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Abstract

A simulation procedure which can represent time-dependent nuclear characteristics of
TRIGA Mark-Ill reactor is developed. CITATION, a multi-group diffusion-depletion program,
has been utilized as calculational tool. The group structure employed in this study consists
of 7 groups: -3-fast and 4-thermal-which is conventionally utilized in TRIGA type reactor
analysis.

Three-dimensional nuclear characteristics are synthesized by combining results from two-
dimensional plane calculation and two-dimensional cylinder calculation, since direct three-
dimensional approach is not yet possible. An effort is made to develope a method which
can extract effective zone and group dependent bucklings by neutron diffusion theory rather
than conventional zone and/or group independent bucklings by neutron transport theory,
since neutron leakage is quite high for small core such as research reactors. It is turned
out that the method developed in this study gives satisfactory results.

The calculation is performed under assumptions that all control rods are fully withdrawn,
that no samples are inserted in the irradiation holes and that the core is located in the
center of the reactor pool.

Burnup-dependent variation of core excess reactivity, time dependent change of Xe-135
poisoning and reactivity worth of rotary specimen rack are calculated and compared with
operation records. Neutron flux and power distribution as well as neutron spectrum in each
irradiation facility are presented.

*Admission Committee, International Radiation Protection Association (IRPA)
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. Introduction

In recent years,demand for the utilization
of TRIGA Mark-III reactor has shown to
be remarkable especially in the areas of
radioisotope production and reactor material
testing. To meet such ever-increasing de-
mand, it was indispensable to install more
irradiation holes in inner region of the
core, which eventually requires generating
accurate nuclear characteristic data.

This paper is intended to describe the
method of calculational procedure adopted
herein for the clarification of in-core
nuclear characteristics of Korean TRIGA
Mark-III reactor and its aftermath with
the comparative data resulted from the
actual operational logbook.

The calculational approach for the inte-
nded task has, however, been faced with
difficult barriers due to complicated opera-
tional history and ever-replacing irradiation
specimens in the reactor core. Since this
reactor cannot attain an equilibrium core
state, despite nearly its 10-year operation
history, some sort of core simulation cove-
ring the entire operational period from its

criticality in April 1972 to date was inevi-
table to take place in an attempt to grasp
the current nuclear characteristics by and
large. Fortunately, this core was loaded
with fresh FLIP (Fuel Lifetime Improve-
ment Program) fuel elements except for 6
irradiated standard fuels (20% enriched,
8.5% uranium loaded) positioned in B-ring
in 1979.%®

The number of irradiated standard fuels
was then merely 6 out of the total 97, and
the burnup rate of U-235 depleted thus far
in these 6 fuels was reckoned up to be
less than 13%5. Referring to their previous
irradiation history, an approximate estima-
tion of isotope concentration in these fuels
could be made at nearly negligible devia-
tion, should the said point of time be
adopted as the beginning of core life. This
core configuration remained unchanged up
until January 1981.

This paper explains how the preliminary
study of establishing simulation model of
TRIGA Mark-III reactor with its operation
history was carried out, as to how the
applicability of this model by comparing
the results with experimental data and
operational record from April 1978 to
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December 1980 was measured, and, at the
same time, how the isotopic concentrations
was generated for the further simulation
of this reacter.

For this end, a multi-group diffusion
depletion code, entitled “CITATION”,® and
7-neutron energy group constants made
available to us by the courtesy of Messrs®Y.
General Atomic Company were used so as
to figure out 2-dimensional hexagonal core
flux and power distribution. Zone- and
group-dependent axial Bucklings as well
as axial heterogeneous effects of rotary
specimen rack, etc., were calculated by
means of 2-dimensional cylindrical appro-
ach. For simplicity and also convenience’
sake, irradiation samples for radioisotope
production and activation analysis together
with control rods were exempted from our
consideration in calculation.

The variation of Xe-135 poisoning effects
attributed to unsteady state operational
mode and the neutron spectra in incore
irradiation facilities have, also, gone thro-
ugh evaluation from the resulted data of
the above core calculation.

. Calculational Procedure

I.1. TRIGA Mark-IIT Core Characteristics

This reactor is swimming pool type and
is cooled by natural convection of light
water in the pool. The core is translocated
from one place to another according to
the utilization purpose such as radioisotope
production, experiments of neutron physics
at beamports or use of exposure room.
When the core is positioned at the center
of pool, radioisotope production becomes
the main purpose of reactor operation, and,
for this end, the outcore irradiation facility,

namely, rotary specimen rack or simply
Lazy Susan, is lowered downward around
the active core so as to get the maximum
neutron flux. If the core is moved to the
end of the pool so that the core is positio-
ned either next to the neutron beamports
or the exposure room, rotary specimen
rack must be raised upward for more neu-
tron effluence toward the beamports or
exposure room. There are 41 sample rece-
ptacles in the rotary specimen rack, and
the main structural material consists of
aluminium;® however, other space in the
rack is filled in with air.

121 fueling holes arranged in hexagonal
geometry are supported by upper and bot-
tom aluminium grids, and these grids are
supported by cylindrical aluminium shroud.
The rotary specimen rack is located around
the shroud when it is downed.

Each fueling position can be loaded either
with fuel rod, control rod, fission chamber,
pneumatic tube or irradiation hole. Figure
1 shows the core arrangement composed
in April 1979. There are 97 fuel elements
consisting of 6 standards and 91 FLIP’s
including 4 fuel-follower control rods, one
transient control rod, 3 fission chambers,
one pneumatic tube, one central thimble, 2
irradiation holes and 16 water holes. Figure
2 illustrates axial view of these rods.

Fuel rod is composed of solid zirconium
rod at center, U-ZrH;.; as fuel and moder-
ator clad with SS-304 cladding material.®
Axial portion of fuel at both sides is filled
in with carbon as reflector. Uranium qua-
ntity in fuel zone is 8.5% of the alloy,
whereas U-235 enrichment is 20% for sta-
ndard and 70% for FLIP, respecitively.

Axial view of the core is depicted in
Figure 3.
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Fig. 2. Axial Views of Rods

. 2. Geometric Modeling for Core Calculation

The arrangement of rods in the core is
hexagonal, but shroud and rotary specimen
rack have cylindrical geometry. For simp-
licity, hexagonal geometry is adopted for
radial 2-dimensional calculation, and the
region of shroud and rotary specimen rack
is modified for this caculation. Figure 4 is
the geometric model for hexagonal calcul-
ation, adopted by the view so that as much
real shape and volume can be reflected as
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Fig. 3. Axial Views of Core

possible.

On the contrary, each ring should be
modified -from hexagonal to cylindrical
geometry for cylindrical 2-dimensional cal-
culation.” This job is tedious but relatively
easy because hexagonal shape is convenient
for conversion into cylindrical. Figure 5
shows cylindrical model adopted in this
work. In the upper and bottom grid zones,
grid plates and end fittings of fuel rods
are included taking their material compos-
ition into account.

I. 8. Core Calculation

To represent core characteristics by 2-
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Fig. 4. Hexagonal Geometry for 2-Dimensional
Calculation of TRIGA Mark-III Reactor Core
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Fig. 5. R-Z Cylindrical Calculation Model

dimensional calculation, the effect of ano-
ther dimension exempted from consideration
should be represented accurately by all
means. For 2-dimensional hexagonal calcu-

lation, the determination of axial Bucklings
(B.2) and axial homogenizations for hete-
rogeneous regions are main task to be car-
ried out in advance, while, for 2-dimensional
cylindrical calculation, ring homogenization
is the main objective. But these works
cannot be performed by exclusive calcula-
tion. In other words, B,* and axial homo-
genization effects should be obtained from
the result of R-Z cylindrical calculation,
and, at the same time, ring homogenization
can be accomplished by radial 2-dimensio-
nal calculation. Figure 6 represents the
procedure used in this study which was
employed to get the above problem settled
down. In general, neutron transport theory
is applied to the acquisition of B* as neu-
tron leakage term at the core axial boun-
daries. In this study, however, it is obta-
ined from cylindrical diffusion calculation
based on the following method. Multi-group
neutron diffusion equation® is represented

as, .~
__>lj)gl72¢,+ T reps==Source, + Sin, -+ @)

where g=tneutron energy group

D=diffusion coefficient

é=neutron flux

T e=removal cross-section

Source=neutrons generated from
fission

Sin=neutrons scattered in from
other groups.

In Eq. (1), the Laplace operator y* can be
separated by radial and axial terms. And
then Eq. (1) can be integrated for certain
zone, such as,

- szxy‘ﬁxV_' 2A Dg aaqgg + ZRR¢EV

= (SOurCel+ Sil'lg) | 2T (2)
where V=volume of the zone
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A=upper or bottom surface area
¢;=neutron flux at upper or bottom
surface area.
If we devide Eq. (2) by volume V(=AH),

— zz:w¢z“‘ TZI—Dg agszg + ZR&'¢!

::Sourceg._{.Sin&r ................................. (3)
The second term in Eq. (3) represents the
axial neutron leakage, and it is equal to
Bzzz Dg¢g-

So B?;, can be extracted as,

2 08
H o

BZZg' = ——E

.............................. (4)

In this study, group- and zone-dependent
Bucklings obtained by Eq. (4) are used,
and it is verified that they represent axial
leakage to considerable accuracy.

Axial and ring homogenizations are to

modify neutron cross-sections so as to
adjust neutron reaction' rate for the zone
composed of different cells. That is;

where ¢=average neutron flux of the zone
s=homogenized cross-section of the
zone
N=homogenized atomic density
V=total volume of the zone
i=represents each cell.

I. 4. Xenon Poisoning with Operating History

TRIGA Mark-III reactor has been put in
operation routinely on weekly basis except
Sunday and Monday for weekly check. So
the amount of Xenon usually doesn’t reach
up to equilibrium, yet it varies from time
to time. The atomic density of Xe-135 at
power can be represented as follows for
certain zone:?

Yt—Iolt -t -, g0 )t
—— | e e
2Xc"'¢0'.’{s ~Ar [ x ]

+Noe™ Ry F0 30t i (6)

where Yx., Y;=generation rate of Xe-135
and I-135 from fission
Axe, Ar=decay constant of Xe-135 and
I-135
cx.=capture cross-section of Xe-135
(spectrum weighted)
¢=total neutron flux
No, Ip=initial atomic density of Xe-
135 and I-135.
Xenon poisoning is proportional to its
capture rate and can be represented as;

where 7=each zone of the core
V=zone volume
A=normalization factor,

if variation of flux with Xe-135
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atomic density in neglected.

The normalization factor A can be extr-
acted from core calculations at the condi-
tion of no xenon and equilibrium xenon.

I. 5. Estimation of Thermal Neutron Specira
in Irradiation Facilities

For well thermalized reactor, the thermal
neutron spectrum can he represented by
the combination of Maxwellian and 1/E
distribution,!® such as

$(E) =gu(E, Ta) +2-ELELD_ .......... ®

where ¢y=Maxwellian neutron flux
T.=effective neutron temperature
2=normalization factor
A4(E/kT,)=joining function
k=Boltzmann constant.
The joining function has similiar shape to
unit step function. It begins to have value
near E=4kT, and has unit value after 7~8
kT,. There remain two unknowns, T, and
2,if p is approximated as unit step function.
7 group energy structure is shown in
Table 1. The upper energy of group 6 is
near 5kT, while that of group 5 is near
Cd cut-off energy region. So, T, and 1 can
be extracted from 5,6 and 7 group fluxes
with such assumption that joining function
has unit value above 0. 14eV.11:12

Table 1. Structure of Neutron Energy Groups

Energy Group| No. Energy Region

1 15MeV ~0, 608MeV

Fast 2 608KeV~9.12 KeV
3 9.12KeV~1.125 €V

4 1.125 eV~0.42 eV

Thermal 5 0.42eV~0,14 &V
6 0.14eV~0,05 eV

7 0.05 eV~0,002 eV

. Results and Discussion

Calculated effective multiplication factors

and Xe-135 poisoning variation are compa-
red with experimental data and operation
record. On the basis of these calculated
figures, core flux distribution and thermal
neutron spectra in irradiation facilities
which have never been measured up until
now have resulted from our continuous
calculation work.

. 1. Core Effective Multiplication Factors

Calculated effective multiplication factors
(ko) for the initial core conditions have
good agreement with experimental results.
Two-dimensional hexagongl depletion cal-
culation can, therefore, carried out with
much confidence such that calculation mo-
del is pertinent to a great degree.

The effective multiplication factors of
the initial core are given in Table 2. It is
assumed in the depletion calculation that
the reactor is operated at the pool center
with rotary specimen rack positioned ajac-
ent to the active core.

Hexagonal calculation without rotary
specimen rack is, therefore, not performed
in this study. Variation of k. with opera-
ting history is illustrated in Figure 7. Data
with equilibrium xenon cannot be extracted
from operation loghook because this reactor
had never reached any xenon equilibrium.
On Tuesday, remaining xenon in the core
can be neglected because of long decay
time during weekend which is also followed
by Monday shutdown for weekly check.
ks points with no xenon condition are
obtained from operation data on Tuesday.
Only on 2 MW datum point is presented
because this reactor has not been operated
at 2MW full power since April 1979.

Weekly k.; variation due to xenon poisi-
oning is compared in the following section.
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Table 2. Initial Core Multiplication Factors (2MW, All rods out, No xenon)

Measured Calculated Value
Value Cylindrical Diff(eo/zc)ance Hexagonal b iff(z(;nce
With Rotary Specimen Rack 1. 01651 1. 01489 0.16 1. 01605 0. 045
Without Rotary Specimen Rack 1. 02328 1.02197 0.13 — —
Reactivity Worth of Rotary Specimen _ . o -
Rack (Dollars) 0.93 0. 975 4.9

fl. 2. Variation of Xenon Poisoning with

Operation

Xenon poisoning is the dominant factor
in reactivity which is subject to vary during
weektims operation. Poisoning effect resu-
Ited from Sm-149 and other fission products
varies very slowly, and therefore can be
neglected in terms of reactivity change
versus time. The amount of reactivity
variation due to coolant and fuel temper-
ature variation can, also be neglected.
Therefore, it is taken for granted that
weektime variation of excess reactivity in
the core is solely attributed to xenon pois-

oning variation.
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Comparison is made in Figures 8 and 9
between the calculated results and the
actual operational data. The trend of rea-

ctivity variation falls in relatively good
agreement with the operating history,
although some points show somewhat large
differences in between. Taking account of
unavoidable errors in reading control rod
positions and their reactivity worth curves
as large as several tenths of an hour
variation in core reactivity, it is then
easily asserted that the calculational esti-
mate of xenon poisoning does show quite

accurate value as a whole.

ll. 3. Neatron Flux Distribution

Measurement of in-core flux distribution
with satisfactory accuracy is extremely
hard in case of this reactor since sensor
installation is extremely difficult and flux
shape is very sharp. Therefore, calculatio-
nal approach turns out to be the most
convenient and less expensive means since
it enables to simulate this core if its accu-
racy is verified.

Accuracy of this study is verified in core
kess, rotary specimen rack effect and xenon
effect. Unfortunately, however, measured
data comparable in flux distribution are
not readily available. Consequently only
calculated flux distribution is presented in

~ this paper leaving its verification as the

future settlement.

Radial flux distribution is illustrated in
Figure 10. Flux shape for hexagonal geo-
metry is obtained by sweeping the line

from F-6 to F-21. Differences in shapes
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and values between the results of hexagonal
and cylindrical calculation are derived from
different methods in representation. That
is to say that hexagonal geometry fluxes
are axially averaged for certain cell while
those from cylindrical geometry are ring-
averaged for center position of axial dire-
ction. Ring-averaged axial flux shapes for
the fueled zones are presented in Figure
11, while those for the irradiation facilities
are described in Figure 12. Thermal neutron
reflection effect in fueled zones is distin-
guished. Axially flat flux due to void in
rotary specimen rack reaches up to 25cm.
Flux shape in G-ring water zone is shifted
to the bottom direction while that in pool
zone which is positioned just outer of rotary
specimen rack is shifted to the upper
direction. These phenomena are also due
to the few interactions of neutron in rotary

specimen rack.
E. 4. Axial Bucklings (B.?)

Accurate determination of axial Bucklings
is one of the major tasks to improve relia-
bility of X-Y 2-dimensional calculation
especially in case of a small core. An effort
was made to generate group and zone de-
pendent bucklings rather than conventional
group and/or zone independent ones, since
information on space and energy dependent
neutron spectrum is more important than
power distribution in research reactor. If
group and/or zone independent bucklings
be used in research reactor analysis some
errors might be introduced in neutron spe-
ctrum calculation though accurate reactivity
and power distribution information can be
obtained.

It is verified in this study that axial
leakage term to the gross neutron balance
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Table 3. Calculated Buckling Values (X107%)
“\__Position B-ring FLIP
AN Central
Thimble | Calculated GA Qalculated Value GA Rotary Pool
Value . .

Group D-ring F-ring
1 3.885 4.605 4.1 5.094 5.190 5.55 2.925 3.255
2 3.518 3. 267 4.1 4,175 4.084 4.56 2.944 3.308
3 3.094 3.030 4.1 3.123 2.863 3.60 2.370 3.278
4 2.965 2.343 4.1 0. 346 -0.180 —0.22 2.143 3.257
5 2.941 3.434 4.1 ~—0.296 —1.251 6.17 2.212 2.959
6 2.632 —0.920 4.1 —15.94 —18.09 —19.05 2.225 2.748
7 2.534 —6.092 4.1 —41.22 —46. 42 —82.7 2.748 2.748

Table 4. Thermal Neutron Flux, Neutron Temperature and Effective

Irradiation Facilities (Clean Core, 1.2MW)

Thermal Cross-Section in

Group Thermal Neutron Flux (x102n’'s/cm?-sec) Neutron %ffegtive}c ross
: Temperature| g e%liiggnof 0ss

4 5 | 7 of Maxwell | Section of

) Distribution 0—0. 426V
Position 1.125-0.42 | 0.42-0.14 | 0.14-0.05 | 0.05—0.002 °K) (barns)
Central Thimble 1.34 4,22 15.32 17.76 338 78.67
G-3 0. 267 0.752 2.61 3.00 340 78.50
‘G-6(Pneumat.) 0.213 0.614 2.15 2.47 340 78.50
G-17 0. 330 0.771 2.49 2.82 342 77.99
G-22 0. 390 0.774 2.29 2.57 345 77.32
G-1(water) 0.157 0. 689 2.71 3.18 336 79.43
Rotary 0.075 0.294 1.12 1.27 342 78.62
Pool 0. 025 0.124 0.496 0.585 335 79.98

*The Cross-Section for Au is 98.8 barns at 0.0253eV

for TRIGA Mark-IIl reaches up to 15%
and that B,? variation being dependent upon
group and zone is quite sensitive.
Bucklings used herein are presented in
Table 3 and compared with those from GA.
GA’s data may be those for the unique core
that is loaded with either all FLIP’s or all
standard fuels. In such sense, they are
group-and/or zone-independent.

. 5. Thermal Spectra in Irradiation Facilities

Effective thermal neutron temperatures
and effective capture cross-sections of gold
foil in irradiation facilities, which are
derived from the method explained in Se-
ction II.5., are presented in Table 4. Each

thermal neutron flux in this table is aver-
aged with respect to volume of each zone.

In case of activation analysis for the mea-
surement of thermal neutron flux, spectrum
weighted effective thermal cross-section of
the sample should be pre-determined. Neu-
tron spectra can be measured by experi-
ment; however, this requires a great deal
of time and efforts because of frequent
changes in core conditions. On the contr
ary, calculational approach can be made
use of convenience only if its accuracy is
once verified. Spectra calculated in this
study are not verified yet due to the lack
of experimental data. Yet it can be affir-
med that the utilization of the result of
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this study will eventually prove to be more
reasonable than the previous methods,
such as replacement of neutron temperature
by coolant temperature.
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