
reads the material cross section and perform some initial
processing of the input data. The total number of planes along
the Z axis are then divided into (n+1) groups of nearly equal
size, where n" is the number of node computers taking part in
the calculation alongwith the FEP node. (The value of n can be
specified by the user at the start of the problem).
The FEP
program then communicates to each of the node computer the
material and geometry details and calculational
options
associated with one of the groups of radial planes, after keeping
the first group to itself for solution. After all the node
computers have received the information assigned to them, the
iteration procedure for the solution is started simultaneously by
the FEP program and all the node programs. The boundary value of
flux of each problem segment is received by the respective nodes
from the nodes handling the neighbouring segments. The scheme of
solution is very similar to that followed in the original 3DB
program. At the end of each inner iteration the value of fluxes
at the top and bottom boundary of the segment is passed on to the
nodes handing the top and bottom segments respectively. The node
programs also do the partial integration of the solutions within
its domain and the result is communicated to the FEP computer.
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The i-EP module collects the partial integrals from all nodes
sums them up and then broad casts the total integral to all node
computers. This value will be used for the global renormalisation
of the solution before the next iteration.
At the end of all inner iteration the FEP program
collects the partial integrals of fission source from the node
omputers, then computes the eigenvalue, checks the convergence
and accordingly instruct the node computers to proceed with
iteration or to stopRight now there is no parallel computer available at
IGCAR. A software simulator/2/ of a parallel computer which
simulates a parallel computer environment on a PC AT/386
equipped with UNIX operating system was used for developing the
parallel computing version of 3DB. The number of node computers
(n) to be invoked in the simulation is an input to the simulator
when it is initiated. The information about the files in which
the FEP program and node program reside are also required by the
simulator. The simulator then downloads the node program to each
of the nodes invoked and the system becomes ready for run.
The parallelised code was tested by a sample problem,
for evaluating the multiplication factor for a reflected cube.
Details about the sample problems are given in Ref.3. The results
were compared with that of the original 3DB run.
Simulation with 5 computers connected together shows a
speed gain around 4.5 in the problem turn out time. In a real
situation
this will depend very much on the speed of
communication of data between the nodes The code has maintained
the input and output structures exactly identical to the original
version, so that the user will not be required to do any
additional work for running the parallel version.
1.

R.W. Hardie, W.W. Little Jr., 3DB, A three dimensional
diffusion theory burnup code, BNWL-1264 (1970).

2.

S. Krishnan, Simulator
CC/89/SW-06, Feb 1990.

3.

T.M. John, 3DB : A new version developed for parallel
computing environmant, RG/RPD/CPOS/20, Oct. 1990.

of parallel

processor systems,

2.16 3-D Transport Calculations and Beam Tubes Worth Evaluation
for Purnima-III Core
(N.Sathyabama and P. Mohanakrishnan)

B.A.R.C)

The Purnima-III core and reflector configuration (in
is planned to be practically identical to that of the
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proposed 'KAMINI' reactor at IGCAR. Details of this reactor are
available in the report written by the designers at B.A.R.C/1/.
Since Purnima-III has a small core with complex core reflector
configuration and beam tubes on all three sides except the north
as shown in Fig. 2.16.1, Monte Carlo calculations/2/ was done for
this core to correct for the errors in Diffusion calculations/3/
As it is well known that Monte Carlo codes can simulate the
geoTietry with great detail, it has the disadvantags of consuming
large computer time and the inevitable statistical error attached
to it. This causes problems when finding reactivity worths by
difference of k calculations. Hence, 3-D Transport calculations
with the deterministic code TRITAC which uses finite difference
approximation was carried out/4/ to get more reliable results.
Our calculations assume importance in estimating the beam tubes
worth in the core accurately since the core has a minimum
critical mass and very small excess reactivity. Moreover, there
arises a safety consideration, when these beam tubes which are
normally air filled, get filled with surrounding water reflector
accidentally. Hence the worths of the beam tubes were analysed in
greater detail/5/.
Calculations were done in 8 groups which contains 3
thermal groups. These 8 group cross sections were condensed from
27 group mini - WIMS library by the standard LWR fuel assembly
homogenisation
procedure with the LWR
fuel
assembly
homogenisation computer code SMAXY. The condensation error in 8
group calculation when compared with the 27 group calculation is
as low as 1 m.k.
Calculations were performed using TRITAC/4/ in S^.
quadrature sets for three different cases. They are (i) Beam
tubes filled with the surrounding BeO (ii) Water filled beam
tubes and (iii) air filled beam tubes. From these calculations,
the worths of beam tubes from water to BeO and air to water have
been found and tabulated in Table 2.16.1. Calculations were
pursued upto a keff convergence of 5 x 10~ r and flux convergence
of 5 x 10""4 as stipulated by the authors of the code. S4
quadrature set was chosen after verifying that for a case of
water filled baam tubes, the S4quadrature keff value differed
fro^i SJJ by only 0.7 m.k (Table 2.16.1). The time consumed in the
former has been twice that of latter. In order to save computer
time, calculations were performed without outside water
reflecto;. Table 2.16.3 shows a comparison of KENO values of
B.A.R.C./1/ our earlier Monte Carlo va.iues/2/, 3-D diffusion
values/3/ and the present TRITAC/4/ values.
For
ready comparison, our 3-D diffusion values and
Monte Carlo values have been corrected for including the outside
water reflector. Since TRITAC have been written for a rectangular
geometry, the Purnima-III core geometry could be accurately
simulated a:; in the code, without making any approximations.

2.16.1 Analysis of Beam tubes worth
The low air to water worth of beam tubes (2.7 m.k) in S
quadrature calculations, prompted us to think that the first 8 cm
of water in the beam tubes (migration area in water 40 square
cms) is acting as a reflector and the rest 12 cms of water acts
as an absorber for the neutrons well reflected from neighbouring
BeO reflectors. So, a case was considered where beam tubes were
partially filled with water and as expected, this case gave a
keff which is 0.6 m.k higher than that of fully water filled beam
tube case as shown in Table 2.16.3. Since 0.6 rruk is not an
insignificant value when compared with ths total air to water
worth (2.7 m.k) this case needed further analysis. This result,
if it is a spurious one could be because of the limitations of S^
quadrature set. Hence an S,, quadrature calculation had to be done
to verify this misleading result. Because of the computer
limitations, a hypothetical core was conceived which is same as
Purnima-III core except for the fact that the 9th BeO subassembly
in Purnima-III core was substituted by a U-233 subassembly and
thus the core was made symmetrical (Fig.2.16.2). Beam tubes were
introduced on all sides at the core centre and calculations in S4
and Sg quadrature sets were performed for this_core with higher
keff and flux convergence criterion of 1 x lO^and 1 x 10""*
respectively. Calculations were done for the partially water
filled and fully water filled cases for one eighth portion of
this hypothetical core with reflecting boundary conditions. In
both cases (S4. and Sg- it was found that the partially water
filled case gave keffs very much lower ( 3 m.k) than the fully
water filled cases as shown in Table 2.16.4 This leads to the
conclusion that the misleading result obtained in Purnima-III is
not because of limitations in quadrature sets. Hence S 4 and S#
quadrature calculations were again performed to analyse the
partially water filled case of Purnima-III with higher keff and
flux convergence criterion (Table 2.16.3). Now the results of
these calculations disproved the earlier misleading results of S4.
quadrature calculation and showed a similar trend as in the case
of hypothetical core calculations.
2.16.2 Conclusion
Finding air filled beamtube worths accurately is one of
the most difficult problems fa:ed by a theortical reactor
physicist. Use of 3-D transport theory codes are a must for the
same. Further, when we are looking for small worths, it is
necessary to sufficiently refine the convergence criterion used
in the calculations. Also, it is found that problem with air gaps
take typically 2 to 3 times more C.P.U. time than similar problem
without airgaps.
We found from our study that use of tight convergence
criterion in keff alone can lead to misleading results. This
happens only in air filled beam tube case. By analysing a
hypothetical problem with more air filled beam tubes it was found
that use of convergence criterion of flux 1x10 and keff 1x10
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can give reliable results.
We now find that the air to water worth of all the three
beam tub2s and pneumatic fast transfer facility in PurnimaIII/KAMINI core is 2.5 mk (by 3-D S calculations). This value
had earlier been reported by us as 2.7 mk by 3-D
S
calculations/4/.
1.

C.S. Pasupathy, K.K. Rasheed and M. Srinivasan et. al., Safety Assessment of Purnima-III - B.A.R.C./I-928, 1987.

2.

N. Sathyabama
and P. Mohanakrishnan - Monte Carlo
calculations for Purnima-III/Kamini Core, RPD/CPOS/8 (1989).

3.

N. Sathyabama and P. Mohanakrishnan - Analysis of Proposed
PurniTia-III/Kamini core design RPD/CPOS/6 (1988).

A.

Sathyabama N. and Mohanakrishnan P., 3-D Transport and Beam
tubes Worth Evaluation for PURNIMA-III core, RPD/CPOS/14,
IGCAR (1990).

5.

Sathyabama N. - Analysis of Beam tubes worth
III/KAMINI core, RPD/CPOS/18 (1990).
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in PURNIMA-

Table 2.16.1
TRITAC Results
S.
NO.

Cases considered

Keff

Conv. criterion
on Keff

C.P.U. time
by ND-570
in mts.

Beam tubes worth
in m.k.

1. 8 fuel SA + 1 BeO SA
with beam tubes filled
with
BeO in S-4
quadrature set.

1.04453

4.67

x 101,-5

250

2.

8 fuel SA + 1 BeO SA
with beam tubes filled
with
air in S-4
quadrature set.

1.0270

1.14

x 10',-5

802

BeO to air = 17.53
[Keff of case (1) Keff of case (2)]

3.

8 fuel SA + 1 BeO SA
with beam tubes filled
with water in S-4
quadrature set.

9.30

x 10'-6

397

BeO to water = 14.83
[Keff of case (1) Keff of case (3)]

1.0297

Water to air =2.7
[Keff of case (3) Keff of case (2)]

4.

Same as (3) in S-8
quadrature set.

1.0290

3.56

x

10~5

715

Table 2.16.2
Comparison of Results by different Methods

S.
No.

1

OS

2.

Cases

Methods

Keffs

8 fuel SA + 1 BeO
SA + BeO reflectors
without beam holes
and without outside
water reflector.

(a) 3-D diffusion (ref-3)

8 fuel SA + 1 BeO
SA + BeO reflectors
and
water filled
beam holes and without outside water
reflector.

(a) 3-D diffusion
(b) Monte Carlo
(c) TCITAC (S-4)

(b) Monte Carlo

(ref-4)

(c) 7RITAC (S-4)
(d) KENO (re f-1)

(d) KENO

Beamtubes worth
(BeO to Water in m.k)

1.0341
1.050+. 0059
1.0445

1.014
1.033+. 0024
1.0297
1.017

Diffusion worth of outside water reflctor (17.4 m.k.)
Monte Carlo worth of outside water reflector (20.0 m.k.)

20
17 + .0071
14.8

-

Table 2. 16.3
Results of S . and S^quadrature calculations for PURNIMA-lll/KAMINI CORE

4

Case Description

K-eff

°

Keff convergence
criterion achieved

Flux convergence criteria
Set

achieved

CPU time using
ND-570 (mts)

I. S^ quadrature Calcns.
with lower flux convergence
criterion :
a- fully water filled
beam tubes

1.02972

9.298 < 10" 6

5x10" 4

1.943x1C"4

397.2

b. Partially water filled
beam tubes

1.03036

1.192 x 10~ 3

5x10~ 4

3.972x10~4

870.0

c. Air filled Beam tubes

1.02701

1.144 x 10~5

5x10" 4

4.833x10~4

802.0

1.02943

5.7 x 10~ 6

1x10~4

9.9x10"5

a. water filled Beam tubes

1.02897

3.684x10"5

5x10~ A

4.835x10~4

821.2

b. Air filled Beam Tubes

1.02646

3.028x10"5

1x10~4

2.749x10~4

2551.0

O\

II. S^quadrature calcns.
with higher flux convergence
criterion :
b- Partially water filled
beam tubes

1030.0

III. ^quadrature Calcns:
to estimate accurate water
to air worth :

Table 2.16.4
Results of S. and Sg quadrature calculations for the hypothetical PURNIMA-II1 Core
Case Description

K-eff

Keff convergence
criterion achieved

Flux convergence criteria
Set

achieved

CPU time using
ND-57O (mts)

I. S ^ quadrature Calcns.

JS-

a. fully water filled
beam tubes

1.07887

2.384 x 10~ 7

1x10~4

3.123X10~4

304.4

b. Partially water filled
beam tubes

1.07563

6.437 x 10~ 6

1x10~4

9.823x10"5

944.6

c. Air filled Beam tubes

1.06684

2.909 x 10~ 5

1x10~4

1.249x10~4

775.45

a. fully water filled
beam tubes

1.07780

7.153x10~7

1x10~4

5.269x10~5

175.0

b. Partially water filled
beam tubes

1.07422

9.537x10~7

1X10"4

5.341x10"5

373.45

c. Air filled Beam Tubes

1.06545

4.768x10~6

1x10"A

7.46x10~5

327.0

II. S# quadrature calcns.

2.17 Monte Carlo and Finite Difference Calculations
Expansion Safety Reactivity Device in FBTR
(C.P. Reddy, S.M. Lee & R. Shankar Singh)

for Gas

Gas expansion modules (GEM) are considered to be
effective passive devices to mitigate the severity of unprotected
loss of flow accident. Calculating the worths of GEM
subassemblies poses problems due to :1.
2.

high leakage zones where diffusion approximation fails;
inapplicability of two dimensional calculations on account
of eccentric location of the GEM and axial inhomogeneity.

For exact calculations one has to use three dimensional
transport theory, which takes a lot of computing time. A good
compromise is to use Monte Carlo techniques. Calculations were
done for proposed GEM test subassemblies in FBTR using Monte
Carlo technique and also using two dimensional R-Z and hexagonal
geometry diffusion calculations. Two dimensional diffusion
calculations highly over predict worths of GEM subassembly. Worth
of sodium hole in place of reflector subassembly in FBTR, which
also is a high neutron leakage zone, was calculated using Monte
Carlo code and the predicted value compares very well with the
measured value. The results show that we loose about 649 _+ 45.8
pern due to a GEM subassembly in third ring. The worth of voiding
of GEM subassembly is 297 _+ 45.9 pern. The calculated worth of
sodium hole (Na replacing Ni subassembly), in FBTR is 546 +_ 44.8
pem against measured value of 481 peni. This difference may be due
to errors in nickel cross sections.
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3.0 REACTOR KINETICS AND SAFETY ANALYSIS
3.1

Low Power Neutron Noise and kinetics Measurements in FBTR
(Om Pal Singh, G.S.Srinivasan, B.Sharada, V.Sathiamoorthy
and C.P.Reddy)

The low power neutron noise and kinetics measurements
were performed in FBTR with the following objectives.
(a) To measure external neutron source strength and other kinetic
parameters of the reactor by neutron noise analysis methods.
(b) To validate computer code.CRT and PO<IN against FBTR
power transients.

low

Neutron noise data is recorded at various stages of
subcriticality of the reactor and in delayed critical state of
the reactor at various neutron source free power levels.
Suitable analysis of the data yields information regarding
parameters of the reactor.
The computer code POKIN is a point kinetics code for
studying the power transients initiated by step, ramp and
sinuosoidal changes in reactivity at low power (power at which
reactivity
feedback effects are negligible) aid during
subcriticality state of the reactor. Computer code CRT is again
a point kinetics code for studying the effect of reactivity
transients but includes the effect of reactivity feedbacks.
Hence it is used to analyse the power transients at high power of
the reactor when reactivity effects are appreciable. A few power
transients initiated by slow change in reactivity were recorded
during the kinetics test on FBTR (conducted on 24-9-90 and 25-990) at various power levels to verify the predictable capability
of these two codes.
These codes have been earlier used for the
safety analysis of FBTR.
3.1.1 Test Constraints
To get good results from neutron noise analysis, one
should use high efficiency (^ 10~~4 counts/fission) in-core
neutron detectors. Presently available detectors have efficiency
of 1 cps/^th and are used as excore detectors.
The aim of the
test has been to check whether the presently available detectors
can provide neutron noise signals good for noise analysis work
particularly for techniques that are relatively insensitive to
detector efficiency.
Ideally, for good code validation, one would like to
initiate a power transient by moving control rod in or out with
the maximum pernissible speed for 5 to 10 s. But in FBTR,
continuous control rod movement near or at criticality is
possible for a maximum time of 3 s only. Hence the code
validation
is possible for power transients initiated by
reactivity variation for a maximum time of 3 s.
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3.1.2 Reactor Noise
For the reactor in shudown state, neutron noise is
determined by neutron source, therefore, the variance of noise
should be equal to mean. As we approach to criticality variance
should show a increase. However in calculations we found that
variance is much less than the mean values in all the cases, and
autocorrelation function does not show any correlation in any of
the cases.
The details of the data acquisition system were
examined.
It is found that real noise data is distorted due to
capacitor used in the system which integrate the pulses.
Therefore, the experiment is to be repeated by recording raw data
directly from fission counters.
3.1.3 Kinetics
The rod withdrawal and lowering of rod initiated power
transients were recorded and analyed with the code POKIN. The
experimental power profile and th= corresponding
profile
calculated by the code, are shown in Figs.3.1.1 and 3.1.2. It
nan be seen that the calculated profile compare well with the
experimental profile.
The details of this study are given in
ref. 1.
1.

Om Pal Singh, G.S.Srinivasan, B.Sharada, V.Sathiamoorthy and
C.P.Reddy, Report on Commissioning Test PHY 502 and 503 :
Low Power Neutron Noise and kinetics Measurements in FBTR,
RPD/SNAS/FBTR/01100/CR/004 (1991).

3.2 Reactivity Curves for FBTR - Snail Carbide Core
(B.Sharada and Om Pal Singh)
Rod drop method 5s one of the standard method?, of
measuring the reactivity worth of a control rod or group of
control rods in a nuclear reactor. In this test, the concerned
control rod (s) is (are) dropped to provide negative step cnange
in reactivity. If Po is the. initial power level of the reactor
before rod drop and Pj_ is the power level immediately following
rod drop (prompt drop), then the worth of the rod or the worth of
the partially inserted control rod is given by

Jo

-

So, knowing the value of Rj_ following rod drop, one can determine
f0 using above equation. However, in an actual experiment
power profile following rod drop is not smooth and it is
difficult to know PA precisely. Reactivity curves that are
plots of P(t)/P0 fcr different values of /„ , provide in a
straight forward manner the values, f and PA .
Therefore,
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reactivity curves have been generated for FBTR - small carbide
core.
These would be useful in determining control rod worths
(in dollars) by rod drop method. The curves are subjected to the
errors involved in the values of delayed neutron parameters and
prompt neutron generation time of the reactor used in the
calculations. For generating reactivity curves for FBTR, we used
the analytical formulations applicable for step change in
reactivity. Reactivity curves for FBTR are given in Fig.3.2.1 .
The details of the study are recorded in reference 1.
1.

B.Sharada and Om Pal Singh, Reactivity Curves for FBTR Small Carbide Core, RPD/01117/SNAS-27 (1990).

3.3 Validation of the Computer code POKIN against
Experimental Transient and Analytical Results
(B.Sharada and 0m Pal Singh)

SEFOR

A study was conducted to validate the computer code
POKIN against the SEFOR experimental reactivity transients and
against the analytical formulation for step change in reactivity.
POKIN code solves the point-kinetics equations using Runga-kutta
method. SEFOR transient tests were performed to check the effect
of the Doppler constant and its capability to arrest the
superprompt critical transient.
This super prompt critical transient was introduced in
OKIN
(with the Doppler Coefficient) and the results of
calculations of power, energy and reactivity were compared with
the exprimental ones. Power calculated from POKIN was also
compared against that calculated by analytical methods. The
POKIN predictions compared well with the experimental results and
the analytical results. The validation procedure is described in
detail in reference 1.
C

1.

B.Sharada and Om Pal Singh, Validation of the Computer code
POKIN aqainst SEFOR Experimental Transient and Analytical
Results,~RPD/01117/SNAS-32 (1990).

3.A

Maximum Permissible Withdrawal Speeds for Secondary Control
Rods of PFBR
(R.Harish and Om Pal Singh)

A study has been conducted on the maximum permissible
withorawal speed for secondary control rods of PFBR.
The
criteria employed is that if inadvertent criticality is achieved
during withdrawal of secondary control rods, then at criticality
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level the count rate should be atleast 100 cps and the reactor
period be reasonable (of the order of 15 s ) . This would provide
sufficiently high power level to permit accurate period and other
measurements at criticality and above. In shutdown state, it is
normally required to have count rates of the order of 5 cps.
Therefore, rod withdrawal speed leading to 20 times rise in count
rate at criticality with respect to the shutdown state, would be
considered permissible under the above criteria.
To determine
the power and reactor period at
criticality for different control rod speeds, the computer code
POKIN is used.
The study is conducted for PFBR oxide core with
- 10 $ subcriticality in shutdown state of the reactor.
The
study concludes that maximum permissible speed for secondary
control rods can be taken as 10 mm/s. The other details of the
study are given in reference 1.
1.

R.Harish and Om Pal Singh, Maximum Permissible Withdrawal
Speeds for Secondary Control Rods of PFBR, RPD/01117/SNAS-28
(1990).

3.5 Minimum Scram Reactivity Required to Protect PFBR Oxide Core
Against Loss of Flow Accident
(R.Harish and Om Pal Singh)
Reactor scram by control rods drop is the safety action
initiated to protect a nuclear reactor against Loss of Flow (LOF)
accident. Normally, as a rule of thumb, - 10 dollar reactivity
is considered adequate to scram the reactor on initiation of such
an accident. For PFBR also, scran reactivity of - 10 dollar is
provided in the design to protect the reactor against LOF. A
study has been conducted to evaluate the adequacy of - 1C $ and
minimum scram reactivity required tc protect PFBR oxic'e core
against LOF. A flow halving time of 12.5° rotation of fly wheel
(based on fly wheel inertia.'1 is assumed for the LOF incident. The
computer code PREDIS is usi.;d for computing the course of the
incident following LOF. Feactivity feedbacks due to Coppler,
fuel and clad axial expansion, core boundary movements, spacer
pad heating effect leading co flowering c? the core a'i.1 coolant
expansion are accounted for in the calcul;i...ions.
To account for
uncertainties in the calculations of reactivity parameters, the
reactivity effects that are positive are enhanced by 2J% and the
reactivity effects that are negative, ave reduced by 20%. A time
delay of 2 sec. is assumed between ths initiation cf L O F and
actuation of scram.
Ttrl.s is to account for electronic and
mechanical delays involved in actuating the scram following LG'f".
A residual flow of 3.5% of nominal valus is assumed to take into
account the flow that developes due to settirg o f natural
convection currents. It is found that a scram reactivity o r - 4 $
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is adequate to shutdown the reactor aginst the said LOFA.
details of study are reported in reference 1.
1.

The

R.Harish and Om Pal Singh, Minimum Scram Reactivity Required
to Project PFBR Oxide Core Against Loss of Flow Accident,
RPD/01117/SNAS-33 (1990).

3.6 Passive
Shutdown Potential and Static
Reactivity
Coefficients for PFBR with Oxide, Carbide and Metal Cores
(Om Pal Singh and S.Ponpandi)
In our earlier studies/1/, we had made a preliminary
assessment of passive shutdown (inherent safety) potential of
PFBR with oxide, carbide and metal cores using static reactivity
coefficients of the reactor. The study was basically applicable
to loss of heat sink (LOHS) incident. The study has further been
extended to Loss of Flow (LOF) and Transient Over Power (TOP)
accidents.
The methodology used is as reported in American
publications/2/.
In fact, a one to one correspondence has been
brought out in IGCAR notations, French notations and American
notations used on passive safety studies
The values of inlet coolant temperature rise ( £• T^ )
needed to safely and passively bring down the power of the
reactor in case of LOHS and TOP are given in table 3.6.1.
The
maximum coolant outlet temperature, ( T o
) that may result
after safe and passive shutdown of the reactor for the three
incidents (LOHS, LOF and TOP) are al^o given in the table. It
may be seen that fcr LOHS and LOF, metal has the best potential
for passive safety followed in order Ly carbide and metal fuel.
The three systems (oxide, carbide and metal) have better
potential for LOHS as compared to LOF. For TOP incident, oxide
fuel shows better s;afety potential than carbide and oxide.
However, all the fufl types can be resigned with good passive
safety by designing the control rods with lower reactivity worth.
The details of the methodology and data on reactivity components
are given in reference 3.
1.

Om Pal Singh and S.Ponoandi, Static Reactivity Coefficients
for Oxide, i.'arbide and Metallic cores and a Preliminary
Assessment
of Inherent Safety Potential of the Three
Systems, RPD-291 (1986).

2.

D.C.Wade and Y.I.Chang "The Integral Fast Reactor Concept
Physics of Operation and Safety, Nucl. Sci. Enc,g. Vol.100,
507-524 (1988)

3. Om Pal Singh and S.Ponpandi, Passive Shutdown Potential and
Static Reactivity Coefficients for PFBR with Oxide, Carbide
and Metal Coi.es, RPD/011 r.'/SNAS-35 (1990).
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Table 3.6.1
Inlet and Outlet Temperature Rise and Outlet Coolant Temperature
for Different Transients and Different Fuels
Incident Parameter

Fuel
Carbide
He-bonded Na-bonded

Oxide
LOHS
LOF
TOP(*)

Ti
TO
TO
TO
Ti

(
(
(
(
(

C)
C)
C)
C)
C)

409
789

311

1123

o91
960

625
405

655
420

176
556
708
740
420

Metal
164
544
645
800
513

* TOP initiated by withdrawal of one control rod resulting
addition of 500 pcm of reactivity.

in

3.7 A Relative Comparison of Mechanical Energy Release in a Core
Disruptive Accident Resulting from Loss of Flow Accident in
PFBR with Oxide, Carbide and Metal Cores
(Om Pal Singh and R.Harish)
A study was carried out to compare the mechanical
energy released in a Core Disruptive Accident (CDA) resulting
from loss of flow accident in PFBR fueled with oxide, carbide and
metal fuels. All the passive safety features of the three fuels
were ignored and a scenario leading to the core disruption was
considered. A parametric study of energy released as a function
of reactivity addition rates, Doppler effect and temperature
gradient in the core was also conducted.
The following
conclusions are drawn from this study.
The details are given in
note no.SNAS-30/1/.
(a) Metal core gives maximum mechanical energy released, followed
by carbide and oxide cores in order and is less than 200 MJ.
(b) Parametric study showed that for reactivity addition rates of
the order of 50 $/s, maximum energy is released for metal core
and minimum energy is release for carbide core. If reactivity
addition rates are of the order of 100 $/s or more, oxide core
gives maximum energy released followed by carbide and then by
metal in decreasing order. The trend remains same even if one
uses different values of Doppler coefficients.
(c) Constant temperature distribution case is more severe than
the finite temperature gradient case.
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1. Om Pal Singh and R.Harish, A Relative Comparison of
Mechanical Energy Release in a Core Disruptive Accident
Resulting from Loss of Flow Accident in PFBR with Oxide,
Carbide and Metal Cores, RPD/SNAS-30 (1991).

3.8 A Variational 1-D Finite Element Modelling to Study Radial
Temperature Profile of Fast Reactor Fuel Pin with
Temperature Dependent Thermal Conductivity
(S.Ponpandi and Om Pal Singh)
A variational one dimensional finite element formalism
is developed to solve the heat conduction equation for LMFBR fuel
pins and with temperature dependent thermal conductivity. Using
the formulation, calculations have been performed for PFBR fuel
pin for oxide core. The results of the calculations have been
compared with the results obtained using average thermal
conductivity for which analytical formulation exists. It is
found that the peak maximum temperature in the middle and upper
part of the pin, is more when temperature dependent thermal
conductivity is used in the calculations. In the bottom part of
the core, the temperatures are uniformly higher over the radius
of the pin for the case for which thermal conductivity is
temperature dependent.
The present formulation provides more
accurate calculations of temperature profile over the pin and
would be used in recalculating the static power cofficient. The
detaiils of the present study are reported in sectional note
SNAS-36/1/.
1.

S.Ponpandi and Om Pal Singh, A Variational 1-D Finite
Element Modelling to Study Radial Temperature Pro rile of
Fast Reactor Fuel Pin with Temperature Dependent Thermal
Conductivity, RPD/01117/SNAS-36 (1991)

3.9

Inherent Safety Concepts in Fast Breeder Reactor
(N.Kasinathan, G.Vaidyanathan, Om Pal Singh and R.Shankar
Singh)

Inherent safety concepts involve innovative approaches
based on fool proof laws of physics which will bring down the
power of reactor under abnormal conditions automatically to a
very low level even if the plant protection system fails to come
into effect. Such a possibility has been demonstrated in small
fast reactors like Rapsodie in France and EBR-II in USA. In this
paper, the results of such experiments on inherent safety
performed on these small fast reactors have been discussed.
The
inherent safety potential for fast reactors with different types
of fuel were discussed. Finally, the approaches proposed to be
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adopted to incorporate some inherent safety features in the 500
MWe Prototype Fast 8reeder Reactor were also highlighted. The
results are given in detail in reference 1.
1.

N.Kasinathan, G.Vaidyanathan, Om Pal Singh and R.Shankar
Singh, Inherent Safety Concepts in Fast Breeder Reactors,
Second Conf. of INS on Nuclear Power : Advanced Fuel Cycles,
TIFR, Bombay, Jan. 5-6 (1990).

3.10 Comparative Evaluation of Different Fuel Options for a Fast
Breeder Reactor of 500 Mwe
(P.Chellapandi, R.Harish, N.Kasinathan, Om Pal Singh,
S.R.Paranjpe and G.Vaidyanathan)
A comparative study has been conducted to evaluate
different fuel options for the 500 MWe pool type prototype fast
breeder reactor (PFBR) from safety point of view. The fuels
considered are oxide, carbide and metal. The study specifically
pertains to a relative comparison of the three fuel systems in
terms of :(i) their static reactivity coefficients and passive safety
potential, (ii) response to reactivity transients during start
up, raising the power and operation at nominal power, (iii)
system behaviour under loss of off-site and on-site power with
shutdown system failure, .(iv)
the ability of the reactor to
withstand the consequences of multiple pin failure due to local
flow blockage, aid (v) energy release and damage evaluation
under the conditions of hypothetical core disruptive accident.
The study indicates that metal fuel is best and is
followed by mixed carbide and mixed oxide fuels from the points
of overall potential for safety. The details of the study are
given in ref. 1.
P.Chellapandi,
S.R.Paranjpe and
Different Tuel
Mwe, Proc. Int.
USA, Aug. 12-16,

R.Harish, N.Kasinathan, Om Pal Singh,
G.Vairlyanathan, Comparative Evaluation of
Options for a Fast Breeder Reactor of 500
Fast Reactor Safety Meeting, Snowbird, Utah
(1990).

3.11 Safety Provisions in Prototype Fast Breeder Reactor
(S.B.Bhoje,
S.C.Chetal,
P.Chellapandi,
S.M.Lee,
G.Muralikrishna, Om Pal Singh, S.R.Paranjpe, K.Raghavan,
R.Shankar Singh and Uma Seshadri)
Preliminary

design of Prototype Fast Breeder Reactor
16

(PFBR) of 300 MWe output has been presented at the International
Symposium on "Fast Breeder Reactors : Experience and Future
Trands", held in Lyon in July 1985. Detailed design has proceeded
on the same lines. As PFBR is also considered as a head of a
series of Fast Breeder Reactors to be built for commercial
deployment of FBRs by 2000 AD, economics and safety have
dominated the various decisions. Consequently, a combination of
deterministic and probabilistic approach has been adopted for
PFBR.
The deterministic approach is adopted in assessing
conservatively
and
realistically
the consequences
of
incidents/accidents while the probabilistic approach is adopted
to determine the depth needed for implementing the defence in
depth concept in dealing with incidents/accidents of varying
consequences/severity.
The study describes the resultant safety
provisions incorporated in the proposed design which will be
submitted for approval by Atomic Energy Regulatory Board. In
particular the non-nuclear safety related with seismicity, man
induced events, cyclones, sodium fire and sodium water reaction
,Tre discussed along with the nuclear safety pertaining to primary
circuit integrity, adequacy of cooling of core/blanket
subassemblies, decay heat removal, role of the emergency diesel
generators, core monitoring, reactor protection system and
hypothetical core disruptive accidents. The details are given in
re ference 1.

S.B.Bhoje,
S.C.Chetal,
P.Chellapandi,
S.M.Lee,
G.Muralikrishna, Om Pal Singh, S.R.Paranjpe, K.Raghavan,
R.Shankar Singh and Uma Seshadri, Safety Provisions in
Prototype Fast Breeder Reactor, Proc. Int. Fast Reactor
Safety Meeting, Snowbird, Utah USA, Aug. 12-16, (1990).

3.12 Analysis of Passive Shutdown capability of Liquid Metal Fast
Breeder Reactors for Loss of Flow Acciden
(Om Pal Singh, P.Bhaskar Rao, S.Ponpandi and R.Shankar
Singh)
Passive shutdown capability of a medium sized (500 MWe)
licuid metal fast breeder reactor fueled with oxide, carbide and
metal fuels has been analysed for a loss of flow accident. A
sample static method is first presented for evaluating the
passive safety potential of the system fueled with the three
fuels.
This method shows that metal fuel has maximum potential
for passive safety against loss of cooling transients followed by
the carbide and oxide fuel in that order.
The passive safety
potential of the three fuels has also been analysed through a
dynamic analysis and the role of flow halving time constant on
passive shutdown capability of the reactor is highlighted. A new
integral parameter, named effective heat capacity of the reactor,
Ceff, is defined. It is shown that passive shutdown capability
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of the reactor does not only depend on reactivity coefficients
of inlet temperature, power and flow but also depend on Ceff.
Ceff is constituted by basic heat capacities of the fuel, clad
and the coolant and heat transfer coefficients applicable between
fuel, and clad and clad and coolant. The details of this work
are given in reference 1.
1.

Om Pal Singh, P.Bhaskar Rao, S.Ponpandi and R.Shankar
Singh, Analysis of Passive Shutdown capability of Liquid
Metal Fast Breeder Reactors for Loss of Flow Accident,
Nuclear Science and Engineering (accepted for publication).

3.13 On the Response to Small Reactivity Perturbations in Oxide
and Metal Fueled Medium Size Liquid Metal Fast Breeders
(Om Pal Singh, S.Ponpandi and R.Harish)
Recently, studies have been reported on the differences
in the response of oxide and metal fueled liquid metal reactor
(LWR) cores and medium sized liquid metal fast breeder reactors
(LMFBRs) to the unprotected loss of flow (ULOF) and Unprotected
Loss of Heat Sink (ULOHS) incidents. These publications conclude
that metal fueled reactors have better passive shutdown potential
than oxide fueled reactors. This is a very desirable safety
feature of metal fueled systems for low probability incidents
like ULOF and ULOHS. However, it leads to larger sensitivity of
metal fueled power plant to small perturbations in reactivity and
inlet coolant temperature. The problem has been analysed using
frequency domain and time domain dynamic analysis and it is
established that metal fueled core is definitely more sensitive
to small reactivity perturbations than oxide fuel core. But
both the cores satisfy the linear stability cirteria and hence
are stable with respect to such reactivity perturbations. Metal
fuel core depicts larger sensitivity to .small reactivity
perturbations for frequencies - 0.01 HZ.
Thus the power
oscillations would be larger for reactivity perturbations with
period - 100 s. At high frecuencies both the cores respond with
almost equal sensitivity. Quantitatively, these facts are very
well reflected in Fig.3.13. I where power transfer function is
plotted as a function of frequencies for the three fuels. Ref.1
provide and ref.2 the details of the results and methodology
used.
1.

Om Pal Singh, S.Ponpandi and R.Harish, On the Response to
Small Reactivity Perturbations in Oxide and Metal Fueled
Medium Size Liquid Metal Fast Breeders, Nuclear Science and
Engineering (sent fo:: publication).

2.

Om Pal Singh and S.Ponpandi, Stability and Shutdown
Capability of Advanced Fuels for LMFBRs, Second Cor.f. • on
Nuclear Power: Ad\anced Fuel Cycles, TIFR, Bombay Jan.5-6,
(1990).
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3.14 Probabilistic Risk Assessment in Nuclear Power Reactors
(B.Sharada ana Om Pal Singh)
In nuclear industry, three techniques are used for
evaluating the nuclear power safety and consequences of an
accident to the public and to the environment, namely (a)
deterministic, (b) probabilistic and (c) phenomenological.
Though the stress was on deterministic techniques in
the past, these days it has become a usual practice to perform a
probabilistic safety assessment in nuclear power plants. This is
due to the fact that a comprehensive probabilistic approach
covers both the deterministic and phenomenological approaches.
An overview of the PSA in nuclear power reactors was carried out
and the procedure involved are discussed in ref.1. The results
of some past PSAs in different nuclear power plants are also
listed in the same reference.
1.

B.Sharada and Om Pal Singh, Probabilistic Risk Assessment in
Nuclear Power Reactors, RPD/O1117/SNAS-31, (1990).
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4.0 REACTOR NOISE ANALYSIS
4.1 Anomaly Detection in OECD/NEA Noise Analysis Benchmark Data
(G.S.Srinivasan and 0m Pal Singh)
Noise analysis benchmark data was received from the
Delft University of Technology, Netherlands. This is the recent
one of the benchmark tests defined by the OECD/NEA to develop
standard noise analysis methods of physical parameter estimation
and anamoly/malfunction detection in nuclear reactors. This is
in fact in sequal to the benchmark analysis performed before
SMORN-V. The details of the data generation and format are given
in references 1 and 2.
The data was generated by the reactor noise simulator,
RESIDEL, at the Delft University of Technology, Netherlands. The
data, in the given form, both analog and digital, consists of
three time series tracks, each corresponding to fuel temperature
noise, coolant temperature noise and reactor power noise
signals,, recorded in parallel, by sampling at time intervals of 5
ms. Essentially two types of anomalies are present in the data a step anomaly lasting for 307.2 sees and a continuous anomaly
lasting for 1699.8 sees. Both these are created by altering the
power noise filter in the simulator circuit.
We did extensive analysis with the data, with a view to
identify the time of onset and duration of the two anomalies. We
used features both in time domain as well as in frequency domain
to identify the anomalies. In the time domain, we got good
results with variance as feature. However, the two anomalies
were explicitly defected by the power noise signal only. There
was a good amount of discrimination, with zero value for spurious
detection probabilities. In the frequency domain, power spectrum
did not give good discrimination. Hence, the area under the
power spectrum between 1 to 30 Hz was divided into 16 equal area
windows and analysis performed as in ref.3. We got good
discrimination with determinant of covariance matrix as feature
giving zero valuB for spurious detection probabilisties.
A detailed account of the analysis is given in ref.4.
Fig. 4.1.1 gives the nature of the signal generated.
Fig. 4.1.2 gives the variance of power noise with time, depicting
almost exactly the signal generated.

J.E.Hoogerboom, 0, Ciftcioglu and H.Van Dam, Summary of the
Benchmark test on Artificial Ncise Data, Proceedings of
SMORN-V, Progress in Nuclear Energy 21 (1988), pp.815-824.
Persona.L communication from Hocgenooom et al., (1990).
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3.

G.S.Srinivasan and Om Pal Singh, New Statistical Features
for Sodium Boiling Noise Detection Annals of Nuclear Energy,
Vol.17, NO.3, 135-138 (1990).

4. G.S.Srinivasan and Om Pal Singh, Anomaly Detection in
OECD/NEA Noise Analysis Benchmark Data, RPD/01117/SNAS-29
(1990).
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4.1.1 NATURE OF NOISE SIGNALS GENERATED

IAEA-CRP on Sodium Boiling Noise Detection - Sodium/Water
Leak Detection
(Om
Pal Singh,
G.S.Srinivasan,
R.Prabhakar
and
R.K.Vyjanthi)

The IAEA-CRP on signal processing techniques for sodium
boiling noise detection/sodium water leak detection is an
extension of the first CRP/1/.
To begin with, it was agreed to
analyse sodium boiling noise data once more - but with much
reduced signal to noise ratio conditions. Accordingly, a test
tape was created by the British participants in July 1990. The
data used for this was also from that of the KNSI boiling
experiment published by Huber et al., in 1976, like in the first
stage of the CRP. This time, boiling noise was mixed randomly in
the background noise in the form of a pulses for 2 to 3 seconds
duration and the onset and duration of boiling was to be
identified. Ten test records were prepared in which unknown seven
records had boiling noise pulses with lowering signal to noise
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about the data is given reference 1 and 2.

Further

details

We carried out digitisation of the analog data at SHAR
Centre, Sriharikota. We carried out extensive analysis of the
digitised data to identify the files having the pulse of boiling,
the time of occurrence of the pulse and duration of the pulse;
and to estimate the spurious probabilities. We used variance and
pulse counting as features in time domain, since other
features
did not show any good discrimination to any boiling noise file.
We identified boiling specifically in four files with very low
values of spurious probabilities. In frequency domain analysis,
mere power spectrum did not show any discrimination to boiling
noise when applied on a known file. Hence power spectrum was
further synthesised as in ref.4.
The determinant and trace of
covariance matrix of 32 windowed areas in the power spectrum were
used as features. They showed extremely good discrimination with
almost zero values for spurious probabilities. With these
features, we reaffirmed the existence of boiling in the four
files identified earlier. The detection of boiling with variance
as feature in file with - 12 dB S/N is depicted in Fig.4.2.1.
Similar patterns were obtained with other features. We also
suspected boiling in one more file. We found later that all cur
predictions matched very well with the actual values. Details of
analysis are given in ref.2.
The results were presented and discussed at the CRP
meeting held in IAEA at Vienna between Nov. 20 to 22, 1990.
Apart from us only Japanese had identified the four files
containing boiling signals. The British had little success with
their methodology. The other participants either did not receive
the tape in time cr did not work with it. The details of the CRP
meeting and work done towards the project by others are given in
brief in ref.5. Table 4.2.1 shows comparative details of our
predictions, Japanese predictions and the true values.
1.

IAEA Repor: IWGFR/68 (1989).

2.

Om Pal Sinyh, G.S.Srinivasan, R.Prabhakar and R.K.Vyjanthi,
First Year Progress Report, Presented at the IAEA RCM of
IAEA CRP on Signal Processing Techniques for Sodium Boiling
Noise/Sodium Water Leak Detection, held in Vienna, Nov. 2022, 1990.

3.

G.S.Srini/asan, Deputation Report, Report on deputation to
IAEA-RCM on Signal Processing Techniques for Sodium Boiling
Noise Detection/Sodium Water Leak Detection, Nov. 20-22,
1990.

4.

G.S.Srinivasan and On Pal Singh, New Statistical Features
for SodJurn Boiling Noise Detection, Annals of Nuclear
Energy, Vol.17, No.3, 135-133 (1990).

Table 4.2.1
Comparison of Time of Start and Duration of Boiling
Analysis with Actuals
File S/N

Time of start of boiling
_

Actual
1

_

_ _

India

Boiling Duration (s)
_ _

Japan

found by

_ _ _ _ _ _ _ _ _ _ _ . . _ _ • . _

Actual

India

Japan

Background

2
9.03
9.06
9.08
9.01

2.50
2.34
2.69
2.50

3

-3

4

-

5

-9

18.35

18.93
18.93
18.61
18.84

19.45

3.05

2.66
2.63
2.97
2.71

6

- 6

14.20

14.40
14.40
14.39
14.33

14.20

2.90

2.84
2.84
2.94
2.96

7

- 15

7.40

8.50

1.90

8

- 12

21.05

21.18
21.31
21.21
21.25

21.10

2.30

9

- 18

11.85

-

-

2.05

10

-

-

-

165.40

11

- 21

3.9

-

27.45

8.90

-

8.05

-

2.35

-

-

-

2.20

-

-

2.42
2.39
2.34
2.28
-

Four values reported by India are for four features; variance,
pulse countir iq, determinant and trace of covariance matrix.

4.3 Criteria far Assessing the Quality of Signal Processing
Techniques for Acoustic Leak Detection
(R.Prabhakar and 0m Pal Singh)
Early detection of water or steam leaks into sodium in
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the Steam Generator units of Liquid Metal rast Breeder Reactors
(LMFBRs) is an important requiremant from economic and safety
considerations. For this, acoustic leak oetection technique is
considered to be a promising diagnostic method.
This technique
is being developed in most of the countries interested in LMFBR
programme. In this method, acoustic noise emitted by the steam
leak and the resulting sodium water is sensed by acoustic
transducers and this signal is processed using signal analysis
techniques to detect leak signal in the presence of background
noise. From the view point of a plant operator, the detection
technique must be reliable: a leak must not be missed; a spurious
leak signal must not occur; a leak must be detected within a
certain time and with good discrimination. Hence it becomes
necessary
to assess the quality of detection and signal
processing (analysis) techniques with respect to meeting certain
reliability criteria.
Sodium boiling noise detection is another important
area in which acoustic detection technique is used as a
diagnostic method.
International Atomic Energy Agency (IAEA)
organised a co-ordinated Research Programme (CRP) on signal
processing techniques for sodium boiling noise detection during
1985-88.
In this CRP participating Laboratories evaluated their
analysis techniques against a set of criteria and the results are
given in Ref.1.
The second stage of this CRP titled "Acoustic
signal processing for the detection of boiling or sodium§water
reaction in LMFBR" commenced in June 1990. A presentation was
made in IWGFR Specialists' Meeting on Steam Generators
Acoustic/Ultrasonic Detection of in Sodium Water Leaks to
initiate a discussion among the specialists participating in this
meeting, on the criteria to be set to assess the quality of
acoustic leak detection techniques (and in turn the signal
processing methods), based on their experience in failure and
failure propogation in steam generators.
The criteria used in
the first CRP to assess the quality of signal processing
techniques for sodium boling noise detection were highlighted.
Signal processing techniques using new features sensitive to
boiling and a new approach for achieving higher reliability of
detection, which were developed at Indira Gandhi Centre for
Atomic Research (1GCAR) were also presented. Similar criteria
and methods would also be applicable for assessing the quality
of acoustic leak detection techniques. Detils of this paper are
given in ref.2.
Signal Processing Technioues for Sodium Boiling
Detection, IWGFR/68, IAEA (1989).

Noise

R.Prabhakar
and 0m Pal Singh, Criteria for Assessing the
Quality of Signal Processing Techniques for Acoustic Leak
Detection, IWGFR Specialists Meeting on Steam Generators,
held in France in Sept. 1990.
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5.0 RADIATION TRANSPORT AND SHIELDING
5.1 Fission Product
(M.S.Sridharan)

Inventory

in FBTR Small Carbide Core

An
inventory
of
fission
product
(FP)
concentration/activities in subassembly of carbide fuelled small
core of FBTR after a target burnup of 25 GWD/Te has been
computed.
The CHANDY/1/ program and its associated data base is
utilised while determining the inventory. A list of inventories
of selected FP isotopes in a subassembly is given in Table 5.1.1.
For more details see reference 2. Total activity is found to be
1830 kCi for the central subassembly and about 1600 kCi for the
subassembly average. These results correspond to zero cooling
time after the said burnup.
1.

K.P.N.Murthy and R.Shankar Singh, Report RRC-15, 1976. Also
K.P.N.Murthy, RPS Activity Report, 96, IGC (1981).

2.

M.S.Sridharan, Fission Product Inventory in
FBTR Small Carbide Core, RPD/RSSP/45, (1990).

Table 5.1.1
Inventories of Selected Fission Product Isotopes in FBTR Small
Coie (average per subassembly) After 25 GWD/Te Burnup
(t = cooling time)
Fission
Product

Activity (kCi)
t = 0

Sr-90
I 131
I 132
I 133
Cs-137
Kr-85
Kr-87
Kr-88
Kr-89
Xe-131M
Xe-133M
Xe-133
Xe-137
Xe-138
All FPs

0.084
12.70
16.51
21.46
0.26
0.014
3.26
3.95
4.81
0.19
0.53
21.54
19.05
15.81
1600

1d

10 d

0.084
11.78
13.21
9.88
0.26
0.014
COO
CO!
0.0G
0.19
0.48
20.75
0.00
0.00
330

0.084
5.49
1.95
0.01
0.26
0.014
0.00
0.00
0.00
0.16
0.04
7.07
0.00
0.00
160
88

200 d
0.082
0.00
0.00
0.00
0.26
0.014
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
20

5.2

Inherent Neutron Source Strength in Irradiated Fuel of
Small Core
(M.S.Sridharan)

FBTR

The inherent neutron source strength and its spectra in
irradiated fuel of FBTR small carbide core is computed. This is
accomplished with the use of NESCAFE/1/, a computer program
earlier developed in our division. The calculated neutron yields
are presented (material wise and total) in Table 5.2.1.
The
total
neutron source strength is seen to be 1.78 x 10-5"
neutrons/second
per subassembly, which is practically the same
as the fresh fuel result.
The isotopic percent yields of
inherent neutrons in irradiated fuel is also shown in Table
5.2.1.
It is seen that Pu-240 and Pu-239 contribute almost all
Table 5.2.1
Inherent

Material

Neutron Source Strength in FBTR Small
Irradiated to 25,000 MWD/Te burnup

Ave.

Core

Fuel

inherent neutron yield per subassembly
(neutrons/sec/subassembly) ( x 1 0 6 )

From SF

From (o<',n)

U-235

0.0000

0.0000

0.0000

U-238

0.0000

0.0000

0.0000

Pu-238

0.00015
(0.08%)

0.00042
(0.24%)

0.00057
(0.3%)

Pu-239

0.0004
(0.02%)

0.03365
(18.9%)

0.0337
(18.9%)

Pu-240

0.1347
(75.46%)

0.0087
(4.87%)

0.1434
(80.3%)

Pu-241

0.0000

0.0000

0.0000

Pu-242

0.0000

0.0000

0.0000

Am-241

0.0000

C.0000

0.0000

Cm-2a2

O.C0073
(0.41%)

0.00014
(0.08%)

0.00087
(0.5%)

Cm-244

0.0000

o.ooco

0.0000

Total

C.1356
(76%)

0.0429
(24%)

0.1785
(100%)
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Total

the neutron source. It is also to be noted that Pu-238 and Cm242 whose concentrations are low, contributes to the source,
though in very small measures. It is observed that 76% of the
inherent neutrons result from spontaneous fission while 24% from
(alpha ,n) reactions. Pu-240 contributes most (80%) followed by
Pu-239 (19%). For details see reference 2.
1.

M.S.Sridharan,
Internal
RPS/FBW01150/263 (1984).

Note

2.

M.S.Sridharan, Inherent Neutron
Irradiated Fuel of FBTR Small Core
RPD/RSSP/44 (1990).

RPS/FBTR/O1150/254
Source

Strength

and
in

5.3 Neutron Flux Measurements in B Cells of FBTR
90 During
500 kW Operation
(A.K.Jena, C.P.Reddy, S.Sivakumar and V.Sathiamoorthy)
Bj and Bx cells house IHX and hence neutron flux in
BJL and B z cells, at locations close to IHX are required to
estimate the secondary sodium activation. Since streaming of
neutrons are from B 3 cell where sodium inlet pipe enters A t
cell, the neutron flux in B3 cell is also measured. The
measurements were done using foil activation technique.
Manganese foils of 0.2 mm thickness and 10 mm diameter were
irradiated for 9 hours at 500 kw reactor power u(thermal).
The
foils were retrieved and were counted using 3 x 3" Nal (Tl)
scintillator and multichannel analyser counting set up at
Reactor Physics Laboratory. Calibration of the detector was done
using Mn-54 source obtained from isotope division, BARC_.
Measured fluxes are approximately
3.8 x 10 ns/cm*~sec, 3.8 x 10*~
ns/cm* sec, and 6.0 x 105" ns/cmzsec, in B 3 , B 2 and B± cells
respectively.

5.4 Activities in Cover Gas in FBTR with Small Carbide Core
(R.S.Keshavamurthy and M.S.Sridharan)
Activities in cove^: gas can arise1 from the following
(a) activation of cover gas itself. In the case of argon being
the cover gas, it is through (n, Y ) reaction. We have aJso
considered helium as cover gas following its possible use in
FBTR. Activation of helium is through (n,o) reaction on He-3
present in natural helium (b) activation of Na through Na-23
(n,p) Ne-23 and Ne-23 so produced escapes into cover gas. (c)
fissioning of tramp uran'.jm in sodium produces fission yases
which escape into cover gas. (d) failed fuel pins releasing
90

Table 5.A.I
Production rates and steady state activities per cc of cover gas
(background activities) at 1 MW(th) operating power.
Isotope

Origin of
activity

Production
rate

Steady state activity per
cc of cover gas at 1 MW
power (th) 5=6 lit/min,
Vd = 5 M 3 = V.
yUXl/CC

(Ci)
Ar-41
( I f Ar i s
the cover
gas)

Activation of
Ar-40

3.6 Ci

0.605

Activation of
He-3

0.367 Ci

6.53E-6

Ne-23

Activation
of Na-23

360.91 Ci

0.544 to 0.89

Kr-83m

Fission
37.24
of tramp
Uranium i n Na

T
( I f He
i s the
cover gas)

Kr-85m

Ci

70.38 fiCi

II

7.45E-6

14.08E-6

i

Kr-87

ir

152.83

n

30.57E-6

Kr-88

tr

203.77

M

40.75E-6

Xe-138

n

552.83

ti

110.57E-6

Xe-135

II

629.25

tt

125.85E-6

Xe-133

rt

629.7

it

125.94E-6

Xe-137

tr

553.0

II

111.6E-6

The values
litres/min.

are given fcr a covir gas samping rate of
For any other >amplinrj r-'-te, S they are given by
Production _rate

_

V^

~~

6

A

A -+ s/\f

where VJL is the cover lit, ailution /clume, and V is the cover
gas volume
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Table 5.4.2
Fission

gas activities in the cover gas immediately after a pin
in a peripheral subassembly fails.

Fission Product

Activity per cc of cover gas at 1 MW(th)
operation, release fraction = 1.0

Kr-87
Kr-88
Xe-135
Xe-137
Xe-138
Xe-133

0.94 f* Ci/cc
1.13
6.46
5.47
4.54
6.0

fission gases into cover gas. (a), (b) and (c) constitute the
background. Of these three, (b) is negligible.
We have calculated (a) by making use of 100 group
fluxes and 100 group activation cross sections. Neon activity
has been calculated taking its degassing constant to be between
1.4 x 10"^ sec
and 2.31 sec
. Activities due to a failed
fuel pin in a peripheral subassembly was obtained using the code
CHANDY/1/.
Table 5.4.1 summarizes the background activities.
Table 5.4.2 gives the activities due to a failed pin in a
peripheral subassembly. These results are more realistic for the
present FBTR operation compared to earlier analysis for nominal
core/2/.
1.

K.P.N.Murthy and R.Shan^ar Singh, Report RRC-15, 1976.

2.

R.Indira, FRG/RP-211 (1!-81).

5.5 Dose in RCB Arising frcnn Leakage of Cover Gas into RCB in
FBTR with Small Carbide Core
(R.S.Keshavamurthy)
Dose in RCB due to leakage of cover gas can come from
(a) activity of cover gas and (b) operation of the reactor beyond
fuel pin failure for purposes of locating the subassembly
containing the failed pin. We have calculated dose D (m Rems( in
RCB over a period througn
92

T

where we have assumed that 1 MPC of an isotope gives rise to a
dose of 2.5 mRems over a period of 1 hour.
V ^ represents the
effective volume of air in RCB.
Cft denotes the activity of a
particular isotope (with decay constant A ) in RCB and is
obtained by solving

(5.5.2)

where "Vj
is the leak rate of cover gas into RCB, V is cover
gas volume, S is sampling rate of cover gas for CRD system, F is
production rate of the isotope and V,^
is ventallation rate.
The last term with <s~
is present only in the case of failed
fuel pin (with o~~ = 1 ) .
In other cases of no fuel pin failure
'T~ = 0. Table 5.5.1 gives the dose rates due to activation of
cover gas and Ne=23.
Table 5.5.2 gives the dose due to fission
gas for various Run Beyond Clad Rupture (RBCR) durations from a
pin failure. It is observed that if He is the cover gas, dose
rate is negligible/1/.
1.

R.S.Keshavamurthy. Dose ;.n RCB Arising from Leakage of Cover
Gas into RCB in FBTR with Small Carbide Core, RPD/RSSP/47,
(1990).
Table 5.5.1

RCB Dose rates due to activation of cover gas and Ne-23 for three
sampling rates (S) cf cover gas. In the case of He being the
cover gas, Neon contribution dominates
Reactor power = 1 MWf th) and
Leak rate of cover g-as into RCB = 1 cc/sec

Cover gas

Dose rate in fnRems/hr
c _ 3 lit/min

Ar
He

1.583
0.0785

S = 6 lit/min
1..464
0..0785
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S = 12 lit/min
1.273
0.0784

Table 5.5.2
Dose

in RCB due to fission gases for various RBCR durations from
a pin f a i l u r e .

S denotes

sampling rate of cover gas., Reactor power = 1 MW(th)
and Leak rate of cover gas into RCB = 1 cc/sec

RBCR
duration

Dose in RCB in mRems
S = 3 lit/min

1/2
1
2
10
1
10

hr
nr
hrs
hrs
day
days

8.97
25.8
67.47
428.0
1018
9475

S = 6 lit/min

S = 12 lit/min

8.93
25.57
66.31
401.2
924.5
8528

8.84
25.11
64.1
358.8
801.8
7432

5.6 Fission Decay Power from PFBR - A Parametric Study
(M.S.Sridharan)
The aim of this work is to study the mode of variation
of decay power characteristics with respect to different
operating/irradiation steps but for the same burnup.
The study
is confined to decay power from fission products (FP). Yet the
variation pattern is, in general, applicable to the total heat
from all sources, since the FP decay heat forms a major part of
total decay heat.
The parametric study is made for both oxide
and carbide core configurations of PFBR. This required extensive
use of the program SEFIC/1/ which uses burst fission kernel
generated by another FP evolution code CHANDY/2/. This work
involves three different case studies for illustration.
Table
5.6.1 gives the results of a case study. It clearly gives
different values of decay power, depending upon the operation
histories, even for the same burnup. It is, however, observed
that the scenaiio corresponding to fu.M power operation gives
maximum decay power. Details are available in reference.3.
1.

K.P.N.Murthy and R.Sfankar Singh,, SEFIC - A Computer
Program to Integrate the Elementary Fission Curve Over the
Irradiation History of the Fuel, FBTR/0115/74/RP-43.

2.

K.P.N.Murthy and R.Sharkar Singh. Report RRC-15, 1976. Also
K.P.N.Murthy, RPS Activity Reporv., 96, IGC (1981).

3.

M.S.Sridhar.in, Fission Decay Power from PFBR - A Parametric
Study, (UnJer Preparation).

Taole 5.6.1
FBR

Decay Power (Oxide Core) for Different Irradiation Histories
(but for the Same Burnup)

FP Decay Heat in MW

Cooling
time
(t)

OP = (3/4) Po
OP = Po
Ti = 560
Ti = 420

Is
10s
100s
1000s
1h
10h
1d
10d
30d

52.05
42.79
29.55
16.82
11.22
5.59
4.29
2.03
1.22

39.10
32. 16
22.22
12.67
8.47
4.26
3.28
1.58
0.97

OP = (1/2) Po
Ti = 840

OP = (1/4) Po
Ti = 1680

26.11
21.49
14.86
8.50
5.70
2.89
2.23
1. 10
0.69

13.09
10.77
7.46
4.28
2.88
1.47
1.15
0.58
0.37

Note : OP - operating power, Ti - irradiation period in days,
Po - full power

5.7 Delayed Neutron Evaluation for Oxide Fuelled PFBR Using the
Programme DNS
(R.S.Keshavamurthy)
DNS CDelayed ]^eu':ron Signal) is a programme developed by us
to calculate delayed neutrons from failed pins in FBRs. It uses
recoil model with an average recoil range of 5.5 microns for the
precursors. It makes use of data on 55 parent-daughter precursor
pairs
in contrast to only 9 that were used in
earlier
calculations for caroide core/1/. All the yield and delayed
neutron emission data f'rcn the recent Japanese compilation/2/
have been incorporated.
In addition,
unlike the earlier
calculation for carbide core, yields from U-235, U-238, Pu-239
and Pu-240 are considerec separately.
The equations governing
the transport of precursors to the detector lacation are
the
same as given in reference 1. Table 5.7.1 gives the calculated
delayed neutron numbers at the detector location due to a
defective fuel pin in core 1 of PBFR/3/.
The numbers in bracket
are
those obtaineJ with only 9 important
parent-daughter
precursor pairs. As is clear from the table, the increase in the
delayed neutron number due to inclusion of all precursor pairs is
quite significant (more than 100%).
Similar increase has been
observed in core 2 number also/3/.
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1.

R.S.Keshavamurthy and K.P.N.Murthy, Note RG/RPD-294, (1986).

2.

Hitoshi Ihara (Ed), JNDC Nuclear Data Library of Fission
Products, Version 2, Nov. 1989.

3.

R.S.Keshavamurthy,
(1990).

Notes

RPD/RSSP/48 and

RPD/RSSP/49,

Table 5.7.1
Delayed Neutron Signal at the Detector Location from a Defective
Fuel Pin with 1 cm Defect Area in Core 1 of PFBR

Transit
time
T Sees
5
6
7
8
9
10
12
14
16
18
20
30
40
50

Note

Delayed neutrons/cc of
Na/sec. due to clad
rupture (S)
358.7
295.7
248.1
211.3
182.5
159.6
126.3
103.8
87.8
76.0
67.0
41.4
28.7
20.7

Background^)
(B)

39.5 (20.8)

(; 196.8)
(: 170.5)
(; 148.8)
(.130.3)
(;115.9)
(:1O3.3)
(: 83.9)
(; 69.8)
(: 59.2)
(: 5 i . 2 )
(: 44.8)
(: 26.6)
(• 17.9)
(: 12.7)

S/B

32.0
26.4
22.2
18.9
16.4
12.7
10.3

(17.9)
(15.5)
(13.5)
(11.9)
(10.5)
( 8.4)
( 6.9)

8.6 ( 5.8)
7.4 ( 5.0)
6.4 (
3.9 (
2.7 (
1.95C

4.3)
2.5)
1.7)
1.2)

9.1 ( 9.5)
9.2 ( 9.5)
9.4 ( 9.6)
9.5 ( 9.7)
9.1 ( 9.7)
9.1 ( 9.8)
9.9 (10.0)

10.1
10.2
10.3
10.5
10.6
10.6
10.6

(10.1)
(10.2)
(10.2)
(10.4)

Or s)
(10.5)
(10.6)

: The numbers in paranthesis are those with only 9 parentdaughter precursor pairs taken into consideration

* Background given is for 0.2 ppm natural uranium impurity in
sodium and 10 gm/cm plutonium contamination of the clad
surface.

5.8 PFBR Lcwer Axial Neutrtn Transport Calculations
(G.RadKakrishnan)
P.-~BR lower axial neutron transport calculations are
mainly intended to estimate the neutron flux levels at. the
detector lo:atior,s below the main vessel and the neutron fluence
levels at the grid plate. In this revised model calculations,
along the lower axial direction regions below the grid plate were
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modelled in a detailed way taking into account the finer
geometrical details. These one dimensional spherical geometry S
i3 calculations were done with discrete ordinates transport
theory code ANISN/1/ with 100 group DLC2 cross section sets and
25 group SETR cross section sets. Same calculations were
repeated for three different combinations of graphite and lead at
the detector location below the main vessel.
User's Manual for the One Dimensional Discrete Ordinates
Transport Theory Code ANISN, RSIC Code Package CCC-255
(1975).

5.9

PFBR Radial Shield Optimization Studies
(R.Indira)

The present configuration of radial shield in PFBR
consists of 1 row of SS reflector, 1 row of B 4 C , 1 row of spent
fuel, 3 rows of SS, 2 rows of B 4 C, k rows of SS and 1 row of B+C,
all following the olanket. This has been arrived at as a result
of optimization studies with 1 row of SS reflector, 1 row of B^ C
and "1 row of storage fixed and varying the thickness of SS and
There has been a recent proposal to use titanium
stabilised steel in the place of stainless steel. The effect of
this reolacement in radial shields has been studied using one
dimensional transport calculations. It was found this increases
the secondary scdium activity by a factor of 2.9.
Another study was made with 2 rows of SS reflector in
the place of one row. This was done to find out whether the B ^ C
shield effectiveness would improve.
To compensate for the
increased SS reflector thickness, one row op SS in the radial
shield was removed.
It was found that this does not imorove the
shield effectiveness to any significant extent.
1.

R.Indira, Radial Snield Optimization Studies for PFBR
Titanium Stabilised Steel, RPD/RSSP/42 (1990).

with

2.

R.IndJra, Radial Snieii Optimization Studies for PFBR
Increased SS Reflector, RPD/RSSP/41 (1990).

with

5.10 MORSE-CG Computer Cede Development Studies
(G.r-adhakrishnan)
gamma

Modifications were made in the Monte Carlo neutron and
t/ansport code/1/ M3RSE-CG which was earlier commissioned
91

in the Honeywell Bull DPS-8 and
modifications are aimed at splitting big
(which requires many hours of cpu time)
This modified MORSE-CG code was tested
radiation transport problems in the
computer.
1.

ND computers.
These
Monte Carlo calculations
into many smaller runs.
with various types of
Honeywell Bull DPS-8

MORSE-CG, A General Purpose Monte Carlo Multigroup Neutron
and Gamma Transport Code with Combinatorial Geometry RSIC
Code Package CCC-203 - User's Manual, ORNL Report (1976).
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RPD/CP0S/FBTR/0110C/CP/009, (1990).

51.

C.P. Reddy
Test
Report on Remeasurement of Isothermal
Coefficient with Falling Sodium Temperature
RPD/CPOS/FBTR/01100/CR/010, (1990).

52.

Temperature

C.P. Reddy
Test Report on Measurement of Sodium Flow and Argon Pressure
coefficient
RPD/CP0S/FBJR/C1100/CR/0TI, (1990).

53. R.Indira and A.K.Jena
FBfR Co.Tvnis'ucning Test Procedure RSH 502A
Measurements in 3 Cells at Low Power.
RPD/RSSPS/01100/CP/001 (1990)

Neutron

Flux

54.

R.Indira and A.K.Jena
F B T R Commissioning Test Procedure RSH 401 Neutron Flux
Neutron Flux Measurements in Upper Sodium at Low Power.
RPD/RSSPS/01100/CP/002 (1990)

55.

R.Indira and A.K.Jena
FBTR Commissioning Test Procedure RSH 507A Primary
Activity Measurements at Intermediate Power
RPD/RSSPS/01100/CP/003 (1990)

56. R.Indira and A.K.Jena
FBTR Commissioning Test Procedure RSH 403 Neutron
Measurement at Low Power
RFD/RSSPS/01100/CP/004 (1990)

Sodium

Spectrum

57.

A.K.Jena and R.S.Keshavamurthy
Primary Sodium Activity at 500 KW and Comparison
Calculations,
RPD/RSSPS/01100/CP/005 (v1990)
58. S.Govindarajan and P.V.K.Menon,
Refuelling Interval for PrBR Oxide Core,
PFBR/C1113/DN/1020/RA, (1990)
59.

with

P.T.Krishnakumar
Criticality Safety Study of PFBR Spent Fuel Storage Yard
Under Handling Incident Conditions (II)
PFBR/01116/DN/R-A, (1990)
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RPD Seminars helc in 1990
1.

A Model for Cover Gas Recycling, R.S.Keshavamurthy.

2.

Economic Penalties on PFBR Performance due
Uncertainties, S.M.Lee

3.

Paper Review "Advanced Core Concepts in LMFBRs"
- 181 (1989), P.V.K.Menon.

4.

Vectorized Monte Carlo for Radiation Transport, R.Indira.

5.

Covariance and its Usesin Nuclear Data, K.Devan.

6.

Review of "Workshop on Reactor Physics Calculations for
Applications in Nuclear Technology" held at ICRF, Italy, Part I, A.K.Jena.

7.

Review of "Workshop on Reactor Physics Calculations for
Applications in Nuclear Technology" held at ICRP, Italy, Part II, A.K.Jena.

8.

Reactivity
C.P.Reddy.

9.

Nodal Expansion Method in Hexagonal Geometry for
Neutron Diffusion Equation, P.Mohanakrisnnan.

to Neutronic
NSE, 103,

Analysis in FFTF - An Evaluation

10. Diffusion Controlled Multiplicative
(MSD).

Process,

of Data,
Solving

K.P.N.Murthy

11. Paper Review "An On-line Method to Monitor BWR Core
Stability
Based
on
an
Autocorrelation
Method,
G.S.Srinivasan.
12. Review of IAEA RCA Course on Research
Principles, N.Sathyabama

Reactor

Safety

13. Application of Event Trees and Fault Trees in PSA, B.Sharada
14. Paper review : The Neutronic and Fuel Cycle Performance of
Interchangeable 3500 MWth Metal and Oxide Fuelled LMRs, by
E.K.Fujita and D.C.Wade presented at PHYSOR 90 Conference,
T.M.John
15. Systematic Uncertainty Evaluation of Realtive Cross Section
Measurements, P. T.Krishnakumar.
16. Paper review : A New Formulation of the Order of Scattering
Method - Presented at ths Seventh International Conference
on Radiation Shielding, 1988, A.K.Jena.
17. Multigroup Constants from JENDL-2, V.Gopalakrishnan
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18. Minimum
Scram Reactivity
Requirement
and
Maximum
Permissible CR Withdrawal 3peeds in PFBR-O, R.Harish.
19. Coupled Channel Calculations
for Inelastic
Neutron
Scattering
: Di
versus Schnoedinger formalism,
Prof. Jackques
Raynal.
20. Multiple Expansion of a Two Body Interaction and its Use in
the Microscopic Description of Inelastic Scattering, Prof.
Jackques Raynal.
21.

3D
Transport
N.Sathyabama.

Calculations

for

PURNIMA

22.

PFBR Equilibrium Core Neutronics, P.V.K.Menon.

III

Core,

23. Boiling Noise Detection Under Very Poor Signal to Noise
Ratio Conditions - Proceedings of the IAEA-RCM on CRP on
Boiling Noise Detection, G.S.Srinivasan.
24. Methods of Neutronics Analysis of Fast Reactors
Heterogeneity Effects, Prof. Toshikazu Takeda.

110

Including

REACTOR PHYSICS DIVISION
R.Shankar Singh, HEAD,

CORE PHYSICS AND
OPERATIONS SECTION

NUCLEAR DATA
SECTION
S.M.Lee (SG)

S.M.Lee (SG)

ANALYTICAL METHODS
DEVELOPMENT &
KAMINI STUDIES
P.Mohankrishnan SF
B.Mahalakshmi
SD
N.Sathyabama
SD

M.M.Ramanadhan SE
V.Gopalakrishnan SC
K.Devan
SC
S.Selvi
Visiting
Scientist

RADIATION SHIELDING AND
STATISTICAL PHYSICS SECTION
A. K.Jena (SE)

R.Indira
G.Radhakrishian
R.S.Keshavamurthy
M.S.Sridharan

PFBR STUDIES
T.M.John
P.V.K.Menon

SE
SD

FBTR & LAB.
C.P.Reddy
SE
P. T. Krishnakumar SD
A.John Arul
C
S.Sivakumar
C
V.Sathiamoorthy SA/B

OFFICE
S.Rangamani Sr. Personal Asst.
Stenographer
V.Uma
A.Kandiban Helper (B)

SE
SD
SD
SB

SAFETY AND NOISE
ANALYSIS SECTION
Om Pal Singh (SF)

P.Bhaskar Rao
G.S.Srinivasan
R.Harish
B.Sharada
S.Ponpandi

SE
SD
SC
C
SB

