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Con trol rod re ac tiv ity (worths) for the three con trol rods and fuel rod power peak ing fac tors
in the Uni ver sity of Utah re search re ac tor (100 kW TRIGA Mark I) are char ac ter ized us ing
the AGENT code sys tem and the re sults de scribed in this pa per. These val ues are com pared to
the MCNP6 and ex ist ing ex per i men tal mea sure ments. In ad di tion, the eigenvalue, neu tron
spa tial flux dis tri bu tions and re ac tion rates are an a lyzed and dis cussed. The AGENT code sys -
tem is widely benchmarked for var i ous re ac tor types and com plex i ties in their geo met ric ar -
range ments of the as sem blies and re ac tor core ma te rial dis tri bu tions. Thus, it is used as a base
meth od ol ogy to eval u ate neutronics vari ables of the re search re ac tor at the Uni ver sity of
Utah. With its much shorter com pu ta tion time than MCNP6, AGENT pro vides agree ment
with the MCNP6 within a 0.5 % dif fer ence for the eigenvalue and a max i mum dif fer ence of
10% in the power peak ing fac tor val ues. Dif fer en tial and in te gral con trol rod worths ob -
tained by AGENT show well agree ment with MCNP6 and the the o ret i cal model. How ever,
reg u lat ing the con trol rod worth is some what over es ti mated by both MCNP6 and AGENT
mod els when com pared to the ex per i men tal/the o ret i cal val ues. In com par i son to MCNP6,
the to tal con trol rod worths and shut down mar gin ob tained with AGENT show better agree -
ment to the ex per i men tal val ues. 
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IN TRO DUC TION

The Uni ver sity of Utah TRIGA Mark I Re ac tor
(UUTR) is a pool-type re search re ac tor of hex ag o nal
core ge om e try, li censed to op er ate at the max i mum
power of 100 kW. The UUTR is used for re search and
ac a demic train ing and ed u ca tional pur poses. Ex per i -
ments con ducted at the UUTR mostly in volve neu tron
ac ti va tion anal y sis (NAA), a non-de struc tive an a lyt i -
cal el e ment anal y sis tech nique, as well as ir ra di a tion
of ma te ri als and elec tron ics de vices.

The UUTR fuel is com posed of ura nium zir co -
nium hy dride (UZrH) which has a large prompt neg a -
tive re ac tiv ity tem per a ture co ef fi cient and, hence, it is
an in her ently safe de sign. The core con sists of 127 cy -
lin dri cal chan nels for fuel el e ments, re flec tors, mod er -
a tor and con trol rods; the core con fig u ra tion is shown
in fig. 1. There is a to tal of 78 fuel rods, 12 graph ite and 
heavy re flec tors (12 each), and three (3) con trol rods.
The con trol rods are made of bo ron car bide with alu -
mi num clad ding. The three con trol rods are: safety rod
that is used for large re ac tiv ity in ser tion; shim con trol

rod that is used for coarse power con trol; and reg u lat -
ing con trol rod that is used for fine re ac tiv ity change,
such as to finely ad just the UUTR's power level. There
are two ir ra di a tion ports lo cated on the op po site ends
of the re ac tor core: the fast neu tron ir ra di a tion fa cil ity
(FNIF) and the ther mal irradiator (TI); they are used
for var i ous ir ra di a tion ex per i ments. The TI port con -
tains a heavy wa ter mod er a tor and has a high ther mal
to fast neu tron flux den sity ra tio. Fur ther more, the TI
port is for vial sized sam ples. The FNIF has a high fast
neu tron flux den sity and is made of lead, as it pro vides
shield ing from gamma rays. It has a larger vol ume than 
the TI port and, there fore, larger sam ples are placed in
the FNIF for ex per i ments.

The core ex cess re ac tiv ity is lim ited by tech ni cal
spec i fi ca tions to 1.2 $*. This limit as sures the re ac tor
can be shut down at any time and the fuel tem per a ture
safety limit is not ex ceeded [1]. By def i ni tion, the shut -
down mar gin is the amount of re ac tiv ity that is needed
to make the re ac tor subcritical by the im me di ate in ser -
tion of con trol rods, with the ex cep tion of the most re -
ac tive con trol rod that re mains fully with drawn. The
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UUTR shut down mar gin is lim ited to 0.5 $ [1]. This
value en sures the re ac tor can be brought to a
subcritical state with the most re ac tive con trol rod
fully with drawn. Small re search re ac tors are sen si tive
to re ac tiv ity in ser tions due to lower safety lim its. Re -
ac tiv ity worths for each ex per i ment are cal cu lated.
The sin gle worth of a sam ple, and the to tal worth of all
ex per i ment sam ples, are lim ited to 1.0 $, and 1.2 $, re -
spec tively [1]. These lim its are to en sure that the fuel
safety lim its are not ex ceeded. Fur ther more, some ex -
per i ments re quire high neu tron flux den sity, and there -
fore, the re ac tor is then op er ated at the power level of
90 kW. Pos i tive re ac tiv ity from ex per i ments may lead
to ex ceed ing the max i mum power limit of 100 kW.
Hence the im por tance of es ti mat ing the re ac tiv ity
worths as ac cu rately as achiev able. In the past, fea si -
bil ity stud ies in volv ing power up grade of the UUTR
have been con ducted; more spe cif i cally, the con trol
rods, cool ing sys tem de sign, and the re quire ments
were fully eval u ated [2, 3]. More over, neu tron and
gamma flux den sity in the ir ra di a tion ports have also
been as sessed as de tailed in [4].

THE O RET I CAL BACK GROUND

AGENT meth od ol ogy

Ar bi trary ge om e try neu tron trans port (AGENT)
is a de ter min is tic neu tron trans port code that is based
on the method of char ac ter is tics (MOC) and the the ory 
of R-Func tions [6-10]. The AGENT code sys tem is
widely benchmarked and in this case it is used to eval -
u ate the con trol rod worths and power peak ing fac tors
in the UUTR, as well as the eigenvalue in its steady
state op er a tion, flux den sity  dis tri bu tion in the core,
and the fis sion and ab sorp tion re ac tion rates. MCNP
ver sion 6 [11]is used for com par i son with AGENT as
well as with ex per i men tal val ues where ap pro pri ate.

The 3-D mod el ing of a re ac tor's steady state with 
AGENT is based on 2-D/1-D cou pled MOC equa tions
through the neu tron leak age term; the gen eral
flowchart of AGENT meth od ol ogy is de picted in fig.
2. In the AGENT meth od ol ogy, the re ac tor core is di -
vided into 2-D ra dial planes and, there fore, a ra dial so -
lu tion is ob tained for each core plane con fig u ra tion. A
1-D ax ial so lu tion is then ob tained for each pin re gion
[8]. Fig ure 3 de picts the 2-D-1-D cou pling and shows
ba sic pa ram e ters of the MOC discretization ap plied in
the AGENT meth od ol ogy. The 3-D multigroup form
of the Boltzmann neu tron trans port equa tion is given
with

$ ( , $ ) ( ) ( , $ ) ( , $ )W W S W WÑ + =¢y yg
t
g g gQr r r r (1)

where, y g( , $ )r W   is the an gu lar neu tron flux den sity in
en ergy group g, ( )rt

g
å   is the to tal mac ro scopic scat ter -

ing cross sec tion for en ergy group g, and Qg ( , $ )r W  is
the multigroup neu tron source term in en ergy group g,
which is com posed of iso tro pic fis sion and scat ter ing
terms
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Fig ure 2. Gen eral 3-D AGENT methodology

Fig ure 1. MCNP6 model of the
UUTR core con fig u ra tion [the
fuel rings start from the cen ter
as A, go ing to ward the core pe -
riph ery where all three con trol
rods are in ring D], [1]
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Equa tion (1) is in te grated to ob tain the char ac -
ter is tic form of the Boltzmann equa tion as fol lows:
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where s is the track seg ment. Equa tion (3) is eval u ated
by an a lyt i cal in te gra tion to ex press the out go ing an gu -
lar neu tron flux den sity along the char ac ter is tic lines
(rep re sent ing the neu tron paths of a nu clear re ac tor in
the 3-D space)
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where y
m i k
g out

, ,
,  is the out go ing an gu lar neu tron flux den -

sity of en ergy group g, at az i muthal an gle m, in a ma te -
rial zone i, along char ac ter is tic line k; y

m i k
g in

, ,
,  – the rep -

re sents the in com ing an gu lar neu tron flux den sity in
en ergy group g, at az i muthal an gle m, in ma te rial zone
i, along char ac ter is tic line k. Thus, the change in an gu -
lar neu tron flux den sity is ob tained by in te gra tion of
eq. (4) to yield, [8]
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m i ks
. . , ,/ is the change in an gu lar neu tron

flux den sity in en ergy group g, at az i muthal an gle m, in 
ma te rial zone i, along char ac ter is tic line k, over the
change in seg ment s. y
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rate in en ergy group g, at az i muthal an gle m, in ma te -
rial zone i, along char ac ter is tic line k. The term LA
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, ,
rep re sents the ax ial neu tron leak age in en ergy group g, 
at az i muthal an gle m, in ma te rial zone i, along char ac -
ter is tic line k. Equa tion (5) thus rep re sents the 2-D
MOC so lu tion per each ra dial plane later cou pled with
an ax ial leak age term. There fore, the 1-D so lu tion to
each pin cell is ex pressed with
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flux den sity in en ergy group g, at az i muthal an gle m, in
ma te rial zone i, along char ac ter is tic line k, at po lar an gle 
n, over the change in the seg ment; y

m k n
g
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char ac ter is tic line k; Qg,n – the pin-cell source term in
en ergy group g at po lar an gle n;  LR
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neu tron leak age term in en ergy group g, at az i muthal
an gle m, along char ac ter is tic line k, at po lar an gle n.

Rod worth and core re ac tiv ity cal cu la tions

Safety, shim and reg u lat ing rods are the three
con trol rods of the UUTR re ac tor. The rod worth was
de ter mined us ing AGENT and MCNP6 for var i ous
cases by with draw ing each rod in in cre ments of 5 %,
with re spect to its length, while the other two rods re -
mained fully sub merged. For ev ery in cre ment of a
con trol rod with drawal, pos i tive re ac tiv ity is in serted
into the core that is cal cu lated with [12]

r =
-1 k

k
eff

eff

(7)

The dif fer en tial con trol rod worth rep re sents a
change in rod re ac tiv ity per rod unit length. Each con -
trol rod has a dif fer ent re ac tiv ity worth and ex po sure to 
neu tron flux den sity based on its lo ca tion in the core.
The dif fer en tial con trol rod worth trend gen er ally fol -
lows the neu tron flux den sity pro file in the core and,
hence, the great est re ac tiv ity ef fect is at the core cen ter
or, in other words, at 50 % of its rod with drawal. These
trends are es ti mated by tak ing into ac count the dif fer -
ence in re ac tiv ity be tween two sub se quent rod po si -
tions di vided by the amount of rod move ment (unit
length of rod with drawal)[12], as fol lows
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The in te gral con trol rod worth rep re sents the to -
tal re ac tiv ity worth at a par tic u lar con trol rod po si tion.
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Fig ure 3. MOC cou pled so lu tions of 2-D/1-D AGENT
for the eval u a tion of UUTR



It is, there fore, a sum ma tion of the dif fer en tial re ac tiv -
ity worths be tween a fully sub merged and fully with -
drawn con trol rod. The in te gral rod worth trend fol -
lows the “s” shape with a slope of the curve great est at
the core cen ter (i. e., 50 % con trol rod with drawal), due 
to the high est neu tron flux den sity be ing at that lo ca -
tion in the re ac tor core.

Con trol rod worths are de ter mined us ing a the o -
ret i cal model as well and are, there fore, com pared to
the AGENT and MCNP6 mod els[12, 13] as fol lows
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where  A is the re spec tive to tal con trol rod worth (ex -
per i men tal data pro vided from UUTR op er a tions log
books), % out rep re sents the per cent age of con trol rod
with drawn, and beff – the ef fec tive de layed neu tron
frac tion that is in the UUTR, es ti mated to be equal to
0.007.

The shut down mar gin is de fined as the amount
of re ac tiv ity needed to make a re ac tor subcritical by
the im me di ate in ser tion of con trol rods (the UUTR's
shim and reg u lat ing rods), with the ex cep tion of the
most re ac tive con trol rod fully with drawn (the
UUTR's safety rod) [1]
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where rSDM ($) is the shut down mar gin ex pressed in the 
unit of $, and keffSO

 rep re sents the ef fec tive mul ti pli ca -
tion fac tor with the safety rod fully with drawn, which is
ob tained from both AGENT and MCNP6 mod els.

An other im por tant pa ram e ter in a re search re ac tor 
is its ex cess re ac tiv ity, which com pen sates for fuel
burn-up and neg a tive re ac tiv ity due to in serted ex per i -
ments. It is de fined as the amount of re ac tiv ity avail able
or in ex cess when the re ac tor is crit i cal [1]
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where keffc
 is the cal cu lated eigenvalue with all con trol

rods fully with drawn.

Power peak ing fac tors

Power peak ing fac tors are one of the most im -
por tant pa ram e ters in re ac tor core neutronics as sess -
ments and anal y sis. The power gen er ated and re leased
by each in di vid ual fuel rod rel a tive to other fuel rods
within the same fuel core sec tion (in the case of
UUTR, the so called ring) and the core av er age, re sem -
ble the fast flux den sity pro file of the core. Knowl edge
of power dis tri bu tion in the core pro vides in sights into
fuel per for mance and the rate of burn-up. AGENT cal -

cu lates the power per pin per each plane, and thus, the
to tal power per pin is ob tained with

P PzFr i
i

n

j =
=
å

1
(12)

where PFrj
is the power re leased per fuel rod j, Pzi  – the

lo cal power in fuel rod i per plane z, and n – the to tal
num ber of planes in the UUTR core. There fore, the av -
er age power in the core is cal cu lated [15]
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where N rep re sents the num ber of fuel rods in the core.
Thus, the power peak ing fac tor is de ter mined by di vid -
ing the fuel rod power with the av er age re ac tor core
power [15], as fol lows

P
P

P
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For  bench mark  pur poses,   power  dis tri bu tion  is 
also  cal cu lated us ing the F7 tally card in the MCNP6
model of the UUTR. The UUTR power level of 100 kW 
with 200 MeV per fis sion are as sumed in de ter min ing
the power peak ing fac tors 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 sim u la tion pa -
ram e ters are pro vided in tab. 1. In creas ing the num ber
of az i muthal an gles and de creas ing the size of ray sep -
a ra tion in the AGENT model of the UUTR will in -
crease the ac cu racy and CPU time. There fore, MOC
res o lu tion pa ram e ters in the AGENT model of the
UUTR are op ti mized in re gard to the ac cu racy of CPU
time, thus in clud ing 24 az i muthal an gles and a ray sep -
a ra tion of 0.05 cm. Fur ther more, the geo met ri cal
submeshing pat tern in cludes six tri an gu lar zones per
hex ag o nal fuel rod. Due to the na ture of the MOC so -
lu tion,  neu tron flux den sity is con stant in a submeshed 
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Ta ble 1. AGENT and MCNP6 sim u la tion pa ram e ters for
the UUTR full 3-D core model

Pa ram e ter AGENT MCNP6

Num ber of az i muthal an gels 24 n. a.

Num ber of po lar an gles
and scheme

2, Leonard-
McDaniel n. a.

Ray sep a ra tion [cm] 0.05 n. a.

Num ber of bound ary edges
per core face 264 n. a.

Ge om e try submeshing
6 tri an gles per
hex ag o nal fuel

rod
n. a.

Flux and eigenvalue
it er a tion mar gins 10–5 and 10–6 n. a.

Num ber of source par ti cles /
To tal cy cles (skipped cy cles) n. a. 1 mil lion / 600 

(150)

Ini tial eigenvalue 1.0 1.0



ma te rial re gion, so re gions are di vided into as small
zones as rea son ably achiev able. In gen eral, in the
MOC ap proach, de creas ing the size of the zones will
in crease the ac cu racy of the so lu tion. The flux and
eigenvalue cal cu la tion are de pend ent on con ver gence
cri te ria; these are se lected to be 10–5 and 10–6 for the
flux and eigenvalue val ues, re spec tively. The it er a tion
will com plete if the rel a tive dif fer ence be tween the
two it er a tions are less than or equal to the con ver gence
lim its, or a user-de fined max i mum num ber of it er a -
tions is reached. In the MCNP6 model, a to tal of 100
mil lion neu trons and 600 cy cles are used, re sult ing in
the eigenvalue with a stan dard de vi a tion of 10–4.

UUTR control rod worth values

UUTR tech ni cal spec i fi ca tions re quire that the
re ac tiv ity worth of each con trol rod must be de ter -
mined semi-an nu ally. This as sures that the core re -
mains safely loaded and the re ac tor op er a tors know
the re ac tiv ity ef fects of the con trol rods. Con trol rod
worth in the UUTR is mea sured ex per i men tally, us ing
the con trol rod-drop method. The con trol rod-drop
method uti lizes an an a log sig nal from the re ac tor lin -
ear power chan nel vs. time for a re ac tor's power trace.
This method re quires that the re ac tor power be kept at
a con stant level so that spu ri ous noise is at a min i mum
and the fuel tem per a ture re mains am bi ent. At low re -
ac tor power lev els, spu ri ous noise may cause er rors in
con trol rod worth de ter mi na tion. At high power lev els, 
fuel tem per a ture ef fects are fac tored into re ac tiv ity
cal cu la tions. High power op er a tions should not have
oc curred in the run prior to per form ing the pro ce dure.
Such a pro ce dure starts by drop ping the reg u la tor con -
trol rod from the fully with drawn po si tion while the
UUTR core is crit i cal at ap prox i mately 1 kW. Then,
while leav ing the reg u lat ing con trol rod in serted, the
re ac tor is brought to crit i cal con di tion by fur ther with -
draw ing the shim con trol rod. Af ter the re ac tor is al -
lowed to sta bi lize at 1 kW, the shim con trol rod is
dropped into the UUTR core. The shim con trol rod po -
si tion must be noted at the time of its drop.  Next, the
UUTR core is, again, brought crit i cal with the shim
con trol rod and the safety con trol rod is dropped from
the fully with drawn po si tion at 1 kW.

The equa tions used for the anal y sis of the
rod-drop method are space-in de pend ent re ac tor ki -
netic equa tions

d

d
ex

f b
f

b
f l

( )
( ) ( )

( ) ( )

t

t
k t t

t C ti i

=
-æ

è
ç

ö

ø
÷ -

-
æ

è
ç

ö

ø
÷ +

1

l

l i=
å

1

6

(15)

d

d
ex

C t

t
a k t t C ti

i i i

( )
[ ( )] ( ) ( )=

æ

è
ç

ö

ø
÷ + -

b
f l

l
1 (16)

where i is the de layed neu tron group (i = 1 to 6), t – the
time af ter dis tur bance of steady-state con di tion [s], b  – 
the to tal ef fec tive de layed neu tron frac tion, l = prompt 
neu tron life time [s], kex (t) – the time-de pend ent ex cess 
re ac tiv ity [Dk/k], f(t) – the time-de pend ent neu tron
flux [cm–2s–1], li – the pre cur sor de cay con stant [s–1],
Ci(t) – the time-de pend ent con cen tra tion of the pre cur -
sor of the i th group of de layed neu trons [nu clei per
cm3], and  ai – the frac tion of the to tal ef fec tive de layed 
neu tron frac tion in the ith group.

Equa tions (15) and (16) are then com bined to
ob tain a re la tion ship be tween the time-de pend ent ex -
cess re ac tiv ity,  kex(t), and neu tron flux,  f(t), by us ing
the ini tial con di tions which ex ist at crit i cal ity just be -
fore the rod is dropped. The ini tial con di tions are
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These ini tial con di tions re late to the as sump tion
that at time zero ex cess re ac tiv ity is zero and the de -
layed neu tron pre cur sor con cen tra tions are in equi lib -
rium.  The re sult ob tained by us ing these ini tial con di -
tions com bined with eqs. (15) and (16) is the fol low ing 
integro-dif fer en tial equa tion
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Equa tion (17) was put into dif fer ence form and
pro grammed in FOR TRAN to ob tain re ac tiv ity,  keff(t), 
as a func tion of time af ter rod drop. The value of the in -
te gral was cal cu lated by use of an it er a tive pro ce dure
that em ploys in ter po la tion and ex trap o la tion of the
avail able in for ma tion.  Re ac tiv ity was con verted from  
Dk/k  units  to  the  unit  of  $,  us ing  the  re la tion ship of
1$ = beff.  From this, it is pos si ble to de ter mine the
worth of the var i ous con trol rods in the UUTR.  

EVAL U A TION OF THE UUTR EIGENVALUE,
CON TROL ROD WORTHS AND POWER
PEAK ING FAC TORS OB TAINED WITH
AGENT AND MCNP6 IN COM PAR I SON TO
EX PER I MEN TAL DATA

Com par i son of the UUTR eigenvalues
cal cu lated with AGENT and MCNP6

The UUTR core is mod eled us ing the AGENT
code sys tem with out tak ing into ac count the pres ence
of FNIF and TI ports. In or der to make an ad e quate
com par i son, the UUTR model, with and with out the
ports, is mod eled us ing MCNP6. Fur ther more, the
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sim u la tion mod els are de vel oped for both a fully con -
trolled and un con trolled UUTR re ac tor core. A sum -
mary of the cal cu lated eigenvalues is pre sented in tab.
2. The val ues also in clude the MCNP5 model of the
UUTR per [2, 5], for com par i son. The AGENT value
is used as a ref er ence. In both cases (of fully in serted
and fully with drawn con trol rods), the dif fer ence be -
tween the cal cu lated eigenvalues of AGENT and
MCNP6 is less than 1 %. In the case of con trol rods
fully with drawn, when the neu tron flux is higher, the
eigenvalues agree much more closely. Eigenvalues
from MCNP6 sim u la tions with out ports show to be
slightly lower then those with ports in cluded. The TI
port has heavy wa ter re flec tors and, there fore, the neu -
tron leak age from the core in creases when the ports are 
not in cluded in the model, giv ing lower eigenvalues.
How ever, the dif fer ence be tween the two MCNP6
mod els is small. MCNP5 and MCNP6 ex hibit a min i -
mal dif fer ence. There fore, the MCNP6 model with
ports (more de tailed ge om e try) is used for con trol rod
worth cal cu la tions. 

UUTR con trol rod worths and
core re ac tiv ity val ues 

The dif fer en tial and in te gral con trol rod worth
ob tained from the AGENT and MCNP6 mod els (with
FNIF and TI ports), in com par i son to the o ret i cal mod -
els (in the sec tion Rod worth and core re ac tiv ity cal cu -
la tions), are shown in figs. 4 and 5, re spec tively. In the
dif fer en tial con trol rod worth trend shown in fig. 4,
AGENT, MCNP6 and the the o ret i cal mod els, all agree 
on both the safety and shim con trol rods. How ever, for
the reg u lat ing con trol rod, both MCNP6 and AGENT
give an over es ti ma tion com pared to the the o ret i cal
model. The reg u lat ing con trol rod has the low est re ac -
tiv ity worth, and hence, the flux den sity in that re gion
is lower com pared to the cen tral re gion of the UUTR
core. There fore, cal cu la tions are more sen si tive and
better agree ment is ex pected with re duced cal cu la tion
un cer tain ties. In ad di tion, the the o ret i cal model is
highly de pend ent on the value of beff which can be var -
ied. As men tioned pre vi ously, the value of  beff is equal
to 0.007 in the the o ret i cal model and the re sults may
vary sig nif i cantly with small changes to its value.
How ever, re sults from the sim u la tion do not uti lize beff

in pro vid ing the val ues for the in te gral and dif fer ent
con trol rod worth val ues eq. (2).

As can be seen from fig. 5, the AGENT cal cu -
lated in te gral safety con trol rod worth  shows some de -
vi a tion, or un der es ti ma tion, start ing at the 50 % con -
trol rod with drawal po si tion. How ever, AGENT
rep re sents the shim con trol rod worth much ac cu rately
than MCNP6, as the val ues agree with the the o ret i cal
model. As for the reg u lat ing con trol rod, both MCNP6
and AGENT over es ti mate the con trol rod worth, as
com pared to the the o ret i cal model.
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Fig ure 4. Com par i son of the UUTR Dif fer en tial Con trol
Rod Worth de ter mined with AGENT and MCNP6 with
the o ret i cal val ues [the safety con trol rod has the high est
worth and the reg u lat ing con trol rod shows the least
worth]

Ta ble 2. Com par i son of the UUTR eigenvalues obtained
with AGENT and MCNP6

Method keff con trol rods
in

Diff *

[%]
keff con trol rods

out
Diff
[%]

AGENT 0.97955 Ref 1.00597 Ref

MCNP6
w/ports 0.97606 ± 0.00004 0.36 1.00654 ± 0.00003–0.06

MCNP6
w/o ports 0.97509 ± 0.00004 0.46 1.00550 ± 0.00004+0.05

MCNP5
[2, 5] – – 1.00400 ± 0.00004 +0.2

*Diff = 100×[keff(AGENT, Ref) – keff(MCNP6)]/keff(AGENT, Reff)



The reg u lat ing con trol rod is in a much lower
flux den sity re gion and, there fore, the cal cu la tions are
more sen si tive. Ta ble 3 shows a sum mary of the cal cu -
lated con trol in te gral rod worths from sim u la tions in
com par i son to ex per i men tal data. Val ues from
AGENT sim u la tions match the ex per i men tal and
MCNP6 val ues for the shim and safety con trol rods.
How ever, for the reg u lat ing con trol rod worth, both
AGENT and MCNP6 over es ti mate the value some -
what. The reg u lat ing con trol rod has a much lower rod
worth com pared to the other three con trol rods, thus it

is ex posed to a much lower neu tron flux den sity. The
reg u lat ing con trol rod worth has shown fluc tu a tions in
val ues (as can be seen in fig.  4) de ter mined from sim u -
la tions be tween each in cre ment of rod with drawal.
Both sim u la tion codes have over es ti mated the to tal
worth for the reg u lat ing con trol rod. How ever, when
com par ing the to tal worth of all con trol rods, the
AGENT value matches the ex per i ment to tal rod worth
much closer than that ob tained with MCNP6. Ta ble 4
shows the cal cu lated shut down mar gin in com par i son
to the ex per i men tal val ues. Both sim u la tions match
the ex per i ment, but AGENT matches much more
closely with a dif fer ence of just 0.8 %.  

UUTR flux den sity dis tri bu tion,
re ac tion rates and power dis tri bu tion

Fig ures 6 to 9 show the flux den sity fis sion and
ab sorp tions rates dis tri bu tions for an un con trolled
UUTR core, ob tained with the AGENT model; the
data are plot ted us ing TECHPLOT 360 (Techplot Inc.) 
[16]. In figs.  6 and 7, the fast neu tron flux den sity (en -
ergy group 1: 1.356×106 to 2×107 eV) shows the high est 
value to be in the cen tral re gion of the UUTR core. As
for the ther mal neu tron flux den sity (group 7: 10–5 to
0.125 eV), the high est flux den sity val ues peak at spe -
cific lo ca tions in the core. These lo ca tions are empty
fuel rod po si tions, or slots, filled with wa ter. Fur ther -
more, the fast neu tron flux den sity at the bound aries is
sig nif i cantly low, due to neu tron leak age. Whereas in
en ergy group 7, the ther mal neu trons are not com -
pletely lost, be cause there are graph ite and heavy wa -
ter re flec tors at the outer bound aries of the UUTR
core.
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Fig ure 5. Com par i son of the UUTR in te gral con trol rod
worth de ter mined with AGENT and MCNP6 with

Ta ble 4. Com par i son of AGENT and MCNP6 shut down
mar gins to ex per i men tal val ues

Method Shut down mar gin [$] Dif fer ence [%]

AGENT 1.12 0.8

MCNP6 w/ports*
1.07 ± 0.004 –4.0

Ex per i ment** 1.11 Ref er ence

*FNIF and TI ports, ***UUTR op er a tions log book
.(april 2015)** UUTR semi-an nual con trol rod cal i bra tions
.(april 2015)

Ta ble 3. Com par i son of AGENT and MCNP6 con trol rod 
worths to ex per i men tal data

Method AGENT MCNP6
w/ports* Ex per i ment**

Shim con trol rod [$] 1.63 2.01 ± 0.03 1.47

Safety con trol rod [$] 1.94 2.44 ± 0.02 2.27

Reg u lat ing con trol  rod [$] 0.60 0.44 ± 0.02 0.27

To tal worth [$] 4.17 4.89 ± 0.04 4.01

To tal worth dif fer ence [%] 3.8 17.9 Ref er ence

*FNIF and TI ports, ** UUTR semi-an nual con trol rod cal i bra tions 
(April 2015)



F. Alroumi, et al.: Char ac ter iza tion of Con trol Rod Worths and Fuel Rod Power ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 16-27 23



F. Alroumi, et al.: Char ac ter iza tion of Con trol Rod Worths and Fuel Rod Power ...
24 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 16-27



Fig ures 8 and 9 il lus trate the fis sion and ab sorp -
tion rates spa tial dis tri bu tions in the UUTR core. From
fig. 8, it can be seen that the fis sion re ac tion rates dis -
tri bu tion has a sim i lar pro file to the fast neu tron flux
den sity dis tri bu tion in the core.

Ta ble 5 shows the cal cu lated power peak ing fac -
tors from MCNP6 and AGENT sim u la tions. AGENT
val ues are in well agree ment with the MCNP6, with
the high est dif fer ence of ~10 %. The high est peak ing
fac tor is in the F ring, while the low est is in the B ring
(fig. 1). Fuel rods with the high est burn-up are lo cated
in the core cen ter, and the low est fuel burn-up rods (al -
most fresh fuel) are lo cated in the outer core rings. This 
ar range ment is to en sure a uni form flux den sity and
power dis tri bu tion in the core.

Fig ure 10 shows the UUTR power peak ing fac -
tor dis tri bu tion per each fuel rod per each core ring.
The trend shows AGENT and MCNP6 val ues, with
and with out the FNIF and TI ports. Based on these re -

sults, it can be con cluded that the FNIF and TI ports
have pretty neg li gi ble ef fects on the power pro file in
the core. The AGENT power peak ing fac tors show
slight de vi a tion from the MCNP6 val ues, more spe cif -
i cally, in the B, F, and G rings. Pos si ble rea sons for this
de vi a tion could be due to the de ter min is tic na ture of
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Fig ure 8. AGENT UUTR core; (a) fis sion rate
dis tri bu tion and (b) fis sion rate con tour (the rate is
high est at the cen ter of the UUTR core, anal o gous to fast
neu tron flux den sity)

Fig ure 9. AGENT UUTR core; (a) ab sorp tion rate
dis tri bu tion and (b) ab sorp tion rate con tour (ab sorp tion
rate is uni formly dis trib uted through out the UUTR core)

Fig ure 10. Com par i sons of the UUTR power peak ing
fac tors ob tained with AGENT and MCNP6 mod els



the code, and of the ap prox i ma tions, such as the num -
ber of en ergy groups. As for the sto chas tic na ture of
MCNP6, the as so ci ated un cer tain ties pro vide a cal cu -
la tion er ror that has to be con sid ered. How ever, to
prop erly in ves ti gate the de vi a tion be tween sim u la tion
codes, ex per i men tal val ues must be de ter mined in or -
der to pro vide a better in sight into the ex act power
peak ing fac tors and their agree ment with the sim u la -
tion codes.

CON CLU SIONS

The UUTR core pa ram e ters such as eigenvalue,
neu tron flux den sity, re ac tion rates, con trol rod
worths, and power peak ing fac tors are char ac ter ized
us ing the state-of-the-art codes, AGENT and MCNP6. 
The eigenvalue  re sults  from  both  codes  are  in well
agree ment, with the high est dif fer ence be ing less than
0.5 %. The dif fer en tial and in te gral rod worth val ues
ob tained from AGENT and MCNP6 are also com -
pared to a the o ret i cal model. As for dif fer en tial rod
worth val ues, AGENT pro vides val ues highly com pa -
ra ble to the the o ret i cal model and MCNP6. How ever,
re gard ing the reg u lat ing con trol rod, there is a slight
de vi a tion be tween the AGENT and MCNP6 re sults.
This is due to the low neu tron flux den sity re gion that
in creases the sen si tiv ity of the cal cu la tions. Both the
said sen si tiv ity and over es ti ma tion are re flected in the
in te gral rod worth val ues. In ad di tion, the agree ment
of the to tal rod worth and shut down mar gin con firm
the high ac cu racy of AGENT. The power peak ing be -
tween the two codes shows good agree ment, with a de -
gree of de vi a tion mostly in the B, F, and G rings.
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Ta ble 5. Com par i son of cal cu lated power peak ing fac tors

Ring Num ber of
fuel rods

Pmax/Pavg

(MCNP6)
Pmax/Pavg

(AGENT)
Dif fer ence*

[%]

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

To tal 78 1.61 1.46 9.3

*Dif fer ence =  [1 – (Pmax/Pavg AGENT)/(Pmax/Pavg MCNP6)]×100 %
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Favaz ALROUMI, Donghun KIM, Rajan SKAU, Tatjana JEVREMOVI]

KARAKTERIZACIJA  REAKTIVNOSTI  KONTROLNIH  [IPKI  I
ODNOSA  MAKSIMALNE  I  SREDWE  SNAGE  U  GORIVNIM  ELEMENTIMA  U 

TRIGA  MARK  I  ISTRA@IVA^KOM  REAKTORU U  JUTI

Reaktivnost tri kontrolne {ipke i odnos maksimalne i sredwe snage u gorivnim
elementima istra`iva~kog reaktora (TRIGA MARK, 100 kW) na Univerzitetu u Juti odre|eni su
na osnovu AGENT numeri~kog sistema prora~una i rezultati su detaqno prikazani u ovom radu.
Vrednosti su pore|ene sa MCNP6 i eksperimentalnim vrednostima gde su takvi podaci bili
dostupni. Dodatno su analizirani i prikazani neutronski multiplikativni faktor, neutronski
fluks i neutronske interakcije. AGENT numeri~ki sistem prora~una reaktora je op{te-poznat i
dobro evaluiran za razne tipove nuklearnih reaktora i razne geometrijske kompleksnosti
reaktorskih jezgara. Iz tog razloga AGENT se i koristi na Univerzitetu u Juti kao osnovni
numeri~ki pristup u analizi reaktorskih parametara. Ra~unarsko vreme prora~una je neuporedivo 
kra}e u pore|ewu sa MCNP6, dok je odstupawe od MCNP6 vrednosti reda veli~ine 0,5 % za
neutronski multiplikacioni faktor i reaktivnost reaktora, i mawe od 10 % kada se uporede
vrednosti odnosa maksimalne i sredwe snage u gorivnim elementima reaktorskog jezgra.
Diferencijalna i integralna reaktivnost sve tri gorivne {ipke dobijene prora~unima sa AGENT
sistemom su uporedive sa vrednostima dobijenim kori{}ewem MCNP6 i teorijskim i
eksperimentalnim vrednostima. Reaktivnost jedne od gorivnih {ipki (regulaciona gorivna
{ipka) ne{to je ve}a u prora~unima nego {to je izmerena vrednost, dok je totalna reaktivnost
dobijena AGENT prora~unom u boqem slagawu sa eksperimentalnom vredno{}u nego vrednost
dobijena MCNP6 prora~unom.

Kqu~ne re~i: AGENT, TRIGA, MCNP6, reaktivnost kontrolne {ipke, reaktivnost,
..........................kriti~nost, odnos maksimalne i sredwe snage


