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We present a summary of extensive studies in determining the highest achievable power level
of the current University of Utah TRIGA core configuration in respect to control rod re-
quirements. Although the currently licensed University of Utah TRIGA power of 100 kW
provides an excellent setting for a wide range of experiments, we investigate the possibility of
increasing the power with the existing fuel elements and core structure. Thus, we have devel-
oped numerical models in combination with experimental procedures so as to assess the po-
tential maximum University of Utah TRIGA power with the currently available control rod
system and have created feasibility studies for assessing new core configurations that could
provide higher core power levels. For the maximum determined power of a new University of

Utah TRIGA core arrangement, a new control rod system was proposed.
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INTRODUCTION

The university of Utah 100 kW TRIGA reactor
(UUTR) was re-licensed on October 31,2011, to oper-
ate for the next twenty years [ 1] at the maximum power
level of 100 kW. Usually, we operate the reactor at the
maximum power output of 90 kW. For the past two
years, the use of UUTR was expanded to a wide range
of experiments such as, but not limited to, various ma-
terials sample irradiation, neutron activation analysis
(NAA), studies on irradiation damage to electronics
materials, switches and devices, as well as fundamen-
tal experiments pertaining to biological and medical
studies. A higher reactor power would open up some
new opportunities for expanding the current use of the
reactor's facility. A higher reactor power providing a
higher neutron flux density would shorten the irradia-
tion time of samples during NA A and material irradia-
tions and would provide opportunities for designing
new experiments such as, but not limited to: fast neu-
tron studies, new types of experiments pertaining to
material science and engineering, fast NAA, new bio-
logical and medical studies.

In this paper, we present a summary of extensive
studies aimed at assessing the maximum achievable
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UUTR core power with the available fuel elements in
respect to the control rod system design. Part II of this
paper is related to the assessment of the existing cool-
ing system in respect to an UUTR power upgrade.
When combined, these two studies have provided us
with a basic design for a reactor power upgrade and ex-
pected associated costs. The main summary of the
combined findings will be given in Part II of this paper.
The impact of a possible power upgrade on the UUTR
fuel burn-up rate and fuel management was not as-
sessed in the article.

UUTR CONTROL ROD SYSTEM

UUTR control rods (safety, shim and regulating)
are made of aluminum clad boron carbide; each con-
trol rod has its own driver (fig. 1) [2].

Control rod reactivity worth (CRRW) is a mea-
sure of the control rod's ability to absorb neutrons; the
greater the CRRW, the more neutrons it will absorb.
The dollar worth of each CRRW is determined by arod
drop experiment; such experiments are performed at
least semiannually at the UUTR. At the beginning of
the rod drop experiment, the CRRW of the control rod
to be measured is fully withdrawn from the core. Then,
the UUTR is brought up to the critical power of 1 kW
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Figure 1. Current UUTR control rod bridge [2]

which is high enough to allow the measurement of the
CRRW. At the same time, this power level is low
enough to neglect xenon poisoning and the effects of
the temperature coefficient. This provides for the cold
critical condition of the UUTR, meaning that the core
is xenon-free, while both the fuel and the pool water
temperatures are below 40 °C [3]. Once the power is
stabilized at 1 kW, the magnetic disconnect switch
holding the control rod is pressed, releasing only the
measuring control rod into the core. The CRRW is,
then, obtained by measuring the reactor period and by
assessing the reactivity change through the in-hour
equation [4, 5].

The MCNPS code [6] is used to calculate the
CRRW in the UUTR core.

There are two MCNP5 calculations that need to
be performed in order to determine the CRRW of each
control rod. The first calculation is related to the kg
eigenvalue of the system when the control rod is fully
withdrawn; the second is aimed at obtaining the kg
eigenvalue of the system when the control rod is fully
inserted into the core [7]. The change in reactivity de-
termines the CRRW as

k, —k
CRRW($)=—2 "1 (1)
kzklﬂeff

where CRRW($) is the dollar control rod reactivity
worth (the dollar is a unit equal to the change in reac-
tivity needed to go from critical to promt critical), k, —
the effective neutron multiplication factor when the
control rod is fully withdrawn from the core, k| — the
effective neutron multiplication factor when the con-
trol rod is fully inserted into the core, and S.¢—the
effective delayed neutron fraction.

The delayed neutron fraction S is derived by

the following equation
k
Peir =1--—+ @

k eff

Table 1. Experimentally measured, MCNP5S
calculated CRRW for UUTR operated at 90 kW

Control rod .

reactivity worth [$] Experiment MCNP5
Safety 2.254+0.166 | 1.911 +0.021
Shim 1.513+£0.119 | 1.450+0.017
Regulating 0.274+0.023 | 0.298 +0.008
Total rod worth 4.041 £0.308 3.658 + 0.046
Shutdown margin 1.005+0.102 | 0.823 +0.009
Excess reactivity 0.794 +0.127 | 0.950 £ 0.009

where k, is the computed eigenvalue contributed by
prompt neutrons only, while k. — the computed
eigenvalue contributed by both prompt and delayed
neutrons. In addition, the ¢ — the calculated value is
experimentally confirmed and recorded semiannually
at the UUTR through the control rod drop experiment.
In this paper, the S value is 0.00774 [1, 8, 9].

The MCNP5-calculated UUTR CRRW for the
current UUTR core is shown in tab. 1, in comparisons
to experimental data [8, 9]. The relative error in
CRRW measurements is derived by the standard devi-
ation of all control rod measurements for the past ten
years. The error in the MCNPS5 calculated Fk
eigenvalue is the stochastic error associated with the
Monte Carlo sampling method and is given alongside
the result of the MCNPS5 calculations as k. + error.
The values obtained are in good agreement with previ-
ous, measured, and computational errors.

The integral CRRW of each control rod is given
as [10, 11]

p(8)=4 sinz[;;;J = Asin 2(“(%(2)“)} 3)

where p($) is the cumulative reactivity inserted, 4 —
the total reactivity worth of the control rod, x —repre-
sents the position of the control rod, H — the total
height of the control rod, while %OUT represents the
percentage of the control rod withdrawn from the
core. Figure 2 shows the integral CRRW for the three
control rods in the UUTR. As a function of the con-
trol rod position, each control rod contributes to dol-
lar worth reactivity inserted into the reactor. 100%
OUT means that the corresponding control rod is
fully withdrawn from the reactor core, while 0%
OUT corresponds to the control rod being fully in-
serted into the reactor. The curves showing the ex-
pected “S”-type shape are used to determine the reac-
tivity change due to the movement of control rods
between different positions, thus specifying the
safety margin of the reactor.

Control rod interference, also known as the
control rod shadowing effect, has been considered
and evaluated and found to be negligible by our study
[12].
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Figure 2. Calculated integral CRRW for the safety, shim,
and regulating control rods in the UUTR by use of eq. (3)

MAXIMUM ACHIEVABLE UUTR POWER
WITH THE EXISTING CONTROL ROD
SYSTEM AND CORE CONFIGURATION

A total of five experiments were performed to
confirm and validate the relationship between the re-
activity insertion and reactor power [8] and to validate
the integral control rod curve [13, 14]. The extrapola-
tion of experimental data allows for the approximation
of the maximum practical UUTR power with the exist-
ing control rod system and fuel core set-up [15].

Experimental measurements and MCNPS5 calcu-
lations at the UUTR were performed at power levels
between 1 kW and 90 kW [16]. Table 2 summarizes the
measured reactivity in comparison to MOCNPS
eigenvalues for each of the power levels. The position
of each control rod is known at every power level;
therefore, the exact reactivity inserted into the core is
also known at each of the power levels and control rod
positions (fig. 2). The cumulative reactivity inserted,
which is the total reactivity inserted contributed by all
of the control rods, is plotted vs. the reactor power and
shown in fig. 3; when more positive reactivity is in-
serted into the reactor, the neutron population in the re-
actor increases, increasing in turn the reactor power.
Positive reactivity insertion is the only way to increase
the power of a reactor. This is accomplished by either
raising the control rods or by adding more fuel.

MCNPS values are benchmarked against experi-
mental measurements as also shown in fig. 3, indicat-
ing very good agreements. After the trend between re-
activity insertion and reactor power is confirmed, it is
extrapolated to determine the maximum achievable
power of the current UUTR control rod system and
current core configuration. The maximum amount of

Table 2. Reactor power, control rod position, cumulative
reactivity inserted, and k. eigenvalue of the UUTR. All
values below the 90 kW reactor power were
experimentally confirmed

Control rod position

Reactor [%OUT] Cumulative| \r\ps

power | Safety | Shim | reactivity ket
[kW] | control |control Regulation inserted eigenvalue*
rod rod control rod [$]
1 100 | 51.1 65.0 3.207 0.99968

10 100 | 54.4 65.0 3.289 1.00032
20 100 | 57.5 65.0 3.362 1.00081
30 100 | 60.1 65.0 3.429 1.00139
40 100 | 62.4 65.5 3.486 1.00178
50 100 | 64.7 65.5 3.541 1.00216
60 100 | 66.9 65.5 3.587 1.00250
70 100 | 69.2 65.5 3.633 1.00291
80 100 | 71.7 65.5 3.679 1.00314
90 100 | 74.3 65.5 3.727 1.00360

Experimental measurements

100 100 | 77.4 65.0 3.778 1.00403
110 100 | 80.8 65.0 3.827 1.00443
120 100 | 84.5 65.0 3.876 1.00483
130 100 | 90.6 65.0 3.931 1.00523
140 100 | 99.0 72.0 3.980 1.00563
150 100 | 99.0 99.0 4.035 1.00603

Extrapolated values

"The relative error in ke eigenvalue is £0.00004. MCNP5 on a
Pentium Core 2 Quad Q6600 with 450 million particles

Reactor power vs. reactivity insertion

ey o —4— Measured reactivity insertion +1.006
£ 40 150 kW g
2 B MCNPS5 calculation P 1005 ©
£ 39 g
. / =
= e 1.004 2
£ 3
B F1.003 o
g 36 3
2 85 -1.002 %
R -1.001 §
§ 3.3 z

-1.000
32 s

3.1 r T —L0.999

0 50 100 150

Reactor power [kW]

Figure 3. Maimum practical power of UUTR with the
current control rod system

reactivity that can be inserted into the UUTR when all
control rods are withdrawn is measured to obtain the
value of $4.041 (tab. 1). The highest kg eigenvalue
calculated by withdrawing all control rods is 1.0065 £
+ 0.00004. By linearly interpolating these values, the
maximum achievable power for the UUTR is 150 kW
with the currently existing control rod system and with
no change in the current core configuration [15].

In addition, we show the analysis of fuel temper-
ature coefficient trends. The fuel temperature coeffi-
cient is the change in reactivity per degree of change in
fuel temperature [11, 15]. The UUTR has a negative
fuel temperature coefficient, which means that the
higher the fuel temperature, the more negative reactiv-
ity is inserted into the UUTR. This also becomes evi-
dent when referring to fig. 3 — the higher the power, the
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more reactivity is required to be inserted into the core
in order to increase the reactor power.

One of the advantageous safety features of the
UUTR fuel is its strong negative fuel temperature co-
efficient [13] due to the uranium-zirconium-hydride
(UZrH) fuel. When positive reactivity is added into the
reactor through the withdrawal of control rods, the
power of the reactor starts to increase [17]. As aresult,
fuel temperature increases. Simultaneously, the tem-
perature of the zirconium-hydride (ZrH) increases.
The high concentration of hydrogen mixed within the
fuel increases the energy of the incoming neutrons (in
other words, the up-scattering of neutrons is ad-
vanced) and therefore decreases the fission rate in the
fuel. An increase in fuel temperature increases the
probability that thermal neutrons will gain energy after
interacting with the ZrH matrix and therefore escape
out of the fuel rather than fission due to the increased
mean free path for interaction [17]. This, in turn, de-
creases the power of the reactor and, thus, inherently
controls the reactor. The fuel temperature coefficient
can be obtained as [11]

Q[M):df? __kah @)
K) 4T ko (T, =Ty)

where « is the reactivity coefficient expressed by the
unit of $/K in tabs. 3 and 4, p — the reactivity, 7 —the
fuel temperature at ky, 7, — the fuel temperature at k», &
— the initial k¢ before the reactivity insertion, and &, —
the final k.rafter the reactivity insertion. Any amount
of positive reactivity insertion into the reactor will re-
sult in an increase of reactor power. Hence, the reactor
power is a function of the amount of reactivity inserted
[3].

MCNPS calculations are performed in order to
numerically confirm the negative temperature coeffi-
cient trend for higher fuel temperatures [18]. The k.
of the UUTR is calculated using ENDF/B-VII.1 neu-
tron libraries at temperatures of 300 K, 600 K, 900 K,
and 1200 K. The U-235, U-238, and Zr-H cross-sec-
tion values which vary with temperature are taken into
account through the S(a, ) treatment [ 19]. The result-
ing k. 1s plotted vs. the fuel temperature [20].The kg
values correspond to all control rods out. Table 5
shows the MCNPS5 calculated negative temperature
coefficient vs. the temperature of the UUTR. MCNP5
calculations of the negative temperature coefficient
correspond closely to the results of the UUTR safety
analysis report [1]. All k i eigenvalue calculations are
performed with 450 million particles on a Pentium
Core 2 Quad Q6600.

It has been shown that UUTR power does not
continually increase after positive reactivity has been
inserted. In fact, reactor power starts to level off and
stabilizes after fuel temperature is increased. This is
because of the strong negative temperature coefficient
of the UUTR fuel [22, 3]. The temperature coefficient

Table 3. UUTR negative temperature coefficient of the
C-4 fuel element

Average :
Reactor cumulagve C-4 fuel pin ATes| Bp e
b E‘\X,er reactivity temp ° (r:ature [°CI | [8] [$/K]
(kW] inserted [$] [*cl
1 3.207 27.2
10 3.289 39.4 12.2 10.082 | —0.00673
20 3.362 54.0 14.6 10.072| —-0.00494
30 3.429 62.8 8.8 [0.068| —0.00770
40 3.486 71.8 9.0 0.057| -0.00630
50 3.541 80.2 8.4 [0.055| -0.00649
60 3.587 88.2 8.0 [0.046| -0.00578
70 3.633 94.2 6.0 |0.046| —0.00768
80 3.679 104.2 10.0 | 0.046 | —0.00458
90 3.727 112.8 8.6 [0.048| —0.00564

Table 4. UUTR negative temperature coefficient of the
D-11 fuel element

Average -

Reactor cumula?ive D-11 fuel pin ATcs| Ap Ocy
POV | reactivity | ‘MPEANC recy | g1 | [sK]
(kW] inserted [$] [°cl

1 3.207 27.8

10 3.289 37.4 12.2 10.082| —0.00855
20 3.362 46.6 14.6 10.072| -0.00784
30 3.429 55.6 8.8 10.068 | -0.00753
40 3.486 62.8 9.0 10.057|-0.00787
50 3.541 69.8 8.4 10.055|-0.00779
60 3.587 77.4 8.0 10.046| —0.00608
70 3.633 84.4 6.0 10.046|-0.00658
80 3.679 91.0 10.0 | 0.046 | —0.00695
90 3.727 97.8 8.6 10.048| -0.00713

Table 5. Summary of the UUTR average negative
temperature coefficient

Oc4 [$/ K]

—0.00610 £ 0.00115

apai [$/K] ~0.00720 + 0.00066

can be obtained experimentally, by measuring the
change in reactivity and dividing that value by the
change in temperature as given in eq. (3). An increase
in fuel temperature adds a negative amount of reactiv-
ity that is equal to the reactivity inserted into the reac-
tor by the withdrawal of control rods. Table 3 and tab.
4 show the negative temperature coefficients of the
two UUTR fuel elements we call fuel element “C-4”
and fuel element “D-117, respectively. The average
negative temperature coefficients in these fuel ele-
ments are shown in tab. 5. The relationship between
the fuel pin temperature and UUTR reactor power is
linear for the measurements taken, as depicted in fig.
4. The effects of the fuel temperature coefficient be-
come evident at temperatures above 40 °C, which is
why fuel temperatures below 20 kW are not shown in
this graph.

ANALYSIS OF UUTR HIGHER
POWER CORE CONFIGURATIONS

A gain of only 50 kW with the existing core ar-
rangement and control rod system prompted us to ex-
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C-4 and D-11 fuel pin temperature vs. reactor power
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Figure 4. Fuel element temperature vs. reactor power

3.500

ment configurations resulting from the addition of fuel
in order to increase the UUTR core power. Figure 5
summarizes the MCNP5 calculated CRRW for the “2”
safety control rod, safety control rod, shim control rod,
and regulating control rod. In addition, it shows the
shutdown margin and excess reactivity, as well as the
neutron flux density at the center of the core.

(b) Power peaking factors. The pin power ratio,
which is the ratio between the fuel pin with the highest
power and the average power per ring, is summarized
in fig. 6. The power ratio P is calculated as [23]

py <P
P
where P, is the highest power of the fuel pin and is
the average power per fuel ring. This ratio differs very
slightly between different reactor designs because the
neutron flux density per each reactor core is slightly

©)

(1) - Safety 2 [§]
= (2) - Safety [$]

= (3) - Shim [$]

= (4) - Regulation [$]
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2.500

Figure 5. MCNPS calculated
CRRW and neutron flux
density for each new UUTR
power level

2.000
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1.000

0.500

0.000 1
Current UUTR 100 kW

tend this study beyond the current configuration. Us-
ing the MCNP5 code, new UUTR core configurations
are optimized for achieving higher power levels.
Based on the existing core structure, four different re-
actor core designs were developed to provide power
levels of 200 kW, 300 kW, 400 kW, and 500 kW. The
design criteria we used to develop the new core ar-
rangements for higher core power levels were: (a) to
keep the shutdown margin of the new reactor core con-
figurations equal or higher than that of the current
UUTR core configuration, (b) to keep power peaking
factors similar to the current core configuration, and
(c) not to allow the neutron flux density shape across
the reactor core to exhibit peaks and valleys when
compared to the current UUTR core configuration.
(a) Shutdown margin. MCNP5 calculations have
shown that an additional safety “2” control rod would
be required for reactor powers above 150 kW. For
higher powers, the safety “2” control rod becomes the
control rod with the highest reactivity worth, because
the flux density is higher around this control rod. The
safety control rod also has a somewhat lesser reactivity
worth for higher power reactor configurations, com-
pared to the current one; this is due to different fuel ele-

mm  (5) - Excess reactivity [$]
e (6) - Shut down margin [$] v

|- (7) — Neutron flux in C1

200 kW

u1
Neutron flux in the CI [em™2s™"]

300 kW 400 kW 500 kW

Reactor power

different. In addition, for each specific reactor design,
the peaking factors also differ per ring, because neu-
tron flux density differs across the reactor core.

(¢) Neutron flux density distribution. Concurrent
with the reactor power upgrade, MCNPS calculations
are performed to confirm the negative temperature co-
efficient trend for higher fuel temperatures of higher
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Figure 6. UUTR power ration between the fuel pin with
the highest power and average fuel pin power per ring
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reactor powers of up to 500 kW. It was previously
shown that there is a linear relationship between the
fuel temperature and reactor power. However, the re-
activity insertion for higher power levels will vary as a
result of a non-linear fuel temperature coefficient. The
ko of the UUTR is calculated in 50 kW increments
from 100 kW to 500 kW. Table 6, tab. 7, and fig. 7
show the fuel pin temperature, k., and the fuel tem-
perature coefficient, respectively.

The linear trend between reactor power and fuel
temperature is evident. In tandem, the fuel temperature
coefficient shows to be decreasing for increasing reac-

Table 6. UUTR C-4 fuel pin temperature, k., and the fuel
temperature coefficient

Reactor| MCNPS | C-4 fuel AT, Ap aes
ower |calculated|temperature| 75 S -
ow] | ey [°C1 | @k | (AKK)
100 | 1.00404 121
150 | 1.00610 162 41 10.00204| —4.9661-10°7°
200 | 1.00820 | 204 42 |0.00208 | —4.9453-10°"
250 | 1.01036 | 245 41 10.00212| =5.1226:10
. -05
300 |1.01257 | 287 4 1000216| —5-1978-10
. —05
350 | 1.01482 329 42 10.00220| —5.2085-10
) —05
400 | 1.01713 | 370 41 10.00223| —5.4731-10
450 | 1.01949 | 412 42 10.00227| -5.3901-10"%
500 | 1.02189 453 41 10.00231| -5.6577-10°%

Table 7. UUTR D-11 fuel pin temperature, k., and the
fuel temperature coefficient

Reactor| MCNPS | D-11 fuel AT Ap by
power |calculated|temperature O%“ .
[kW] kst [°C] [°CI | @k (AK/K)
100 | 1.00404 106
150 | 1.00610 142 36 |0.00204 | -5.6559-10°%
200 | 1.00820 178 36 | 0.00208 —5.7695-10’32
250 | 1.01036 214 36 | 0.00212 75.8815-10705
300 | 1.01257 250 36 1000216 | 3991910
350 | 1.01482 286 36 | 0.00220 | —6.1007-10°%
400 | 1.01713 323 37 10.00223 | —6.0401-10°
450 | 1.01949 | 359 36 |0.00227 | 6313410
500 1.02189 395 36 | 0.00231 | _6.4173-10°%

Reactor power vs. fuel pin temperature and
fuel temperature coefficient
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Figure 7. UUTR power vs. fuel pin temperature and fuel
pin temperature coefficient

tor powers. This means that there is increasingly more
reactivity insertion required for every incremental
power increase. It is also evident that, in order to bring
the reactor power from 100 kW to 150 kW, a 0.00204
(Ak/k) of reactivity insertion is required. On the other
hand, as reactor power increases, reactivity insertion
increases as well. This is evident when increasing the
reactor power from 450 kW to 500 kW, when a
0.00231 (Ak/k) of reactivity insertion is required. This
trend of an increasing negative temperature coeffi-
cient ensures the operational safety of the UUTR for
higher reactor power levels.

UUTR pointwise thermal and fast neutron flux
density [cm?s] distributions are shown in fig. 8 and
fig. 9, respectively, while fig. 10 through fig. 17 show
the difference in neutron flux density between 100 kW
(current power) and 500 kW. The hexagonal outline
represents the actual outline of the UUTR core. The
general location where additional fuel elements were
added for all UUTR powers above 150 kW is shown
by the arrow pointer (fig. 10). It is evident from these
figures that neutron flux density will increase
proportionally to an increase in the reactor core power.
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Figure 8. 3-D thermal neutron flux density [ecmZs™'] at
100 kW UUTR power for neutron energies below 25 meV
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Figure 9. 3-D fast neutron flux density [ems7] at
100 kW UUTR power for neutron energies above 100 keV
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Figure 10. Top view of the core thermal flux density
difference between 200 kW and 100 kW UUTR power for
neutron energies below 25 meV

Higher flux density means higher fission rates in the
reactor, resulting in higher power. Another evident
trend is that there is a substantial drop in the thermal
neutron flux density at the location where additional
fuel elements are added. It has been shown that ther-
mal flux density decreases in the top left side of the
core. Before the addition of the fuel, this location
housed heavy water elements which moderated and
reflected the neutrons back into the core. On the other
hand, fast neutron flux density increases at the very
same location (figs. 11, 13, 15, and 17). New fuel ele-
ments increase fission rates. This trend is evident for
higher power levels, as well.

The UUTR power ratio between the fuel pin with
the highest power and the average fuel pin power per
ring is shown in fig. 6. Power Upgrade Design 1 re-
fers to the reactor power of 200 kW and 300 kW, Power
Upgrade Design 2 refers toa 400 kW reactor power,
while Power Upgrade Design 3 refers to 500 kW.
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Figure 11. Top view of the core fast flux density
difference between a 200 kW and 100 kW UUTR power
for neutron energies above 100 keV

10 20 30 40 50 60 70 80
[em]

Figure 12. Top view of the core thermal flux density
difference between the 300 kW and 100 kW UUTR power
for neutron energies below 25 meV
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Figure 13. Top view of the core fast flux density
difference between 300 kW and 100 kW UUTR power
for neutron energies above 100 keV
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Figure 14. Top view of the core thermal flux density
difference between 400 kW and 100 kW UUTR power for
neutron energies below 25 meV
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Figure 15. Top view of the core fast flux density
difference between 400 kW and 100 kW UUTR power for
neutron energies above 100 keV
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Figure 16. Top view of the core thermal flux density
difference between 500 kW and 100 kW UUTR power for
neutron energies below 25 meV
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Figure 17. Top view of the core fast flux density
difference between S00 kW and 100 kW UUTR power for
neutron energies above 100 keV

The exact number of additional fuel elements is not
stated; however, the number of fuel elements for design
1,2, and 3, are 1.05N, 1.08N, and 1.15N, respectively,
where N represents the number of fuel elements cur-
rently present in the UUTR.

CONCLUSIONS

The presented neutronics-based feasibility study
was the first of a two-part reactor core assessment of the
UUTR. In the part at hand, in addition to core excess re-
activity and the shutdown margin, the CRRW of each
control rod of the current UUTR core was experimen-
tally measured and numerically determined. Upon this,
reactivity insertion contributed by each of the control
rods was measured and assessed in order to determine the
highest achievable power for the current UUTR core
configuration. The highest achievable reactor power of
the current UUTR was estimated to be 150 kW, i. e.
only 50 kW above the licensed power level.

In order to determine the requirements regarding
the control rod system for higher core powers,
MCNPS5 was used to assess the CRRW, fuel tempera-
ture coefficients and excess reactivity for power levels
of 200 kW, 300 kW, 400 kW, and 500 kW. The shut-
down margin of each new reactor design was deter-
mined to be higher or equal to the shutdown margin of
the current UUTR core. The power peaking factors of
each reactor design were compared to the current
UUTR and confirmed to be similar. The neutron flux
density shape for each power upgrade design did not
exhibit any unwanted peaks or valleys across any reac-
tor cores. In conclusion, four viable reactor power up-
grade designs, along with a new control rod system,
were assessed. Any power level above 150 kW re-
quires the installation of a new control rod system. In
Part II of this paper, we will provide the final conclu-
sions of the feasibility study of UUTR core power up-
grades.
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Asno hYTHUR, Jdonrok RE, Tatjana JEBPEMOBHUh

INOBEBAIE CHATE UCTPAXKHUBAYKOI PEAKTOPA HA
YHUBEP3UTETY Y JYTU
Heo I: Ananu3a 3acHOBaHA HA IPOjEKTY U 3aXTeBHMAa KOHTPOJHOTI cCHCTEMAa

Y OBOM pajly ONHCaHM Cy Pe3yJTaTU AeTa/bHUX aHalW3a NnoBehama cHare MCTpaXKUBauKOT
TRIGA peakTopa Ha YHUBEp3UTETY Y JyTHU, 3aCHOBaHUX Ha MIPOjEKTY U 3aXTeBUMa KOHTPOJIHOT CUCTEMa
peakTopa. Maxko cajjamnima cHara peakropa off 100 kW omoryhyje ognudne yciaoBe 3a MIIPOKH CIEKTap
eKcIiepruMeHaTa off IHTepeca 3a ICTpakKiBamwa, UIak je CIpoBe/ieHa aHanu3a nosehama cHare peakropa ca
nocrojehuM ropuBHUM eJ1eMEeHTUMa U TocTojehoM KoHpurypanujom peakropa. OBakBa aHaan3a 3axTeBa
feTalbHe HyMepUUKe NMpopadyHe KOju cy 00aB/beHH M ynopeheHu ca eKCepuMeHTaHIM Mepemuma.
AHanu3se cy UCKJby4UBO CIIPOBEJIEHE ca IVIeUIITa PeaKTOPCKUX MapaMeTapa Kao IITO Cy KPUTUYHOCT
peakTopa, HeYyTPOHCKU (hIIyKC U MapaMeTpH NOocTojeher KOHTPOJIHOT CUCTEMA, Ca [UIBEM J1a CE ONTUMU3Yje
KOH(Urypaiyja peakTOpCKOr je3rpa U MakcUMajiHa CHara peakTopa. Y pajy Ccy IpuUKa3aHe aHallu3e
ONTUMU30BaHe KOH(UTypalyje peaKTOPCKOT je3rpa ca mopehaHoM cHaroM peakTopa.

Kmwyune peuu: TRIGA, ucitipaxcusauku peaxiiop, kontipoanu cucitiem, MCNPS tipozpam





