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ABSTRACT

The space reactor is the primary energy supply for future space vehicles and space stations. The radiator
is one of the essential parts of a space reactor. Therefore, the research on radiators can improve the heat
dissipation power, reduce the quality of radiators, and make the space reactor smaller. Based on MOOSE
multi-physics numerical calculation platform, a simulation program for the combination of heat pipe and
fin at the end of heat pipe radiator is developed. It is verified that the calculation result of this program is
accurate and the calculation speed is fast. Analyze the heat transfer characteristics of the combination
with heat pipe and fin, and obtain its internal temperature field. Based on the calculation results, the
influence of structural parameters on the heat dissipation power is analyzed. The results show that when
the fin width is 0.25 m, fin thickness is 0.002 m, condensing section length is 0.5425 m and heat pipe
radius is 0.014 m, the power-mass ratio is the highest. When the temperature is 700K—900K, the heat
dissipation power increases 41.12% for every 100K increase in the operating temperature. Smaller fin
width and thinner fin thickness can improve the power-mass ratio and reduce the radiator quality.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chemical energy, solar energy, and nuclear energy are the en-
ergy supply for aerospace engineering. Nuclear energy mainly
comes from isotope batteries and space reactors. Compared with
other energy sources, a space reactor has the advantages of long
life, high energy density, and small volume, which is a crucial en-
ergy guarantee for human beings to enter the space era. As the heat
dissipation system of a space reactor, the weight of radiator can
account for about 40% of the space reactor, which seriously oc-
cupies the carrying weight. Therefore, optimizing radiator has
become an essential direction of space reactor development.

The design schemes of radiator mainly include loop type, heat
pipe type, and droplet type [1—4]. The Loop radiator has the ad-
vantages of lightweight and high heat dissipation power, but there
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is a single point of failure. Any coolant pipe rupture will lead to the
collapse of whole cooling circuit. The droplet radiator has the ad-
vantages of small space occupation and easy stretching. However, it
is still in the development stage, and the technology is immature.
The heat pipe radiator [5—8] has the advantages of the initiative,
high safety factor, and mature technology which is currently the
most widely used radiation cooling scheme.

As shown in Fig. 1. The heat pipe radiator mainly uses the heat
pipe to transfer heat to the radiating fin and dissipates heat into
space through thermal radiation. Through experiments, Robert
Richter [9] studied the influence of working pressure and temper-
ature on heat transfer of mercury heat pipes. Yaleeastman [10]
studied the effect of air impurities inside the heat pipe on the
thermal conductivity of the heat pipe. Chul Hwan Yang [11] studied
the relationship between working temperature and heat dissipa-
tion efficiency. Based on the thermal resistance model, Xiu Zhang
[12] optimized the heat pipe space radiator's fin heat dissipation
efficiency and system quality characteristics based on the thermal
resistance model. Haochun Zhang [13]studied the effects of fin
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Nomenclature

area, m?

specific heat capacity, J/(kg-K)
diameter of the heat pipe, m
fin radiation intensity, W/m?
latent heat of vaporization, J/kg
heat transfer coefficient, W/(m2-K)
heat pipe length, m

quality, kg

pressure, Pa

total heat dissipation power, W
heat transfer limit, W

heat pipe radius, m

thermal resistance, K-m?/W
gas constant, J/(kg-K)

source item

time, s

temperature, K

WW”OTUBFWD‘MO—O}

8}

- n

Greek

density, kg/m>
heat flux, W
trial function
emissivity

5 <o D

a Stefan-Boltzmann constant surface tension, N-m !
n power-mass ratio

n dynamic viscosity, Pa-s
m PI

A thermal conductivity, W/(m-K)
0 poriness

Subscripts

b blackbody

b bubble

c capillary

cma critical molecular area
D radiation surfaces

e equivalent

ev evaporator

eff effective

f working fluid

i inner of shell

p pressure

S wick

\Y vapor

w radiator body

© space

Q total integral region

length and thickness, coolant mass flow rate and radiator inlet
temperature on radiator quality under given working conditions by
using the exhaustive method and genetic algorithm. It can be seen
that the current research on heat pipe radiators has a certain
research foundation. However, the current research is mainly car-
ried out by thermal resistance network method or other methods,
these methods can't get the fine distribution of heat pipe and fin
temperature, and accurate research on heat pipe fin temperature is
still lacking.

Based on MOOSE (Multiphysics Object-Oriented Simulation
Environment), this paper develops a program for heat transfer
numerical calculation of the combination of heat pipe and fin and
verifies its correctness. Based on the program, the heat transfer
calculation of the combination of heat pipe and fin with different
fin thickness, width, length and heat pipe radius is carried out. The
influence of various parameters on heat dissipation power is
analyzed, which provides a reference for optimizing the radiator
structure.

Frame .
Fins

Heat Pipe

Hot —End |
Heat Exchanger

v

Fig. 1. Schematic diagram of the heat pipe radiator.
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2. Model and methods
2.1. Introduction to MOOSE platform

MOOSE platform is an open-source general-purpose computing
platform developed by the Idaho National Laboratory for multi-
physics numerical computing problems. Based on the finite
element method and PJFNK algorithm, it can efficiently and modu-
larly solve partial differential equations. MOOSE platform has the
characteristics of object-oriented, which can achieve cross-
dimensional calculation. A set of codes can be used for different di-
mensions. MOOSE platform adopts an adaptive mesh for the model,
and automatically enrich the mesh where refinement is needed.
Based on the MOOSE platform, fuel performance analysis code,
reactor physics calculation code, and system analysis code have been
developed.

The MOOSE calculation program has three levels, as shown in
Fig. 2. The bottom is the libmesh module and the solver module. The
MOOSE platform inherits the open-source library of libmesh for
mesh reading, finite element discretization, residual matrix forma-
tion, and result output. The residual matrix is solved by PJFNK or
NEWTON method. The middle layer is the different modules of
MOOSE, which supports various conditions in the top layer such as
the physical problem boundary and material calculated. The top
layer is the developer module, developed based on the middle
definition module.

This program is based on the existing modules of heat conduc-
tion, thermal convection, material, and kernel on the MOOSE plat-
form. It develops modules such as thermal radiation and power
calculation to simulate the heat transfer of combination of heat pipe
and fin.

2.2. Mathematical model

The heat conduction equation in heat pipe fins can be described
by formula (1)
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Fig. 2. Moose hierarchy diagram.

pCpg—Z—i—V(—kVt) -5=0 (1)

In Eq. (1), p is density, Cp is constant pressure specific heat ca-
pacity, T is temperature, t is time, k is the thermal conductivity, S is
the source item.

MOOSE uses Galerkin's method to solve the governing equations
of physical problems, which involves expressing the strong form of
a governing equation in a weak form. The divergence theorem is
applied to generate the boundary integral and the inner product
notation is used to express the final weak form. The weak form of
the heat conduction equation is shown by formula (2)

(PCogg- ) + (R9T.59) ~ (5.9) ~ (9T 9) =0 (2)

In Eq. (2), ¥ is a trial function. The first three terms represent the
kernel used to inherit the MOOSE module in the weak form of the
equation, and (kVT,y) represents the boundary conditions.

The heat radiation equation in fins can be described as follows

PGt~ T —E=0pGoL VT —E =0 (3)

E—eEp—eo Ty~ T4) (4)
In Eq. (3) and Eq. (4), E is the fin radiation intensity, Epis the
blackbody radiation intensity, ¢ is the emissivity, ¢ is the Stefan-
Boltzmann constant, T,, is the object temperature, T.is the
external temperature.

The underlying solver uses the PETSc package built into MOOSE
and the solution type is NEWTON. This method has been proved to
be stable and fast. The spatial discretization scheme used on the
MOOSE platform is as follows (5)

Jf(x)dx: > J f(x)dx

cma
Q cma

(5)

In Eq. (5), Q is the total integral region, Qcm, is the sub-integral
region, c is the label of the critical molecular area, and x is the
essential point.

366

Nuclear Engineering and Technology 55 (2023) 364—372

When analyzing the combination of heat pipe and fin, the
radiator performance is determined by comparing its radiation heat
dissipation power and power-mass ratio. The emphasis is obtained
by the surface area of radiation heat flux (W/m?) on all radiation
heat dissipation surfaces, as shown in the formula

P:ffE(Tw)dTw (6)
D

In Eq. 6, D for all radiation surfaces, E(Ty) for different surface ra-
diation heat flux. The power-mass ratio is defined as the combined
mass of radiant heat dissipation power ratio (W/kg), as follows

(7)

2.3. Physical model

The working fluid of heat pipe absorbs heat to evaporate in
evaporation section and releases heat to liquefy in condensation
section. There are delicate components such as wick, wall, and
working fluid. The simulation of heat pipe needs large amount of
calculating, so it is necessary to simplify the heat pipe reasonably.
This paper uses the solid heat conduction model to simulate the
heat pipe. The steam chamber and the wick are equivalent to solid
materials. The equivalent thermal conductivity of the steam
chamber is obtained by calculating the thermal flow resistance of
the steam chamber of the heat pipe. Compared with the commonly
used thermal resistance network method, the solid heat conduc-
tion method can get more refined temperature distribution, rather
than the temperature of only a few nodes, and the calculation speed
is faster. The thermal resistance is shown as follows [14].

R 128LeffuTV2Rg 8)
mp,dipsh?,

In Eq. (8), Ly is the effective length of the heat pipe, u is the
dynamic viscosity, d is the diameter of the heat pipe, h, is the latent
heat of vaporization, Rg is the gas constant, p is the pressure.

It is assumed that the working medium in the heat pipe is
completely melted under the steady state condition, and the heat
pipe can be completely started. For the wick region, the flow of
liquid in the wick is ignored, and the heat transfer process in this
region is simplified to a pure heat conduction model assuming the
heat transfer coefficient. The equivalent thermal conductivity of the
wick is shown in the formula below [15].

Ae:Af(((Af +5) = (1= 0) (% - %)))

(3 +25) + (= 0)( - %) ©)

In Eq. (9), Asis the thermal conductivity of the working fluid, Asis the
thermal conductivity of the wick, and 4 is the porosity.

The equivalent density and heat capacity are shown as follows
[16]

Cepe=10" Crpr + (1—0)csps (10)

In Eq. (10), c. is equivalent heat capacity, p, and is equivalent
density.

The internal modeling of the heat pipe is complex, and the built-
in modeling software of the MOOSE platform is not enough to
support the modeling of complex geometry. Therefore, this paper
uses Coreform Cubit software to establish the physical model. Cubit
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is an advanced mesh generation software developed by Sandia
National Laboratory for complex simulation problems, which can
provide professional pre-simulation solutions. Because the equiv-
alent heat conduction model is adopted, the wick and working
medium of the heat pipe are equivalent to a solid material, so the
porosity and shape of the wick are not considered in the modeling
process, and the wick area is decomposed into several layers of
mesh for calculation.

The model of combination with heat pipe and fin is shown in
Fig. 3. The model is the end unit of the space heat pipe radiator. The
heat pipe transmits the heat of the evaporation section to the
condensation section, and the heat is transferred to the outside in
the form of thermal radiation through the fins connected to the
condensation section of the heat pipe, which has a good heat
dissipation capacity. The specific parameters [17] are shown in
Table .1.

2.4. Heat pipe heat transfer limit

Considering the capillary structure in the wick part of the heat
pipe, the working medium is refluxed by capillary force. The
capillary force of the capillary structure has a maximum value, so
the heat transfer capacity of the heat pipe is also limited by the
capillary structure. The calculation of its capillary limit is shown in
Equation (11) [18]:

_ 20/rc+ pglsin «
Lo <Ff + Fv)

In Eq. (11), Q is capillary limit, ¢ is surface tension, r.is capillary
radius, Lis the length of the heat pipe, ais inclination angle of heat
pipe, Fris coefficient of friction of liquid, F, is coefficient of friction of
vapor.

Because the steam in the heat pipe flows very fast, the liquid will
be carried by the gas into the steam chamber, thus limiting the heat
transfer capacity. According to the equivalent hydraulic radius of
the wick, the carrying limit is shown in Equation (12).

Q=Ahg\/p,0/2re

In Eq. (12), Q is entrainment limit, A, is wick cross-sectional
area, ¢ is surface tension, reis equivalent hydraulic radius.

When the temperature of the evaporation section of the heat
pipe is too high, the working medium in the suction core will boil
and produce a large number of bubbles, which will hinder the flow
and circulation of the liquid, and the boiling limit will appear. The
boiling limit is shown in Equation (13).

Q (11)

(12)

T Radiation T
Wall N\
(" 1 <+— Wick q
-
L’ — Steam = -
N — >
| — 4
/
Evaporator ‘ Adiabatic 1 Condenser 1
Fin

Fig. 3. Physical model.
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Table 1

Design parameters of combination.
Parameter (m) value
Heat pipe radius 0.016
Length of evaporator 0.105
Length of adiabatic 0.0525
Length of condenser 0.5425
Thickness of wick 0.001
Width of fins 0.25
Fin thickness 0.004

_ 27ledel, (2;; B Ap)
hfgpv ln(ri/rv) Tp

In Eq. (13), Q is boiling limit, ¢ is surface tension, Le,is length of
evaporation section, r;is inner radius of shell, r,is steam zone radius,
1pis critical bubble radius, Ap is capillary pressure drop.

Because the limit of sound speed mainly takes effect in low
temperature heat pipes, and the heat pipes in this paper have high
temperature, the limit of sound speed is not considered.

Q (13)

3. Analysis of calculation results
3.1. Program verification of solid heat conduction method

The solid heat conduction method is used to simplify the heat
transfer of heat pipe. In order to verify the calculation accuracy of this
method and the calculation accuracy of the program developed
based on MOOSE, the heat transfer experimental data of heat pipe
are selected to prove it. The parameters of the heat pipe model are
consistent with those set by Chai et al. [19], and the boundary is set
as follows

<& _2 (evaporator) (14)
ar r=rog ev
Mw|  _ o(adiabatic) (15)
T lr=r
h(Tw — Ts)
oTw B w T feo Tw B 4 4
kw57 _— ae(T,j‘v - Tfo) r |_r, _08<T"" T°°)
x (condenser)
(16)

The wall temperature and steam temperature are selected as the
comparison object. The internal pressure of the heat pipe is
0.09 MPa. The experimental data is compared with the numerical
calculation data. The results are shown in Fig. 4. The temperature
curve of the developed program using the solid thermal conduc-
tivity method is consistent with the experimental results. The
average temperature of the wall and steam is calculated by
selecting the temperature measurement point, and the calculation
results are shown in Table .2. The average temperature error be-
tween each section of the wall and potassium steam is less than 3 K,
and the temperature error of the steam chamber is only 0.3 K. The
results show that the calculated results are in good agreement with
the experimental results. The feasibility of solid heat conduction
method and the veracity of the program are verified.

3.2. Mesh independence analysis

In the numerical calculation of the combination, it is necessary
to divide the mesh first. The mesh density will affect the calculation
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900
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Fig. 4. Verification of heat pipe program.

speed and the accuracy of the results. Based on Coreform Cubit
modeling software, the combined model is divided into eight
meshes ranging from 5725 to 465,808. The temperature distribu-
tions of eight different meshing modes were compared and
analyzed. The total heat dissipation power and the temperature
curve at the top of the fin are shown in Fig. 5. The temperature and
power errors of the three schemes with mesh smaller than 35,629
are large, while the temperature curves of the other mesh are
basically the same, and the power tends to be the same. The results
show that when the number of mesh is greater than 80,933, the
temperature change is no longer obvious and the radiative heat
dissipation power tends to be the same. Considering the calculation
speed and accuracy, 261,140 mesh partition scheme is adopted in
the subsequent mesh. Since the physical model will change, there
will be some difference in the number of mesh in the future, but it
does not affect the calculation.

Nuclear Engineering and Technology 55 (2023) 364—372
3.3. Width of fins

Table 1 condition is set as the reference condition, and the in-
fluence of parameters is analyzed. The temperature distribution
under the reference condition is shown in Fig. 6. The heat pipe
steam temperature is 775.31 K, and the fin end temperature is
675.06 K. The radiation heat dissipation power is 3636.95 W, and
the power-mass ratio is 2586.41 (W/kg). The heat transfer limit of
the heat pipe under this condition is calculated. Compared with the
capillary limit, the carrying limit and the boiling limit, the mini-
mum value is 20246 W of the boiling limit, and the heat transfer
power of the heat pipe is 3636.95 W, so the heat pipe could meet
the heat transfer requirements.

The influence of fin width on heat dissipation efficiency at
different temperatures is analyzed. The radiation power, power-
mass ratio, and temperature distribution are shown in Fig. 7. As
the fin widens, the heat dissipation area increases, the heat dissi-
pation power increases, and the mass of the combination increases
linearly. However, the temperature at the end of the fin is low, and
the rising speed of the radiation heat dissipation power decreases
continuously. Therefore, the power-mass ratio increases at the
beginning, and then decreases. When the evaporation temperature
is 700 K, the width of the maximum power-mass ratio is 0.25 m.
When temperature of evaporation rises to 800 K, the power in-
creases by 37.66%, and the fin width of the highest power-mass
ratio remains unchanged. When temperature of evaporation rises
to 900 K, the power increases by 44.64% compared with that at
800 K, and the power-mass ratio is the highest when the fin width
is 0.2 m. As shown in Fig. 7, when the temperature of the evapo-
ration section increases, the heat dissipation power also increases.
The change of the fin temperature under high temperature condi-
tion is more obvious than that under low temperature condition.
Therefore, the highest power-mass ratio can be achieved when the
fin width is 0.2 m.

Table 2
Average temperature of heat pipe.
Evaporator wall Adiabatic wall Condenser wall steam
Experimental average temperature (K) 841.85 825.7 816.98 826.35
Numerical calculation temperature (K) 839.87 828.28 818.32 826.05
Error (K) 1.98 2.58 1.34 0.3
Relative error 0.24% 0.31% 0.16% 0.03%
780 — 5725 3780
— 14677 p*
— 36429 3770 A
760 1 — 80933
_ — 151988 3760
g ] 261140 £
g —— 393912 & 150
K 465808 g
;::_ 720 2 37101 ]
= 3730 1
700 ]
3720 4
680 - 3710 4
L}
660 T T T T T T S100 ! J J ! o
ol G0 b 16 o i .40 5. 98 0 100000 200000 300000 100000 500000
Length (m) mesh quantity

(a) Temperature curve

(b) Radiant thermal power

Fig. 5. Mesh independence verification.
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Fig. 6. Temperature distribution.
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Fig. 7. Comparison of different widths.

3.4. Fin thickness

The influence of fin thickness at different temperatures on the
heat dissipation efficiency is compared and analyzed. The radiation
heat dissipation power and power-mass ratio are shown in Fig. 8. As
the primary heat dissipation unit, the thermal resistance of fins
decreases with the increase of fins thickness, the average temper-
ature of the fin increases, and the heat dissipation power increases.
The mass of the combination increases linearly, but the increased
rate of the heat dissipation power will continue to slow down, so
there is a maximum power-mass ratio. When temperature of
evaporation is 700 K, the overall temperature of the fin is low. With
the increase of thickness, the heat dissipation power increases
slowly, and the power-mass ratio decreases gradually. When tem-
perature at evaporation section is 800K, the heat dissipation power
of the fin increases by 36.73%, and the power-mass ratio rises first
and then decreases, reaching 2910.81(W/kg) when the thickness is
0.002 m. Temperature at evaporation section is 900 k, the heat
dissipation power of the fin increases by 42.95%, and the thickness
of the fin with the highest power-mass ratio remains unchanged. By
comparing the power variation curves at different temperatures, it
can be seen that the fin thickness has significant influence on the
heat dissipation power of the fin at the higher temperature, and the
high-temperature fin needs the fin with minor thermal resistance
to maintain its high heat dissipation power.

The heat pipe does not change when the fin width is changed
and the fin thickness is changed. The heat transfer limit of the heat
pipe at different temperatures was calculated, as shown in Fig. 9.
The boiling limit is the minimum. The maximum heat transfer
power under the conditions of varying width and thickness is lower
than the boiling limit of heat pipe. Therefore, all heat pipes can
complete heat transfer.

369

3.5. Condensation length

The influence of condensation section length on the heat dissi-
pation efficiency at different temperatures is compared and
analyzed. The radiation heat dissipation power and power-mass ratio
are shown in Fig. 10. The condensation section of the heat pipe is
connected with the fin. With the increase of the condensation sec-
tion, the length of the fin and the radiation dissipation area increases.
Therefore, the heat dissipation power is greatly affected by the
length of the condensation section. With the increase in the length of
the condensation section, the mass of the combination increases
linearly. Meanwhile, the temperature at the end of the condensation
section decreases continuously. The rising speed of the heat dissi-
pation power will slow down, so the power-mass ratio increases at
the beginning, and then decreases. When temperature of evapora-
tion is 700 K, the length of the maximum power-mass ratio is
0.5425 m. When temperature of evaporation rises to 800 K, the
power increases by 37.07%. When temperature of evaporation rises
to 900 K, the power increases by 43.94% compared with that at
800 K, and the length of the condensation section at the highest
power-mass ratio remains unchanged.

By calculating the heat transfer limit of the heat pipe, it is found
that the entrainment limit and boiling limit do not change, and the
capillary limit decreases with the increase of the length of the heat
pipe, but it is still larger than the boiling limit. Therefore, the
maximum heat transfer power of the heat pipe under this condition
is less than the heat transfer limit.

3.6. Radius of heat pipe

The internal structure of the heat pipe is complex, so it is
necessary to simplify the heat pipe model reasonably. Without
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Fig. 10. Comparison of different condensation lengths.

considering the heat transfer limit of the heat pipe, the influence of
the heat pipe radius at different temperatures on the heat dissi-
pation power and power-mass ratio are compared as shown in Fig.

11. The radius of the heat pipe mainly affects the temperature of the
steam chamber inside the heat pipe. The heat pipe with a larger
radius has more working fluids, which can better transmit heat, and
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Fig. 12. Comparison of different heat pipe radius.

the temperature of the steam chamber is higher. However, as the
radius increases, the steam temperature increases slowly. The rate
of growth of radiative dissipation power will slow down. When
temperature of evaporation is 700 K, the power-mass ratio firstly
increases and then decreases, and the power-mass ratio is the
highest when the radius is 0.014 m. When temperature of evapo-
ration is 800 K, the average power increases by 42.65%, and when
temperature of evaporation is 900 K, the average power increases
by 43.29% compared with that at 800 K. In the range of analysis, the
heat dissipation power of fins increases steadily. However, with the
increase of radius, the mass of the combination increases contin-
uously, the power-mass ratio decreases continuously.

It is found that the capillary limit and entrainment limit is in-
crease with the increase of heat pipe radius, while the boiling limit
is decreases with the increase of heat pipe radius. The boiling limit
is still the minimum heat transfer limit as shown in Fig. 12. The
boiling limit decreases with the increase of temperature, while the
heat transfer power of the heat pipe increases with the increase of
temperature. Therefore, comparing the heat transfer power at 900K
temperature can confirm whether the heat pipe reaches its limit.
Comparing the maximum heat transfer power of the 900K heat
pipe, the boiling limit is greater than the maximum heat transfer
power of the heat pipe. So the heat pipe won't break down.
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4. Conclusion

Based on MOOSE platform, the simulation heat transfer program
of space radiation radiator combination of heat pipe and fin is
developed. The calculation time of the newly developed program is
compared with that of the traditional multi-physics numerical
calculation program, and the accuracy of the numerical calculation
is verified. The effects of fin width, fin thickness, condensation
section length, and heat pipe radius on the combination's mass and
radiation power are analyzed according to the program calculation
results. The concept of power-mass ratio is introduced to analyze
the influence of different parameters on the heat dissipation power
per unit mass. Several conclusions are summarized as follows.

1) The calculation speed of the developed program based on the
modular concept increases significantly without reducing the
accuracy of the calculation results.

2) Under fixed constraints, when the fin width is 0.25 m, the fin
thickness is 0.002 m, the condensing section length is 0.5425 m,
and the heat pipe radius is 0.014 m, the work-mass ratio is the
highest.

3) In the above temperature range, when the operating tempera-
ture increases by 100 K, the heat dissipation power increases by
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41.12%. The higher temperature is beneficial to improve the
power-mass ratio.

4) When the radiator is designed at a certain temperature, the
smaller fin width is used, the thinner fin thickness can improve
the power-mass ratio and reduce the radiator quality.
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