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Control rod reactivity (worths) for the three control rods and fuel rod power peaking factors
in the University of Utah research reactor (100 kW TRIGA Mark I) are characterized using
the AGENT code system and the results described in this paper. These values are compared to
the MCNP6 and existing experimental measurements. In addition, the eigenvalue, neutron
spatial flux distributions and reaction rates are analyzed and discussed. The AGENT code sys-
tem is widely benchmarked for various reactor types and complexities in their geometric ar-
rangements of the assemblies and reactor core material distributions. Thus, it is used as a base
methodology to evaluate neutronics variables of the research reactor at the University of
Utah. With its much shorter computation time than MCNP6, AGENT provides agreement
with the MCNP6 within a 0.5 % difference for the eigenvalue and a maximum difference of
10% in the power peaking factor values. Differential and integral control rod worths ob-
tained by AGENT show well agreement with MCNP6 and the theoretical model. However,
regulating the control rod worth is somewhat overestimated by both MCNP6 and AGENT
models when compared to the experimental/theoretical values. In comparison to MCNP6,
the total control rod worths and shutdown margin obtained with AGENT show better agree-

ment to the experimental values.
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INTRODUCTION

The University of Utah TRIGA Mark I Reactor
(UUTR) is a pool-type research reactor of hexagonal
core geometry, licensed to operate at the maximum
power of 100 kW. The UUTR is used for research and
academic training and educational purposes. Experi-
ments conducted at the UUTR mostly involve neutron
activation analysis (NAA), a non-destructive analyti-
cal element analysis technique, as well as irradiation
of materials and electronics devices.

The UUTR fuel is composed of uranium zirco-
nium hydride (UZrH) which has a large prompt nega-
tive reactivity temperature coefficient and, hence, it is
an inherently safe design. The core consists of 127 cy-
lindrical channels for fuel elements, reflectors, moder-
ator and control rods; the core configuration is shown
infig. 1. There is a total of 78 fuel rods, 12 graphite and
heavy reflectors (12 each), and three (3) control rods.
The control rods are made of boron carbide with alu-
minum cladding. The three control rods are: safety rod
that is used for large reactivity insertion; shim control
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rod that is used for coarse power control; and regulat-
ing control rod that is used for fine reactivity change,
such as to finely adjust the UUTR's power level. There
are two irradiation ports located on the opposite ends
of the reactor core: the fast neutron irradiation facility
(FNIF) and the thermal irradiator (T1); they are used
for various irradiation experiments. The TI port con-
tains a heavy water moderator and has a high thermal
to fast neutron flux density ratio. Furthermore, the TI
port is for vial sized samples. The FNIF has a high fast
neutron flux density and is made of lead, as it provides
shielding from gamma rays. It has a larger volume than
the TI port and, therefore, larger samples are placed in
the FNIF for experiments.

The core excess reactivity is limited by technical
specifications to 1.2 $*. This limit assures the reactor
can be shutdown at any time and the fuel temperature
safety limit is not exceeded [1]. By definition, the shut-
down margin is the amount of reactivity that is needed
to make the reactor subcritical by the immediate inser-
tion of control rods, with the exception of the most re-
active control rod that remains fully withdrawn. The

"1 $ =B (the effective delayed neutron fraction)
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UUTR shutdown margin is limited to 0.5 $ [1]. This
value ensures the reactor can be brought to a
subcritical state with the most reactive control rod
fully withdrawn. Small research reactors are sensitive
to reactivity insertions due to lower safety limits. Re-
activity worths for each experiment are calculated.
The single worth of a sample, and the total worth of all
experiment samples, are limited to 1.0 $, and 1.2 $, re-
spectively [1]. These limits are to ensure that the fuel
safety limits are not exceeded. Furthermore, some ex-
periments require high neutron flux density, and there-
fore, the reactor is then operated at the power level of
90 kW. Positive reactivity from experiments may lead
to exceeding the maximum power limit of 100 kW.
Hence the importance of estimating the reactivity
worths as accurately as achievable. In the past, feasi-
bility studies involving power upgrade of the UUTR
have been conducted; more specifically, the control
rods, cooling system design, and the requirements
were fully evaluated [2, 3]. Moreover, neutron and
gamma flux density in the irradiation ports have also
been assessed as detailed in [4].

THEORETICAL BACKGROUND

AGENT methodology

Arbitrary geometry neutron transport (AGENT)
is a deterministic neutron transport code that is based
on the method of characteristics (MOC) and the theory
of R-Functions [6-10]. The AGENT code system is
widely benchmarked and in this case it is used to eval-
uate the control rod worths and power peaking factors
in the UUTR, as well as the eigenvalue in its steady
state operation, flux density distribution in the core,
and the fission and absorption reaction rates. MCNP
version 6 [11]is used for comparison with AGENT as
well as with experimental values where appropriate.

The 3-D modeling of a reactor's steady state with
AGENT is based on 2-D/1-D coupled MOC equations
through the neutron leakage term; the general
flowchart of AGENT methodology is depicted in fig.
2. In the AGENT methodology, the reactor core is di-
vided into 2-D radial planes and, therefore, a radial so-
lution is obtained for each core plane configuration. A
1-D axial solution is then obtained for each pin region
[8]. Figure 3 depicts the 2-D-1-D coupling and shows
basic parameters of the MOC discretization applied in
the AGENT methodology. The 3-D multigroup form
of the Boltzmann neutron transport equation is given
with

QVYE (r, )+ 5 (rwe (r,02)=0% (r,22) (1)

where, wé(r, Q) is the angular neutron flux density in
energy group g, > (r) is the total macroscopic scatter-
ing cross section for energy group g, and Q° (r,f)) is
the multigroup neutron source term in energy group g,
which is composed of isotropic fission and scattering
terms
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Figure 2. General 3-D AGENT methodology
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Equation (1) is integrated to obtain the charac-
teristic form of the Boltzmann equation as follows:

dy® (ry +5Q',Q)

+28 (ry +5Q', Q). 3)

w7 (1 +52,Q)=0% (ry +sQ2',Q)

where s is the track segment. Equation (3) is evaluated
by analytical integration to express the outgoing angu-
lar neutron flux density along the characteristic lines
(representing the neutron paths of a nuclear reactor in
the 3-D space)

i i v g
g.out _ . g.in -3f Sm,ik 0% 1 zfg lsm,l',k
l//m,i,k _l//m,i,ke + Zg,i (1-e )
J “
where l//;gn lo';: is the outgoing angular neutron flux den-

sity of energy group g, at azimuthal angle 7, in a mate-
rial zone 7, along characteristic line £; l//f;l i"k —the rep-
resents the incoming angular neutron flux density in
energy group g, at azimuthal angle m, in material zone
i, along characteristic line £. Thus, the change in angu-
lar neutron flux density is obtained by integration of
eq. (4) to yield, [8]

dv/i,i,k g, g g, g
7+2f l//m,i,k =Q ’ _LAm,i,k (5)

m,i,k

wheredy® . /ds,, ;, is the change in angular neutron
flux density in energy group g, at azimuthal angle m, in
material zone i, along characteristic line &, over the
change in segment s. 3% wrgn . fepresents the reaction
rate in energy group g, at azimuthal angle m, in mate-
rial zone i, along characteristic line k. The term LA i ik
represents the axial neutron leakage in energy group g,
at azimuthal angle m, in material zone 7, along charac-
teristic line k. Equation (5) thus represents the 2-D
MOC solution per each radial plane later coupled with
an axial leakage term. Therefore, the 1-D solution to
each pin cell is expressed with

dy®

m,k,n g g _ g _ g
ds +2t l//m,k,n _Q LRm,k,n (6)
m,k ,n
where dy?  /ds, , , isthe change in angular neutron

flux density in energy group g, at azimuthal angle m, in
material zone 7, along characteristic line £, at polar angle
n, over the change in the segment; Y% 1//;5'” ™ the reac-
tion rate in energy group g, at azimuthal angle m, along
characteristic line k; Q,,, — the pin-cell source term in
energy group g at polar angle n; LR f: o the radial
neutron leakage term in energy group g, at azimuthal
angle m, along characteristic line £, at polar angle 7.

Rod worth and core reactivity calculations

Safety, shim and regulating rods are the three
control rods of the UUTR reactor. The rod worth was
determined using AGENT and MCNP6 for various
cases by withdrawing each rod in increments of 5 %,
with respect to its length, while the other two rods re-
mained fully submerged. For every increment of a
control rod withdrawal, positive reactivity is inserted
into the core that is calculated with [12]

_ 1-k eff (7)
k eff

The differential control rod worth represents a
change in rod reactivity per rod unit length. Each con-
trol rod has a different reactivity worth and exposure to
neutron flux density based on its location in the core.
The differential control rod worth trend generally fol-
lows the neutron flux density profile in the core and,
hence, the greatest reactivity effect is at the core center
or, in other words, at 50 % of'its rod withdrawal. These
trends are estimated by taking into account the differ-
ence in reactivity between two subsequent rod posi-
tions divided by the amount of rod movement (unit
length of rod withdrawal)[12], as follows

keffz - keffl

P2 —Pi keffz keffl

. =— (®)
unit length  unit length

The integral control rod worth represents the to-
tal reactivity worth at a particular control rod position.
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It is, therefore, a summation of the differential reactiv-
ity worths between a fully submerged and fully with-
drawn control rod. The integral rod worth trend fol-
lows the “s” shape with a slope of the curve greatest at
the core center (7. e., 50 % control rod withdrawal), due
to the highest neutron flux density being at that loca-
tion in the reactor core.

Control rod worths are determined using a theo-
retical model as well and are, therefore, compared to
the AGENT and MCNP6 models[12, 13] as follows

n(%out)

Pineo =Asin’ {2}[3‘3& )

where A is the respective total control rod worth (ex-
perimental data provided from UUTR operations log
books), % out represents the percentage of control rod
withdrawn, and S — the effective delayed neutron
fraction that is in the UUTR, estimated to be equal to
0.007.

The shutdown margin is defined as the amount
of reactivity needed to make a reactor subcritical by
the immediate insertion of control rods (the UUTR's
shim and regulating rods), with the exception of the
most reactive control rod fully withdrawn (the
UUTR's safety rod) [1]

1-k

effgy

effyo

ﬁ eff

where pgp\ ($)is the shutdown margin expressed in the
unit of $, and keffs o represents the effective multiplica-
tion factor with the safety rod fully withdrawn, which is
obtained from both AGENT and MCNP6 models.

Another important parameter in a research reactor
is its excess reactivity, which compensates for fuel
burn-up and negative reactivity due to inserted experi-
ments. It is defined as the amount of reactivity available
or in excess when the reactor is critical [1]

ke, 1

Pspm (8) = (10)

kg
Prr ($)=——— (11)
ﬁ eff
where keffc is the calculated eigenvalue with all control
rods fully withdrawn.

Power peaking factors

Power peaking factors are one of the most im-
portant parameters in reactor core neutronics assess-
ments and analysis. The power generated and released
by each individual fuel rod relative to other fuel rods
within the same fuel core section (in the case of
UUTR, the so called ring) and the core average, resem-
ble the fast flux density profile of the core. Knowledge
of power distribution in the core provides insights into
fuel performance and the rate of burn-up. AGENT cal-

culates the power per pin per each plane, and thus, the
total power per pin is obtained with

Pr- 3Pz, (12)

where PF,/ is the power released per fuel rod, Pz; —the
local power in fuel rod i per plane z, and n — the total
number of planes in the UUTR core. Therefore, the av-
erage power in the core is calculated [15]

N

z P Fr/

=1

Povg = (13)

where N represents the number of fuel rods in the core.
Thus, the power peaking factor is determined by divid-
ing the fuel rod power with the average reactor core
power [15], as follows

Py,

Pop =— 14

" (14)

For benchmark purposes, power distribution is

also calculated using the F7 tally card in the MCNP6
model of the UUTR. The UUTR power level of 100 kW
with 200 MeV per fission are assumed in determining

the power peaking factors for the UUTR core.

AGENT and MCNP6 simulation parameters in
assessing the UUTR's control rod worths and
power peaking factors

AGENT and MCNP6 UUTR's simulation pa-
rameters are provided in tab. 1. Increasing the number
of azimuthal angles and decreasing the size of ray sep-
aration in the AGENT model of the UUTR will in-
crease the accuracy and CPU time. Therefore, MOC
resolution parameters in the AGENT model of the
UUTR are optimized in regard to the accuracy of CPU
time, thus including 24 azimuthal angles and a ray sep-
aration of 0.05 cm. Furthermore, the geometrical
submeshing pattern includes six triangular zones per
hexagonal fuel rod. Due to the nature of the MOC so-
lution, neutron flux density is constant in a submeshed

Table 1. AGENT and MCNP6 simulation parameters for
the UUTR full 3-D core model

Parameter AGENT MCNP6
Number of azimuthal angels 24 n. a.
Number of polar angles 2, Leonard- na
and scheme McDaniel '
Ray separation [cm] 0.05 n. a.
Number of boundary edges 264 na
per core face
6 triangles per
Geometry submeshing hexagonal fuel n. a.

rod

Flux and eigenvalue
iteration margins

Number of source particles / na 1 million / 600
Total cycles (skipped cycles) i (150)

Initial eigenvalue 1.0 1.0

107 and 10°° n. a.
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material region, so regions are divided into as small
zones as reasonably achievable. In general, in the
MOC approach, decreasing the size of the zones will
increase the accuracy of the solution. The flux and
eigenvalue calculation are dependent on convergence
criteria; these are selected to be 10~ and 107 for the
flux and eigenvalue values, respectively. The iteration
will complete if the relative difference between the
two iterations are less than or equal to the convergence
limits, or a user-defined maximum number of itera-
tions is reached. In the MCNP6 model, a total of 100
million neutrons and 600 cycles are used, resulting in
the eigenvalue with a standard deviation of 107*.

UUTR control rod worth values

UUTR technical specifications require that the
reactivity worth of each control rod must be deter-
mined semi-annually. This assures that the core re-
mains safely loaded and the reactor operators know
the reactivity effects of the control rods. Control rod
worth in the UUTR is measured experimentally, using
the control rod-drop method. The control rod-drop
method utilizes an analog signal from the reactor lin-
ear power channel vs. time for a reactor's power trace.
This method requires that the reactor power be kept at
a constant level so that spurious noise is at a minimum
and the fuel temperature remains ambient. At low re-
actor power levels, spurious noise may cause errors in
control rod worth determination. At high power levels,
fuel temperature effects are factored into reactivity
calculations. High power operations should not have
occurred in the run prior to performing the procedure.
Such a procedure starts by dropping the regulator con-
trol rod from the fully withdrawn position while the
UUTR core is critical at approximately 1 kW. Then,
while leaving the regulating control rod inserted, the
reactor is brought to critical condition by further with-
drawing the shim control rod. After the reactor is al-
lowed to stabilize at 1 kW, the shim control rod is
dropped into the UUTR core. The shim control rod po-
sition must be noted at the time of its drop. Next, the
UUTR core is, again, brought critical with the shim
control rod and the safety control rod is dropped from
the fully with drawn position at 1 kW.

The equations used for the analysis of the
rod-drop method are space-independent reactor ki-
netic equations

{ﬂ j¢(r>+ $2,C,(0) (15)

dc; (1)

=Eﬂ)ai[1+ ke (Dp(2)=A,C; (1) (16)
dt l

where i is the delayed neutron group (i =1 to 6), t—the
time after disturbance of steady-state condition [s], 5 —
the total effective delayed neutron fraction, / = prompt
neutron lifetime [s], kex () — the time-dependent excess
reactivity [Ak/k], ¢(f) — the time-dependent neutron
flux [em s '], 1; — the precursor decay constant [s '],
C(f)—the time-dependent concentration of the precur-
sor of the i ™ group of delayed neutrons [nuclei per
em’], and a;—the fraction of the total effective delayed
neutron fraction in the /™ group.

Equations (15) and (16) are then combined to
obtain a relationship between the time-dependent ex-
cess reactivity, k.(f), and neutron flux, ¢(¢), by using
the initial conditions which exist at criticality just be-
fore the rod is dropped. The initial conditions are

«(0)=0and ——— dc; (© =0 17
dt

These initial conditions relate to the assumption
that at time zero excess reactivity is zero and the de-
layed neutron precursor concentrations are in equilib-
rium. The result obtained by using these initial condi-
tions combined with egs. (15) and (16) is the following
integro-differential equation

(o
B B)o(t) di

¢(0) e—li[ _
¢(t): 1
_L 6 . _Ail ! ’ l,l' r 18
o) 50 {) [+ ke (£)1( )™ dr” (18)

Equation (17) was put into difference form and
programmed in FORTRAN to obtain reactivity, k.x(?),
as a function of time after rod drop. The value of the in-
tegral was calculated by use of an iterative procedure
that employs interpolation and extrapolation of the
available information. Reactivity was converted from
Ak/k units to the unit of $, using the relationship of

$ =B From this, it is possible to determine the
worth of the various control rods in the UUTR.

EVALUATION OF THE UUTR EIGENVALUE,
CONTROL ROD WORTHS AND POWER
PEAKING FACTORS OBTAINED WITH
AGENT AND MCNP6 IN COMPARISON TO
EXPERIMENTAL DATA

Comparison of the UUTR eigenvalues
calculated with AGENT and MCNP6

The UUTR core is modeled using the AGENT
code system without taking into account the presence
of FNIF and TI ports. In order to make an adequate
comparison, the UUTR model, with and without the
ports, is modeled using MCNP6. Furthermore, the
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Table 2. Comparison of the UUTR eigenvalues obtained
with AGENT and MCNP6

kegr control rods  |Diff”| ke control rods | Diff

Method in [%] out [%]
AGENT 0.97955 Ref|  1.00597 | Ref
?ngr}:f 0.97606 + 0.00004| 0.36 |1.00654 + 0.00003-0.06
w6 ports | 0-97509 £ 0.00004 | 0.46|1.00550 £ 0.00004+0.05
I\/I[g’l\;f]’S - — |1.00400 + 0.00004{ +0.2

*Diff = 100-[ke(AGENT, Ref) — ket(MCNP6)/ker( AGENT, Reff)

simulation models are developed for both a fully con-
trolled and uncontrolled UUTR reactor core. A sum-
mary of the calculated eigenvalues is presented in tab.
2. The values also include the MCNP5 model of the
UUTR per [2, 5], for comparison. The AGENT value
is used as a reference. In both cases (of fully inserted
and fully withdrawn control rods), the difference be-
tween the calculated eigenvalues of AGENT and
MCNP6 is less than 1 %. In the case of control rods
fully withdrawn, when the neutron flux is higher, the
eigenvalues agree much more closely. Eigenvalues
from MCNP6 simulations without ports show to be
slightly lower then those with ports included. The TI
port has heavy water reflectors and, therefore, the neu-
tron leakage from the core increases when the ports are
not included in the model, giving lower eigenvalues.
However, the difference between the two MCNP6
models is small. MCNP5 and MCNP6 exhibit a mini-
mal difference. Therefore, the MCNP6 model with
ports (more detailed geometry) is used for control rod
worth calculations.

UUTR control rod worths and
core reactivity values

The differential and integral control rod worth
obtained from the AGENT and MCNP6 models (with
FNIF and TI ports), in comparison to theoretical mod-
els (in the section Rod worth and core reactivity calcu-
lations), are shown in figs. 4 and 5, respectively. In the
differential control rod worth trend shown in fig. 4,
AGENT, MCNP6 and the theoretical models, all agree
on both the safety and shim control rods. However, for
the regulating control rod, both MCNP6 and AGENT
give an overestimation compared to the theoretical
model. The regulating control rod has the lowest reac-
tivity worth, and hence, the flux density in that region
is lower compared to the central region of the UUTR
core. Therefore, calculations are more sensitive and
better agreement is expected with reduced calculation
uncertainties. In addition, the theoretical model is
highly dependent on the value of 8- which can be var-
ied. As mentioned previously, the value of 5 1s equal
to 0.007 in the theoretical model and the results may
vary significantly with small changes to its value.
However, results from the simulation do not utilize ¢
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Figure 4. Comparison of the UUTR Differential Control
Rod Worth determined with AGENT and MCNP6 with
theoretical values [the safety control rod has the highest
worth and the regulating control rod shows the least
worth]

in providing the values for the integral and different
control rod worth values eq. (2).

As can be seen from fig. 5, the AGENT calcu-
lated integral safety control rod worth shows some de-
viation, or underestimation, starting at the 50 % con-
trol rod withdrawal position. However, AGENT
represents the shim control rod worth much accurately
than MCNP6, as the values agree with the theoretical
model. As for the regulating control rod, both MCNP6
and AGENT overestimate the control rod worth, as
compared to the theoretical model.
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Figure S. Comparison of the UUTR integral control rod
worth determined with AGENT and MCNP6 with

The regulating control rod is in a much lower
flux density region and, therefore, the calculations are
more sensitive. Table 3 shows a summary of the calcu-
lated control integral rod worths from simulations in
comparison to experimental data. Values from
AGENT simulations match the experimental and
MCNP6 values for the shim and safety control rods.
However, for the regulating control rod worth, both
AGENT and MCNP6 overestimate the value some-
what. The regulating control rod has a much lower rod
worth compared to the other three control rods, thus it

UUTR core, obtained with the AGENT model; the
data are plotted using TECHPLOT 360 (Techplot Inc.)
[16]. Infigs. 6 and 7, the fast neutron flux density (en-
ergy group 1: 1.356-10°to 2-107 eV) shows the highest
value to be in the central region of the UUTR core. As
for the thermal neutron flux density (group 7: 107 to
0.125 eV), the highest flux density values peak at spe-
cific locations in the core. These locations are empty
fuel rod positions, or slots, filled with water. Further-
more, the fast neutron flux density at the boundaries is
significantly low, due to neutron leakage. Whereas in
energy group 7, the thermal neutrons are not com-
pletely lost, because there are graphite and heavy wa-
ter reflectors at the outer boundaries of the UUTR
core.



F. Alroumi, ef al.: Characterization of Control Rod Worths and Fuel Rod Power ...
Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 1, pp. 16-27

23

88222

0
=
0.
0.00
0.00
20,
1
0

888

(a) Group 1 (1.356-10% to 2-107 eV)

(c) Group 3 (5.5-10" to 10° &V) (d) Group 4 (4 t0 5.510" eV)

(&) Group 5 (0.625 to 4 eV) (f) Group 6 (0.125 to 0.625 eV)

'

8838388

S
Li

LESREG

o

Figure 6. AGENT UUTR flux density distribution, for
seven energy groups (groups 1-2 are in the fast
region, groups 3-4 in the resonance region, and groups
5-7 in the thermal region)
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Figure 7. AGENT UUTR core flux contour for seven
energy groups (groups 1-2 are in the fast region,

groups 3-4 in the resonance region), and groups 5-7
in the thermal region)
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Figure 8. AGENT UUTR core; (a) fission rate
distribution and (b) fission rate contour (the rate is
highest at the center of the UUTR core, analogous to fast
neutron flux density)

Figures 8 and 9 illustrate the fission and absorp-
tion rates spatial distributions in the UUTR core. From
fig. 8, it can be seen that the fission reaction rates dis-
tribution has a similar profile to the fast neutron flux
density distribution in the core.

Table 5 shows the calculated power peaking fac-
tors from MCNP6 and AGENT simulations. AGENT
values are in well agreement with the MCNP6, with
the highest difference of ~10 %. The highest peaking
factor is in the F ring, while the lowest is in the B ring
(fig. 1). Fuel rods with the highest burn-up are located
in the core center, and the lowest fuel burn-up rods (al-
most fresh fuel) are located in the outer core rings. This
arrangement is to ensure a uniform flux density and
power distribution in the core.

Figure 10 shows the UUTR power peaking fac-
tor distribution per each fuel rod per each core ring.
The trend shows AGENT and MCNP6 values, with
and without the FNIF and TI ports. Based on these re-

(a) Absorption rate distribution
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(b} Absorbed rate contour

Figure 9. AGENT UUTR core; (a) absorption rate
distribution and (b) absorption rate contour (absorption
rate is uniformly distributed throughout the UUTR core)
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Figure 10. Comparisons of the UUTR power peaking
factors obtained with AGENT and MCNP6 models

sults, it can be concluded that the FNIF and TI ports
have pretty negligible effects on the power profile in
the core. The AGENT power peaking factors show
slight deviation from the MCNPG6 values, more specif-
ically, in the B, F, and G rings. Possible reasons for this
deviation could be due to the deterministic nature of
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Table 5. Comparison of calculated power peaking factors

Ring Number of | Pryay/Paye Prax/Pave Difference”
fuel rods | (MCNP6) | (AGENT) [%]
B 6 1.02 1.04 -2.0
C 11 1.10 1.10 0.0
D 14 1.24 1.19 4.0
E 23 1.25 1.22 2.4
F 19 1.32 1.19 9.9
G 5 1.16 1.14 1.7
Total 78 1.61 1.46 9.3

"Difference = [1 — (Pya/Pavg AGENT)/(Pysar/Pave MCNP6)]-100 %

the code, and of the approximations, such as the num-
ber of energy groups. As for the stochastic nature of
MCNP6, the associated uncertainties provide a calcu-
lation error that has to be considered. However, to
properly investigate the deviation between simulation
codes, experimental values must be determined in or-
der to provide a better insight into the exact power
peaking factors and their agreement with the simula-
tion codes.

CONCLUSIONS

The UUTR core parameters such as eigenvalue,
neutron flux density, reaction rates, control rod
worths, and power peaking factors are characterized
using the state-of-the-art codes, AGENT and MCNPG6.
The eigenvalue results from both codes are in well
agreement, with the highest difference being less than
0.5 %. The differential and integral rod worth values
obtained from AGENT and MCNP6 are also com-
pared to a theoretical model. As for differential rod
worth values, AGENT provides values highly compa-
rable to the theoretical model and MCNP6. However,
regarding the regulating control rod, there is a slight
deviation between the AGENT and MCNP6 results.
This is due to the low neutron flux density region that
increases the sensitivity of the calculations. Both the
said sensitivity and overestimation are reflected in the
integral rod worth values. In addition, the agreement
of the total rod worth and shutdown margin confirm
the high accuracy of AGENT. The power peaking be-
tween the two codes shows good agreement, with a de-
gree of deviation mostly in the B, F, and G rings.
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®asa3 AJIPOYMU, Jourxyn KUM, Pajan CKAY, Tatjana JEBPEMOBHWh

KAPAKTEPU3AIINJA PEAKTUBHOCTU KOHTPOIHUX HUIIKAU U
OJHOCA MAKCUMAIJ/IHE N CPEIIBE CHATE Y TOPUBHUMM EJIEMEHTUMA Y
TRIGA MARKI UCTPAXKNBAYKOM PEAKTOPY Y JYTU

PeakTuBHOCT TpM KOHTDOJHE IIUIKE M OJHOC MAKCUMAJIHE U CPEJHE CHAre Yy FOPUBHHAM
eJeMeHTNMa ncrpaxkusaykor peakropa (TPUI'A MAPK, 100 kW) Ha Yrusepsurery y Jyru onpebenn cy
Ha ocHOBY AGENT HyMepHUKOr cucTeMa IpopadyHa U pe3ylTaTH Cy AeTa/bHO IPUKA3aHU Y OBOM papy.
Bpennocru cy nopebene ca MCNP6 u exciepuMEHTaJIHUM BPEJHOCTHMA Ifie Cy TaKBU HoOjauy Ouilu
pocTynHU. [JofaTHO Cy aHANU3UPAHU U IIPUKA3aHU HEYTPOHCKY MYJITUIINIMKATUBHU (DAKTOP, HEYTPOHCKU
¢nykc u HeyTpoHcke uHTepakuuje. AGENT HyMepuuKy cuCTeM IPOpauyHa peakTopa je OMIITe-M03HAT U
HOOpO eBalyHpaH 3a pasHe TUIOBE HYKIEAPHUX PEakTOpa U pa3He TeOMETpHjcKe KOMIJIEKCHOCTU
peakTopckux jesrapa. M3 tor pasinora AGENT ce u xopuctu Ha YHuBep3uTery y JyTH Kao OCHOBHU
HYMEPHUKH IPUCTYII y aHAIN3K PeaKTOPCKUX apameTapa. PauyHapcko BpeMe popayyHa je HEyHOpeAuBO
kpahe y nmopebewy ca MCNP6, nok je oacryname o MCNP6 Bpennoctu pepa Beiamumue 0,5 % 3a
HEYTPOHCKM MYITHUIIITUKALOHU (PaKTOP U PEaKTUBHOCT peakTopa, u Mame off 10 % kaja ce ymopepe
BPEIHOCTH OJIHOCA MAaKCHMAaJlHE U CPEll€ CHAare y TOPHBHUM €JIEMEHTHUMa PEeaKTOPCKOr je3rpa.
JucdepeHnyjaata 1 THTETPaTHA PEAaKTUBHOCT CBE TPU FOPHUBHE LIMNKE f00UjeHe npopauyHuMa ca AGENT
CHUCTEMOM Cy YIOpeguBe ca BpefHocTuMma paobujeHuM kopuimheweM MCNP6 u TeopujckuM u
eKCIePUMEHTAJTHAM BpEeHOCTHMa. PeakTHBHOCT jefjHe Ojf TOPMBHUX IIMNKHU (peryyianuoHa TOpUBHA
LIMIKa) HelTo je Beha y mpopayyHMMa HEro LITo je u3MepeHa BPEHOCT, IOK je TOTaJHa PeaKTUBHOCT
nobujeHa AGENT npopauyHoM y OO/bEM cllaramy ca €KCIEpHMMEHTAHOM BpefHoulhy HEro BpeJHOCT
podujena MCNP6 nmpopadyHOM.

Kwyune peuu: AGENT, TRIGA, MCNP6, peakitiu6HOCIU KOHIUPOAHE WUIIKe, PeaKIUUBHOCI,
KPUTLUHHOCT, 0OHOC MAKCUMAAHE U CPEeOHe CHAZe




