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Nuclear electric propulsion (NEP) offers unique advantages for the interplanetary
exploration. The extremely high conversion efficiency of magnetohydrodynamics (MHD)
conversion nuclear reactor makes it a highly potential space power source in the future,
especially for NEP systems. Research on ultra-high temperature reactor suitable for
MHD power conversion is performed in this paper. Cermet is chosen as the reactor
fuel after a detailed comparison with the (U,Zr)C graphite-based fuel and mixed carbide
fuel. A reactor design is carried out as well as the analysis of the reactor physics and
thermal-hydraulics. The specific design involves fuel element, reactor core, and radiation
shield. Two coolant channel configurations of fuel elements are considered and both of
them can meet the demands. The 91 channel configuration is chosen due to its greater
heat transfer performance. Besides, preliminary calculation of nuclear criticality safety
during launch crash accident is also presented. The calculation results show that the
current design can meet the safety requirements well.

Keywords: space reactor, neutronics, thermal hydraulics, reactor design, cermet fuel, MHD generator, electric
propulsion

INTRODUCTION

Interest in space exploration has developed rapidly in recent years and brought extensive research
activity in the area of space propulsion that goes beyond present-day chemical systems (Valentian
and Snecma, 2003; Wesley et al.,, 2011; James and Bruce, 2012). Among the available energy
alternatives nuclear power offers important advantages and in many cases is the only viable
alternative given actual operation conditions in interplanetary missions for that is the most compact
form of energy available (Viorel, 2009). Nuclear propulsion systems, including nuclear electric
propulsion (NEP) and nuclear thermal propulsion (NTP), are indispensable for manned deep space
exploration. NTP can provide high specific impulse which is more than 2 times as the best chemical
propulsion system, while NEP can give even much larger specific impulse than NTP (Thomas et al.,
2005). Thus maximum payload capability and lowest launch cost can be achieved with NEP system.
However, due to the low thrust capability of current electric propulsion system, large electric power
is needed to maximize the thrust and minimize the trip time which is critical to the crew.

Power conversion efficiency is essential to NEP system. Among various power conversion
systems, e.g., dynamic conversion cycles such as Stirling, Brayton, Rankine cycles, and static
conversion systems such as thermoelectric, thermionic, Alkali-metal Thermoelectric Converter
(AMTEC), and Magnetohydrodynamics (MHD), MHD possesses the highest efficiency (>40%),
especially suitable for high-power space applications. Minimum thermal power, radiator area, and
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shielding mass can be realized with MHD power conversion
system. The basic principle of MHD generation is to heat the
working fluid to ionized plasma using reactor thermal power,
then fast flow through a channel surrounded by perpendicular
high magnetic field to produce electrical current under the
effect of Lorentz force, demonstrated in Figure 1. The hot
working fluid out from the power generation channel preheats
the cold working fluid coming into the reactor in the heat
exchanger and will be further cooled in the heat radiator, and
finally passed through the compressor and turbine to the next
cycle. Due to its high temperature, it is also possible to add a
Brayton heat engine in the cold leg to enhance the efficiency of
power generation. However, long-term operation in ultra-high
temperature condition (>2,000K) is a significant drawback to
MHD system, and only NTP fuels may meet the requirements.
Recently, a concept of manned Mars exploration mission
with NEP using closed MHD generator is proposed by China’s
Lunar and Deep Space Exploration Center (CLEP). The goal is to
complete the space nuclear power supporting the interplanetary
spacecraft, to achieve high efficiency MHD nuclear power
conversion technology. Table1 lists the main parameters of
the overall spacecraft power system. This paper focuses on the

MHD generate electricity

g Preionization &
Reactor heating " scceleration

He' + e

Coolant cooling

FIGURE 1 | Operating principle of MHD reactor power system.

TABLE 1 | Main parameters of the whole system.

Parameters Values
Thermal power (MWy,) 25
Electric power (MWg) 10
Coolant Helium
Coolant inlet temperature (K) 800
Coolant outlet temperature (K) 2,200
Propellant Xenon
Thrust (N) 400
Specific impulse (s) 5,000
Operating lifetime (year) 2
Reactor system mass (ton) 12
Specific mass (kg/kW) 1.2

Abbreviations: B4C, boron carbide; BeO, beryllium oxide; B, effective delayed
neutron fraction; Cermet, ceramic-metal fuel type; CFD, computational fluid
dynamics; CLEP, China’s lunar and deep space exploration center; k.g, effective
neutron multiplication factor; Gd, O3, gadolinium oxide; LiH, lithium hydride;
MW, megawatts of energy; MHD, magnetohydrodynamics; NEP, nuclear electric
propulsion; NTP, nuclear thermal propulsion; NASA, national aeronautics and
space administration; p, excess reactivity; UO,, uranium oxide; W, tungsten; Re,
rhenjum.

reactor core design and optimization. A preliminary reactor
concept using cermet fuel is carried out. The current modeling
tool includes an iteration between reactor physics and thermal
hydraulics calculations. In order to take the advantage of different
software, MCNP5 and MVP are used for the nuclear reactor
core modeling, neutronics, shielding, depletion analyses, and
critical safety analysis. ANSYS-CFX is used for thermal hydraulic
analysis and optimization.

REACTOR DESIGN

A reasonable design is provided that appear desirable from the
standpoint of size, mass, safety, and reliability. The design work
mainly consists of neutronics, thermal hydraulic and radiation
shield.

Fuel Consideration

Apparently, the critical performances of the reactor lie in the
ultra-high temperature and long term duration. Three kinds
of ultra-high temperature fuel derived from mainstream NTP
programs are considered, i.e., (U,Zr)C graphite-based fuel, mixed
carbide fuel, and cermet fuel (Jahshan and Kammash, 2005;
Jonathan et al., 2011).

Extensive research work was conducted of (U,Zr)C
graphite-based fuel for thermal spectrum reactors during
the Rover/NERVA program (1955-1972) that proved NTP to
be a viable technology. However, there was still some issue,
i.e., cracking of ZrC coating on the coolant channels, remained
unresolved till the end of the program. It is a significant limiting
factor to the reactor lifetime because it may lead to a catastrophic
loss of graphite and fuel (Stewart and Bruce, 2012; Benensky,
2013). Since the lifetime of the reactor required by NEP is much
longer than NTP, (U,Zr)C graphite-based fuel is considered not
suitable for the present MHD reactor design.

Mixed carbide fuel forms, including di-carbides and tri-
carbides, were developed by Soviet Union in heterogeneous
reactor program for NTP (1950s-early 1990s) which shows
several advantages. A “twisted-ribbon” geometry was chosen
for fuel form to maximize heat transfer while preserving fuel
shape and integrity under working conditions. However, the tri-
carbide is very brittle and instability at high temperatures testing
which makes the development of these fuel forms challenging
(Benensky, 2013). Additionally, the manufacturing processes of
this kind of fuel forms are very complicated and costly. So
mixed carbide fuel is beyond the scope of consideration in the
expectable future.

Cermet, another option of NTP fuels, were mainly pursued in
parallel to basic graphite fuel development in GE-710 (by General
Electric) and ANL (Argonne National Laboratory) fast spectrum
propulsion reactor programs in 1960s. Current research on
cermet fuel is being conducted as part of the Nuclear Cryogenic
Propulsion Stage (NCPS) Advance Exploration System (AES)
technology project at NASAs Marshall Space Flight Center
(Gomez, 2014). A supercritical carbon dioxide cooled Mars
surface power reactor with Brayton cycle designed by the Center
for Space nuclear Research (CSNR) of Idaho National Laboratory
also uses low-enriched uranium cermet fuel (Kevin et al., 2016).
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Cermet fuel forms are composed of a tungsten or molybdenum
fuel element matrix material (Benensky, 2013). It is considered
that cermet fuels may provide a significant design advantage over
graphite fuel elements in the NERVA/Rover program, such as its
potential for very long operating life and ability to restart (Stewart
and Bruce, 2013). In particular, researches show that deformation
but not cracking of the cermet fuel and cladding may occur under
high stresses (Stewart and Bruce, 2013). Fast spectrum reactors
also tend to be much more compact than thermal spectrum
reactors and an inherent “neutronic spectral shift” safety feature
that helps maintain reactor subcritical when submerged in water
or in wet sand of the reentry accident. Therefore, cermet fuel
element developed under the GE-710 program is chosen as a
reference fuel form for the MHD conversion reactor design.

The appearance and design of fuel elements are influenced by
several factors. Important geometry features includes the element
size, the number of coolant channels, the channel diameter and
the web thickness of the fuel matrix (Bruce and Stanley, 2012). In
the application of W-UO; cermet based fuel elements for MHD
reactor power system, the cermet fuel matrix has a composition of
W-60%UO,-6%Gd,03 with W-25%Re as the cladding material
both on the coolant walls and exterior. Specially, volumetric
ratio 60% UO; and volumetric ratio 6% Gd,Os3 (as the oxygen
stabilizer of UO;) are dispersed in the tungsten matrix. Each fuel
element has a hexagonal cross section with a flat-to-flat distance
of 2.316cm. In the axis direction, the first 10.24cm of fuel
element inlet is filled with a beryllium oxide neutron reflector and
the latter 60.96 cm is filled with the cermet fuel mixture. There is
no neutron reflector at the outlet of fuel element because the core
outlet temperature is too high. In order to get the optimal heat
transfer performance, two kinds of coolant channel configuration
designs were proposed. One configuration design based on the
GE-710 reactor was modeled, where each fuel hex contained 61
coolant channels lined with 0.286 mm thick W-25%Re cladding
layer and another was modeled to have 91 coolant channels each
lined with a 0.204 mm same cladding layer. Design parameters
of each fuel element are shown in Table 2. The surface-area to-
volume-ratio of the 61 coolant channel hex is 0.57 compared to
the 0.73 ratio with the 91 coolant channel hex. Figure 2 illustrates

TABLE 2 | Design parameters of the fuel element.

Parameters 61 coolant channels 91 coolant channels
per fuel element per fuel element

MATERIAL

Fuel matrix W-60%UO» W-60%UO»

Cladding W-25%Re W-25%Re

GEOMETRY (mm)

Flat-to-flat distance 23.61 23.61

Axial length of fuel 609.6 609.6

Length of axial reflector 102.4 102.4

Diameter of coolant channel 1.116 0.914

Thickness of coolant cladding 0.286 0.204

Thickness of exterior cladding 0.415 0.415

Center-to-center distance 2.941 2.353

the hexagonal prismatic cermet fuel element that contains 91
coolant channels.

Reactor Description

The reactor core configuration is shown in Figure 3 and be
designed as helium-cooled fast reactor. The radius of active
zone is 21 cm. Therere 246 fuel elements and 66 tungsten
filler elements in the core. The 2>°U enrichment of central 30
fuel elements is 70%, while the outer ones possess 93% 23U
enrichment. The purpose of this design is to flatten the power

Axial
reflector

Cladding

Coolant
channel

FIGURE 2 | Fuel element configuration.

BC
Filler element, W

Fuel, 93% 235U enrichment
Safety rod channel

Radisal reflector, BeO
Reactor vessel, W-25%Re

Fuel , 70% 235U enrichment

Axial reflector, BeO

— B,C

= Filler element, W

|-

+—— Fuel , 93% 35U enrichment
> Safety rod channel
= Radial reflector, BeO
> Reactor veszel, W-25%Re

- Fuel , 70% #5U enrichment

FIGURE 3 | (A) Core configuration in cross-section. (B) Core configuration in
axial-section.
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TABLE 3 | Major design parameters of the reactor core.

Parameters Values
MATERIAL

Fuel matrix W-60%U0O5-6%Gd»>O3
Fuel enrichment 70, 93%
Filler element W
Cladding W-25%Re
Reactor vessel W-25%Re
Axial/radial reflector BeO
Control drum absorber B4C
Boron-10 enrichment 80%
GEOMETRY (cm)

Core radius 31.50
Core height 71.20
Active zone radius 21.00
Active zone height 60.96
Safety rod channel radius 2.10
Safety rod radius 2.00
Reactor vessel inner radius 21.10
Reactor vessel external radius 21.40
Radial reflector inner radius 21.50
Radial reflector external radius 31.50
Radial reflector height 66.20
Control drum radius 5.00
Absorber effective thickness 2.00
Control drum absorber height 60.96
Axial reflector height 10.24
NUMBER OF ASSEMBLIES

Fuel elements 246
Filler elements 66
Control drums 16
MASS (kg)

Fuel elements 952.28
Filler elements 191.72
Reactor vessel 56.33
Reflector and control drums 416.62
Entire reactor core 1616.95

distribution and reduce the nuclear hot spot factor. The radial
and axial reflectors are both made of BeO with the thickness of
10 cm. There are two ways to control the reactor reactivity. 16
absorbed drums in the radial reflector are mainly used to control
the power level and can also be used to shut down the reactor
independently. These control drums are divided into eight sets,
with two control drums in each set sharing one drive mechanism
and rotating at the same time. Each of drum has 120 degree
surface absorber made of B4C and the thickness of absorber is
2 cm. A safety rod in the center of core with 4 cm diameter is used
to increase the shutdown depth, which is particularly important
for critical safety in launching accident. In normal operation, the
safety rod is pulled out of the core. The overall height of the core is
71.2 cm and the total mass is 1616.9 kg. All the major core design
results are summarized in Table 3.

Shielding Design

Shielding is an important part of the reactor system, mainly used
for absorbing or weakening the large amount of neutrons and
gamma rays released from the core. In this research, the main
design goal of shielding design is to make sure the maximum

\ —ﬂé’ Heavyweight Shield, W,12cm

Lightweight Shield,LiH,67cm

\ +’ Heavyweight Shield,W,17cm

—  Core

FIGURE 4 | Shielding configuration.

irradiation dose of the astronauts is limited to 50 mSv per
year at 51 m away from the reactor core. Figure 4 provided a
17° truncated cone-shaped preliminary shadow shielding design
meets the demand, which can protect crew or equipment in
specific areas. The total mass of radioactive shield is 9.98t,
with heavyweight shields on both sides and lightweight shield
arranged in the middle of them. The lightweight shield is made
of LiH, the best neutron shielding material known so far, which
is very advantageous for reducing the weight of shielding. The
heavyweight shield is made of W and is a commonly used
material for shielding gamma rays in space reactors. The design of
heavyweight shields on both sides can not only shield the gamma
rays released by the core, but also shield the induced gamma rays
and protect the lightweight shield. This shielding structure can be
further optimized in the future to reduce mass.

CORE NEUTRONICS ANALYSIS

Neutron physics calculation shows that the keg, p and Beg is
1.0417, 4.001 Ak/k% and 6.91 x 1073 for cold state when the
control drums are rotated outward at the beginning of core-life,
respectively. While the keg, p and Beg is 1.0395, 3.78 Ak/k%
and 6.05 x 1073 for hot state, respectively. It can be seen from
the data that the reactor has a negative temperature reactivity
coeflicient because the excess reactivity of hot state is lower than
that of cold state, which is a key assurance for the inherent safety
of nuclear reactor. When all the control drums are rotated inward
(p = 6.136 Ak/k%) without the safety rod, the reactor can be
shutdown with the kg equal to 0.9779. The reactivity worth of
safety rod is 3.254 Ak/k%.

The total thermal power of the reactor core is 25 MWy,.
Normalized thermal power distribution of the reactor core is
shown in Figure 5. It has a normalized peak-to-average thermal
power ratio of 1.253. The corresponding maximum thermal
power of the fuel elements (hot channel) is 0.1136 MWy,. The
average thermal power per fuel element (average channel) is
0.09158 MWyy,. Figure 6 shows the axial power distribution of the

Frontiers in Energy Research | www.frontiersin.org

April 2018 | Volume 6 | Article 29


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Song et al.

Analysis of Cermet Fuel Core

hot channel as well as the average channel. There is an obvious
local power peak near the axial reflector due to reflected neutrons
increasing fission reaction rate. In the calculation, it is assumed
that the radial power distribution of each fuel element is uniform.

Depletion calculation by MVP-BURN indicated that the
operating lifetime of reactor is about 2 years which has 33%
margin as the real operating time is about 1.5 years.

Apart from reactor physics design, preliminary critical safety
analysis was also carried out using MCNP5. The reactor has to
satisfy the stuck rod criterion: During the shutdown process, the

FIGURE 5 | Normalized thermal power distribution of 1/4 core.

reactor can be kept in subcritical with other control rods when
the most valuable control rod is stuck outside of the core. As
Figure 7 illustrates, when a set of control drums are stuck facing
outwards of the reactor core and other control drums are turned
to the core, the kg of the core is 0.9899. Therefore, the current
reactor physics design can meet the requirement of stuck rod
criterion.

Launch failure reentry accident is unique to space reactor
because the usual using of highly enriched fuel elements, which
can easily lead to prompt supercritical accident. The thermal

FIGURE 7 | Calculation scenario when a set of control rod is stuck facing
outboard of the core.

power density, W/m®
7.06+02
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S.0E+02

406402

average channel
=o=hot chanmel
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206402
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0.06+00 T T T

height, cm

FIGURE 6 | Axial power density distribution of hot channel and average channel.
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neutron absorption cross-section of cladding material tungsten-
rhenium alloy (especially rhenium) is very large while the
fast neutron absorption cross-section of that is very small,
which is very helpful in operating efficiency and critical
safety. Two severe conditions during launch are calculated,
and the results show very inspiring safety performance. When
the reactor is submerged in water and the inner voids (ie.,
coolant channels and other clearance) are all flooded with
water, the relevant kg is 0.9652. In another condition, the
keg is 0.9664 when the reactor immersed in wet sand and
the inner voids become full of water (as shown in Figure 8),
which is the most serious critical accident scenario for space
nuclear reactors. In the above calculation, all of the drums and
safety rod were assumed at the largest position of reactivity
worth.

CORE THERMAL HYDRAULICS ANALYSIS

The basic task of thermal hydraulics design is to ensure that the
heat transfer capability of reactor core matches with the thermal
power, and all the thermal parameters are maintained within the
prescribed limits during operation with suitable safety margin.
On the other hand, the core outlet temperature must be high
enough (more than 2,200 K) in operating conditions to ensure
the efficiency of MHD conversion. The core thermal power
distribution is the main input parameter for thermal hydraulics
analysis. In this section, the initial reactivity lifetime thermal
power distribution calculated by MCNP5 was converted into
the volumetric heat release rate and then put into ANSYS-CFX
for thermal hydraulics calculation. Because the heat release peak
power factor of fuel element in the end of reactivity lifetime

is lower than that in the beginning, which will reduce the
corresponding heat transfer requirements. Single channel steady
state model was used for CFD calculations, contains average
channel fuel element and hot channel fuel element.

The physical properties of core materials and coolant used
in the thermal hydraulics analysis are listed in Table 4. These
physical properties are constants at rated operating conditions
and are suitable for steady state thermal hydraulics analysis.
The density of gaseous helium depends on pressure and
temperature. It also can be seen from Table 4 that the heat
transfer performance of tungsten based cermet fuel is very good.

The reactor is cooled by helium at a very high velocity, which
belong to compressible flow since the flow velocity is very fast in
the core. The helium enters the core channel at a temperature
of 800K and reference pressure is 1 MPa. The assumption in
the calculation was that the flow rate of coolant in each channel
is evenly distributed. The fluid domain was adopting the RANS
technique which solve time averaged equations instead of solving
the Navier-Stokes equations directly, which has been widely

TABLE 4 | Physical properties of reactor core materials and coolant.

Material Density Thermal conductivity  Specific heat
(kg/m3) (W/(mK)) capacity (J/(kg K))

W-60%UO»- 14,328 45.56 2781

6%Gdy O3

W-25%Re 19,768 94.5 130

BeO 3,000 23.02 2050.8

He Depends on 0.48 5191.6
pressure and
temperature

wet sand, 50 cm

» coolant channels are full of water

0.9664 < 0.98

FIGURE 8 | Calculation result of reentry accident in wet sand.

— safety rod, B«C
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used in the engineering applications. The solid domain was
solved by heat conduction equations with the no-slip boundary
condition. The heat conduction and heat convection between
fluid domain and solid domain were considered in this model.
Thermal radiation inside the fuel element was neglected in the
preliminary study. The shear stress transport (SST) k-w model
was adopted to simulate the turbulent phenomenon. The most
significant advantage of this model is that it can effectively
integrate the advantages of different turbulent model: robust and
accurate formation of the k-w model in the near wall region and
free-stream independence of the k-¢ model in the far field.

The semi-structured mesh was generated using the ICEM
software, show as Figure9. A 1/6 sector (60° symmetry) was
used to simplify the model and save calculation time due to

FIGURE 9 | Cross sectional mesh of the 91 coolant channel fuel element and
a zoomed-in view of center part.

the symmetry of fuel element geometry. Symmetrical boundary
condition was adopted to the corresponding split surfaces of
the sector and adiabatic boundary condition was adopted to
the rest of solid outer surface. We used thermal equilibrium
boundary conditions at the interface between different parts in
the fuel element. An unstructured grid was adopted to the fuel
matrix part, whereas a structured grid was applied to the coolant
channels and cladding. In this way, it can be ensured that all
the meshes quality are >0.7 when the aspect ratio of the fuel
element is large. The models of two fuel element design cases
contains approximately 1.89 and 2.76 million finite volume cells
respectively, allowing the thermal power profile to be calculated
with an axial mesh spacing of 1.78 mm. Mesh sensitivity analysis
has been conducted.

The calculation results proved that there is neither obstruction
nor supersonic flow in the process of coolant flow in the core. The
calculation results of average channel determined that the core
heat can be taken away safely and meet the design requirements
when the coolant mass flow rate is 3.0996 kg/s. Figure 10 shows
the axial temperature profile of the average channel for 91 coolant
channel fuel element case. It can be seen that both coolant and
fuel element temperature gradually increase in the axial direction,
and the maximum value occurs at the coolant outlet. The
temperature distribution between bocks in different axial regions
is not smooth transition because of the segmented distribution of
volumetric heat release rate given by neutron physics. There are
two reasons that cause the fuel temperature achieve the highest
at coolant channel outlet (Stewart and Bruce, 2008): Firstly, the
large specific heat capacity and fast flow velocity of helium, and
the large coolant channel length to diameter ratio (799:1) are
conducive to heat transfer; secondly, the thermal conductivity
of tungsten based dispersion fuel is excellent which can help to
promote the temperature flattening in the axial direction.

Temperature
press
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FIGURE 10 | Axial temperature profile of the average channel for 91 coolant channel fuel element.
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As demonstrated in Figure 11, the average coolant outlet
temperature of 61 and 91 coolant channel element cases are about
2,250 and 2,217 K respectively while the peak fuel temperature
are approximately 2,343 and 2,287 K respectively. The total core
pressure drop are 1.067 MPa and 1.225 MPa respectively. For
hot channel (as shown in Figure 12), the average helium outlet
temperature for 61 and 91 coolant channel cases was about
2,595 and 2,558 K respectively while the peak fuel temperature
is approximately 2,699 and 2,648 K respectively. The total core
pressure drop is 1.162 and 1.328 MPa respectively. It can be
seen that the average fuel temperature is always slightly higher
than the coolant temperature, which also proves the good heat-
conducting property of W-UO, cermet fuel. Obviously, the fuel
temperature of 61 channel case is 50-150K higher than 91
channel case in the second half of hot channel. Larger volume
ratio on the fuel element edge means more heat drains into
edge channels, hence temperatures are higher. Due to the higher

2400 -
2200
2000 -
1800 -
1600

1400 ~

Temperature(K)

1200

1000

Axial Position (cm)

FIGURE 11 | Axial temperature distribution of average channel.
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FIGURE 12 | Axial temperature distribution of hot channel.

surface area to volume ratio, the peak temperature is lower for
the 91 channel case than that for the 61 coolant channel case. It is
foreseeable that this difference will be more distinct as the reactor
power increases or the coolant flow rate drops.

The radial temperature profile of 91 coolant channel case and
61 coolant channel case in Figures 13, 14 show the distribution
of outlet temperature are substantially uniform distribution. The
fuel zone near the edges has coolant channels on only one side, so
the heat exchange capacity is relative low. The edge temperature
is approximately 8 K higher than center temperature under the
assumption of adiabatic boundary condition. Coolant velocity
distribution is shown in Figure 15. The maximum rate is located
in the center of coolant channel proved that the boundary layer
of mesh can simulate flow characteristics very well.

In conclusion, both of the configurations meet the
requirements well. And the hot channel analysis indicates
that the maximum temperature of the fuel is far below the

ANSYS
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FIGURE 13 | Radial temperature distribution of hot channel in 91 coolant
channel case.
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FIGURE 14 | Radial temperature distribution of hot channel in 61 coolant
channel case.
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FIGURE 15 | Coolant velocity distribution of average channel.

TABLE 5 | Thermal-hydraulic parameters of the reactor core.

Parameters Average channel Hot channel
Thermal power of each element (MW) 0.09158 0.1136
Average temperature of outlet coolant (K) 2,217 2,658
Hot-spot temperature of fuel element (K) 2,287 2,648
Coolant mass flow rate of (kg/s) 0.0126 0.0126
Core pressure drop (MPa) 1.225 1.328
Coolant velocity (m/s) 73~1,095 135~1,258
Coolant maximum Mach number 0.395 0.423
Coolant average Reynolds number 1,15,770 1,26,640

limiting temperature (3,100K) of cermet fuel (Robert et al,
2012). The heat transfer performance of 91 channel case is
better than 61 channel case while pressure drop result is on the
contrary. As for reactor design, we would prefer to the lower
hot-spot temperature because of the mechanical properties
requirement for long term operation in high temperature
condition. So the 91 coolant channel configuration is chosen
for preliminary design of the reactor finally. Table 5 shows the
reactor core thermal-hydraulic design parameters.

In normal operating condition, the minimum mass flow
rate of coolant is 2.51kg/s. The hot-spot temperature of fuel
and pressure drop is approximately 3,110K and 1.081 MPa,
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