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We pres ent a sum mary of ex ten sive stud ies in de ter min ing the high est achiev able power level
of the cur rent Uni ver sity of Utah TRIGA core con fig u ra tion in re spect to con trol rod re -
quire ments. Al though the cur rently li censed Uni ver sity of Utah TRIGA power of 100 kW
pro vides an ex cel lent set ting for a wide range of ex per i ments, we in ves ti gate the pos si bil ity of
in creas ing the power with the ex ist ing fuel el e ments and core struc ture. Thus, we have de vel -
oped nu mer i cal mod els in com bi na tion with ex per i men tal pro ce dures so as to as sess the po -
ten tial max i mum Uni ver sity of Utah TRIGA power with the cur rently avail able con trol rod
sys tem and have cre ated fea si bil ity stud ies for as sess ing new core con fig u ra tions that could
pro vide higher core power lev els. For the max i mum de ter mined power of a new Uni ver sity of
Utah TRIGA core ar range ment, a new con trol rod sys tem was pro posed. 
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IN TRO DUC TION

The uni ver sity of Utah 100 kW TRIGA re ac tor
(UUTR) was re-li censed on Oc to ber 31, 2011, to op er -
ate for the next twenty years [1] at the max i mum power 
level of 100 kW. Usu ally, we op er ate the re ac tor at the
max i mum power out put of 90 kW. For the past two
years, the use of UUTR was ex panded to a wide range
of ex per i ments such as, but not lim ited to, var i ous ma -
te ri als sam ple ir ra di a tion, neu tron ac ti va tion anal y sis
(NAA), stud ies on ir ra di a tion dam age to elec tron ics
ma te ri als, switches and de vices, as well as fun da men -
tal ex per i ments per tain ing to bi o log i cal and med i cal
stud ies. A higher re ac tor power would open up some
new op por tu ni ties for ex pand ing the cur rent use of the
re ac tor's fa cil ity. A higher re ac tor power pro vid ing a
higher neu tron flux den sity would shorten the ir ra di a -
tion time of sam ples dur ing NAA and ma te rial ir ra di a -
tions and would pro vide op por tu ni ties for de sign ing
new ex per i ments such as, but not lim ited to: fast neu -
tron stud ies, new types of ex per i ments per tain ing to
ma te rial sci ence and en gi neer ing, fast NAA, new bi o -
log i cal and med i cal stud ies. 

In this pa per, we pres ent a sum mary of ex ten sive
stud ies aimed at as sess ing the max i mum achiev able

UUTR core power with the avail able fuel el e ments in
re spect to the con trol rod sys tem de sign. Part II of this
pa per is re lated to the as sess ment of the ex ist ing cool -
ing sys tem in re spect to an UUTR power up grade.
When com bined, these two stud ies have pro vided us
with a ba sic de sign for a re ac tor power up grade and ex -
pected as so ci ated costs. The main sum mary of the
com bined find ings will be given in Part II of this pa per. 
The im pact of a pos si ble power up grade on the UUTR
fuel burn-up rate and fuel man age ment was not as -
sessed in the ar ti cle.

UUTR CON TROL ROD SYS TEM

UUTR con trol rods (safety, shim and reg u lat ing) 
are made of alu mi num clad bo ron car bide; each con -
trol rod has its own driver (fig. 1) [2].

Con trol rod re ac tiv ity worth (CRRW) is a mea -
sure of the con trol rod's abil ity to ab sorb neu trons; the
greater the CRRW, the more neu trons it will ab sorb.
The dol lar worth of each CRRW is de ter mined by a rod 
drop ex per i ment; such ex per i ments are per formed at
least semi an nu ally at the UUTR. At the be gin ning of
the rod drop ex per i ment, the CRRW of the con trol rod
to be mea sured is fully with drawn from the core. Then, 
the UUTR is brought up to the crit i cal power of 1 kW
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which is high enough to al low the mea sure ment of the
CRRW. At the same time, this power level is low
enough to ne glect xe non poi son ing and the ef fects of
the tem per a ture co ef fi cient. This pro vides for the cold
crit i cal con di tion of the UUTR, mean ing that the core
is xe non-free, while both the fuel and the pool wa ter
tem per a tures are be low 40 °C [3]. Once the power is
sta bi lized at 1 kW, the mag netic dis con nect switch
hold ing the con trol rod is pressed, re leas ing only the
mea sur ing con trol rod into the core. The CRRW is,
then, ob tained by mea sur ing the re ac tor pe riod and by
as sess ing the re ac tiv ity change through the in-hour
equa tion [4, 5].

The MCNP5 code [6] is used to cal cu late the
CRRW in the UUTR core.

There are two MCNP5 cal cu la tions that need to
be per formed in or der to de ter mine the CRRW of each
con trol rod. The first cal cu la tion is re lated to the keff

eigenvalue of the sys tem when the con trol rod is fully
with drawn; the sec ond is aimed at ob tain ing the keff

eigenvalue of the sys tem when the con trol rod is fully
in serted into the core [7]. The change in re ac tiv ity de -
ter mines the CRRW as

CRRW
eff
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-k k

k k
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where CRRW($) is the dol lar con trol rod re ac tiv ity
worth (the dol lar is a unit equal to the change in re ac -
tiv ity needed to go from crit i cal to promt crit i cal), k2 –
the ef fec tive neu tron mul ti pli ca tion fac tor when the
con trol rod is fully with drawn from the core, k1 – the
ef fec tive neu tron mul ti pli ca tion fac tor when the  con -
trol  rod  is  fully  in serted   into  the  core, and beff – the
ef fec tive de layed neu tron frac tion.

The de layed neu tron frac tion beff is de rived by
the fol low ing equa tion

beff
p

eff

= -1
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where kp is the com puted eigenvalue con trib uted by
prompt neu trons only, while keff – the com puted
eigenvalue con trib uted by both prompt and de layed
neu trons. In ad di tion, the beff – the cal cu lated value is
ex per i men tally con firmed and re corded semi an nu ally
at the UUTR through the con trol rod drop ex per i ment.
In this pa per, the beff value is 0.00774 [1, 8, 9].

The MCNP5-cal cu lated UUTR CRRW for the
cur rent UUTR core is shown in tab. 1, in com par i sons
to ex per i men tal data [8, 9]. The rel a tive er ror in
CRRW mea sure ments is de rived by the stan dard de vi -
a tion of all con trol rod mea sure ments for the past ten
years. The er ror in the MCNP5 cal cu lated keff

eigenvalue is the sto chas tic er ror as so ci ated with the
Monte Carlo sam pling method and is given along side
the re sult of the MCNP5 cal cu la tions as keff ± er ror.
The val ues ob tained are in good agree ment with pre vi -
ous, mea sured, and com pu ta tional er rors.

The in te gral CRRW of each con trol rod is given
as [10, 11]
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where r($) is the cu mu la tive re ac tiv ity in serted, A –
the to tal re ac tiv ity worth of the con trol rod, x – rep re -
sents the po si tion of the con trol rod, H – the to tal
height of the con trol rod, while %OUT rep re sents the
per cent age of the con trol rod with drawn from the
core. Fig ure 2 shows the in te gral CRRW for the three
con trol rods in the UUTR. As a func tion of the con -
trol rod po si tion, each con trol rod con trib utes to dol -
lar worth re ac tiv ity in serted into the re ac tor. 100%
OUT means that the cor re spond ing con trol rod is
fully with drawn from the re ac tor core, while 0%
OUT cor re sponds to the con trol rod be ing fully in -
serted into the re ac tor. The curves show ing the ex -
pected “S”-type shape are used to de ter mine the re ac -
tiv ity change due to the move ment of con trol rods
be tween dif fer ent po si tions, thus spec i fy ing the
safety mar gin of the re ac tor.

Con trol rod in ter fer ence, also known as the
con trol rod shad ow ing ef fect, has been con sid ered
and eval u ated and found to be neg li gi ble by our study
[12].
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Fig ure 1. Cur rent UUTR con trol rod bridge [2]

Ta ble 1. Ex per i men tally mea sured, MCNP5
cal cu lated CRRW for UUTR op er ated 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



MAX I MUM ACHIEV ABLE UUTR POWER
WITH THE EX IST ING CON TROL ROD
SYS TEM AND CORE CON FIG U RA TION

A to tal of five ex per i ments were per formed to
con firm and val i date the re la tion ship be tween the re -
ac tiv ity in ser tion and re ac tor power [8] and to val i date
the in te gral con trol rod curve [13, 14]. The ex trap o la -
tion of ex per i men tal data al lows for the ap prox i ma tion 
of the max i mum prac ti cal UUTR power with the ex ist -
ing con trol rod sys tem and fuel core set-up [15].

Ex per i men tal mea sure ments and MCNP5 cal cu -
la tions at the UUTR were per formed at power lev els
be tween 1 kW and 90 kW [16]. Ta ble 2 sum ma rizes the 
mea sured re ac tiv ity in com par i son to MCNP5
eigenvalues for each of the power lev els.  The po si tion
of each con trol rod is known at ev ery power level;
there fore, the ex act re ac tiv ity in serted into the core is
also known at each of the power lev els and con trol rod
po si tions (fig. 2). The cu mu la tive re ac tiv ity in serted,
which is the to tal re ac tiv ity in serted con trib uted by all
of the con trol rods, is plot ted vs. the re ac tor power and
shown in fig. 3; when more pos i tive re ac tiv ity is in -
serted into the re ac tor, the neu tron pop u la tion in the re -
ac tor in creases, in creas ing in turn the re ac tor power.
Pos i tive re ac tiv ity in ser tion is the only way to in crease
the power of a re ac tor. This is ac com plished by ei ther
rais ing the con trol rods or by add ing more fuel.

MCNP5 val ues are benchmarked against ex per i -
men tal mea sure ments as also shown in fig. 3, in di cat -
ing very good agree ments. Af ter the trend be tween re -
ac tiv ity in ser tion and re ac tor power is con firmed, it is
ex trap o lated to de ter mine the max i mum achiev able
power of the cur rent UUTR con trol rod sys tem and
cur rent core con fig u ra tion. The max i mum amount of

re ac tiv ity that can be in serted into the UUTR when all
con trol rods are with drawn is mea sured to ob tain the
value of $4.041 (tab. 1). The high est keff eigenvalue
cal cu lated by with draw ing all con trol rods is 1.0065 ± 
± 0.00004. By lin early in ter po lat ing these val ues, the
max i mum achiev able power for the UUTR is 150 kW
with the cur rently ex ist ing con trol rod sys tem and with 
no change in the cur rent core con fig u ra tion [15].

In ad di tion, we show the anal y sis of fuel tem per -
a ture co ef fi cient trends. The fuel tem per a ture co ef fi -
cient is the change in re ac tiv ity per de gree of change in
fuel tem per a ture [11, 15]. The UUTR has a neg a tive
fuel tem per a ture co ef fi cient, which means that the
higher the fuel tem per a ture, the more neg a tive re ac tiv -
ity is in serted into the UUTR. This also be comes ev i -
dent when re fer ring to fig. 3 – the higher the power, the 
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Fig ure 2. Cal cu lated in te gral CRRW for the safety, shim,
and reg u lat ing con trol rods in the UUTR by use of eq. (3)

Ta ble 2. Re ac tor power, con trol rod po si tion, cu mu la tive
re ac tiv ity in serted, and keff eigenvalue of the UUTR. All
values be low the 90 kW re ac tor power were
ex per i men tally confirmed

Reactor
power
[kW]

Control rod position
[%OUT] Cumulative

reactivity
inserted

[$]
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1
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100
100
100
100
100
100
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100
100
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51.1
54.4
57.5
60.1
62.4
64.7
66.9
69.2
71.7
74.3

65.0
65.0
65.0
65.0
65.5
65.5
65.5
65.5
65.5
65.5

3.207
3.289
3.362
3.429
3.486
3.541
3.587
3.633
3.679
3.727

0.99968
1.00032
1.00081
1.00139
1.00178
1.00216
1.00250
1.00291
1.00314
1.00360
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v 
detal

o
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x
E

100
110
120
130
140
150

100
100
100
100
100
100

77.4
80.8
84.5
90.6
99.0
99.0

65.0
65.0
65.0
65.0
72.0
99.0

3.778
3.827
3.876
3.931
3.980
4.035

1.00403
1.00443
1.00483
1.00523
1.00563
1.00603

*The rel a tive er ror in keff eigenvalue is ±0.00004. MCNP5 on a
.Pentium Core 2 Quad Q6600 with 450 mil lion par ti cles

Fig ure 3. Maimum prac ti cal power of UUTR with the
cur rent con trol rod sys tem



more re ac tiv ity is re quired to be in serted into the core
in or der to in crease the re ac tor power.

One of the ad van ta geous safety fea tures of the
UUTR fuel is its strong neg a tive fuel tem per a ture co -
ef fi cient [13] due to the ura nium-zir co nium-hy dride
(UZrH) fuel. When pos i tive re ac tiv ity is added into the 
re ac tor through the with drawal of con trol rods, the
power of the re ac tor starts to in crease [17]. As a re sult,
fuel tem per a ture in creases. Si mul ta neously, the tem -
per a ture of the zir co nium-hy dride (ZrH) in creases.
The high con cen tra tion of hy dro gen mixed within the
fuel in creases the en ergy of the in com ing neu trons (in
other words, the up-scat ter ing of neu trons is ad -
vanced) and there fore de creases the fis sion rate in the
fuel. An in crease in fuel tem per a ture in creases the
prob a bil ity that ther mal neu trons will gain en ergy af ter 
in ter act ing with the ZrH ma trix and there fore es cape
out of the fuel rather than fis sion due to the in creased
mean free path for in ter ac tion [17]. This, in turn, de -
creases the power of the re ac tor and, thus, in her ently
con trols the re ac tor. The fuel tem per a ture co ef fi cient
can be ob tained as [11]
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where a is the re ac tiv ity co ef fi cient ex pressed by the
unit of $/K in tabs. 3 and 4, r – the re ac tiv ity,  T1 – the
fuel tem per a ture at k1, T2 – the fuel tem per a ture at k2, k1

– the ini tial keff be fore the re ac tiv ity in ser tion, and k2 –
the fi nal keff af ter the re ac tiv ity in ser tion. Any amount
of pos i tive re ac tiv ity in ser tion into the re ac tor will re -
sult in an in crease of re ac tor power. Hence, the re ac tor
power is a func tion of the amount of re ac tiv ity in serted 
[3]. 

MCNP5 cal cu la tions are per formed in or der to
nu mer i cally con firm the neg a tive tem per a ture co ef fi -
cient trend for higher fuel tem per a tures [18]. The keff

of the UUTR is cal cu lated us ing ENDF/B-VII.1 neu -
tron li brar ies at tem per a tures of 300 K, 600 K, 900 K,
and 1200 K. The U-235, U-238, and Zr-H cross-sec -
tion val ues which vary with tem per a ture are taken into
ac count through the S(a, b) treat ment [19]. The re sult -
ing keff is plot ted vs. the fuel tem per a ture [20].The keff

val ues cor re spond to all con trol rods out. Ta ble 5
shows the MCNP5 cal cu lated neg a tive tem per a ture
co ef fi cient vs. the tem per a ture of the UUTR. MCNP5
cal cu la tions of the neg a tive tem per a ture co ef fi cient
cor re spond closely to the re sults of the UUTR safety
anal y sis re port [1]. All keff eigenvalue cal cu la tions are
per formed with 450 mil lion par ti cles on a Pentium
Core 2 Quad Q6600.

It has been shown that UUTR power does not
con tin u ally in crease af ter pos i tive re ac tiv ity has been
in serted. In fact, re ac tor power starts to level off and
sta bi lizes af ter fuel tem per a ture is in creased. This is
be cause of the strong neg a tive tem per a ture co ef fi cient
of the UUTR fuel [22, 3]. The tem per a ture co ef fi cient

can be ob tained ex per i men tally, by mea sur ing the
change in re ac tiv ity and di vid ing that value by the
change in tem per a ture as given in eq. (3). An in crease
in fuel tem per a ture adds a neg a tive amount of re ac tiv -
ity that is equal to the re ac tiv ity in serted into the re ac -
tor by the with drawal of con trol rods. Ta ble 3 and tab.
4 show the neg a tive tem per a ture co ef fi cients of the
two UUTR fuel el e ments we call fuel el e ment “C-4”
and fuel el e ment “D-11”, re spec tively. The av er age
neg a tive tem per a ture co ef fi cients in these fuel el e -
ments are shown in tab. 5. The re la tion ship be tween
the fuel pin tem per a ture and UUTR re ac tor power is
lin ear for the mea sure ments taken, as de picted in fig.
4. The ef fects of the fuel tem per a ture co ef fi cient be -
come ev i dent at tem per a tures above 40 °C, which is
why fuel tem per a tures be low 20 kW are not shown in
this graph.

ANAL Y SIS OF UUTR HIGHER
POWER CORE CON FIG U RA TIONS

A gain of only 50 kW with the ex ist ing core ar -
range ment and con trol rod sys tem prompted us to ex -
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Ta ble 3. UUTR neg a tive temperature co ef fi cient of the
C-4 fuel element

Reactor
power
[kW]

Average
cumulative
reactivity

inserted [$]

C-4 fuel pin
temperature

[°C]

DTC-4

[°C]
Dr
[$]

aC-4

[$/K]

1
10
20
30
40
50
60
70
80
90

3.207
3.289
3.362
3.429
3.486
3.541
3.587
3.633
3.679
3.727

27.2
39.4
54.0
62.8
71.8
80.2
88.2
94.2

104.2
112.8

12.2
14.6
8.8
9.0
8.4
8.0
6.0
10.0
8.6

0.082
0.072
0.068
0.057
0.055
0.046
0.046
0.046
0.048

–0.00673
–0.00494
–0.00770
–0.00630
–0.00649
–0.00578
–0.00768
–0.00458
–0.00564

Ta ble 4. UUTR neg a tive temperature co ef fi cient of the
D-11 fuel element

Reactor
power
[kW]

Average
cumulative
reactivity

inserted [$]

D-11 fuel pin
temperature

[°C]

DTC-4

[°C]
Dr
[$]

aC-4

[$/K]

1
10
20
30
40
50
60
70
80
90

3.207
3.289
3.362
3.429
3.486
3.541
3.587
3.633
3.679
3.727

27.8
37.4
46.6
55.6
62.8
69.8
77.4
84.4
91.0
97.8

12.2
14.6
8.8
9.0
8.4
8.0
6.0
10.0
8.6

0.082
0.072
0.068
0.057
0.055
0.046
0.046
0.046
0.048

–0.00855
–0.00784
–0.00753
–0.00787
–0.00779
–0.00608
–0.00658
–0.00695
–0.00713

Ta ble 5. Sum mary of the UUTR av er age neg a tive
tem per a ture coefficient

aC-4 [$/K] –0.00610 ± 0.00115

aD-11 [$/K] –0.00720 ± 0.00066



tend this study be yond the cur rent con fig u ra tion. Us -
ing the MCNP5 code, new UUTR core con fig u ra tions
are op ti mized for achiev ing higher power lev els.
Based on the ex ist ing core struc ture, four dif fer ent re -
ac tor core de signs were de vel oped to pro vide power
lev els of 200 kW, 300 kW, 400 kW, and 500 kW. The
de sign cri te ria we used to de velop the new core ar -
range ments for higher core power lev els were: (a) to
keep the shut down mar gin of the new re ac tor core con -
fig u ra tions equal or higher than that of the cur rent
UUTR core con fig u ra tion, (b) to keep power peak ing
fac tors sim i lar to the cur rent core con fig u ra tion, and
(c) not to al low the neu tron flux den sity shape across
the re ac tor core to ex hibit peaks and val leys when
com pared to the cur rent UUTR core con fig u ra tion. 

(a) Shut down mar gin. MCNP5 cal cu la tions have
shown that an ad di tional safety “2” con trol rod would
be re quired for re ac tor pow ers above 150 kW. For
higher pow ers, the safety “2” con trol rod be comes the
con trol rod with the high est re ac tiv ity worth, be cause
the flux den sity is higher around this con trol rod. The
safety con trol rod also has a some what lesser re ac tiv ity
worth for higher power re ac tor con fig u ra tions, com -
pared to the cur rent one; this is due to dif fer ent fuel el e -

ment con fig u ra tions re sult ing from the ad di tion of fuel
in or der to in crease the UUTR core power. Fig ure 5
sum ma rizes the MCNP5 cal cu lated CRRW for the “2”
safety con trol rod, safety con trol rod, shim con trol rod,
and reg u lat ing con trol rod. In ad di tion, it shows the
shut down mar gin and ex cess re ac tiv ity, as well as the
neu tron flux den sity at the cen ter of the core. 

(b) Power peak ing fac tors. The pin power ra tio,
which is the ra tio be tween the fuel pin with the high est
power and the av er age power per ring, is sum ma rized
in fig. 6. The power ra tio Pf is cal cu lated as [23]

P
P

P
f

max= (5)

where Pmax is the high est power of the fuel pin and   is
the av er age power per fuel ring. This ra tio dif fers very
slightly be tween dif fer ent re ac tor de signs be cause the
neu tron flux den sity per each re ac tor core is slightly

dif fer ent. In ad di tion, for each spe cific re ac tor de sign,
the peak ing fac tors also dif fer per ring, be cause neu -
tron flux den sity dif fers across the re ac tor core.

(c) Neu tron flux den sity dis tri bu tion. Con cur rent 
with the re ac tor power up grade, MCNP5 cal cu la tions
are per formed to con firm the neg a tive tem per a ture co -
ef fi cient trend for higher fuel tem per a tures of higher
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Fig ure 4. Fuel el e ment tem per a ture vs. re ac tor power

Fig ure 5. MCNP5 cal cu lated
CRRW and neu tron flux
den sity for each new UUTR
power level

Fig ure 6. UUTR power ra tion be tween the fuel pin with
the high est power and av er age fuel pin power per ring



re ac tor pow ers of up to 500 kW. It was pre vi ously
shown that there is a lin ear re la tion ship be tween the
fuel tem per a ture and re ac tor power.  How ever, the re -
ac tiv ity in ser tion for higher power lev els will vary as a
re sult of a non-lin ear fuel tem per a ture co ef fi cient. The
keff of the UUTR is cal cu lated in 50 kW in cre ments
from 100 kW to 500 kW. Ta ble 6, tab. 7, and fig. 7
show the fuel pin tem per a ture, keff, and the fuel tem -
per a ture co ef fi cient, re spec tively.

The lin ear trend be tween re ac tor power and fuel
tem per a ture is ev i dent. In tan dem, the fuel tem per a ture 
co ef fi cient shows to be de creas ing for in creas ing re ac -

tor pow ers. This means that there is in creas ingly more
re ac tiv ity in ser tion re quired for ev ery in cre men tal
power in crease. It is also ev i dent that, in or der to bring
the re ac tor power from 100 kW to 150 kW, a 0.00204
(Dk/k) of re ac tiv ity in ser tion is re quired. On the other
hand, as re ac tor power in creases, re ac tiv ity in ser tion
in creases as well. This is ev i dent when in creas ing the
re ac tor power from 450 kW to 500 kW, when a
0.00231 (Dk/k) of re ac tiv ity in ser tion is re quired. This
trend of an in creas ing neg a tive tem per a ture co ef fi -
cient en sures the op er a tional safety of the UUTR for
higher re ac tor power lev els.

UUTR pointwise ther mal and fast neu tron flux
den sity [cm–2s–1] dis tri bu tions are shown in fig. 8 and
fig.  9, re spec tively, while fig. 10 through fig. 17 show
the dif fer ence in neu tron flux den sity be tween 100 kW
(cur rent power) and 500 kW. The hex ag o nal out line
rep re sents the ac tual out line of the UUTR core. The
gen eral lo ca tion where ad di tional fuel el e ments were
added for all UUTR pow ers above 150 kW is shown
by the ar row pointer (fig. 10). It is ev i dent from these
fig ures that neu tron flux den sity will in crease
proportionally to an in crease in the re ac tor core power. 
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Ta ble 6. UUTR C-4 fuel pin tem per a ture, keff, and the fuel 
tem per a ture co ef fi cient

Reactor
power
[kW]

MCNP5
calculated 

keff

C-4 fuel
temperature

[°C]

DTC-4

[°C]
Dr

(Dk/k)
aC-4

(Dk/K)

100
150
200
250
300
350
400
450
500

1.00404
1.00610
1.00820
1.01036
1.01257
1.01482
1.01713
1.01949
1.02189

121
162
204
245
287
329
370
412
453

41
42
41
42
42
41
42
41

0.00204
0.00208
0.00212
0.00216
0.00220
0.00223
0.00227
0.00231

–4.9661×10–05

–4.9453×10–05

–5.1226×10–05

–5.1978×10–05

–5.2085×10–05

–5.4731×10–05

–5.3901×10–05

–5.6577×10–05

Ta ble 7. UUTR D-11 fuel pin tem per a ture, keff, and the
fuel tem per a ture co ef fi cient

Reactor
power
[kW]

MCNP5
calculated 

keff

D-11 fuel
temperature

[°C]

DTD-11

[°C]
Dr

(Dk/k)

aD-11

(Dk/K)

100
150
200
250
300
350
400
450
500

1.00404
1.00610
1.00820
1.01036
1.01257
1.01482
1.01713
1.01949
1.02189

106
142
178
214
250
286
323
359
395

36
36
36
36
36
37
36
36

0.00204
0.00208
0.00212
0.00216
0.00220
0.00223
0.00227
0.00231

–5.6559×10–05

–5.7695×10–05

–5.8815×10–05

–5.9919×10–05

–6.1007×10–05

–6.0401×10–05

–6.3134×10–05

–6.4173×10–05

Fig ure 7. UUTR power vs. fuel pin tem per a ture and fuel
pin tem per a ture co ef fi cient

Fig ure 8. 3-D ther mal neu tron flux den sity [cm–2s–1] at
100 kW UUTR power for neu tron en er gies be low 25 meV

Fig ure 9. 3-D fast neu tron flux den sity [cm–2s–1] at
100 kW UUTR power for neu tron en er gies above 100 keV



Higher flux den sity means higher fis sion rates in the
re ac tor, re sult ing in higher power. An other ev i dent
trend is that there is a sub stan tial drop in the ther mal
neu tron flux den sity at the lo ca tion where ad di tional
fuel el e ments are added. It has been shown that ther -
mal flux den sity de creases in the top left side of the
core. Be fore the ad di tion of the fuel, this lo ca tion
housed heavy wa ter el e ments which mod er ated and
re flected the neu trons back into the core. On the other
hand, fast neu tron flux den sity in creases at the very
same lo ca tion (figs. 11, 13, 15, and 17). New fuel el e -
ments in crease fis sion rates. This trend is ev i dent for
higher power lev els, as well. 

The UUTR power ra tio be tween the fuel pin with
the high est power and the av er age fuel pin power per
ring   is   shown  in   fig.  6.  Power  Up grade  De sign 1 re -
fers to the re ac tor power of 200 kW and 300 kW, Power 
Up grade  De sign  2  re fers  to a  400  kW re ac tor power,  
while   Power  Up grade  De sign  3  re fers  to 500  kW.
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Fig ure 10. Top view of the core ther mal flux den sity
dif fer ence be tween 200 kW and 100 kW UUTR power for 
neu tron en er gies be low 25 meV

Fig ure 11. Top view of the core fast flux den sity
dif fer ence be tween a 200 kW and 100 kW UUTR power
for neu tron en er gies above 100 keV

Fig ure 12. Top view of the core ther mal flux den sity
dif fer ence be tween the 300 kW and 100 kW UUTR power 
for neu tron en er gies be low 25 meV

Fig ure 13. Top view of the core fast flux den sity
dif fer ence be tween 300 kW and 100 kW UUTR power
for neu tron en er gies above 100 keV

Fig ure 14. Top view of the core ther mal flux den sity
dif fer ence be tween 400 kW and 100 kW UUTR power for 
neu tron en er gies be low 25 meV



The ex act num ber of ad di tional fuel el e ments is not
stated; how ever, the num ber of fuel el e ments for de sign
1, 2, and 3, are 1.05N, 1.08N, and 1.15N, re spec tively,
where N rep re sents the num ber of fuel el e ments cur -
rently pres ent in the UUTR.

CON CLU SIONS

The pre sented neutronics-based fea si bil ity study
was the first of a two-part re ac tor core as sess ment of the
UUTR.  In the part at hand, in ad di tion to core  ex cess re -
ac tiv ity and the shut down mar gin, the CRRW of each
con trol rod of the cur rent UUTR core was ex per i men -
tally  mea sured  and  nu mer i cally de ter mined. Upon this,
re ac tiv ity in ser tion con trib uted by each of the con trol
rods was mea sured and as sessed in or der to de ter mine the 
high est achiev able power for the cur rent UUTR core
con fig u ra tion. The high est achiev able re ac tor power  of 
the  cur rent  UUTR  was  es ti mated  to  be 150 kW, i. e.
only 50 kW above the li censed power level. 

In or der to de ter mine the re quire ments re gard ing 
the con trol rod sys tem for higher core pow ers,
MCNP5 was used to as sess the CRRW, fuel tem per a -
ture co ef fi cients and ex cess re ac tiv ity for power lev els
of 200 kW, 300 kW, 400 kW, and 500 kW. The shut -
down mar gin of each new re ac tor de sign was de ter -
mined to be higher or equal to the shut down mar gin of
the cur rent UUTR core. The power peak ing fac tors of
each re ac tor de sign were com pared to the cur rent
UUTR and con firmed to be sim i lar. The neu tron flux
den sity shape for each power up grade de sign did not
ex hibit any un wanted peaks or val leys across any re ac -
tor cores. In con clu sion, four vi a ble re ac tor power up -
grade de signs, along with a new con trol rod sys tem,
were as sessed. Any power level above 150 kW re -
quires the in stal la tion of a new con trol rod sys tem. In
Part II of this pa per, we will pro vide the fi nal con clu -
sions of the fea si bil ity study of UUTR core power up -
grades.

AU THOR CONTRIBUTIONS

The o ret i cal anal y sis, com puter sim u la tions, and
ex per i ments were car ried out by A. Cutic with the help 
of D. Choe and T. Jevremovic. All three au thors took
part in an a lyz ing and dis cuss ing the re sults. The manu -
script was writ ten and the fig ures and ta bles were pre -
pared by all three au thors.
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Avdo ]UTI], Dongok ]E, Tatjana JEVREMOVI]

POVE]AWE  SNAGE  ISTRA@IVA^KOG  REAKTORA  NA
UNIVERZITETU  U  JUTI

Deo I: Analiza zasnovana na projektu i zahtevima kontrolnog sistema

U ovom radu opisani su rezultati detaqnih analiza pove}awa snage istra`iva~kog
TRIGA reaktora na Univerzitetu u Juti, zasnovanih na projektu i zahtevima kontrolnog sistema
reaktora. Iako sada{wa snaga reaktora od 100 kW omogu}uje odli~ne uslove za {iroki spektar
eksperimenata od interesa za istra`ivawa, ipak je sprovedena analiza pove}awa snage reaktora sa
postoje}im gorivnim elementima i postoje}om konfiguracijom reaktora. Ovakva analiza zahteva
detaqne numeri~ke prora~une koji su obavqeni i upore|eni sa eksperimentalnim merewima.
Analize su iskqu~ivo sprovedene sa gledi{ta reaktorskih parametara kao {to su kriti~nost
reaktora, neutronski fluks i parametri postoje}eg kontrolnog sistema, sa ciqem da se optimizuje
konfiguracija reaktorskog jezgra i maksimalna snaga reaktora. U radu su prikazane analize
optimizovane konfiguracije reaktorskog jezgra sa pove}anom snagom reaktora.

Kqu~ne re~i: TRIGA, istra`iva~ki reaktor, kontrolni sistem, MCNP5 pro gram




