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COMSOL Multiphysics has been used to conduct thermal-hydraulic analysis in multiple nuclear applications. The aim of this
study is to benchmark the prediction accuracy of COMSOL Multiphysics in performing thermal-hydraulic analysis of TRIGA
(Training, Research, Isotopes, General Atomics) reactors such as the Geological Survey TRIGA Reactor (GSTR) by comparing its
predictions with RELAP5 (a widely used code in nuclear thermal-hydraulic analysis) results and experimental data. The GSTR
type is Mark I with a full thermal power of 1 MW, and it resides at the Denver Federal Center (DFC) in Colorado. The numerical
investigation of the present work is carried out by developing single-subchannel thermal-hydraulic models of the GSTR utilizing
RELAP5 and COMSOL codes. The models estimate the temperatures (fuel, outer clad, and coolant) and water ﬂow patterns in the
core as well as fuel element powers at which void starts to form within the coolant subchannels. Then, these models’ predictions
are quantitatively evaluated and compared with the measured data.

1. Introduction
The Geological Survey TRIGA Reactor (GSTR) situated in
Lakewood, Colorado, is a 1 MW Mark I. It is operated since
1969 by the US Geological Survey (USGS) to provide many
services such as ﬁssion track experiments, neutron activation analysis, radioisotope production, neutron irradiation,
neutron radiography, and delayed neutron analysis [1]. To
safely operate in steady-state and transient modes, the GSTR
is fueled with uranium-zirconium hydride fuel that has a
prompt negative temperature coeﬃcient of reactivity. During
pulse mode operations, this reactor can operate with a $3
maximum insertion reactivity [2].
COMSOL Multiphysics has been utilized in many nuclear
reactors investigations to perform multiphysics simulations
such as thermal hydraulics. The aim of the present work is
to study the prediction accuracy of COMSOL Multiphysics
in reactor cores with natural convection cooling such as

TRIGA reactors by benchmarking its predictions with the
experimental data as well as RELAP5 (extensively used for
thermal-hydraulic evaluations of TRIGA reactors) results.
Previously, a detailed neutronic model of the GSTR core is
developed using MCNP5 in [3, 4], which calculates the
neutronic parameters of the GSTR core. Then, the models in
the present study use these neutronic parameters calculated
by the MCNP5 model to predict the temperatures and void
formation for the subchannel.
Thus, the goal of this numerical and experimental study
is to develop single-subchannel thermal-hydraulic models
using a selection of applicable thermal-hydraulic codes such
as RELAP5 and COMSOL, calculate the temperatures (fuel,
outer clad, and coolant) and ﬂuid ﬂow direction with different heat rates, ranging from 5 to 30 kW, conduct an
experiment to measure the water temperature in the ﬂux
monitor hole situated between B- and C-rings, assess the
models’ predictions and compare them with the measured
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data, and benchmark the COMSOL Multiphysics singlesubchannel thermal-hydraulic evaluation of a TRIGA Reactor with RELAP5 results and experimental data.

2. Geological Survey TRIGA Reactor
The GSTR situated in Lakewood, Colorado, is a 1 MW Mark
I TRIGA (Figure 1). This reactor can operate with thermal
powers up to 1 MW maximum in steady-state mode operations and up to $3 maximum reactivity insertions during
pulse mode operations [2]. The GSTR core, like other Mark I
TRIGA reactors, is composed of seven rings (labeled A
through G) and situated at the bottom of a tank (2.34 m
inner diameter and 7.50 m high). The water inside this tank
yields eﬀective radiation shielding [5].
This reactor is fueled with uranium-zirconium hydride
(U-ZrH) that has a prompt negative temperature coeﬃcient
of reactivity and <20% concentration of U235 [6]. The
cladding material of the GSTR fuel elements is made of
stainless steel (located in the B-, C-, D-, E-, and G-rings) or
aluminum (located in the F- and G-rings) (Figure 2) [3]. To
hold the fuel elements in their speciﬁed positions and in
vertical orientation, the core top and bottom grid plates are
used. A detailed description of the GSTR including core,
control rods, fuel elements, graphite reﬂector, and core
support grids can be retrieved from [7].
The GSTR core is safely cooled by natural convection
with steady-state thermal powers up to 1 MW. While operating in steady-state mode, the NRC requires a continuous
monitoring of the pool temperature. The maximum allowable pool temperature is 60° C [8]; thus, tank cooling is
needed to run the reactor for long time at powers above
100 kW. As Mark I TRIGA reactors, primary cooling loop
pump pulls out the water from the core to cool it down by
removing the heat using a heat exchanger. Then, water in the
secondary loop is cooled by a cooling tower, which consists
of sprayers and fans to cool the water circulating through the
secondary cooling system [9]. A schematic representation of
the GSTR coolant circuit is illustrated in Figure 3.

3. Numerical Methods
This section presents a detailed overview of the single-subchannel thermal-hydraulic models developed in this research.
To correctly compare between the results of these models, the
same boundary and initial conditions described in detail in
the following paragraphs are incorporated within each model.
The numerical simulations are carried out using a one- and
three-dimensional domains utilizing RELAP5 and COMSOL,
respectively. All thermodynamic properties for the water and
fuel are prescribed as a function of temperature. The gravity
term is acting in the z direction as the ﬂow is moving vertically
upward in this direction. The inlet and outlet are speciﬁed as
pressure and temperature boundary conditions, and the mass
ﬂow and ﬂuid directions of the coolant depend on the natural
convection caused by the heat ﬂux generated within the fuel
element. The remaining boundaries are as follows: the symmetry boundary at the connected adjacent subchannels and
nonslip wall boundary with equivalent heat ﬂux (see Figure 4
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for the axial and radial power proﬁles of the fuel element). The
generated power in the fuel elements depends on the fuel
cladding material, location, and reactor-operating power.
Figure 5 presents the power generated in each fuel element at
reactor full power [3]. Simulation are considered converged
when residuals fall below 10− 6 threshold value. Moreover, an
additional check is also made to ensure that mass and energy
balances are globally satisﬁed.
This research also calculates the average cross-sectional
area of the coolant for each GSTR ring to anticipate the
temperatures and void development within coolant subchannels at each ring (see Table 1 and Figure 6). The crosssectional areas and GSTR fuel elements pitches presented in
Table 1 are computed utilizing the following equations:
Atotal � πR2o − R2i ,
Acell �

(1)

Atotal
� Acoolant + Afuel ,
N
2

Acoolant � Acell − π Rfuel  ,
√�
2
3 2 π Rfuel 
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�
,
P −
2
2
4
������������������
2
2Acoolant + π Rfuel  
√�
.
P�
3

(2)
(3)
(4)

(5)

3.1. RELAP5/MOD3.3 Model. The single-subchannel thermal-hydraulic model is developed utilizing RELAP5/MOD3.3
Patch 04, as this code has been widely used in the literature in
[10–16] to do TRIGA Reactor thermal-hydraulic analysis. The
RELAP5 model developed in the present research is consistent with the modeling approach used by these previous
eﬀorts. The RELAP5 model is composed of a cold leg, hot
subchannel, horizontal connector, coolant source, and
coolant sink (Figure 7). The cold leg is included to impose the
pressure diﬀerential between the cold coolant at the inlet and
the coolant passing through the heated subchannel. The cold
leg has the same height and volume as the hot subchannel to
communicate correctly to the hot subchannel. This modeling
approach is important to diﬀerentiate between the gravitational forces imposed on the cold leg versus that imposed on
the hot subchannel permitting for the method of cooling to be
only natural convection. The hot subchannel is the volume
that contains the heat structure (fuel element). The horizontal
connector is a nonphysical connector to permit communications between cold leg and hot subchannel volumes during
simulation. The coolant source and sink (time dependent
volumes) are incorporated in the model to impose the
temperature and temporal pressure boundary conditions
during the computational simulations.
The hot subchannel volume represents the coolant ﬂow
due to the natural convection driven by the heat generated in
the fuel element. This volume is modeled to have 24 axial
connected volumes. Thus, the ﬂow in the pipe components is
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Figure 1: (a) Side view and (b) top view of the core of the GSTR.

8.8cm

10cm

Top fitting
Graphite
Samarium trioxide disc

Aluminum cladding
0.08cm thickness
3.8cm OD

38.1cm

72cm
35.6cm

Fuel

72cm

Zirconium

Stainless steel cladding
0.051cm thickness
3.7cm OD

Bottom fitting

(a)

(b)

Figure 2: (a) Aluminum and (b) stainless steel cladded fuel elements of the GSTR.

driven solely by the density gradients resulting from variations in temperature resulting from the input power. This
approach has been used in multiple previous models of
TRIGA-type reactors [3, 10, 11, 13–15]. The heat structure, a
two-dimensional component, is represented with 24 radial
mesh cells and 24 axial mesh cells to correctly model the fuel
element geometry and power proﬁles predicted by the
MCNP5 model. Figure 8 displays the two-dimensional
representation of the heat structure in the model.
3.2. COMSOL Multiphysics Model. This research also develops a three-dimensional single-subchannel thermal-hydraulic model (shown in Figure 9) using COMSOL

Multiphysics code, as this code has the capacity to model
ﬂuid ﬂow on heated volumes (fuel) in one-, two-, and threedimensional domains. Three diﬀerent meshes are generated
for the COMSOL mesh convergence tests. The total number
of the quadrilateral control volumes for these meshes are
4,306,584, 2,725,000, and 1,741,360 for ﬁne, medium, and
coarse meshes, respectively. The temperature predictions
results from diﬀerent meshes show a satisfactory monotonic
convergence, and the proﬁles obtained from these runs are
overlapping each other, which means even the coarse mesh
is adequately reﬁned for the present numerical simulation
and no further improvement is to be anticipated by using the
medium or ﬁne meshes. Hence, the results obtained from the
three diﬀerent meshes should give enough conﬁdence that
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1.2
1
0.8
0.6
y = –0.0026x2 + 0.1027x + 0.4254

0.4

1
0.8
0.6
y = 0.1886x2 – 0.1185x + 1.0016

0.4
0.2

0.2
0

1.2

0

10

20
30
Fuel element height (cm)

40

0

0

(a)

0.5

1
1.5
Fuel element radius (cm)

2

(b)

Figure 4: (a) Axial and (b) radial power proﬁles of GSTR fuel element.

mesh convergence is satisﬁed and numerical predictions are
reliable. Therefore, as no signiﬁcant diﬀerence are noticed
between the predictions of ﬁne, medium, or coarse meshes,
the coarse mesh is used to reduce the associated computational cost. The gap and clad materials in the three-dimensional COMSOL model are substituted with a single
eﬀective material to reduce the solution time and required
number of mesh cells (see Figure 10). The eﬀective thermal
conductivity of the composite (gap and clad) is calculated as
a function of the gap and clad thermal resistance as shown in
the following equation [17]:

q_ �

ΔT
.
Ltg /tg + tc kg Ag  + Ltc /tg + tc kc Ac 

(6)

The heat ﬂux rate going through the gap and clad layers
equals to the heat ﬂux going through the homogenous
material with an eﬀective thermal conductivity [17]:
q_ �

keff Aeff ΔT
.
L

(7)

Equating equation (6) with equation (7) leads to [17]
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Figure 5: Generated power in each fuel element at reactor full power.
Table 1: GSTR fuel ring and ﬂow cross-sectional areas.
Ring
B
C
D
E
F
G

Ring inner
radius Ri (cm)

Ring outer
radius Ro (cm)

Number of fuel
elements (N)

Total ring area
Atotal (cm2)

Total cell area
Acell (cm2)

Cell ﬂow area
Acoolant (cm2)

Fuel element
pitch (cm)

1.91
5.97
9.96
13.93
17.90
21.87

5.97
9.96
13.93
17.90
21.87
26.42

6
12
18
24
30
36

100.51
199.86
297.82
397.15
496.42
688.99

16.75
16.66
16.55
16.55
16.55
19.14

5.80
5.71
5.60
5.60
5.60
8.19

4.40
4.39
4.37
4.37
4.37
4.70

ΔT
k A ΔT
� eff eff .
L
Ltg /tg + tc kg Ag  + Ltc /tg + tc kc Ac 
(8)
Solving for eﬀective thermal conductivity in (equation
(8)) results in [17]
−1
tg
tc
⎥⎦⎤ .
⎡
⎣
(9)
keff � ⎢
+
tg + tc kg tg + tc kc

Mass of the homogenous material with eﬀective density
equals to the mass of the gap and clad regions; therefore, the
total mass of the composite equals [17]
M�

tg
t g + t c 

LAg ρg +

tc
tg + tc 

LAc ρc .

(10)

The total mass of the homogenous material with eﬀective
density is equal to
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C � LAeff ρeff Ceff .

(14)

Setting equation (13) equal to equation (14) and solving
for eﬀective heat capacity leads to [17]
tg ρg
tc ρc
Ceff �
Cg +
Cc .
(15)
tg + tc ρeff
tg + tc ρeff

4. Model Results and Discussion

Figure 6: Fuel rings of the GSTR core.
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Figure 7: RELAP5/MOD3.3 model.

M � LAeff ρeff .

(11)

Setting equation (16) equal to equation (11) leads to
tg
tc
ρeff �
ρg +
ρc .
(12)
tg + tc 
tg + tc 
The heat capacity of the homogenous material with
eﬀective heat capacity equals to the heat capacity of the gap
and clad regions; therefore, the total heat capacity of the
composite equals [17]
tg
tc
C�
LAg ρg Cg +
LAc ρc Cc .
(13)
tg + tc 
tg + tc 
The total heat capacity of the homogenous material with
eﬀective heat capacity is equal to [17]

The single-subchannel thermal-hydraulic models that are
developed in this research predict the temperatures of the
fuel, outer clad, and coolant to benchmark the COMSOL
predictions with RELAP5 results. These temperatures are
predicted at normal inlet temperature (25° C) and maximum
allowable inlet temperature (60° C). To study the eﬀects of
changing inlet temperature boundary condition on the
temperatures’ predictions, Figure 11(a) displays the temperatures predicted by the RELAP5 model versus the power
generated by a fuel element located in the B-ring. The
resulting temperatures consistently increase by 35° C, as the
inlet temperature increases from 25° C to 60° C, as the impact
of changing the inlet temperature is substantially linear (see
Figure 11(a)). As changing inlet temperature results in
largely linear change, the temperatures can be predicted even
for diﬀerent inlet temperatures without needing to rerun the
models for the new inlet temperature. In order to anticipate
the temperatures and void formations inside the core at the
maximum allowable coolant temperature, the remaining
results in this section are presented with an inlet temperature
of 60° C.
This research also studies the eﬀects of changing the ﬂow
cross-sectional areas (Table 1) in these single-subchannel
models on the temperatures’ predictions. Figure 11(b)
presents these temperatures predicted by the RELAP5
model versus the fuel element power for each GSTR ring at
inlet temperatures of 60° C. As demonstrated in Table 1, the
ﬂow cross-sectional areas from B- through F-rings diﬀer
only marginally; thus, the calculated temperatures in these
rings are roughly identical for the same fuel element powers.
Diﬀerently, the G-ring ﬂow cross-sectional area is higher
and therefore results in diﬀerent temperatures in this ring.
As changing the ﬂow cross-sectional areas of coolant in the
models to predict temperatures in the B- through F-rings
results in extremely minor temperatures’ diﬀerences, the
temperatures in these rings versus the fuel element power
can be anticipated without needing to rerun the models
more than one time.
4.1. Benchmarking with RELAP5/MOD3.3 Results
4.1.1. Temperature Predictions. Figure 12 presents the
maximum fuel temperatures calculated by all of the models
versus the fuel element power. The predicted temperatures
by these models are approximately the same with minor
diﬀerences. This present research also runs the models to
produce a graph that displays the maximum outer clad
temperatures versus the fuel element power (Figure 13). The
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Figure 8: Two-dimensional representation of the heat structure in the RELAP5 model.
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results of these models are approximately similar. The outer
clad temperatures calculated by the COMSOL model are
approximately the same as the temperatures predicted by the
RELAP5 with slight diﬀerences. The COMSOL model
correctly calculates the outer clad temperature, as the outer
clad temperatures are aﬀected by the heat transfer from the
outer clad to coolant. The small diﬀerences in fuel and outer
clad temperatures predicted by RELAP5 and COMSOL
models in Figures 12 and 13 are due to the variations in the
analysis of ﬂow behavior including ﬁeld equation formulations, numerical scheme order, and geometry domain
(one-dimensional for RELAP5 and three-dimensional for
COMSOL).
Due to the hydrostatic pressure discussed in Section 3,
the coolant boiling temperature inside the GSTR core increases to be in the range of 113.2° C (top of the core) and
114.4° C (bottom of the core) due to the water column above
the core. Formation of void within the core starts at outer

clad temperatures higher than the saturation temperature
(between 113.2° C and 114.4° C) as a result of the onset of
incipient boiling. Based on this void-initiation temperature,
the COMSOL model anticipate that void development
happens in the GSTR core when the power generated by the
fuel element is above 17.90 kW as a result of outer clad
temperatures that are higher than the saturation temperature. The COMSOL models’ predictions of the outer clad
temperatures are conservative, as these models do not include two-phase physics. Lacking two-phase physics does
not completely invalidate the COMSOL models’ predictions,
as convective heat transfer initially increases with the onset
of incipient boiling. This is considered in detail in [18]. To
elaborate on void formation within the GSTR core and to
compare with the COMSOL model that lack two-phase
physics, this paper runs the RELAP5 model to calculate the
local maximum void fraction within the thermal-hydraulic
subchannels versus the fuel element power. The RELAP5
model predicts that void starts to form within the thermalhydraulic subchannels at fuel element powers more than
18.90 kW.
Figure 14(a) shows the outlet temperatures calculated by
the RELAP5 and COMSOL models versus the fuel element
power. The average coolant temperature’s predictions by the
RELAP5 and COMSOL models diﬀer slightly with maximum ±1.5° C variations. There is a maximum of 1.5° C
diﬀerences between the COMSOL and RELAP5 results as
shown in Figure 14(a). As explained in Section 3.1, the
subchannel ﬂow volume in RELAP5 code is discretized by
specifying the subchannel cross-sectional ﬂow area and
subchannel length. The subchannel length is discretized into
24 nodes. The outlet temperature in RELAP5 model is the
temperature of the last node volume at the outlet of the
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Figure 11: Temperatures versus the fuel element power for (a) each ring and (b) inlet temperatures of 25° C and 60° C.

subchannel. On the contrary, the outlet temperature in the
three-dimensional COMSOL model is calculated by
selecting the outlet surface of the subchannel geometry and
computing the average temperature of this surface using
postprocessing tools within the COMSOL model. Diﬀerent
schemes of calculating outlet temperatures in RELAP5 and
COMSOL models lead to slightly diﬀerent predicted outlet
temperatures.
Figure 14(b) presents the average coolant temperatures
for each of the rings at reactor full power for fuel elements
with stainless steel cladding in the B-, C-, D-, E-, and G-rings
and with aluminum cladding in the F-ring. The highest
outlet temperatures happen in the B- and C-rings and this is

anticipated, as the fuel elements in these rings generate the
highest power in the GSTR core. As displayed in
Figure 14(b), the average outlet temperature predicted by the
RELAP5 and COMSOL has a big diﬀerence for the G-ring as
the subchannel ﬂow area and fuel pitch in the G-ring is
higher than all other rings (see Table 1) due to space between
the graphite reﬂector that is surrounding the core and the
fuel elements in the G-ring. When incorporating this larger
ﬂow area in the three-dimensional COMSOL model, it
predicts higher temperatures than the temperatures predicted by the one-dimensional RELAP5 model. Increasing
the ﬂow cross-sectional area in the 24 axial nodes of the
subchannel in the RELAP5 model reduces the outlet
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temperature, but the drop in outlet temperature is higher
than the drop in the COMSOL model. The RELAP5 model
predicts higher mass ﬂow rate in the G-ring when increasing
the cross-sectional ﬂow area as shown in Figure 15, which
leads to lower predicted outlet temperature in the RELAP5
model than outlet temperature predicted by the COMSOL
model.
This work also generates three ﬁgures to predict temperatures of the GSTR including fuel (Figure 16(a)), outer
clad (Figure 16(b), and average outlet (Figure 16(c)) temperatures at each GSTR ring versus the reactor power. To
prepare these Figures, graphs of fuel, outer clad, and outlet
temperatures versus the fuel element power (similar to
Figures 12(a), 13(a), and 14(a)) are generated for stainless

steel-clad (located in the B-, C-, D-, E-, and G-rings) and
aluminum-clad (located in F- and G-rings) fuel elements. As
shown in Figure 16, the hottest fuel elements in the GSTR
core are located in the B- and C- rings, as these elements
generate the highest power [7].
4.1.2. Coolant Flow. The coolant ﬂow and average mass
ﬂow rate calculated by the single-subchannel models are
presented in this subsection. In these single-subchannel
models, water (coolant) tends to ﬂow axially from the
bottom of the subchannel to the top of the subchannel due
to natural convection driven by the heat generated within
the fuel element, with no interaction with the neighboring
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Figure 14: Calculated outlet temperatures in the fuel elements with stainless steel cladding versus the (a) fuel element power and (b) GSTR
ring.
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Figure 15: Average mass ﬂow rate calculated by the single-subchannel models at each GSTR ring.

subchannels. Figure 17 presents the two-dimensional
coolant ﬂow direction predicted by the models.
In the single-subchannel models, the coolant subchannel
is not connected to the neighboring thermal-hydraulic
subchannels. In real sense, the subchannels in the core of the
reactor are interlinked, thus the coolant could ﬂow between
neighboring subchannels, based on variations of the coolant
density in the core. This is particularly true within nonuniform power density cores, for instance, the GSTR. Singlesubchannel models restrict the ﬂow directions, as the heat
produced from neighboring fuel elements does not contribute to the buoyancy forces within the subchannel
(coolant does not ﬂow to or from the adjacent subchannels),
which may limit the coolant ﬂow rate and ﬂow directions in
these models. For instance, driving forces in B-, C-, and
D-rings, which have the highest power density, do not
contribute to the ﬂow in the other subchannels. Figure 15

displays the calculated average mass ﬂow by the models in
each ring of the GSTR. This research veriﬁes that the calculated power from equation (16) using the predicted average mass ﬂow rate (Figure 15) and the average inlet and
outlet temperatures (Figure 14) is the same as the inputted
heat ﬂux in the models:
_ p ΔT.
P � mC

(16)

4.2. Benchmarking with Experimental Data. This present
work conducts an experiment to measure the coolant
temperature inside the core at ﬁve vertical positions (see
Figure 18) with reactor steady-state full power and an inlet
temperature of 20° C (inlet temperature at the day of experiment). This experiment was done by inserting the
thermocouple (with 1.8 m sheath to permit temperature
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Figure 16: Predicted, (a) fuel, (b) outer clad, and (c) outlet temperatures in each fuel ring versus the reactor power.

measuring within the core) inside the ﬂux monitor hole. As
the ﬂux monitor hole is situated between the B- and C-rings
(see Figure 19), average of the predicted coolant temperatures at B- and C-rings with an inlet temperature of 20° C
(same as experiment) by the RELAP5 and COMSOL models
is calculated and then compared it with the measured
coolant temperatures.
Figure 20 compares the measured coolant temperature at
ﬁve vertical locations inside ﬂux monitor hole with the
predicted coolant axial temperatures by the RELAP5 and
COMSOL models. This experiment shows that the measured
temperature increases versus the core height. RELAP5 and
COMSOL models also predict that coolant temperature rises
along the core height with maximum temperature at the
subchannel outlet. The measured outlet temperature in the
ﬂux monitor hole equals to 41.7 ± 1.8° C, while the

predicted outlet temperatures by the RELAP5 and COMSOL
models are 44.1° C and 44.8° C, respectively. These diﬀerences
are due to the ﬂow limitation of single-subchannel thermalhydraulic models. Within the single-subchannel models, the
ﬂow of the coolant occurs directly from the subchannel’s
bottom part to the subchannel’s top part due to natural
convection caused by the heat generated within the fuel
element. In real sense, the subchannels in the core of the
reactor are interlinked; thus, the coolant could ﬂow between
neighboring subchannels, based on variations of the coolant
density in the core. This is particularly true within nonuniform power density cores, for instance, the GSTR. To
study the eﬀects of ﬂow patterns inside the core and improve
the temperatures predictions, future research will develop a
detailed computational ﬂuid dynamics (CFD) multichannel
thermal-hydraulic model.
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Figure 17: Two-dimensional ﬂow direction predicted by (a) RELAP5/MOD3.3 and (b) COMSOL models.
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Figure 18: Vertical positions of the experiment.

5. Conclusions and Future Work
The paper presents a numerical and experimental study to
develop single-subchannel thermal-hydraulic models using
a selection of applicable thermal-hydraulic codes such as
RELAP5 and COMSOL, calculate the fuel, outer clad, and
coolant temperatures and ﬂuid ﬂow direction with diﬀerent
heat rates, ranging from 5 to 30 kW, conduct an experiment
to measure the coolant temperature in ﬂux monitor hole
situated between B- and C-rings of the GSTR core, assess the
models’ predictions and compare them with the measured

data, and benchmark the COMSOL Multiphysics singlesubchannel thermal-hydraulic evaluation of a TRIGA Reactor with RELAP5 results and experimental data.
The temperatures and reactor powers at which void
starts to form predicted by RELAP5 and COMSOL models
are approximately similar with minor diﬀerences. The experiment to measure the coolant temperature inside the
GSTR core at ﬁve vertical positions in the ﬂux monitor hole
(located between B- and C-rings) shows that the measured
temperature increases as a function of core height. RELAP5
and COMSOL models, in addition, predict that coolant
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veriﬁcation of the temperature and ﬂow conditions in the
GSTR core will also improve the validation of the diﬀerent
models. The results of both of these eﬀorts will be presented
in future papers.
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The data used to support the ﬁndings of this study are included within the article.
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Figure 19: Flux monitor hole location.
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Figure 20: Comparison of the measured and predicted coolant
temperatures versus the core height.

temperature rises along the core height with maximum
temperature at the outlet. The measured outlet temperature
in the ﬂux monitor hole equals to 41.7 ± 1.8° C, while the
predicted outlet temperatures by the RELAP5 and COMSOL
models are 44.1° C and 44.8° C, respectively. These diﬀerences
are due to the ﬂow limitation of single-subchannel thermalhydraulic models without taking into account the coolant
cross ﬂow between neighboring subchannels, based on
variations of the coolant density in the core.
The next step of this research is to improve the temperature and void formation predictions by developing
multichannel thermal-hydraulic models, as these models will
incorporate the coolant cross ﬂow between adjacent subchannels, depending on coolant density variations within the
GSTR core. This will improve the models’ accuracy, as the
GSTR has a nonuniform power density core with multiple
coolant ﬂow paths. In contrast to the single-subchannel
thermal-hydraulic models, multichannel thermal-hydraulic
models will consider the complex heat transfer and ﬂuid ﬂow
patterns within the core to more precisely predict the
temperatures and ﬂuid ﬂow paths. A detailed experimental

References
[1] T. M. DeBey, B. R. Roy, and S. R. Brady, The U.S. Geological
Survey’s TRIGA Reactor, US Geological Survey Fact Sheet
20123093, Denver, CO, USA, 2012.
[2] W. Day, License Amendment Request to Use Aluminum-Clad Fuel
in the GSTR, U. S. Nuclear Regulatory Commission, Washington,
DC, USA, 2004.
[3] N. E. Shugart, “Neutronic and thermal hydraulic analysis of
the geological survey TRIGA reactor,” Master’s thesis, Colorado School of Mines, Golden, CO, USA, 2013.
[4] N. Shugart and J. King, “Neutronic analysis of the geological
survey TRIGA reactor,” Annals of Nuclear Energy, vol. 64,
pp. 122–134, 2014.
[5] A. K. Alkaabi and J. C. King, “Prediction of coolant temperatures and ﬂuid ﬂow patterns within a TRIGA reactor core
using RELAP5/MOD3.3 and COMSOL codes,” in Proceedings
of the PHYSOR 2018 Conference, pp. 2394–2405, Cancun,
Mexico, April 2018.
[6] H. Bock and M. Villa, TRIGA Reactor Characteristics, AIAU27306, Atomic Institute of the Austrian Universities, Wien,
Austria, 2007.
[7] A. K. Alkaabi, Thermal hydraulics modeling of the US geological survey TRIGA reactor, Ph.D. thesis, Colorado School of
Mines, Golden, CO, USA, 2015.
[8] U.S. Geological Survey, Revised Safety Analysis Report,
Technical Speciﬁcations, and Environmental Report, Docket
No. 50–274, U.S. Nuclear Regulatory Commission Washington, DC, USA, (2009).
[9] H. Bock and M. Villa, TRIGA Reactor Main Systems, AIAU2730, Atomic Institute of the Austrian Universities, Wien,
Austria, 2007.
[10] W. R. Marcum, T. S. Palmer, B. G. Woods, S. T. Keller,
S. R. Reese, and M. R. Hartman, “A comparison of pulsing
characteristics of the Oregon State University TRIGA reactor
with FLIP and LEU fuel,” Nuclear Science and Engineering,
vol. 171, no. 2, pp. 150–164, 2012.
[11] W. R. Marcum, B. G. Woods, and S. R. Reese, “Experimental
and theoretical comparison of fuel temperature and bulk
coolant characteristics in the Oregon State TRIGA reactor
during steady state operation,” Nuclear Engineering and
Design, vol. 240, no. 1, pp. 151–159, 2010.
[12] P. A. L. Reis, A. L. Costa, C. Pereira, C. A. M. Silva,
M. A. F. Veloso, and A. Z. Mesquita, “Sensitivity analysis to a
RELAP5 nodalization developed for a typical TRIGA research
reactor,” Nuclear Engineering and Design, vol. 242, pp. 300–
306, 2012.
[13] A. Bousbia-Salah, A. Jirapongmed, T. Hamidouche, J. White,
F. D’Auria, and M. Adorni, “Assessment of RELAP5 model

®

14

[14]

[15]

[16]

[17]
[18]

Science and Technology of Nuclear Installations
for the University of Massachusetts Lowell research reactor,”
Nuclear Technology and Radiation Protection, vol. 21, no. 1,
pp. 3–12, 2006.
A. R. Antariksawan, M. Q. Huda, T. Liu, J. Zamitkova,
C. M. Allison, and J. K. Hohorst, “Validation of RELAP/
SCDAPSIM/MOD3.4 for research reactor applications,” in
Proceedings of the13th International Conference on Nuclear
Engineering (ICONE13), Beijing, China, May 2005.
A. L. Costa, P. A. L. Reis, C. Pereira, M. A. F. Veloso,
A. Z. Mesquita, and H. V. Soares, “Thermal hydraulic analysis
of the IPR-R1 TRIGA research reactor using a RELAP5
model,” Nuclear Engineering and Design, vol. 240, no. 6,
pp. 1487–1494, 2010.
S. Chatzidakis, A. Ikonomopoulos, and D. Ridikas, “Evaluation of RELAP5/MOD3 behavior against loss of ﬂow experimental results from two research reactor facilities,” Nuclear
Engineering and Design, vol. 255, pp. 321–329, 2013.
G. Nellis and S. Klein, Heat Transfer, Cambridge University
Press, New York, NY, USA, 2009.
N. E. Todreas and M. S. Kazimi, Nuclear Systems Volume I:
Thermal Hydraulic Fundamentals, CRC Press Taylor &
Francis Group, LLC, Boca Raton, FL, USA, 2012.

Journal of

Journal of

Solar Energy

Hindawi
www.hindawi.com

International Journal of

Rotating
Machinery

Energy

The Scientific
World Journal
Volume 2018

Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Advances in
Condensed Matter Physics
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com

Advances in

Tribology

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Antennas and
Propagation
Hindawi
www.hindawi.com

Advances in

High Energy Physics
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Journal of

Renewable Energy

Engineering

Photoenergy

Journal of

Shock and Vibration
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Advances in

Advances in

Acoustics and Vibration
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Power Electronics
Hindawi
www.hindawi.com

Volume 2018

International Journal of

Hindawi
www.hindawi.com

Volume 2018

Journal of

Volume 2018

Science and Technology of

Combustion
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Nuclear Installations
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Active and Passive
Electronic Components
Hindawi
www.hindawi.com

Volume 2018

International Journal of

Optics
Hindawi
www.hindawi.com

Volume 2018

