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TRIGA Reactor Power Upgrading Analysis
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ABSTRACT - Reactor physics safety analysis supporting the power upgrading from 1MW to
2MW of a typical TRIGA Mark II reactor is presented for steady state and pulse operation. The
analysis is performed for mixed core configuration con'sisting of two types of fuel elements:
standard 8.5% or 12% stainless-steel clad fuel elements and LEU fuel elements (20% uranium
concentration). The following reactor physics codes are applied: WIMS, TRIGAC,
EXTERMINATOR, PULSTRI and TRISTAN. Results of the calculations are compared to
experiments for steady state operation at 1 MW. The analysis shows that besides technical
modifications of the core (installation of an additional control rod) also some strict administrative
limitations have to be imposed on operational parameters (excess reactivity, pulse reactivity,
core composition) to assure safe operation within design limits.

1. Introduction

The reactor physics part of the TRIGA reactor safety analysis study is
presented. The study was performed within the scope of the power uprating
project of the Puspati TRIGA Mark II reactor in Kuala Lumpur, Malaysia. The
goal of the project is to increase reactor power from 1 MW to 2MW without major
changes in the reactor design. The purpose of the power uprating is to increase
flux for isotope production. Experience of other TRIGA reactors of the same type
shows that it is feasible to increase power up to 2MW without significant
modifications in the core design or in the cooling system, provided that
additional limitations are imposed primarily on core composition and pulse
reactivity.

The reactor is TRIGA Mark II type cooled by natural convection. The core
consists of 7 annular rings surrounded by the graphite reflector (Fig. 1). The
reactor is practically equal to TRIGA reactor in Ljubljana, except that it contains
one more ring (G) of fuel elements. Four boron carbide control rods are applied,
one of them is transient rod. Two types of fuel elements are used: Standard fuel
elements with 8.5% or 12% uranium concentration and LEU fuel elements with
20% uranium concentration. The enrichment of both types is 20%. The reactor
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was in 1982 originally licensed to 1MW, it has been mainly operating in steady
state mode at 750kW.

The following parameters were identified as the most important and
potentially limiting for power uprating:

- nitrogen activity at the surface of the reactor tank
- shutdown margin (number and position of control rods)
- power peakings (film boiling, residual heat).
The nitrogen activity was proposed to be reduced by installing a special

delay tank in the reactor pool. The only hardware modification on the reactor
was expected to be repositioning and installation of additional control rod
mechanisms. It was also decided to reconstruct the heat exchangers and the
cooling tower, however, more for maintenance reasons than for increasing
capacity. No other hardware modifications related to the power upgrading were
planed. The purpose of this paper is to present the reactor physics calculations
necessary for shutdown margin and power peaking analysis in steady-state and
pulse mode, and in particular their verification.

2. Verification of computer codes

The following computer codes were used in the analysis: TRIGAC [1 ] for
fuel management and excess reactivity calculations, WIMS [2] in combination
with EXTERMINATOR [3] for full core 2-D power distribution calculations,
TRISTAN [4] for rough thermal-hydraulics analysis and DNBR calculation and
PULSTRI [5] for pulse temperature and power calculation. Although the codes
had been used and tested for other TRIGA reactors we decided to test them for
the given reactor by comparing measured results with the calculated ones for
some selected experiments.

The burn-up of fuel elements was calculated using TRIGAC code taking
into account entire operating history of the reactor since 1982. The purpose of
this work was also to verify the accuracy of excess reactivity calculations by
comparing results to the measurements that have been regularly performed at
least once per week from the beginning of operation. Results are presented in
Fig. 2. Main reasons for large scattering of experimental data are inconsistent
control rod calibrations and operational conditions at which the measurements
were taken (e.g. xenon poisoning). However, general trend agrees very well with
the calculation even over very long time period (10 years). It means that the
calculational error doesn't grow with burn-up. This could happen if there was
error in energy and material balance of burn-up calculation. Practically we can
conclude that the error in predicting excess reactivity doesn't exceed +/- 0.5 $
neither for fresh nor partly burned mixed core.

After determining the burn-up of fuel elements we performed rough
optimization of the operational core and measured its parameters. The optimized
core configuration (denoted 9.6) is presented in Fig. 1. The calculations were
performed in 1-D approximation using TRIGAC code and in 2-D geometry using
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EXTERMINATOR code. Results of both codes agree well for the parameters
which can be compared (excess reactivity, ring averaged power). Predicted
excess reactivity of this core was 7.07 $, measured was 7.02 $.

The power distribution and peaking factors were experimentally verified in
an indirect way by measuring outlet water temperature in core denoted 9.6
above C ring (calculated maximum rod power) and above D ring (calculated
average rod power). The water temperature was calculated as part of thermal-
hydraulics analysis using PARET code by another team [6]. The calculation was
also performed independently by the author using TRISTAN code. Comparison
of the results is presented in Table 1. Good agreement between PARET and
TRISTAN results as well as with the measurements is observed.

Table 1. Outlet water temperature above maximum and average rod
power positions at 100 kW reactor power, core 9.6

T outlet (deg C)
(deg C) Core position Rel. rod p. Experiment PARET TRISTAN

28.6 29.6 29.7
32.5 33.7 32.1
31.8 29.9 30.8
35.6 34.7 33.2
32.1 32.0 32.1

The pulse calculations were verified by comparing results of the PULSTRI
code to the results of the pulse experiments which were performed during the
start-up tests of the reactor in 1982. Measured and calculated results are
presented in Table 2.

Table 2. Measured (M) and calculated (C) pulse parameters

23.5
23.8
24.7
25.0
26.1

D-11
C-7
D-11
C-7
D-11

1.00
1.60
1.00
1.60
1.00

REACT.
($)

1.50
1.75
2.00
2.25
2.50
2.75
3.00

ENERGY
(MWs)

M

6.7
9.0
11.3
12.7
14.5
16.6
18.9

C

4.1
6.1
8.1
10.1
12.0
14.0
16.0

PEAK
(MW)

M

119
267
388
614
797
1063
1359

P.

C

90
201
356
551
790
1072
1403

MAX. T
(deg C)
M

215
242
271
304
354
391
423

C

159
213
263
309
353
394
434

WIDTH
(ms)
M

40
26
20
15
13
12
10

C

40
27
20
16
14
12
11

The calculated energy corresponds to the prompt energy, it is for this
reason systematically lower than the measured. The physical model of PULSTRI
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is based on adiabatic prompt neutron kinetics equation so it is not accurate for
small prompt reactivity. Results are reliable in the range 2-3.5$ inserted
reactivity for the core configurations which consist mainly of 8.5 and 12% fuel
and small number of LEUs. The code was not tested for a uniform LEU core.

3. Core analysis for uprated power operation

Final goal of the core analysis was to establish technical specifications
and limitations for 2 MW operation and to establish a typical core configuration
using the fuel elements which were available. The analysis was particularly
demanding due to the design objective that the reactor would be capable of
operation at 2MW also with mixed core containing LEU fuel elements. It
consisted of the following steps:

- determination of the position and number of the control rods
- mixed core power distribution analysis
- pulse analysis
- establishing of technical specifications and limitations for 2MW

operation.
On the basis of the measurements at 1MW and calculations for 2MW

conditions it was estimated that 11.4$ excess reactivity would be convenient for
normal long term operation at 2MW (power defect 4.5$, xenon 2.9$, 3$ burn-up
credit, 1$ conservatism). Measured total worth of all 4 control rods was 13.4$,
however, assuming the most reactive rod stuck out of the core it was only 10.2$.
It was decided to install one more control rod in D ring. Assuming that the worth
of this rod were 3.2$, the reactor could be made subcritical for 2$ even if the
most reactive rod remained stuck, out of the core. However, taking into account
uncertainties in excess reactivity and control rod worth determination, it was
decided to reduce the maximum allowable excess reactivity to 9$.

Mixed ring power distributions were studied in systematic way by
performing a set of calculations for most unfavorable conditions with respect to
the rod power peaking factor: full uniform core composed of standard 8.5%-type
fuel elements containing only one LEU element in one of the rings. The location
of the LEU was changed from B to G ring. The calculations were repeated for a
12%-type fuel element in 8.5%-type core and for a LEU fuel element in 12%-type
core. The results are presented in Tables 3 and 4.

On the basis of the thermal hydraulics analysis in the General Atomics
safety analysis reports for other 2MW reactors it was concluded that maximum
relative rod power (rod power peaking factor) from 1.60 to 1.70 is acceptable for
2 MW operation. From the results presented in Tables 3 and 4 it can be derived
that the 1.6 limit on relative rod power will be most probably exceeded in any
mixed core configuration if the LEU elements are placed closer to the center
than in F-ring. The analysis is conservative in the sense that the core is
practically homogeneous so the power distribution is not flattened by the
presence of other highly reactive fuel elements in outer rings. If the core is mixed
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more flat power distributions can be expected and superimposed local peakings
of LEU fuel elements are not so strong.

Table 3. Relative rod power and k-eff as a function of one LEU or 12% standard-
type fuel element in a uniform core of 125 8.5% standard-type fuel elements

)osition

B-4
C-7
D-10
E-13
F-16
G-19

relative
LEU

2.74
2.47
2.23
1.90
1.50
1.05

rod power
12%

2.14
1.92
1.73
1.48
1.16
0.79

k-eff
LEU

1.01599
1.01430
1.01337
1.01223
1.01111
1.01047

12%

1.01399
1.01303
1.01235
1.01149
1.01061
1.01005

Table 4. Relative rod power and k-eff as a furtction of position of one LEU fuel
element in a uniform core made of 125 standard 12%-type fuel elements

position rel. rod p. k-eff

B-4
C-7
D-10
E-13
F-16
G-19

2.07
1.87
1.69
1.43
1.13
0.80

1.11694
1.11642
1.11641
1.11645
1.11648
1.11666

The effects of irregularities in the core (irradiation channels, water gaps
and partly inserted control rods) on maximum rod power were investigated as
well. The calculations were performed in 2-D full core geometry. They showed
that the effects are comparatively small with respect to the mixed-ring effects.
The irregularities may either increase or decrease maximum rod power in the
core depending on the location of the perturbation and on other conditions. The
calculations showed that it is conservative to assume that the irregularities in
total increase the rod power peaking factor for» 10%.

Pulse calculations were performed for various mixed 2MW core
configurations. Limitation on the rod power peaking factor 1.6 was considered.
Other power peaking factors, important for calculating maximum temperature in
the pulse, were taken from literature [7] since they depend mainly on fuel
element properties. We found that total power peaking factor FT for pulsing with
2 MW core may be expected in the range from 2.56 to 3.48, depending on the
loading pattern. Results of the pulse calculations performed with PULSTRI are
presented in Table 5 for three variants of the operating core (denoted 9.6) and
three variants of a 2MW core.
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It

1
2
3
1
2

FT

2.56
2.56
3.22
2.56
2.63

Energy
MWs

21.2
21.2
21.2
22.8
22.8

Peak P.
MW

2010
2010
2010
2140
2140

Max. T
degC

467
491
540
466
500

Table 5. Pulse parameters for several loading patterns of core 9.6 and a 2MW
core for 3$ inserted reactivity and 100W initial power

core variant

9.6

2MW

2
3 3.48 22.8 2140 570

It can be concluded that the adiabatic temperatures for pulsing at normal
conditions with maximum inserted reactivity 3$ are conservatively below the
safety limit temperature 1150 °C.

4. Design modifications and limitations

The following requirements for design modifications and operational
limitations can be summarized:

- one more control rod has to be installed to compensate excess reactivity
required for 2MW operation with equilibrium xenon,

- the excess reactivity shall be limited to 9$ assuming the shutdown
margin shall exceed 1$,

- the maximum rod power shall be limited to 32kW corresponding to the
rod power peaking factor 1.6 in a typical core with 100 fuel rods,

- the radial rod power peaking factor below 1.60 can be achieved in mixed
core only if the LEU fuel is used in outer rings (beyond E-ring)

- fuel temperature at pulsing from zero power with inserted reactivity less
than 3$ is considerably below fuel element design limits provided that above
limitations are respected.

5. Conclusions

Reactor physics analysis of TRIGA Mark II core with more than 100 fuel
elements shows that the reactor is capable of normal steady state operation at
2MW power provided that specified limitations are imposed on some core
parameters. However, thermal hydraulics analysis shows that minimum DNBR is
only « 1.4 for these conditions and some boiling takes place in the core.
Experiments confirm that the operation may become unstable due to steam
bubbles formation in the core. If the number of fuel elements is smaller (below
100) operation may become unstable already above 1.5 MW owing to higher
specific power per one fuel rod. TRIGA Mark II reactors are for this reason
normally licensed to 1MW.
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Fig. 1. Reactor core for 1 MW operation
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Fig. 2. Calculated (full line) and measured (dots) excess reactivity for first
10 years of operation. Lower curve corresponds to excess reactivity at
average power (typically 750 kW).
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