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The thermodynamic conditions of the University of Utah's TRIGA Reactor were simulated
using SolidWorks Flow Simulation, Ansys, Fluent and PARET-ANL. The models are devel-
oped for the reactor's currently maximum operating power of 90 kW, and a few higher power
levels to analyze thermohydraulics and heat transfer aspects in determining a design basis for
higher power including the cost estimate. It was found that the natural convection current be-
comes much more pronounced at higher power levels with vortex shedding also occurring. A
departure from nucleate boiling analysis showed that while nucleate boiling begins near
210 kW it remains in this state and does not approach the critical heat flux at powers up to
500 kW. Based on these studies, two upgrades are proposed for extended operation and possi-
bly higher reactor power level. Together with the findings from Part I studies, we conclude
that increase of the reactor power is highly feasible yet dependable on its purpose and associ-

ated investments.
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INTRODUCTION

The university of Utah TRIGA reactor (UUTR)
has been operating since 1975 without incident. The
UUTR is a modified TRIGA Mark I pool-type reactor
that is operated at a maximum of 90 kW, although li-
censed to operate at a maximum power of 100 kW.
However, the fuel core design has the potential of in-
creasing the overall power up to 1 MW. The UUTR is
operated by trained and NRC licensed staff and stu-
dents of the University of Utah Nuclear Engineering
Program. The UUTR is utilized in many ways: to train
students on reactor operation and nuclear principles, it
provides a neutron and gamma source for research and
is used for neutron activation analysis. The reactor is
as well a major research and community outreach tool;
tours of the facility are conducted educating the public
and younger students about nuclear engineering.

This paper is a continuation from Part I [1] which
focused on optimization of the higher power levels for
UUTR based on neutronics parameters; in this Part II,
we present thermodynamic calculations and computa-
tional fluid dynamics (CFD) simulations as performed
to optimize heat transfer parameters for higher UUTR
power levels. These analysis when integrated, deter-
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mined a theoretical, range of higher power levels for
UUTR. The methodologies used to assess thermal-hy-
draulics and heat transfer aspects of increased power of
the UUTR are based on the methodologies as used for
re-licensing its operation (in 2011). These information
are easily found in the UUTR Safety Analysis Report
published at the U. S. Nuclear Regulatory Commission

(2].

COMPARISON OF MAIN
OPERATIONAL PARAMETERS IN
CURRENT RESEARCH REACTORS

As of 2012, there are 30 research and test reac-
tors operating in the United States [3] as shown in fig.
1. Among TRIGA type reactors, UUTR is one of the
reactors with the lower power. From this group of re-
search reactors powered by 1 kW and greater, only
three, including our UUTR, rely primarily on natural,
ambient heat transfer for cooling and heat transfer. All
other reactors are equipped with forced convection
systems of equal or greater cooling load to the reactor's
licensed power level. The most common type of sys-
temused is a dual loop heat exchanger linked to a cool-
ing tower located at outside environment.
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Figure 1. Operating research and test reactors in the
USA grouped per their licensed power [3]

HEAT TRANSFER PHENOMENA
IN UUTR

During reactor operation energy is released
through the fission process starting the chain of heat
transfer. While there exists an extensive research on
heat transfer inside fuel and on fuel rods for TRIGA re-
actors [4, 5], this study focuses on the system as a
whole. The fuel rods in the UUTR core heat the sur-
rounding pool water, which flows up and over them in
a natural convection loop. The heated water then can
either evaporate from the top of the reactor pool or
transfer the heat to the environment. Transferring the
heat to the environment can be either through the top
surface, which is open to the air or through the alumi-
num tank wall, sand barrier and outer steel tank wall.
Currently, this is the only way the pool water is cooled
back to ambient temperature.

In order to determine the heat transfer into the re-
actor pool from the operating core, the reactor is first
considered to be a closed system with a control volume
surrounding the core and water. The energy equation is
then

Oin =(mC,AT)+m. (AHy +C,AT) (1)

where O;, [J] is the heat, m [kg] — the mass of water in
the reactor tank, C, — the specific heat of water
(4,183.2 J/kgK, at 20 °C) [6], AT [°C] — the tempera-
ture difference from the starting and ending condi-
tions, m, [kg] — the mass of water evaporated , AHy —
the latent heat of vaporization for water at 20 °C
(2,453.5-10” J/kg) [6].Using this equation it is possible
to estimate the overall average temperature increase of
the reactor tank water. From historical reactor run data
as found in ref. [7] it was recorded that average water
evaporation is 2.16 kg/h when operating at 90 kW.
This leads to a temperature increase per hour of 2.58
°C. Table 1 shows calculated values for higher theoret-
ical UUTR power levels. Because these power levels
are theoretical values, they do not include the evapora-
tive portion of the equation. This amount is variable
and dependent on current atmospheric and starting

Table 1. Temperature increases per hour for higher
UUTR power levels

Power level [kW] Temperature rise per hour [°C]
100 2.87
200 5.74
300 8.60
400 11.47
500 14.34

conditions, but judging from the prior data from ref.
[7] it would lower the temperatures by 2-4% with a
greater amount of water being evaporated.

In addition to the system losing energy through
evaporation, it is also lost through conduction. The
heat generated in the fuel is transferred to the water
through natural convection, from the water to the alu-
minum, sand, and steel enclosures by conduction and
is finally cooled by the ambient air through convec-
tion. This process is calculated using a radial thermal
circuit
Toore =Tss,2

core
q: = R

In YAl,2

R :( 1 J VLt |,
2n rcoreLcoreh 2nk Al LAl

Vsand, 2 7ss,2
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where ¢, [W] is the heat rate, k [Wm 'K™'] — the ther-
mal conductivity, » [m] — the radial distance, L [m] —
the cylindrical length, 7' [K] — the temperature,
¥ [KW™'] — the thermal resistance, and 4 [Wm K '] —
the heat transfer coefficient. In this form the heat trans-
fer to the outside surface of the steel tank is given by
knowing the temperature of the core (contacting the
water) and temperature of the outer stainless steel tank.
In order to use eq. (2) and find the energy loss
though the tank walls the convective heat transfer co-
efficient (%) of the tank water must first be calculated.
The first step requires the calculation of the
dimensionless Grashof number

T. —T. )
Gr:w( core Zwater) core (3)

v

where Gr is the Grashof number, g [ms *] — the gravita-
tional acceleration, 5 — the volumetric thermal expan-
sion coefficient of water (207.71-10 °K ™', at 20 °C) [8],
T[K] —the temperature, L [m] — the length, v — the kine-
matic viscosity of water (1.0058-10° m’s™", at 20 °C)
[8]. This result is multiplied by the Prandtl number for
water at 20 °C, 6.97 [6], to give the Rayleigh number.

The heated, upward-facing, flat plate correlation
is used to model the reactor core. This correlation cal-
culates the ratio of conductive to convective heat
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Table 2. Variables affecting UUTR heat conduction

Variable Description Value
Toore Fuel temper?tug% (i(o\I{Itactmg water 53.7°C [3]
Tsso Temperature of outer SS wall 23.0 °C
Feore Core radius 0.29 m
Leore Core height 0.67 m

h Heat transfer coefficient of water |704.84 W/m’K
TALL Inner radius of Al tank 1.17m
FAl2 Outer radius of Al tank 1.18 m
ka Thermal conductivity of Al 177 W/mK [6]
L Height of Al tank 7.32 m

Fsand.1 Inner radius of sand layer 1.18 m

Fsand.2 Outer radius of sand layer 1.48 m
Ksand Thermal conductivity of sand  0.27 W/mK [6]
Lgand Height of sand layer 7.32 m
rss,i Inner radius of SS tank 1.48 m
rss2 Outer radius of SS tank 1.485m
kss Thermal conductivity of SS  |14.9 W/mK [6]
Lss Height of SS tank 7.32m

transfer known as the Nusselt number (Nu). Based on
the calculated Rayleigh number and the chosen corre-
lation the following relation is used [8]

Nu =3/0.15Ra (4)

From knowing the Nusselt number, the heat
transfer coefficient (%) can be known through their re-
lationship derived from Newton's law of cooling

L
k

where L [m] is the heated length and A [Wm 'K '] — the
thermal conductivity. This value is calculated to be
704.84 Wm 2K ' Now that it is known, the calculation
can proceed to obtain the overall thermal resistance of
the reactor system using eq. (2). Table 2 defines the
other variables needed for the equation. The total ther-
mal resistance (R) calculated for UUTR is 0.019 KW'
resulting in a loss of 1590 W of heat through conduc-
tion to the outer wall while operating at 90 kW.
When UUTR is at 90 kW it was found that the
typical range for evaporative energy was 1.8-3.6 kW
while only 1.59 kW were transferred through conduc-
tion. These methods only account for a maximum
5.77% of the total power generated. The remaining
continues to heat the tank water through natural con-
vection until it is eventually removed passively to the
environment or actively by a heat exchanger.

Nu ®)

SOLIDWORKS BASED ASSESSMENT
OF UUTR HEAT TRANSFER AND
THERMOHYDRAULICS PHENOMENA

SolidWorks Flow Simulation is a fluid dynamics
and thermal simulation program [9]. The software is
based on the finite volume solution method to solve

the time-averaged Navier-Stokes and energy equa-
tions over the computational mesh. Because the
equations are discretized over each volume, values for
each surface can be known making this method con-
servative.

The basic elements of the UUTR were modeled
in SolidWorks with their corresponding dimensions
and materials. In the Flow Simulation software the
computational domain was applied up to the outer wall
edge and a 3-D rectangular mesh was selected. Using
mesh refinement a minimum gap size of 0.79 inches
(0.02 meters) was specified. The mesh near the walls
and core has a finer resolution for better modeling of
the thermal and velocity boundary layers whereas in
the center of the tank the mesh is coarse. Figure 2
shows views of the meshed model and tab. 3 shows the
mesh statistics.

The analysis was carried out using an internal
simulation with time dependency and gravity enabled
(-9.81 ms 2 in the y-direction). Water was chosen as the
working fluid to fill the tank. The variable properties of
density, dynamic viscosity, specific heat (Cp), and
thermal conductivity were defined over the range of
20 °C-70 °C with the software using a linear interpola-
tion for intermediate values. Starting temperature for
the simulations was set at 20 °C or 24 °C and air pres-
sure at 1 atm (1 atm = 101325 Pa). The interior walls of
the aluminum tank were defined to act as real walls with
the heat transfer coefficient set at the previously calcu-
lated 704.84 Wm2K"! (negative sign convention). The
core was defined as a surface heat source with a con-
stant, overall heat flux equal to the reactor's power level.
Simulation time was set to run for a total of 6 hours

Figure 2. Isometric and bottom views of flow
simulation mesh

Table 3. Flow simulation mesh statistics

Cell type Number
Fluid cells 70800
Solid cells 17080

Partial cells 27 840
Total 115720

“ft =30.48 cm
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Figure 3. UUTR pool water temperature as a function of
UUTR power as obtained with SolidWorks flow
simulation

(21,600 seconds) with results being recorded at each
hour.

Power levels from 90 kW to 250 kW were simu-
lated in 10 kW increments. Each was started from an
initial temperature of 20 °C. Additionally, a single
90 kW, 1 hour simulation was run with a starting tem-
perature of 24 °C. Temperature measurements were
taken at an arbitrary location 4.5 m (14.76 ft*) from the
base of the reactor tank along the center axis. This lo-
cation was chosen as it proved to be an area of even
temperature distribution to represent the overall
heating of the reactor tank water. The results from the
20 °C simulation are shown plotted in fig. 3.

FLUENT MODEL OF THE UUTR

Fluent is a computational fluid dynamics code
based on the finite element method [10]. A computa-
tional mesh is generated for the model being analyzed
with the defining equations applied over each mesh el-
ement. Boundary conditions are defined at all mesh
edges (walls) creating a conservative system where in-
dividual element values can be known. For all simula-
tions Fluent solves the continuity equations of mass
and momentum and if heat transfer is involved the en-
ergy equation is also added.

The tank, walls, core, and water of UUTR were
modeled to their original dimensions in the
DesignModeler program included with the simulation
package. During this process the UUTR core was fur-
ther discretized into zones so that the pin power distri-
bution could be mapped to the surface. For the mesh-
ing portion the created geometry was opened and a
tetrahedral shaped mesh and CFD physics preference
were chosen. A coarse relevance center was used with
medium smoothing and a slow transition area around
the core for increased flow detail in that region. The
generated mesh is shown in fig. 4 and its statistics are
presented in tab. 4.

The mesh is loaded into the Fluent solver and is
set to perform a pressure-based, absolute, transient
simulation with gravity enabled (-9.81 ms 2 in the

Figure 4. External surfaces of fluent mesh

Table 4. Fluent mesh statistics

Type Number
Cells 329024
Faces 668 208
Nodes 60094
Face zones 22

y-direction). For this simulation the energy equation is
enabled and the laminar model is used. In the materi-
als section the working fluid is set to liquid water and
the solid materials are defined to be aluminum. The
properties of all the materials are defined at the starting
temperature of 20 °C.

Additionally, water density was defined to follow
a Boussinesq approximation. Using the Boussinesq
model for natural convection flows faster convergence
is obtained than having the fluid density as only a func-
tion of temperature. The model assumes that fluid den-
sity stays constant in all solved equations except in the
momentum equation where it is replaced by the approx-
imation as

p=po(1-BAT) (%)

where p [kgm’3] is the new density, py [kgm’3 ] - the
constant density, § —the thermal expansion coefficient
of water (207-10° K"). The Boussinesq approxima-
tion is accurate as long as (7 — T,) <« 1 which applies
for all cases during these simulations [11].

Next, the cell zones and boundary conditions are
defined. Under the Cell Zone Conditions section the in-
terior zone is changed to a fluid and edited to contain the
water defined in the above steps. In the Boundary Con-
ditions section all named wall sections created in the
meshing process appear. The side and bottom tank
walls are defined as convection/conduction boundaries
between the water and aluminum while the top is de-
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fined as a convection boundary open to the atmosphere.
Both use the heat transfer coefficient previously de-
fined and specify a room temperature of 22 °C. The
core surfaces are defined as thermal boundaries with a
heat flux. The core was discretized into sixths for entry
into the software as shown in fig. 5 to facilitate the
power mapping onto the thermal boundaries in the
model.

To increase simulation speed, aid in modeling
and in mapping the power distribution to the thermal
boundaries, the top and bottom surfaces were divided
into ring sections corresponding to the fuel element
rings. The pin power distributions [1, 12 ] and core
surface area were used to determine the heat flux as

Power distribution [kW ]

> =Heat ﬂux[kv;]:l (6)
Surface area [m~ ] m

The process of dividing the core up into sections
and then using the pin power distributions to calculate
the heat flux for each thermal boundary was repeated
for each power lever level that was simulated. The
heat flux values varied based on the total reactor
power and core layout as calculated in Part I [1].

The Fluent analysis was carried out using the
pressure implicit with splitting of operators (PISO) so-
lution algorithm with the spatial discretization of pres-
sure set to second order and the remainder of the solu-
tion settings left at the default values. Under-relaxation
factors for the solution controls were also left at the de-
fault values. The solution was initialized to start at a
temperature of either 20 °C or 24 °C and calculation ac-
tivities were set up to record fluid temperature and ve-
locity at 5 minutes intervals. After this setup the solver
was run with a 1 s time step until a maximum simulation
time of 3 600 s was reached.

20 +

ylem]

30 20 10 0 10 20 30

X [cm]

Figure 5. Discretizing the core sides prior to simulation
(90 KW core) [12]

Power levels of 90, 100, 150, 300, 400, and
500 kW were simulated with the 20 °C starting tem-
perature while only 90 kW was run using the 24 °C
initial temperature. Temperatures were calculated
at the same 4.5 m (14.76 ft) distance from the bot-
tom of the reactor pool and at predetermined radial
distances. The results from the 20 °C simulations
are shown plotted in fig. 6, while fig. 7 shows the
locations for which the temperatures were calcu-
lated.

COMPARISON OF RESULTS AND
MEASUREMENTS

Three power levels were the same in these two
simulations: 90, 100, and 150 kW. In fig. 8, Fluent and
SolidWorks comparison of the center temperatures at
the 4.5 m plane is shown.

It can be observed that SolidWorks always pro-
duced a higher temperature value. The highest temper-
ature difference is obtained at 90 kW with a difference
0f0.36 °C or 1.6%. The difference at the 100 kW level

18
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Figure 6. UUTR pool water temperature rise over 1 hour
as a function of UUTR power and pool location as
obtained with Ansys Fluent
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Figure 7. Radial locations of temperature measurements
calculation in the UUTR
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Figure 8. Comparison of SolidWorks and Fluent
centerline temperatures on the 4.5 m plane

and overall variability between the two data sets is at-
tributed to the location of the natural convection cur-
rent. If the point where the results are taken is outside
the convection current, the temperature is near the av-
erage fluid temperature.

Both models show the near constant upward
slope of increasing temperature vs. reactor power, as
expected. The Fluent model shows more variation
since the core was discretized according to fuel ele-
ment levels. The asymmetrical layout of the core leads
to a more unstable and mobile convection column
causing more variation in the temperature results. The
SolidWorks model used a constant, volume type
power source and thus had less water movement with a
more stable, uniform convection column. The Fluent
model more accurately models the actual water flow
while the SolidWorks model better shows the overall
average temperature.

The UUTR pool water temperature is measured
with the readings taken at 4.5 m (14.76 ft) distance
from the bottom of the reactor pool and at the predeter-
mined radial distances previously shown in fig. 7.
During normal 90 kW reactor operations three temper-
ature measurements were taken: during startup, after
30 minute, runtime, and after one hour runtime. A type
K thermocouple attached to an Omega TrueRMS
Super Meter was used for collecting all the data. The
thermocouple was lowered into the desired position,
allowed to acclimate for one minute and then the de-
tected temperature range was recorded.

The results from the pool water measurements
over one hour are summarized in tab. 5 (Note: the first
trial was only conducted in the central location, C. L.)
and are compared with the corresponding temperatures
from both the 20 °C and the 24 °C 90 kW simulations.

All of the measurements show some variation
between readings. This variation can be attributed to
four reasons. First, and affecting both the simulations
and UUTR is the location of the convection current.
The flow around the core begins to exhibit vortex
shedding once it has developed. This moves the con-
vection current of heated water back and forth around
the middle area of the reactor pool. If the thermal col-
umn is away from the point of measurement at the time
readings are taken the temperature will be lower since
the surroundings were measured and not the heated
water directly from the core.

Table 5. Comparison of simulation and temperature
measurements at 90 kW

C. L. point | Core edge |1/2 distance| Tank wall
temperature|temperature|temperature|temperature
rise [°C] | rise [°C] | rise [°C] | rise [°C]

Do | 25t0s | - - -
R 120401 | 24402 | 28+0.0 | 2701
S | 28%03 130202 | 27+01 | 27+0.1
s | 32+04 | 3102 | 28201 | 27+0.1
Sy 3.0+03 | 29£02 | 28+0.1 | 28+0.1
[glougrét] 2.54 2.73 251 2.50
S s | a0 | 2w [ ow
[gauf;‘fclt] 3.11 2.98 2.97 2.73
Sogéi\ygﬁks 2.96 2.95 2.90 2.68

The temperature is also affected by the operators
measuring and operating the UUTR. At UUTR the re-
actor power is manually controlled by the operator.
While each trial was conducted at 90 kW it is normal to
expect a variation of the power as 90 £ 1 kW. Over
long periods of time small changes in the power can
create slight differences in the temperature between
the measurements. The operator also controls the rate
of the reactor power is increased increase before
reaching the level of 90 kW. Ideally the power would
be ramped to the desired level instantaneously. How-
ever, this operation can take longer depending on cur-
rent conditions and experiments conducted. Time
spent ramping up to power increases tank water tem-
perature and has an effect on the temperature measure-
ments.

Finally, the temperature is affected by the ambi-
ent starting conditions. During the summer the reactor
room temperature is higher causing the starting pool
water temperature to also be higher. From freezing to
35 °C the water's heat capacity (C,) slightly decreases,
making it easier to heat. This is evidenced in the two
starting temperatures (20 °C and 24 °C) of both the
SolidWorks and Fluent simulations with the 90 kW,
where at 24 °C simulations more closely match the
measurements taken.

The simulations of UUTR at higher power levels
show that the reactor undergoes the same natural con-
vective and vortex shedding processes only the effects
become more pronounced. In the 90 kW simulation
the open water fluid velocity peaked at 0.0988 m/s
while in the 500 kW simulation the maximum velocity
has increased to 0.156 m/s. These results are similar,
only more conservative, to those reported in the
UUTR SAR which reports 0.115 m/s for 90 kW and
0.130 m/s for 100 kW [12]. The slower velocities can
be attributed to the simpler reactor core models used in
both simulations. These models did not include the
coolant channels through the center of the reactor and
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around each element. Ifthese channels were included
additional convection heating would occur increasing
the velocities while also decreasing the blunt body ef-
fects that lead to the vortex shedding.

DEPARTURE FROM NUCLEATE
BOILING RATIO

The departure from nucleate boiling ratio
(DNBR) is a ratio of the critical heat flux (CHF)
needed to cause departure from nucleate boiling to the
actual heat flux on the fuel element. The DNBR is de-
pendent on the coolant velocity, the pressure and the
extent the fluid is below the saturation temperature.
For fuel safety it is recommended that the DNBR for
TRIGA reactors should not be below 1.0 [12, 13].

The first step in finding the DNBR is the calcula-
tion of the CHF. For TRIGA reactors the accepted, tra-
ditional method of estimating the CHF' is using the
Bernath Correlation [5, 14]

CHF:hcrit (Tcrit _Tf) (7)
D
By :6L84(WJ+0.01863 %563 u  (8)
54pP u
T, =5Tlnp———— +2837- 9
ent P 01034 1219 ©)

where CHF [Wm’z] is the critical heat flux, A
[Wm K] — the critical coefficient of heat transfer,
Tait [°C] — the critical surface temperature, 77 [°C] —
the bulk fluid temperature, p [MPa] — the pressure,
u [ms '] —the fluid velocity, D,, [m] —the wet hydraulic
diameter, D; [m] — the diameter of the heat source.
From MCNPS5 performed in part one of the feasibility
study simulation it is found that the fuel element with
the highest power is located in the B-ring [1]. For cal-
culating the CHF the most conservative fuel pin
sub-geometry for this location is used [12]. All the val-
ues used to calculate the CHF are presented in tab. 6
and are shown for a starting fluid temperature of 20 °C.
The CHF as given by Bernath's Correlation is dis-
played in fig. 9 for reactor powers of 90, 100, 150, 300,

Table 6. Values used in calculating the critical heat flux
90 kW |100 kW 150 kW|300 kW|400 kW|500 kW

w Iﬁzﬂkl] 3.847 | 4.001 | 4329 | 4467 | 4720 | 4935
T [°C] | 150.49 | 150.48 | 150.45 | 150.44 | 150.42] 150.40
T [°C] 20.0
p [MPa] 0.176
ulms']]0.115 ] 0.130 | 0.161 | 0.174 [ 0.198 | 0.218
Dy, [m] 0.00499

Di[m] 0.112

~2-90 kW ~+=100 kW —4—150 kW e 300 kW 400 kW g 500 kW

Critical heat flux [kWm™]

20 25 30 35 40 45 50
Inlet coolant temperature [°C]

Figure 9. CHF calculated using Bernath's correlation as
a function of coolant inlet temperature for various
reactor powers

400, and 500 kW. The CHF values shown are based on
inlet temperature and correspond to the moment when
DNBR is expected to occur.

The actual heat flux under the same conditions is
then required. The ratio of these two values forms the
departure from nucleate boiling ratio. The program for
the analysis of reactor transients (PARET) code from
Argonne National Laboratory is used to model the heat
flux for UUTR for both the hottest and nominal fuel el-
ements in steady-state operation. Table 7 shows the
main input parameters used in the PARET code.

For the DNBR the maximum surface heat flux
from the PARET calculation is used along with the
CHF found using Bernath's correlation. The UUTR
Technical Specifications require that the pool water

Table 7. Comparison of simulation and temperature
measurements at 90 kW

Variable (90 kW[100 kW[150 kW[300 kW[400 kW[500 kW

Inlet
moderator
temperature 20.6
[*C]
Fuel pin
radius [m]
Thermal
conductivity
UZrH 180
[Wm'K™]
Thermal
conductivity
air gap 0.199
[Wm 'K
Thermal
conductivity
S.S. clad 168
[Wm'K™]
Axial
neutron flux| Data for each power level provided from [1, 12 ]
ratio

1.792-107

Moderator

inlet mass
velocity | 115 | 130 | 158 | 179 | 202 | 218

[kgs 'm ]
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Table 8. UUTR heat fluxes and DNBR at 35 °C

Power level Mam[lgvn; l}f]at flux ff;;tl[flvlvl;g%] DNBR
90 kW 44 419 4442 1000
100 kW 49057 462.5 943
150 kW 74032 499 .8 675
300 kW 148064 515.6 348
400 kW 197 419 544.7 276
500 kW 246 774 569.5 231

temperature be no higher than 35 °C[12] so the CHF'is
read at this temperature by finding the point at which
each power level intersects the 35 °C line in fig. 9. The
resulting heat fluxes and DNBR are shown in tab. 8.

The DNBR calculation shows that using
Bernath's Correlation and maximum heat flux data
from the PARET code that a boiling crisis will not oc-
cur even if the UUTR's power is upgraded to 500 kW.
Currently, during 90 kW operations there is no boiling
on any of the reactor fuel elements. From the PARET
calculations it is also shown that boiling would begin
at 131.9 °C or when UUTR is at 210 kW. However,
even though boiling has started it remains in a nucleate
regime and does not approach the CHF, remaining safe
up through 500 kW.

HIGHER POWER UUTR
COOLING SYSTEM DESIGN

Without any core or reactor modifications it is
found based on neutronics analysis only that the maxi-
mum UUTR power level is 150 kW [1]. UUTR does
not operate at this level as only 2.1 hours of runtime
would be available if started at 20 °C before the techni-
cal specification regarding the temperature limit
would be reached. This limit is set to protect the integ-
rity of the deionizing resin beds. At higher tempera-
tures the resin integrity begins to degrade leaching the
removed contaminates back into the water.

It is suggested to extend the operating time and
increase the operating power of UUTR for minimal
cost new deionizing beds be installed and the Techni-
cal Specifications for UUTR (TS) be amended to have
a higher water temperature limit. Recently, higher
grade, more temperature resistant deionizing resins
have become widely available for less cost. The
ResinTech® MBD-10 nuclear grade, mixed bed resin
is one example. It functions up to 60 °C if rechargeable
and up to 80 °C if single use and meets all other water
quality requirements [15, 16]. The increase in temper-
ature limit from using the new deionizers would allow
3.5 additional hours of operating time at 90 kW or 2.17
hours additional time if upgraded and operating at 150
kW. Figure 10, based off of the previous simulations
conducted, illustrates the theoretical runtimes for vari-
ous power levels when starting at 20 °C.
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Figure 10. UUTR pool water temperature as a function of
UUTR power after TS temperature increase as obtained
with SolidWorks flow simulation

This upgrade only retrofits UUTR for higher
temperature operations and does not provide any addi-
tional cooling capabilitiecs. UUTR would still be
cooled through natural heat transfer to the surround-
ings. Because of this, an extra shutdown time would be
required following higher temperature runs to allow
for ambient cooling.

To enable longer, more frequent UUTR runtimes
with an increase in power level a new cooling system
needs to be considered. A dual-loop system connected
through a heat exchanger and routed to an outdoor
cooling tower is commonly used to cool research reac-
tors and would be best suited for UUTR. For the sole
purpose of estimating the costs of a cooling system
UUTR is assumed to be operating at 250 kW and the
system components are sized appropriately. Only the
size of the heat exchanger, cooling tower, pumps and
pipes change as needed. Based only off ofa 20 °C tem-
perature difference in the cooling water from the heat
exchanger and assuming no losses, a flow rate of
47.4 gram per meter in the primary loop is required
to cool a250 kW reactor. To supply this flow rate and
provide extra head for the losses occurring in the
pipes, resin beds and heat exchanger a 5 horse-power
pump is needed. Stainless steel, schedule 40 pipe is
strong, durable and recommended for all piping con-
nections. A plate heat exchanger is recommended for
heat transfer between the two cooling loops together.

The secondary loop supplies cooled water to the
heat exchanger from the cooling tower. A 300 kW
counter-flow cooling tower is recommended as it al-
lows for maximum heat transfer from the heat
exchanger, has a more freeze resistant design for win-
ter use and is commonly available in preassembled
units. This tower requires 110 gram per meter of water
flow which could be provided by a second 5
horse-power pump. Stainless steel piping would be
used in secondary loop as well. Because the cooling
tower is open to the atmosphere, a water treatment sys-
tem is recommended for the secondary loop to prevent
fouling.



P. Babitz, et al.: Feasibility Study of the University of Utah TRIGA Reactor ...
360 Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 4, pp. 352-361

CONCLUSIONS

The results from both feasibility studies, one
based on neutronics (Part I of this paper), and the other
based on thermal-hydraulics and heat transfer, form a
basis for a power upgrade to UUTR. Figure 11 summa-
rizes the relationship between UUTR power, neutron
flux, runtime and cost assuming the UUTR Technical
Specifications will be modified to allow for a higher
pool water temperature limit. While the low-cost up-
grade allows higher temperatures to be reached, the
current UUTR core configuration is only capable of
150kW [1]. To operate at values beyond 150 kW the ad-
ditional core upgrade outlined in [1] would be needed.
Figure 12 shows an estimated cost (as of 2012) of both
of the upgrades, the increased power level they provide
and the corresponding total neutron flux. The estimated
cost is based on the projected costs of the UUTR core
upgrade described in Part I [1] and from the costs of the
cooling system components. The total neutron flux rep-
resents the highest value obtained from MCNP5 simu-
lations [1]. After 250 kW the price continues to rise be-
cause components such as the cooling tower, heat
exchanger, pipes and pumps increase proportionally to
the power level.

The thermodynamic calculations and CFD simu-
lations presented help to gain a better understanding of
heat flow in UUTR. These analyses, along with the
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Figure 11. UUTR simulated runtime and total neutron
flux at varying power levels with pool temperature above
the current technical specification limit
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Figure 12. UUTR estimated power upgrade costs and
total neutron flux at varying power levels

neutronics simulations from Part I of this study [1] and
in [17], were necessary to gauge the feasibility of a
power upgrade for UUTR. The general conclusion is
that the UUTR can be upgraded to a higher power level
should such upgrade be required for the use of a reactor
beyond current use for training, education and yet vari-
ous and numerous experiments performed weekly.
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O®Ounun BABUR, Jourok RE, Tarjana JEBPEMOBUWH

INOBERABE CHATE UCTPAXKMUBAYKOI PEKTOPA HA
YHUBEP3UTETY Y JYTU
Jeo II: Anann3a TepMoxupayJiKe H MPEeHoca TOIIOTE NpeMa 3aXTeBuMa
PacxJIafHOr cHcTeMa U NPOojeKTa

Tepmoxunpaynuuku napamerpu ucrpaxusauykor TRIGA peakTopa Ha YHuBep3urety y JyTu
popavyHaTu cy KopuirheweM HyMepuakux nporpama SolidWorks Flow, Ansys, Fluent 1 PARET-ANL.
Pa3Bujenu cy HyMepuuKM MOJIENH 32 paJ] peakTopa Ha MakcuManHoj cHasu o 90 kW, a u 3a cHare Buer
HHUBOA, fla OM ce aHaNIM3Wpadl TepPMOXHUApAylHMKa U MpeHOC TOIJIOTe Yy IMiby foOujama Mojsiora 3a
IIPOjEeKTOBalkE paja peakTopa Ha BUIIMM CHarama 1 IpoleHy Tpolukosa. [IpopadyHnu cy norspauiu aga
IPHUPOJHA KOHBEKIM]ja II0CTaje 3HaYajHa Ha BUIIIMM CHarama peakTopa Kaja ce youasa 1 110jaBa BPTJIOKHOT
u3IuBamka. AHaJIKM3a N0jaBe Kibyuama M0Ka3aja je ja ce OHa jaBlba Ha CHa3u peakTopa of oko 210 kW, anu
Jla He [TOCTaje KpUTUYHA CBe 10 cHare peakTopa off S00 kW. Ha ocHOBY oBora 3akibyueHo je a cy Moryha sa
HauuHa noBehamwa cHare. ViMajyhu y Buy 1 Hajla3e HEyTPOHCKUX aHAJIN3a peakTopa, KOjU Cy IIpUKa3aHu y
IPBOM JIENTy OBOT pajia, 3aKjbyuyje ce Aa je moBehame cHare peakTopa BeOMa U3IIIeHO, MaJja YCIOBbEHO
noTpeOOoM 3a TaKBUM NoBehamweM u npatehuM nHBeCTHIUjaMa.

Kwyune peuu: TRIGA, ucitipaxcusauxu peaxitiop, ipernoc moinoiue, FLUENT, SolidWorks, PARET



