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The ther mo dy namic con di tions of the Uni ver sity of Utah's TRIGA Re ac tor were sim u lated
us ing SolidWorks Flow Sim u la tion, Ansys, Flu ent and PARET-ANL. The mod els are de vel -
oped for the reactor's cur rently max i mum op er at ing power of 90 kW, and a few higher power
lev els to an a lyze thermohydraulics and heat trans fer as pects in de ter min ing a de sign ba sis for
higher power in clud ing the cost es ti mate. It was found that the nat u ral con vec tion cur rent be -
comes much more pro nounced at higher power lev els with vor tex shed ding also oc cur ring. A
de par ture  from  nu cle ate  boil ing  anal y sis  showed  that while nu cle ate boil ing be gins near
210 kW it re mains in this state and does not ap proach the crit i cal heat flux at pow ers up to
500 kW. Based on these stud ies, two up grades are pro posed for ex tended op er a tion and pos si -
bly higher re ac tor power level. To gether with the find ings from Part I stud ies, we con clude
that in crease of the re ac tor power is highly fea si ble yet de pend able on its pur pose and as so ci -
ated in vest ments.
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IN TRO DUC TION

The uni ver sity of Utah TRIGA re ac tor (UUTR)
has been op er at ing since 1975 with out in ci dent. The
UUTR is a mod i fied TRIGA Mark I pool-type re ac tor
that is op er ated at a max i mum of 90 kW, al though li -
censed to op er ate at a max i mum power of 100 kW.
How ever, the fuel core de sign has the po ten tial of in -
creas ing the over all power up to 1 MW. The UUTR is
op er ated by trained and NRC li censed staff and stu -
dents of the Uni ver sity of Utah Nu clear En gi neer ing
Pro gram. The UUTR is uti lized in many ways: to train
stu dents on re ac tor op er a tion and nu clear prin ci ples, it
pro vides a neu tron and gamma source for re search and 
is used for neu tron ac ti va tion anal y sis. The re ac tor is
as well a ma jor re search and com mu nity out reach tool; 
tours of the fa cil ity are con ducted ed u cat ing the pub lic
and youn ger stu dents about nu clear en gi neer ing.

This pa per is a con tin u a tion from Part I [1] which
fo cused on op ti mi za tion of the higher power lev els for
UUTR based on neutronics pa ram e ters; in this Part II,
we pres ent ther mo dy namic cal cu la tions and com pu ta -
tional fluid dy nam ics (CFD) sim u la tions as per formed
to op ti mize heat trans fer pa ram e ters for higher UUTR
power lev els. These anal y sis when in te grated, de ter -

mined a the o ret i cal, range of higher power lev els for
UUTR. The meth od ol o gies used to as sess ther mal-hy -
drau lics and heat trans fer as pects of in creased power of
the UUTR are based on the meth od ol o gies as used for
re-li cens ing its op er a tion (in 2011). These in for ma tion
are eas ily found in the UUTR Safety Anal y sis Re port
pub lished at the U. S. Nu clear Reg u la tory Com mis sion 
[2].

COM PAR I SON OF MAIN
OP ER A TIONAL PA RAM E TERS IN
CUR RENT RE SEARCH RE AC TORS 

As of 2012, there are 30 re search and test re ac -
tors op er at ing in the United States [3] as shown in fig.
1. Among TRIGA type re ac tors, UUTR is one of the
re ac tors with the lower power. From this group of re -
search re ac tors pow ered by 1 kW and greater, only
three, in clud ing our UUTR, rely pri mar ily on nat u ral,
am bi ent heat trans fer for cool ing and heat trans fer. All
other re ac tors are equipped with forced con vec tion
sys tems of equal or greater cool ing load to the re ac tor's 
li censed power level. The most com mon type of sys -
tem used is a dual loop heat exchanger linked to a cool -
ing tower lo cated at out side en vi ron ment.
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HEAT TRANS FER PHE NOM ENA
IN UUTR

Dur ing re ac tor op er a tion en ergy is re leased
through the fis sion pro cess start ing the chain of heat
trans fer. While there ex ists an ex ten sive re search on
heat trans fer in side fuel and on fuel rods for TRIGA re -
ac tors [4, 5], this study fo cuses on the sys tem as a
whole. The fuel rods in the UUTR core heat the sur -
round ing pool wa ter, which flows up and over them in
a nat u ral con vec tion loop. The heated wa ter then can
ei ther evap o rate from the top of the re ac tor pool or
trans fer the heat to the en vi ron ment.  Trans fer ring the
heat to the en vi ron ment can be ei ther through the top
sur face, which is open to the air or through the alu mi -
num tank wall, sand bar rier and outer steel tank wall.
Cur rently, this is the only way the pool wa ter is cooled
back to am bi ent tem per a ture.

In or der to de ter mine the heat trans fer into the re -
ac tor pool from the op er at ing core, the re ac tor is first
con sid ered to be a closed sys tem with a con trol vol ume 
sur round ing the core and wa ter. The en ergy equa tion is 
then

Q m C T m H C Tin t p e V p= + +( ) ( )D D D (1)

where Qin [J] is the heat, mt [kg] – the mass of wa ter in
the re ac tor tank, Cp – the spe cific heat of wa ter
(4,183.2 J/kgK, at 20 °C) [6], DT [°C] – the tem per a -
ture dif fer ence from the start ing and end ing con di -
tions, me [kg] – the mass of wa ter evap o rated , DHV –
the la tent heat of va por iza tion for wa ter at 20 °C
(2,453.5×103 J/kg) [6].Us ing this equa tion it is pos si ble 
to es ti mate the over all av er age tem per a ture in crease of
the re ac tor tank wa ter. From his tor i cal re ac tor run data
as found in ref. [7] it was re corded that av er age wa ter
evap o ra tion is 2.16 kg/h when op er at ing at 90 kW.
This leads to a tem per a ture in crease per hour of 2.58
°C. Ta ble 1 shows cal cu lated val ues for higher the o ret -
i cal UUTR power lev els. Be cause these power lev els
are the o ret i cal val ues, they do not in clude the evap o ra -
tive por tion of the equa tion.  This amount is vari able
and de pend ent on cur rent at mo spheric and start ing

con di tions, but judg ing from the prior data from ref.
[7] it would lower the tem per a tures by 2-4% with a
greater amount of wa ter be ing evap o rated.

In ad di tion to the sys tem los ing en ergy through
evap o ra tion, it is also lost through con duc tion. The
heat gen er ated in the fuel is trans ferred to the wa ter
through nat u ral con vec tion, from the wa ter to the alu -
mi num, sand, and steel en clo sures by con duc tion and
is fi nally cooled by the am bi ent air through con vec -
tion. This pro cess is cal cu lated us ing a ra dial ther mal
cir cuit

q
T T

R

R
L h

r
core SS, 2

core core

Al

Al1

2

=
-

=
æ

è
çç

ö

ø
÷÷ +

pr

ln ,g

g

2

,

ln

1

2

2

p

p

k L

k L

Al Al

sand,2

sand,1

sand

æ

è

ç
ç
ç
çç

ö

ø

÷
÷
÷
÷÷

+

+

g

g

sand

SS,2

SS,1

SS SS

æ

è

ç
ç
ç
ç
ç

ö

ø

÷
÷
÷
÷
÷

+

æ

è

ç
ç
ç
ç
ç

ö

ø

÷
÷

ln
g

g

2pk L ÷
÷
÷

(2)

where qr [W] is the heat rate, k [Wm–1K–1] – the ther -
mal con duc tiv ity, r [m] – the ra dial dis tance, L [m] –
the cy lin dri cal length, T [K] – the tem per a ture,
g [KW–1] – the ther mal re sis tance, and h [Wm–2K–1] –
the heat trans fer co ef fi cient. In this form the heat trans -
fer to the out side sur face of the steel tank is given by
know ing the tem per a ture of the core (con tact ing the
wa ter) and tem per a ture of the outer stain less steel tank.

In or der to use eq. (2) and find the en ergy loss
though the tank walls the con vec tive heat trans fer co -
ef fi cient (h) of the tank wa ter must first be cal cu lated.
The first step re quires the cal cu la tion of the
dimensionless Grashof num ber

Gr
g core water=

-b

n

( )T T Lcore
3

2
(3)

where Gr is the Grashof num ber, g [ms–2] – the grav i ta -
tional ac cel er a tion, b – the vol u met ric ther mal ex pan -
sion co ef fi cient of wa ter (207.71×10–6 K–1, at 20 °C) [8],
T [K] – the tem per a ture, L [m] – the length, n – the ki ne -
matic vis cos ity of wa ter (1.0058×10–6 m2s–1, at 20 °C)
[8]. This re sult is mul ti plied by the Prandtl num ber for
wa ter at 20 °C, 6.97 [6], to give the Ray leigh num ber.

The heated, up ward-fac ing, flat plate cor re la tion 
is used to model the re ac tor core.  This cor re la tion cal -
cu lates the ra tio of con duc tive to con vec tive heat
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Fig ure 1. Op er at ing re search and test re ac tors in the
USA grouped per their li censed power [3]

Ta ble 1. Tem per a ture in creases per hour for higher
UUTR power lev els

Power level [kW] Tem per a ture rise per hour [°C]

100 2.87

200 5.74

300 8.60

400 11.47

500 14.34



trans fer known as the Nusselt num ber (Nu). Based on
the cal cu lated Ray leigh num ber and the cho sen cor re -
la tion the fol low ing re la tion is used [8]

Nu Ra= 0153 . (4)

From know ing the Nusselt num ber, the heat
trans fer co ef fi cient (h) can be known through their re -
la tion ship de rived from New ton's law of cool ing

Nu =
hL

k
(5)

where L [m] is the heated length and k [Wm–1K–1] – the
ther mal con duc tiv ity. This value is cal cu lated to be
704.84 Wm–2K–1. Now that it is known, the cal cu la tion 
can pro ceed to ob tain the over all ther mal re sis tance of
the re ac tor sys tem us ing eq. (2). Ta ble 2 de fines the
other vari ables needed for the equa tion. The to tal ther -
mal re sis tance (R) cal cu lated for UUTR is 0.019 KW–1

re sult ing in a loss of 1590 W of heat through con duc -
tion to the outer wall while op er at ing at 90 kW.

When UUTR is at 90 kW it was found that the
typ i cal range for evap o ra tive en ergy was 1.8-3.6 kW
while only 1.59 kW were trans ferred through con duc -
tion. These meth ods only ac count for a max i mum
5.77% of the to tal power gen er ated. The re main ing
con tin ues to heat the tank wa ter through nat u ral con -
vec tion un til it is even tu ally re moved pas sively to the
en vi ron ment or ac tively by a heat exchanger. 

SOLIDWORKS BASED ASSESSMENT
OF UUTR HEAT TRANS FER AND
THERMOHYDRAULICS PHE NOM ENA

SolidWorks Flow Sim u la tion is a fluid dy nam ics 
and ther mal sim u la tion pro gram [9]. The soft ware is
based on the fi nite vol ume so lu tion method to solve

the time-av er aged Navier-Stokes and en ergy equa -
tions over the com pu ta tional mesh.  Be cause the
equa tions are discretized over each vol ume, val ues for
each sur face can be known mak ing this method con -
ser va tive.

The ba sic el e ments of the UUTR were mod eled
in SolidWorks with their cor re spond ing di men sions
and ma te ri als. In the Flow Sim u la tion soft ware the
com pu ta tional do main was ap plied up to the outer wall 
edge and a 3-D rect an gu lar mesh was se lected. Us ing
mesh re fine ment a min i mum gap size of 0.79 inches
(0.02 me ters) was spec i fied.  The mesh near the walls
and core has a finer res o lu tion for better mod el ing of
the ther mal and ve loc ity bound ary lay ers whereas in
the cen ter of the tank the mesh is coarse. Fig ure 2
shows views of the meshed model and tab. 3 shows the
mesh sta tis tics.

The anal y sis was car ried out us ing an in ter nal
sim u la tion with time de pend ency and grav ity en abled
(–9.81 ms–2 in the y-di rec tion). Wa ter was cho sen as the
work ing fluid to fill the tank. The vari able prop er ties of
den sity, dy namic vis cos ity, spe cific  heat  (Cp),  and 
ther mal   con duc tiv ity   were de fined over the range of
20 °C-70 °C with the soft ware us ing a lin ear in ter po la -
tion for in ter me di ate val ues.  Start ing tem per a ture for
the sim u la tions was set at 20 °C or 24 °C and air pres -
sure at 1 atm (1 atm = 101325 Pa). The in te rior walls of
the alu mi num tank were de fined to act as real walls with 
the heat trans fer co ef fi cient set at the pre vi ously cal cu -
lated 704.84 Wm–2K–1 (neg a tive sign con ven tion).  The 
core was de fined as a sur face heat source with a con -
stant, over all heat flux equal to the re ac tor's power level.  
Sim u la tion time was set to run for a to tal of 6 hours
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*ft = 30.48 cm

Ta ble 2. Vari ables af fect ing UUTR heat con duc tion

Variable Description Value

Tcore
Fuel tem per a ture con tact ing wa ter

at 90 kW 53.7 °C [3]

TSS,2 Tem per a ture of outer SS wall 23.0 °C

rcore Core ra dius 0.29 m

Lcore Core height 0.67 m

h Heat trans fer co ef fi cient of wa ter 704.84 W/m2K

rAl,1 In ner ra dius of Al tank 1.17 m

rAl,2 Outer ra dius of Al tank 1.18 m

kAl Ther mal con duc tiv ity of Al 177 W/mK [6]

LAl Height of Al tank 7.32 m

rsand,1 In ner ra dius of sand layer 1.18 m

rsand,2 Outer ra dius of sand layer 1.48 m

ksand Ther mal con duc tiv ity of sand 0.27 W/mK [6]

Lsand Height of sand layer 7.32 m

rSS,1 In ner ra dius of SS tank 1.48 m

rSS,2 Outer ra dius of SS tank 1.485 m

kSS Ther mal con duc tiv ity of SS 14.9 W/mK [6]

LSS Height of SS tank 7.32 m

Fig ure 2. Iso met ric and bot tom views of flow
sim u la tion mesh

Ta ble 3. Flow sim u la tion mesh sta tis tics

Cell type Num ber

Fluid cells 70  800

Solid cells 17  080

Par tial cells 27  840

To tal 115  720



(21,600 seconds) with re sults be ing re corded at each
hour.

Power lev els from 90 kW to 250 kW were sim u -
lated in 10 kW in cre ments.  Each was started from an
ini tial  tem per a ture  of  20 °C.  Ad di tion ally,  a  sin gle
90 kW, 1 hour sim u la tion was run with a start ing tem -
per a ture of 24 °C.  Tem per a ture mea sure ments were
taken at an ar bi trary lo ca tion 4.5 m (14.76 ft*) from the
base of the re ac tor tank along the cen ter axis.  This lo -
ca tion was cho sen as it proved to be an area of even
tem per a ture  dis tri bu tion  to  rep re sent  the over all
heat ing of the re ac tor tank wa ter.  The re sults from the
20 °C sim u la tion are shown plot ted in fig. 3.

FLU ENT MODEL OF THE UUTR

Flu ent is a com pu ta tional fluid dy nam ics code
based on the fi nite el e ment method [10]. A com pu ta -
tional mesh is gen er ated for the model be ing an a lyzed
with the de fin ing equa tions ap plied over each mesh el -
e ment.  Bound ary con di tions are de fined at all mesh
edges (walls) cre at ing a con ser va tive sys tem where in -
di vid ual el e ment val ues can be known. For all sim u la -
tions Flu ent solves the con ti nu ity equa tions of mass
and mo men tum and if heat trans fer is in volved the en -
ergy equa tion is also added.

The tank, walls, core, and wa ter of UUTR were
mod eled to their orig i nal di men sions in the
DesignModeler pro gram in cluded with the sim u la tion
pack age. Dur ing this pro cess the UUTR core was fur -
ther discretized into zones so that the pin power dis tri -
bu tion could be mapped to the sur face.  For the mesh -
ing por tion the cre ated ge om e try was opened and a
tet ra he dral shaped mesh and CFD phys ics pref er ence
were cho sen.  A coarse rel e vance cen ter was used with
me dium smooth ing and a slow tran si tion area around
the core for in creased flow de tail in that re gion.  The
gen er ated mesh is shown in fig. 4 and its sta tis tics are
pre sented in tab. 4.

The mesh is loaded into the Flu ent solver and is
set to per form a pres sure-based, ab so lute, tran sient
sim u la tion with grav ity en abled (–9.81 ms–2 in the

y-di rec tion). For this sim u la tion the en ergy equa tion is
en abled and the lam i nar model is used.  In the ma te ri -
als sec tion the work ing fluid is set to liq uid wa ter and
the solid ma te ri als are de fined to be alu mi num.  The
prop er ties of all the ma te ri als are de fined at the start ing 
tem per a ture of 20 °C.

Ad di tion ally, wa ter den sity was de fined to fol low
a Boussinesq ap prox i ma tion. Us ing the Boussinesq
model for nat u ral con vec tion flows faster con ver gence
is ob tained than hav ing the fluid den sity as only a func -
tion of tem per a ture.  The model as sumes that fluid den -
sity stays con stant in all solved equa tions ex cept in the
mo men tum equa tion where it is re placed by the ap prox -
i ma tion as

r r b= -0 1( )DT (5)

where r [kgm–3] is the new den sity,   r0 [kgm–3] – the
con stant den sity,    b – the ther mal ex pan sion co ef fi cient
of wa ter (207×10–6 K–1). The Boussinesq ap prox i ma -
tion is ac cu rate as long as b(T – T0) = 1 which ap plies
for all cases dur ing these sim u la tions [11].

Next, the cell zones and bound ary con di tions are
de fined. Un der the Cell Zone Con di tions sec tion the in -
te rior zone is changed to a fluid and ed ited to con tain the 
wa ter de fined in the above steps. In the Bound ary Con -
di tions sec tion all named wall sec tions cre ated in the
mesh ing pro cess ap pear. The side and bot tom tank
walls are de fined as con vec tion/con duc tion bound aries
be tween the wa ter and alu mi num while the top is de -
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Fig ure 3. UUTR pool wa ter tem per a ture as a func tion of
UUTR power as ob tained with SolidWorks flow
sim u la tion

Fig ure 4. Ex ter nal sur faces of flu ent mesh

Ta ble 4. Flu ent mesh sta tis tics

Type Num ber

Cells 329  024

Faces 668  208

Nodes 60  094

Face zones 22



fined as a con vec tion bound ary open to the at mo sphere.  
Both use the heat trans fer co ef fi cient pre vi ously de -
fined and spec ify a room tem per a ture of 22 °C.  The
core sur faces are de fined as ther mal bound aries with a
heat flux.  The core was discretized into sixths for en try
into the soft ware as shown in fig. 5 to fa cil i tate the
power map ping onto the ther mal bound aries in the
model.

To in crease sim u la tion speed, aid in mod el ing
and in map ping the power dis tri bu tion to the ther mal
bound aries, the top and bot tom sur faces were di vided
into ring sec tions cor re spond ing to the fuel el e ment
rings. The pin power dis tri bu tions [1, 12 ] and core
sur face area were used to de ter mine the heat flux as 

Power distribution kW

Surface area m
Heat flux

kW

m

[ ]

[ ]2
=

2

é

ëê
ù

ûú
(6)

The pro cess of di vid ing the core up into sec tions
and then us ing the pin power dis tri bu tions to cal cu late
the heat flux for each ther mal bound ary was re peated
for each power le ver  level that was sim u lated.  The
heat flux val ues var ied based on the to tal re ac tor
power and core lay out as cal cu lated in Part I [1].

The Flu ent anal y sis was car ried out us ing the
pres sure im plicit with split ting of op er a tors (PISO) so -
lu tion al go rithm with the spa tial discretization of pres -
sure set to sec ond or der and the re main der of the so lu -
tion set tings left at the de fault val ues. Un der-re lax ation
fac tors for the so lu tion con trols were also left at the de -
fault val ues. The so lu tion was in i tial ized to start at a
tem per a ture of ei ther 20 °C or 24 °C and cal cu la tion ac -
tiv i ties were set up to re cord fluid tem per a ture and ve -
loc ity at 5 min utes in ter vals. Af ter this setup the solver
was run with a 1 s time step un til a max i mum sim u la tion
time of 3 600 s was reached.

Power lev els of  90, 100, 150, 300, 400, and
500 kW were sim u lated with the 20 °C start ing tem -
per a ture while only 90 kW was run us ing the 24 °C
ini tial tem per a ture. Tem per a tures were cal cu lated
at the same 4.5 m (14.76 ft) dis tance from the bot -
tom of the re ac tor pool and at pre de ter mined ra dial
dis tances. The re sults from the 20 °C sim u la tions
are shown plot ted in fig. 6, while fig. 7 shows the
lo ca tions for which the tem per a tures were cal cu -
lated.

COM PAR I SON OF RE SULTS AND
MEA SURE MENTS

Three power lev els were the same in these two
sim u la tions: 90, 100, and 150 kW. In fig. 8, Flu ent and
SolidWorks com par i son of the cen ter tem per a tures at
the 4.5 m plane is shown.

It can be ob served that SolidWorks al ways pro -
duced a higher tem per a ture value. The high est tem per -
a ture dif fer ence is ob tained at 90 kW with a dif fer ence
of 0.36 °C or 1.6%. The dif fer ence at the 100 kW level
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Fig ure 5. Discretizing the core sides prior to sim u la tion
(90 kW core) [12]

Fig ure 6. UUTR pool wa ter tem per a ture rise over 1 hour
as a func tion of UUTR power and pool lo ca tion as
ob tained with Ansys Flu ent

Fig ure 7. Ra dial lo ca tions of tem per a ture mea sure ments
cal cu la tion in the UUTR



and over all vari abil ity be tween the two data sets is at -
trib uted to the lo ca tion of the nat u ral con vec tion cur -
rent. If the point where the re sults are taken is out side
the con vec tion cur rent, the tem per a ture is near the av -
er age fluid tem per a ture.

Both mod els show the near con stant up ward
slope of in creas ing tem per a ture vs. re ac tor power, as
ex pected. The Flu ent model shows more vari a tion
since the core was discretized ac cord ing to fuel el e -
ment lev els. The asym met ri cal lay out of the core leads
to a more un sta ble and mo bile con vec tion col umn
caus ing more vari a tion in the tem per a ture re sults. The
SolidWorks model used a con stant, vol ume type
power source and thus had less wa ter move ment with a 
more sta ble, uni form con vec tion col umn. The Flu ent
model more ac cu rately mod els the ac tual wa ter flow
while the SolidWorks model better shows the over all
av er age tem per a ture.

The UUTR pool wa ter tem per a ture is mea sured
with the read ings taken at 4.5 m (14.76 ft) dis tance
from the bot tom of the re ac tor pool and at the pre de ter -
mined ra dial dis tances pre vi ously shown in fig. 7.
Dur ing nor mal 90 kW re ac tor op er a tions three tem per -
a ture mea sure ments were taken: dur ing startup, af ter
30 min ute, runtime, and af ter one hour runtime. A type
K ther mo cou ple at tached to an Omega TrueRMS
Super Me ter was used for col lect ing all the data.  The
ther mo cou ple was low ered into the de sired po si tion,
al lowed to ac cli mate for one min ute and then the de -
tected tem per a ture range was re corded.

The re sults from the pool wa ter mea sure ments
over one hour are sum ma rized in tab. 5 (Note: the first
trial was only con ducted in the cen tral lo ca tion, C. L.)
and are com pared with the cor re spond ing tem per a tures
from both the 20 °C and the 24 °C 90  kW sim u la tions.

All of the mea sure ments show some vari a tion
be tween read ings. This vari a tion can be at trib uted to
four rea sons. First, and af fect ing both the sim u la tions
and UUTR is the lo ca tion of the con vec tion cur rent.
The flow around the core be gins to ex hibit vor tex
shed ding once it has de vel oped. This moves the con -
vec tion cur rent of heated wa ter back and forth around
the mid dle area of the re ac tor pool. If the ther mal col -
umn is away from the point of mea sure ment at the time
read ings are taken the tem per a ture will be lower since
the sur round ings were mea sured and not the heated
wa ter di rectly from the core.

The tem per a ture is also af fected by the op er a tors
mea sur ing and op er at ing the UUTR. At UUTR the re -
ac tor power is man u ally con trolled by the op er a tor.
While each trial was con ducted at 90 kW it is nor mal to 
ex pect a vari a tion of the power as 90 ± 1 kW. Over
long pe ri ods of time small changes in the power can
cre ate slight dif fer ences in the tem per a ture be tween
the mea sure ments. The op er a tor also con trols the rate
of the re ac tor power is in creased in crease be fore
reach ing the level of 90 kW.  Ide ally the power would
be ramped to the de sired level in stan ta neously. How -
ever, this op er a tion can take lon ger de pend ing on cur -
rent con di tions and ex per i ments con ducted. Time
spent ramping up to power in creases tank wa ter tem -
per a ture and has an ef fect on the tem per a ture mea sure -
ments.

Fi nally, the tem per a ture is af fected by the am bi -
ent start ing con di tions.  Dur ing the sum mer the re ac tor
room tem per a ture is higher caus ing the start ing pool
wa ter tem per a ture to also be higher.  From freez ing to
35 °C the wa ter's heat ca pac ity (Cp) slightly de creases,
mak ing it eas ier to heat.  This is ev i denced in the two
start ing tem per a tures (20 °C and 24 °C) of both the
SolidWorks and Flu ent sim u la tions with the 90 kW,
where at 24 °C sim u la tions more closely match the
mea sure ments taken.

The sim u la tions of UUTR at higher power lev els 
show that the re ac tor un der goes the same nat u ral con -
vec tive and vor tex shed ding pro cesses only the ef fects
be come more pro nounced. In the 90 kW sim u la tion
the open wa ter fluid ve loc ity peaked at 0.0988 m/s
while in the 500 kW sim u la tion the max i mum ve loc ity
has in creased to 0.156 m/s. These re sults are sim i lar,
only more con ser va tive, to those re ported in the
UUTR SAR which re ports 0.115 m/s for 90 kW and
0.130 m/s for 100 kW [12]. The slower ve loc i ties can
be at trib uted to the sim pler re ac tor core mod els used in
both sim u la tions. These mod els did not in clude the
cool ant chan nels through the cen ter of the re ac tor and
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Ta ble 5. Com par i son of sim u la tion and tem per a ture
mea sure ments at 90 kW

C. L. point
temperature 

rise [°C]

Core edge
temperature 

rise [°C]

1/2 dis tance 
temperature 

rise [°C]

Tank wall
temperature 

rise [°C]

UUTR
3/29/12 2.5 ± 0.5 – – –

UUTR
4/5/12 2.9 ± 0.1 2.4 ± 0.2 2.8 ± 0.1 2.7 ± 0.1

UUTR
5/29/12 2.8 ± 0.3 3.0 ± 0.2 2.7 ± 0.1 2.7 ± 0.1

UUTR
7/28/12 3.2 ± 0.4 3.1 ± 0.2 2.8 ± 0.1 2.7 ± 0.1

UUTR
8/8/12 3.0 ± 0.3 2.9 ± 0.2 2.8 ± 0.1 2.8 ± 0.1

Flu ent
[20 °C] 2.54 2.73 2.51 2.50

SolidWorks 
[20 °C] 2.86 2.90 2.82 2.80

Flu ent
[24 °C] 3.11 2.98 2.97 2.73

SolidWorks 
[24 °C] 2.96 2.95 2.90 2.68

Fig ure 8. Com par i son of SolidWorks and Flu ent
cen ter line tem per a tures on the 4.5 m plane



around each el e ment.  If these chan nels were in cluded
ad di tional con vec tion heat ing would oc cur in creas ing
the ve loc i ties while also de creas ing the blunt body ef -
fects that lead to the vor tex shed ding.

DE PAR TURE FROM NU CLE ATE
BOIL ING RA TIO

The de par ture from nu cle ate boil ing ra tio
(DNBR) is a ra tio of the crit i cal heat flux (CHF)
needed to cause de par ture from nu cle ate boil ing to the
ac tual heat flux on the fuel el e ment.  The DNBR is de -
pend ent on the cool ant ve loc ity, the pres sure and the
ex tent the fluid is be low the sat u ra tion tem per a ture.
For fuel safety it is rec om mended that the DNBR for
TRIGA re ac tors should not be be low 1.0 [12, 13].

The first step in find ing the DNBR is the cal cu la -
tion of the CHF. For TRIGA re ac tors the ac cepted, tra -
di tional method of es ti mat ing the CHF is us ing the
Bernath Cor re la tion [5, 14]

CHF h T T= -crit crit f( ) (7)
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where CHF [Wm–2] is the crit i cal heat flux, hcrit

[Wm–2K–1] – the crit i cal co ef fi cient of heat trans fer,
Tcrit [°C] – the crit i cal sur face tem per a ture, Tf [°C]  –
the  bulk  fluid  tem per a ture,  p  [MPa]  –  the  pres sure,
u [ms–1] – the fluid ve loc ity, Dw [m] – the wet hy drau lic 
di am e ter, Di [m] – the di am e ter of the heat source. 
From MCNP5 per formed in part one of the fea si bil ity
study sim u la tion it is found that the fuel el e ment with
the high est power is lo cated in the B-ring [1]. For cal -
cu lat ing the CHF the most con ser va tive fuel pin
sub-ge om e try for this lo ca tion is used [12]. All the val -
ues used to cal cu late the CHF are pre sented in tab. 6
and are shown for a start ing fluid tem per a ture of 20 °C. 
The CHF as given by Bernath's Cor re la tion is dis -
played in fig. 9 for re ac tor pow ers of 90, 100, 150, 300, 

400, and 500 kW. The CHF val ues shown are based on
in let tem per a ture and cor re spond to the mo ment when
DNBR is ex pected to oc cur.

The ac tual heat flux un der the same con di tions is
then re quired. The ra tio of these two val ues forms the
de par ture from nu cle ate boil ing ra tio. The pro gram for 
the anal y sis of re ac tor tran sients (PARET) code from
Argonne Na tional Lab o ra tory is used to model the heat 
flux for UUTR for both the hot test and nom i nal fuel el -
e ments in steady-state op er a tion. Ta ble 7 shows the
main in put pa ram e ters used in the PARET code.

For the DNBR the max i mum sur face heat flux
from the PARET cal cu la tion is used along with the
CHF found us ing Bernath's cor re la tion. The UUTR
Tech ni cal Spec i fi ca tions re quire that the pool wa ter
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Ta ble 6. Val ues used in cal cu lat ing the crit i cal heat flux

90 kW 100 kW 150 kW 300 kW 400 kW 500 kW

hcrit

[Wm–2K–1] 3.847 4.001 4.329 4.467 4.720 4.935

Tcrit [°C] 150.49 150.48 150.45 150.44 150.42 150.40

Tf [°C] 20.0

p [MPa] 0.176

u [ms–1] 0.115 0.130 0.161 0.174 0.198 0.218

Dw [m] 0.00499

Di [m] 0.112

Fig ure 9. CHF cal cu lated us ing Bernath's cor re la tion as
a func tion of cool ant in let tem per a ture for var i ous
re ac tor pow ers

Ta ble 7. Com par i son of sim u la tion and tem per a ture
mea sure ments at 90 kW

Vari able 90 kW100 kW150 kW300 kW 400 kW 500 kW

In let
mod er a tor

tem per a ture
[°C]

20.6

Fuel pin
ra dius [m] 1.792×10–2

Ther mal
con duc tiv ity 

UZrH
[Wm–1K–1]

18.0

Ther mal
con duc tiv ity 

air gap
[Wm–1K–1]

0.199

Ther mal
con duc tiv ity 

S.S. clad
[Wm–1K–1]

16.8

Ax ial
neu tron flux 

ra tio
Data for each power level pro vided from [1, 12 ]

Mod er a tor
in let mass
ve loc ity

[kgs–1m–2]

115 130 158 179 202 218



tem per a ture be no higher than 35 °C [12] so the CHF is 
read at this tem per a ture by find ing the point at which
each power level in ter sects the 35 °C line in fig. 9. The
re sult ing heat fluxes and DNBR are shown in tab. 8.

The DNBR cal cu la tion shows that us ing
Bernath's Cor re la tion and max i mum heat flux data
from the PARET code that a boil ing cri sis will not oc -
cur even if the UUTR's power is up graded to 500 kW.
Cur rently, dur ing 90 kW op er a tions there is no boil ing
on any of the re ac tor fuel el e ments.  From the PARET
cal cu la tions it is also shown that boil ing would be gin
at 131.9 °C or when UUTR is at 210 kW. How ever,
even though boil ing has started it re mains in a nu cle ate 
re gime and does not ap proach the CHF, re main ing safe 
up through 500 kW.

HIGHER POWER UUTR
COOL ING SYS TEM DE SIGN

With out any core or re ac tor mod i fi ca tions it is
found based on neutronics anal y sis only that the max i -
mum UUTR power level is 150 kW [1].  UUTR does
not op er ate at this level as only 2.1 hours of runtime
would be avail able if started at 20 °C be fore the tech ni -
cal spec i fi ca tion re gard ing the tem per a ture limit
would be reached. This limit is set to pro tect the in teg -
rity of the deionizing resin beds.  At higher tem per a -
tures the resin in teg rity be gins to de grade leach ing the
re moved con tam i nates back into the wa ter.

It is sug gested to ex tend the op er at ing time and
in crease the op er at ing power of UUTR for min i mal
cost new deionizing beds be in stalled and the Tech ni -
cal Spec i fi ca tions for UUTR (TS) be amended to have
a higher wa ter tem per a ture limit. Re cently, higher
grade, more tem per a ture re sis tant deionizing res ins
have be come widely avail able for less cost. The
ResinTech® MBD-10 nu clear grade, mixed bed resin
is one ex am ple. It func tions up to 60 °C if re charge able 
and up to 80 °C if sin gle use and meets all other wa ter
qual ity re quire ments [15, 16]. The in crease in tem per -
a ture limit from us ing the new deionizers would al low
3.5 ad di tional hours of op er at ing time at 90 kW or 2.17 
hours ad di tional time if up graded and op er at ing at 150
kW. Fig ure 10, based off of the pre vi ous sim u la tions
con ducted, il lus trates the the o ret i cal runtimes for var i -
ous power lev els when start ing at 20 °C.

This up grade only retro fits UUTR for higher
tem per a ture op er a tions and does not pro vide any ad di -
tional cool ing ca pa bil i ties. UUTR would still be
cooled through nat u ral heat trans fer to the sur round -
ings. Be cause of this, an ex tra shut down time would be 
re quired fol low ing higher tem per a ture runs to al low
for am bi ent cool ing.  

To en able lon ger, more fre quent UUTR runtimes 
with an in crease in power level a new cool ing sys tem
needs to be con sid ered.  A dual-loop sys tem con nected 
through a heat exchanger and routed to an out door
cool ing tower is com monly used to cool re search re ac -
tors and would be best suited for UUTR. For the sole
pur pose of es ti mat ing the costs of a cool ing sys tem
UUTR is as sumed to be op er at ing at 250 kW and the
sys tem com po nents are sized ap pro pri ately. Only the
size of the heat exchanger, cool ing tower, pumps and
pipes change as needed. Based only off of a 20 °C tem -
per a ture dif fer ence in the cool ing wa ter from the heat
exchanger  and  as sum ing  no  losses,  a  flow rate of
47.4 gram per me ter in the  pri mary  loop  is  re quired 
to  cool  a 250 kW re ac tor. To sup ply this flow rate and
pro vide ex tra head for the losses oc cur ring in the
pipes, resin beds and heat exchanger a 5 horse-power
pump is needed.  Stain less steel, sched ule 40 pipe is
strong, du ra ble and rec om mended for all pip ing con -
nec tions. A plate heat exchanger is rec om mended for
heat trans fer be tween the two cool ing loops to gether.

The sec ond ary loop sup plies cooled wa ter to the
heat exchanger from the cool ing tower. A 300 kW
coun ter-flow cool ing tower is rec om mended as it al -
lows for max i mum heat trans fer from the heat
exchanger, has a more freeze re sis tant de sign for win -
ter use and is com monly avail able in pre as sem bled
units. This tower re quires 110 gram per meter of wa ter
flow which could be pro vided by a sec ond 5
horse-power pump. Stain less steel pip ing would be
used in sec ond ary loop as well. Be cause the cool ing
tower is open to the at mo sphere, a wa ter treat ment sys -
tem is rec om mended for the sec ond ary loop to pre vent
foul ing.
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Ta ble 8. UUTR heat fluxes and DNBR at 35 °C

Power level Max i mum heat flux
[Wm–2]

Crit i cal heat
flux [kWm–2] DNBR

90 kW 44  419 444.2 10.00

100 kW 49, 057 462.5 9.43

150 kW 74, 032 499.8 6.75

300 kW 148,064 515.6 3.48

400 kW 197 ,419 544.7 2.76

500 kW 246, 774 569.5 2.31

Fig ure 10. UUTR pool wa ter tem per a ture as a func tion of 
UUTR power af ter TS tem per a ture in crease as ob tained
with SolidWorks flow sim u la tion



CON CLU SIONS

The re sults from both fea si bil ity stud ies, one
based on neutronics (Part I of this pa per), and the other
based on ther mal-hy drau lics and heat trans fer, form a
ba sis for a power up grade to UUTR. Fig ure 11 sum ma -
rizes the re la tion ship be tween UUTR power, neu tron
flux, runtime and cost as sum ing the UUTR Tech ni cal
Spec i fi ca tions will be mod i fied to al low for a higher
pool wa ter tem per a ture limit. While the low-cost up -
grade  al lows  higher  tem per a tures  to be  reached, the 
cur rent UUTR core con fig u ra tion is only ca pa ble of
150 kW [1]. To op er ate at val ues be yond 150 kW the ad -
di tional core up grade out lined in [1] would be needed.
Fig ure 12 shows an es ti mated cost (as of 2012) of both
of the up grades, the in creased power level they pro vide
and the cor re spond ing to tal neu tron flux. The es ti mated
cost is based on the pro jected costs of the UUTR core
up grade de scribed in Part I [1] and from the costs of the
cool ing sys tem com po nents.  The to tal neu tron flux rep -
re sents the high est value ob tained from MCNP5 sim u -
la tions [1]. Af ter 250 kW the price con tin ues to rise be -
cause com po nents such as the cool ing tower, heat
exchanger, pipes and pumps in crease pro por tion ally to
the power level.

The ther mo dy namic cal cu la tions and CFD sim u -
la tions pre sented help to gain a better un der stand ing of
heat flow in UUTR. These anal y ses, along with the

neutronics sim u la tions from Part I of this study [1] and
in [17], were nec es sary to gauge the fea si bil ity of a
power up grade for UUTR.  The gen eral con clu sion is
that the UUTR can be up graded to a higher power level
should such up grade be re quired for the use of a re ac tor
be yond cur rent use for train ing, ed u ca tion and yet var i -
ous and nu mer ous ex per i ments per formed weekly.

AU THOR CONTRIBUTIONS

P. Babitz de vel oped all nu mer i cal mod els and
per formed in te grated anal y sis and cost es ti mates. D.
Choe as sisted P. Babitz in re view ing the sim u la tion re -
sults and va lid ity of data in ter pre ta tion. T. Jevremovic
su per vised the re search that re sulted in this pa per.
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POVE]AWE  SNAGE  ISTRA@IVA^KOG  REKTORA  NA
 UNIVERZITETU  U  JUTI

Deo II: Analiza termohidraulike i prenosa toplote prema zahtevima
rashladnog sistema i projekta

Termohidrauli~ki parametri istra`iva~kog TRIGA reaktora na Univerzitetu u Juti
prora~unati su kori{}ewem numeri~kih programa SolidWorks Flow, Ansys, Flu ent i PARET-ANL.
Razvijeni su numeri~ki modeli za rad reaktora na maksimalnoj snazi od 90 kW, a i za snage vi{eg
nivoa, da bi se analizirali termohidraulika i prenos toplote u ciqu dobijawa podloga za
projektovawe rada reaktora na vi{im snagama i procenu tro{kova. Prora~uni su potvrdili da
prirodna konvekcija postaje zna~ajna na vi{im snagama reaktora kada se uo~ava i pojava vrtlo`nog 
izlivawa. Analiza pojave kqu~awa pokazala je da se ona javqa na snazi reaktora od oko 210 kW, ali
da ne postaje kriti~na sve do snage reaktora od 500 kW. Na osnovu ovoga zakqu~eno je da su mogu}a dva 
na~ina pove}awa snage. Imaju}i u vidu i nalaze neutronskih analiza reaktora, koji su prikazani u
prvom delu ovog rada, zakqu~uje se da je pove}awe snage reaktora veoma izgledno, mada uslovqeno
potrebom za takvim pove}awem i prate}im investicijama.

Kqu~ne re~i: TRIGA, istra`iva~ki reaktor, prenos toplote, FLU ENT, SolidWorks, PARET


