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A diffusion theory based MTR fuel management methodology has been developed for
finding superior core loading patterns at any stage for MTR systems, keeping track of
burnup of individual fuel assemblies throughout their history. It is based on using
burnup dependent group constants obtained by the WIMS-D/4 computer code for
standard fuel elements and control fuel elements. This methodology has been imple-
mented in a computer program named BEMTR, which carries out detailed five group
diffusion theory calculations using the CITATION code as a subroutine. The
core-wide spatial flux and power profiles thus obtained are used for calculating the
peak-to-average power- and flux-ratios along with the available excess reactivity of the
system. The fuel manager can use the BEMTR code for loading pattern optimization
for maximizing the excess reactivity, keeping the peak-to-average power as well as
flux-ratio within constraints. The results obtained by the BEMTR code have been
found to be in good agreement with the corresponding experimental values for the
equilibrium core of the Pakistan Research Reactor-1.
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INTRODUCTION

Apart from core physics studies, nuclear re-
search reactors find a wide variety of uses including
production of radioisotopes for industrial as well as
pharmaceutical applications, neutron activation anal-
ysis, boron capture neutron therapy (BNCT) and radi-
ography, efc. Currently, there are 291 operational re-
search reactors (including critical assemblies), 246
shut down reactors, 107 decommissioned reactors, 16
under construction and 15 new research reactors
planned. These reactors are distributed among 58
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countries. There is a fairly even regional distribution
of the operational reactors with 64 of them in North
America, 65 in Western Europe, 76 in Eastern Europe,
57 in Asia, 18 in Latin America, and 14 in Africa and
the Middle East. Eighty-seven of the operational reac-
tors are in 40 developing countries [1]. These systems
were initially developed around 1947 at Idaho, USA,
for conducting studies for bulk shielding properties of
various materials. Their popularity over other types of
research reactors stems from the fact that these sys-
tems have easy access to the reactor core and that they
possess a larger number of irradiation facilities.

Due to the importance of both safety and opera-
tional points of views, efforts have been made in the
past to carry out studies for the in-core fuel manage-
ment for various test and research reactors worldwide.
In this context, a nuclear analysis and the fuel manage-
ment code system HANAFMS have been used for the
analysis of the Korean high-flux advanced neutron ap-
plication research reactor (HANARO) [2]. For
benchmarking, separately the Monte Carlo based
computer code MCNP4A has also been used for this
purpose. The calculated results for criticality, power
distribution, and control absorber rod value were
found to be in good agreement with the corresponding
values obtained experimentally. In the Netherlands, a
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thermal hydraulic model has been developed for the
Hoger Onderwijs reactor (HOR), a 2 MW pool-type
research reactor, and implemented in the computer
code SHORT (steady-state HOR thermal-hydraulics)
[3]. The theoretical predictions have been found to be
in good agreement with the experimental measure-
ments. While performing safety assessment for the
FRJ-2, reactivity values were computed with the help
of the depletion SUSAN computer code and verified
by the ORIGEN computer code [4]. Discrepancies
have been reported in the predicted and the corre-
sponding experimental values and have been attrib-
uted to the inadequacy of the inverse kinetic method
for covering the effects of flux deformation and
interaction of the coarse control arm in the event of
reactor scram.

Due to diverse uses of research reactor facilities,
their varied operation schedules along with typically
small sizes and demand for high excess reactivity for
experiments and sample irradiation, the task of in-core
fuel management becomes much more complex than
that of a typical power plant. In the past, many tech-
niques have been proposed for the optimization of the
fuel reload patterns for such systems. For example, the
multiple cycle interchange approach has been pro-
posed for the HOR reactor system in the Netherlands
[5]. In this approach, the first stage starts with the
“elite” cluster containing the group of best patterns.
Afterwards, the solution space is sampled in gradual
manner towards the local patterns employing stochas-
tic acceptance tests. Successive mixed-integer linear
programming coupled with backward diffusion calcu-
lation has been employed for core loading pattern opti-
mization for VVR-M type research reactors at Kiev,
Ukraine [6]. More recently, a novel transition proba-
bility matrix based adaptive simulated annealing
approach has been proposed for fuel reload pattern
optimization which yields much faster convergence
rates [7].

From the fuel management point of view, the
main problem in the case of MTR systems is to attain
high excess reactivity configuration in order to man-
age the loss of reactivity caused by the leakage and ab-
sorption of neutrons for the experiments and irradia-
tion. A typical MTR system has around 25 standard
fuel elements in addition to the collective five regulat-
ing and shim control elements. The total number of
possible independent configurations is more than 10°
which clearly rules out any enumeration technique.
However, the task is somewhat simplified in the situa-
tion where the fuel manager has to shuffle or replace
only a few fuel assemblies.

In this work, a methodology which enables the
fuel manager to carry out search for the optimum load-
ing pattern of a typical MTR system at any stage has
been developed based on the use of burnup dependent
group constants. The details of this methodology
along with its computer implementation are presented

here. A comparison of the results obtained by using
this approach with the equilibrium configuration of
the Pakistan research reactor-1 (PARR-1) is given in
this paper.

TYPICAL MTR SYSTEM

In this work, the PARR-1 has been taken as a typ-
ical MTR system. Following the worldwide “Reduced
enrichment for research and test reactor (RERTR)”
Program, the PARR-1 has been upgraded from 5 MW
HEU (over 90% enriched uranium) core to 10 MW
LEU (~20% enriched uranium) system [8]. The up-
graded core is composed of 24 plate-type standard fuel
elements, five control fuel elements which are identi-
cal for both shim and regulating control elements, and
four graphite reflectors. It is essentially a demineral-
ized-water cooled, moderated and reflected system
with the reactor core sitting at 7 meter water depth in a
two sectioned pool. A downward flow rate of 950 m>/s
is required at full power to remove the heat generated
by the nuclear fission chain reaction. The design speci-
fications of PARR-1 are briefly listed in tab. 1 [9].

Table 1. Some of the design parameters of the upgraded
LEU PARR-1 core [9]

Parameter Value

Reactor type Pool, MTR
Steady-state power level [MW] 9
Fuel (enrichment, %) U;Si,-Al (19.99)
Grid plate 6x9
Core geometry 6x5
Lattice pitch [mm)] 81.00 x 77.11
Fuel element dimensions [mm] 79.63 x 75.92
Fuel plates in core

(a) standard fuel elements (SFE) 24 x 23
(b) control fuel elements (CFE) 5x13
Thickness of plates [mm] inner, outer 1.27,1.50
Total width of plate [mm] 66.92
Total length of plate [mm)] 625.0
Fuel meat dimensions [mm] 62.75 x 0.51 x 600
Thickness of clad [mm] inner, outer 0.38, 0.495
Thickness of side plates [mm] 4.5
Water channel thickness [mm] 2.10
Coolant flow rate [m3/h] 900
Coolant inlet temperature [°C] 38
Coolant inlet pressure [bar"] 1.703

"1 bar = 100 kPa

The experimental facilities around the reactor
core consist of six radial beam tubes, one tangential
through-tube, graphite thermal column, independent
rabbit station, a hot cell, dry gamma irradiation cell
and bulk irradiation area. A special feature of the up-
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graded PARR-1 core is the central flux trap facility
where high neutron flux is available for the irradiation
purpose. The core configuration of the PARR-1
system is given in fig. 1 [10].

THERMAL COLUMN
9 -
8 -
7 wB (-
6 -
5 -
‘WOl WO

A B C D E F

Ml

Standard fuel ~ Control fuel
element (SFE) eloment (CFE) "o "¢

Fission chamber Graphite reflector
box (FCB) element (GRE)

Figure 1. Schematics of the upgrades LEU PARR-1 core

BURNUP DEPENDENT GROUP
CONSTANT GENERATION

The main complexity of the MTR fuel manage-
ment arises from the fact that the core size being small
leads to steep flux gradients, which results in large dis-
parity in the burnup of even closely placed fuel and
control elements. Frequent scheduled shuffling of fuel
elements aggravates this problem. One needs to keep
track on the burnup history of each fuel and control el-
ement in order to optimize the loading pattern. The ex-
isting procedure requires core composition calcula-
tions at each stage which is a complicated processing,
keeping in view the frequent fuel shuffling as well as
steep flux gradients. The proposed methodology is
based on the generation of burnup dependent group
constants and using them in detailed 2-D-diffusion
theory calculations. For the group constant generation,
the WIMS-D/4 computer code has been used in this
work [11]. The WIMS-D/4 is a general purpose lattice
code for the generation of cell averaged multigroup
constants using transport theory calculations. For this
purpose, it uses a 69-group nuclear data library of UK
origin which has 14-fast, 13-resonance, and 42-ther-
mal groups. The fast groups have equal lethargy spac-
ing. In the resonance range, the lower region has spe-

cifically been chosen to match important resonances.
The upper boundary of thermal range has been ar-
ranged in such a way that thermal up-scattering can be
neglected.

The super-cell used for standard fuel element
(SFE) is shown in fig. 2 [10]. The extra-region takes
into account the structural material (aluminum) and
the water-gap between two fuel elements. The result-
ing group constants have been generated for a wide
enough range of burnup values to match the history of
all fuel elements. A fourth order polynomial has been
fitted to each of the group constant so that the maxi-
mum difference between the fitted and the actual val-
ues remains below 1% error-limit throughout the
burnup range.
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Figure 2. Cross-sectional view of the super cell used for
generation of the multigroup constant for standard fuel
element (SFE)

EIGENVALUE CALCULATIONS

For the determination of effective multiplication
factor and excess reactivity available in the system, the
multigroup diffusion theory based CITATION com-
puter code has been used as a subroutine in this work
[12]. For detailed spatial calculations, a 2-D fine-mesh
model of the PARR-1 core and reflector has been used.
Five energy groups have been employed for the kg
calculations. The group constants for each fuel and
control element have been generated by using the fit-
ted polynomials along with the current accumulated
burnup of each element in the BFMTR code. The fuel
manager may choose the desired loading configura-
tion and carry out the excess reactivity optimization
search, keeping the peak-to-average flux as well as
power ratios within the prescribed limits.

SIMULATION RESULTS

The diffusion theory based MTR fuel manage-
ment methodology employing burnup dependent
group constants developed in this work and imple-
mented in the computer code BFMTR has been tested
for the equilibrium core configuration of the PARR-1
system as a benchmark. For this purpose, a five group
of 25-independent standard fuel elements (SFE), 5-in-
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dependent control fuel elements (CFE) along with
graphite elements, water boxes based model of
PARR-1 core has been used in the BFMTR code. The
initial grid of BFMTR has 5 x 6 loading matrix where a
user can specify the position of various core elements.
The BFMTR code uses a history data for burnup of
various standard fuel as well as control fuel elements.
The user can choose among some predefined initial
configurations, including the fresh clean startup core
ofthe upgraded LEU PARR-1 core as well as the equi-
librium core configurations. Also, any desired core
loading pattern may be specified along with pre-
scribed values of burnup for SFE and CFE. The
PARR-1 equilibrium core configuration is taken as the
reference for the simulations and is shown in fig. 1.

For the generation of burnup dependant group
constants, the super-cell used in the WIMSD calcula-
tions for SFE is shown in fig. 2. The resulting data
have been processed and polynomial fittings have
been saved in a separate library. The BFMTR code
uses the fitted polynomials for computing the neces-
sary group constants for SFE and CFE, while the data
for water boxes, GRE, efc., are taken directly from the
library file maintained for this purpose. The resulting
data set along with core configuration and geometry
details have been used for eigenvalue calculations in
the CITATION subroutine.

The assembly-wise power profile computed by
the BFMTR code has been compared with the corre-
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Figure 3. Comparison of the calculated and experimen-
tally measured assembly power profile [10] for the
PARR-I equilibrium core

sponding experimental values in fig. 3. It is clear from
these data that the predicted values are generally in
good agreement with the corresponding experimental
values. Deviations are seen in places where steep gra-
dients exist and these can be attributed to the inade-
quacy of diffusion theory in such regions. It is ex-
pected that detailed transport theory results would be
better for such regions. A similar trend is seen in the
case of core-wide thermal flux profile as shown in fig.
4. Again, in regions with moderate flux gradients, the-
oretical values agree well with the corresponding ex-
perimental values, whereas in regions with steep flux
gradients discrepancies are seen and are expected to be
resolved by detailed transport theory analysis. The
core-wide power profile predicted by the BFMTR
code is shown in fig. 5. The regions near the central
flux trap are the main contributors towards total power
generated by the core.

CONCLUSIONS

A burnup-dependant group constant based
in-core fuel management methodology for the MTR
type systems has been developed and implemented in
the BFMTR computer code. It incorporates burnup
history data for each fuel element in the core, and as a
result, fuel shuffling and reload pattern optimization
can be carried out at various stages in a standard cycle.
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Figure 4. Comparison of the calculated and experimen-
tally measured thermal neutron flux profile [10] for the
PARR-1 equilibrium core
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For the burnup-dependant group constant generation,
the WIMS-D/4 computer code has been employed.
The CITATION code is used as a subroutine in the
BFMTR package for calculating eigenvalue, flux and
power profile throughout the core. The target objec-
tive functions include the maximization of excess re-
activity, maximization of element burnup, limiting
power peaking factor, efc. The BEMTR code is flexi-
ble and allows a user to specify a given starting re-load
pattern along with the optimization criterion. The pre-
dicted values of flux and power profiles have com-
pared well with the corresponding experimental val-
ues in the regions with moderate gradients.

REFERENCES

[11 Dodd,B., Current Status of the World Research Reac-
tors, Proceedings on CD-Rom, 7" Meeting of the
IGORR, October 26-29, 1999, San Carlos de
Bariloche, Argentina

[2] Kim,H.R.,Lee,C.S., Lee,B.C., Lee,J. B., In-Core
Fuel Management Practice in HANARO, Nucl. Sc.
Eng., 179 (1998), 3, pp. 281-286

[3] Gibcus, H. P. M., de Varies, J. W., de Leege, P.F. A.,
Thermal Hydraulic Model Validation for HOR Mixed
Core Fuel Management, Nucl. Eng. & Design, 180
(1998), 1, pp. 93-98

[4] Nabbi, R., Wolters, J., Requirements on Fuel Man-
agement for a Safe and Optimum Operation for the
German Research Reactor FRJ-2, Nucl Eng. & De-
sign, 182 (1998), 3, pp. 225-231

[5] Van Geemert, R., Quist, A. J., Hoogenboom, J. E.,
Gibcus, H. P. M., Research Reactor In-Core Fuel
Management Optimization by Application of Multi-
ple Cyclic Interchange Algorithms, Nucl. Eng. & De-
sign, 186 (1998), 3, pp. 369-377

(9]

[10]

[11]

[12]

Figure 5. Graphical view of the cal-
culated power profile as the surface
mesh and as contours for the
PARR-1 equilibrium core

Mabhlers, Y. P., Core Loading Pattern Optimization for
Research Reactors, Ann. Nucl. Energy, 24 (1997), 7,
pp- 509-514

Mirza, S. M., Abrar, A., Mirza, N. M., Adaptive Sim-
ulated Annealing Methodology for Fuel Loading Pat-
tern Optimization, Nucl. Sci. J., 37 (2000), 5, pp.
340-350

Donoso, E., Sanchez-Miro, J. J., Martinez-Fanegas,
R., Safety Related Benchmark Calculations for
MTR-Type Research Reactors with HEU, MEU and
LEU Fuels, IAEA-TECDOC-643, 1992

Ansari, S. A., Igbal, M., Ali, L., Butt, N. M., Critical
and Power Experiments on the Low Enriched Core of
the Upgraded Pakistan Research Reactor-1, Nucl.
Tech., 108 (1994), 1, pp. 13-23

Igbal, M., Ayazuddin, S. K., Parvez, S., Static Analy-
sis of the LEU Equilibrium Core of Pakistan Research
Reactor-I, April, Nucl. Sci. J., 34 (1997), 2, pp. 81-89
Askew, J. R., Fayers, F. J., Kemshell, P. B., A General
Description of the Lattice Code WIMS, J. Brit. Nucl.
Energy Soc., 5 (1966), 4, pp. 564-589

Fowler, T. B., Vondy, D. R., Cuningham, G. W., Nu-
clear Reactor Core Analysis Code: CITATION,
ORNL-TM-2496, Rev. 2, Oak Ridge National Labo-
ratory, Oak Ridge, Tenn., USA, 1971



M. Igbal, S. M. Mirza, M. S. Ali: MTR Core Loading Pattern Optimization Using Burnup Dependent Group Constants 33

Macyn UKBAJI, Cukangap M. MUP3 A, Momun C. AJIN

OIITUMUN30BAIBE ITYIBLEBA JE3I'PA MTP PEAKTOPA YIIOTPEBOM
I'PYIIHUX KOHCTAHTU 3ABUCHUX O U3TAPAIBA

PasBujena je Meroposnoruja ympaBmbawa ropusoM y MTP peakropuma 3acHOBaHa Ha
nucy3u0HO] TEOPHUjU KOja YTBpbyje 00/be HaunMHe NMyHetba je3rpa y Ma koM crarby MTP cucrema, npatehn
u3rapame NojeIHaYHUX FOPUBHUX CKJIONOBA TOKOM BUXOBE UCTOPHje. 3aCHUBA ce Ha YIOTPEOU TPYIHUX
KOHCTAHTH 3aBUCHUX O] M3rapama, nooujeHunx WIMS-D/4 pauyHapcKMM TpOrpamMoOM 3a CTaHAapiHe
FOpUBHE M KOHTPONHE eneMeHnTe. OBa METOROJIOrUja IPUMEbEHA je Y pauyHapckoM nporpamy BFMTR,
KOjUM ce 00aBiba AeTalbHU NMETOrpynHH Audy3uoHH npopauyH y3 kopuiithewe CITATION kopa kao
nornporpama. Tako po0HjeHe HPOCTOpHE pacHojene (piaykca M cHare y jesrpy kopuirheHe cy 3a
u3padyyHaBamke OIHOCA MaKCUMAaJHE U CPEe[e cHare U ogHoca (payKceBa, Kao U BUIIKA PEaKTUBHOCTU
cucrema. OnepaTop ropusoM Moxke Kopuctutd BFMTR Koj a onTuMu3yje HAUMH NyHbEHa je3rpa paau
OCTU3aHha MAKCUMATHOT BUIIIKA PEaKTUBHOCTH, 3a/ip>kKaBajyhu ofHOCE MaKCUMAJIHE U CPEJ[E CHAre Kao 1
opHoce (piIyKceBa yHyTap nponucanux rpanuta. [Tokasaso ce ga cy pesynratu gooujern BEMTR kopom y
NOOpOj carJacHOCTH ca OiroBapajyhuM eKcrleprMeHTATHM BPEIHOCTUMA PaBHOTEXKHOT je3rpa [IpBor
NAaKUCTAaHCKOI NUCTPaXKMBAavKOI PEaKTOpa.

Kmwyune peuu: MTP, uszaparse zopusaa, iiyrere 20pusa, yilpasmarse je3zpom, oiinumudayuja, PARR-1




