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Abstract: Infrared detectors on satellites and spacecraft require cooling to increase their measurement
sensitivity. To efficiently cool infrared detectors in a zero gravity environment and in limited spaces,
a cryogenic loop heat pipe (CLHP) can be used to transfer heat over a certain distance by the capillary
forces generated from porous wicks without a mechanical power source. The CLHP presented in this
study transfers the heat load to a condenser 0.5 m away from an evaporator at temperatures below
−150 ◦C. The CLHP with two evaporators includes a subloop for initial start-up, and uses a pressure
reduction reservoir (PRR) for the supercritical start-up from room to cryogenic temperature. Nitrogen
is used as the working fluid to verify the thermal behavior of the CLHP, and the heat-transfer capacity
according to the nitrogen charging pressure of the PRR is investigated. To simulate a cryogenic
environment, the CLHP is installed inside a space environment simulator, including a single-stage
GM (Gifford McMahon) cryocooler to cool the condenser. The CLHP is horizontally installed to
simulate zero gravity. The heat-transfer characteristics are experimentally evaluated through the loop
circulation of the CLHP.

Keywords: capillary pressure; condenser; cryogenic loop heat pipe (CLHP); evaporator; heat-transfer
characteristics; pressure reduce reservoir (PRR); supercritical start-up; wick

1. Introduction

Infrared detectors for space applications require efficient cooling to increase their measurement
sensitivity. A cooling system is needed to cool infrared detectors over a certain distance in zero gravity
and limited spaces. Heat pipes are devices that transfer heat from high- to low-temperature parts based
on the phase change; they can effectively cool infrared detectors [1–5]. Heat pipes have evolved in
various forms since the early the 1960s; they are simple in structure and can be applied to various fields
over a wide temperature range [1–7]. Heat pipes involve phase changes of working fluids to minimize
temperature differences. In the case of a thermosiphon, evaporated vapor and condensed liquid can
be transported by buoyance forces subjected to gravity, which is similar to natural convection [8,9].
However, the main transportation mechanism of the heat pipes is capillary pressure generated in the
wick structure of the evaporator; this can be used in zero gravity, e.g., in a space environment [10–14].
A simple heat pipe has the drawback of low heat-transfer efficiency because the vapor and liquid are
in the same space. The use of loop heat pipes with separate vapor and liquid piping can compensate
for this drawback.

Energies 2020, 13, 1616; doi:10.3390/en13071616 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-5668-1971
https://orcid.org/0000-0002-0613-9658
http://www.mdpi.com/1996-1073/13/7/1616?type=check_update&version=1
http://dx.doi.org/10.3390/en13071616
http://www.mdpi.com/journal/energies


Energies 2020, 13, 1616 2 of 16

In 1998, a cryogenic loop heat pipe (CLHP) was developed in Japan using nitrogen, neon, hydrogen,
and helium as the working fluids [15]. Since 2000, various studies on the CLHP have been conducted.
Zhao et al. designed and experimentally investigated a CLHP to cool parallel condensers using
liquid nitrogen, and showed a maximum heat-transfer capacity of 41 W at a heat-transfer distance of
0.48 m, a shroud temperature of 170 K, and a limited temperature difference of 6 K [16]. Gully et al.
experimentally investigated a prototype CLHP operating at 80 K using liquid nitrogen and achieved a
maximum heat-transfer capacity of 19 W, a temperature difference of 5 K, and a heat-transfer distance
of 0.5 m [17]. Bai et al. designed a compact CLHP consisting of a primary and secondary evaporator
using nitrogen as a working fluid, and studied supercritical start-up with a secondary evaporator.
The maximum heat transport capability was shown to be 5 W with a transport distance of 4.3 m [18,19].
Yan et al. verified theoretical evaluations and experiments on the working fluid inventory inside the
CLHP [20]. Guo et al. improved the reliability of the CLHP, and performed supercritical start-up
experiments in both independent and dual operation modes for two evaporators [21]. The CLHP
has been proven in various previous studies to be an effective heat-transfer device in cryogenic
environments [16–22].

Previous studies have clearly demonstrated the heat-transfer performance of CLHPs, but some
aspects have not been properly considered, e.g., a thermo-hydraulic design for loop circulation,
optimization of the cooling flow path in the condenser, the thermal behavior of the CLHP in a
subcooled condenser, and the durability of the CLHP for long-term operation.

In this study, a CLHP for use in space was designed and fabricated, and its performance was
evaluated by simulating cryogenic and zero gravity environments. The thermo-hydraulic design
minimizes the pressure drop of the CLHP and optimizes the length of the condenser cooling flow path
through a 1D-node network analysis. The thermal behavior was investigated while the condenser
temperature was set at 75 K using a temperature controller and a single-stage Gifford McMahon (GM)
cryocooler. The heat-transfer characteristics of the CLHP according to the heat load applied to the
main evaporator are represented by temperature difference and thermal resistance, which shows the
heat-transfer performance of the CLHP. To evaluate the heat-transfer characteristics, we simulated
a cryogenic environment using the single-stage GM cryocooler. Additionally, the CLHP employs a
pressure reduction reservoir (PRR) for supercritical start-up from room to cryogenic temperature, and
the working fluid is nitrogen. The single-stage GM cryocooler was set to 75 K to keep the condenser
at a constant temperature, making it subcooled at all times. The heat-transfer performance of the
CLHP was verified for a heat-transfer distance of 500 mm at temperatures below −150 ◦C. Long-term
experiments were also conducted over 32 hours to verify operational stability.

2. Design and Fabrication of the CLHP

2.1. Configuration and Operation of the CLHP

The CLHP consists of a condenser, an evaporator, and a vapor/liquid line. The condenser is
attached to the single-stage GM cryocooler to condense the working fluid inside it by conduction
cooling. The CLHP has two evaporators, i.e., the main and sub. The evaporator consists of a wick
and a compensation chamber (CC), which is a device that makes it possible for the working fluid to
circulate through the loop with capillary pressure. The vapor/liquid line is the path through which the
working fluid flows between the evaporator and condenser, and corresponds to the pipe connecting
the evaporator and condenser. Figure 1 shows a schematic of the CLHP.
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Figure 1. Schematic and operation sequence of the CLHP: (a) initial state; (b) cooling complete by 
supercritical start-up; (c) circulation of the subloop; (d) circulation of the main loop. 
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Figure 1. Schematic and operation sequence of the CLHP: (a) initial state; (b) cooling complete by
supercritical start-up; (c) circulation of the subloop; (d) circulation of the main loop.

The initial state of the CLHP is divided into liquid and gaseous states, and the working fluid is
condensed around the condenser connected to the single-stage GM cryocooler. When a heat load is
applied to the subevaporator to circulate through the subloop, the liquid nitrogen (LN2) is vaporized
in the subevaporator and flows through the vapor line to the condenser. At this time, the wick inside
the evaporator absorbs LN2 by capillary force, the vaporized gaseous nitrogen (GN2) flows into the
condenser, and the liquid in the condenser flows through the main liquid line to the main CC. At the
start of the subloop circulation, cold GN2 enters the main CC, part of it passes through the subliquid
line and condenser, and then returns through to the subevaporator and sub-CC. When the LN2 of the
main CC is sufficiently filled, the heat load of the subevaporator is removed and the heat load of the
main evaporator is applied to the main evaporator to circulate the main loop.

2.2. Design of the CLHP

2.2.1. Design of the Wick

The wick evaporates the LN2 by capillary force and heat to generate a differential pressure and
circulate the loop of CLHP [10–14]. Capillary pressures that can occur at the interface of the working
fluid are calculated using the following equation [13]:

Pc =
2σcosθ

r
(1)

where Pc is capillary pressure, σ is surface tension of working fluid, θ is contact angle, and r is pore
radius. Since the contact angle is not exactly known for our configuration, the maximum possible
capillary pressure is less than that from Equation (1). Table 1 presents the results of the calculated
maximum capillary pressure in the wick when LN2 is used as the working fluid for given pressures.
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Table 1. Result of calculating the maximum generated capillary pressure of the wick.

Parameter Unit Value

Working fluid LN2

Contact angle degree 15
Pore radius µm 3

Permeability m2 1.66 × 10−13

Pressure bar 1 2 3 4
Surface tension N/m 0.0089 0.0075 0.0065 0.0058

Maximum capillary pressure Pa 5731.4 4806.9 3751.7 2798.5

2.2.2. Design of the Evaporator

The internal structure of the evaporator is divided into a wick and a CC. The working fluid
liquefied in the condenser enters the CC inside the evaporator, which is filled with liquid. The working
fluid is absorbed into the wick by capillary force. The working fluid inside the wick is evaporated
and discharged into the vapor line by the heat load, and the liquid filled in the CC is absorbed into
the wick. Figure 2 shows the structure of the evaporator, and Table 2 lists the design specifications of
the evaporators.
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Table 2. Design specification of the evaporators.

Parameter Unit Value

Outside diameter mm 20.4
Inside diameter mm 16.5

Length mm 97
Compensation chamber volume mm3 6 × 103

Main evaporator material Copper
Main CC material STS304

Subevaporator material STS304
Sub-CC material Copper

2.2.3. Design of the Condenser

The working fluid inside the CLHP is liquefied in a condenser connected to a single-stage GM
cryocooler. The condenser uses copper, a material with good thermal conductivity, for sufficient
liquefaction inside it. The saturation temperature of the working fluid changes depending on the
pressure conditions inside the CLHP, and thus, the temperature in the condenser must be controlled
taking into account the internal pressure. The following conditions should be considered for the
condenser design: the length of the cooling flow path for the working fluid to be sufficiently liquefied,
and the pressure drop according to the flow path shape.

The 5 parallel pipes were applied to reduce the pressure drop inside the condenser, and a
1D-node network analysis was performed to calculate the cooling channel length. The 1D node
network analysis programs used SINDA/FLUINT(Sinap®), and two phase flows were analyzed using
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McAdam’s Homogeneous model to optimize cooling flow paths [23]. The 1D-node network analysis
was performed according to the pressure conditions, heat loads, and the length of the flow paths in
which the working fluids could be sufficiently liquefied inside the condenser. Table 3 presents the
conditions of the 1D-node network simulation analysis for calculating the cooling flow path length.
Figure 3 shows the working fluid temperature and void fraction along the condenser cooling flow path.
GN2 entering the condenser is liquefied after 60, 80 and 100 mm from the condenser inlet at a working
pressure of 2, 3 and 4 bar, respectively. Based on the results of the simulation, the length of the cooling
flow path was determined to be 150 mm for sufficient liquefaction of the working fluid to occur in
the condenser.

Table 3. Condition of 1D-node network analysis for calculation of cooling flow path length.

Parameter Unit Value

Working fluid N2
Number of flow path 5

Heat load W 10
Cross section area mm2 3.571

Pressure bar 2 3 4
Latent heat kJ/kg 190.56 183.96 178.35

Mass flow rate kg/s 5.2 × 10−5 5.4 × 10−5 5.6 × 10−5

Saturation temperature K 83.6 87.9 91.2
Cold head temperature K 75 75 75
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2.2.4. Pressure Drop in the CLHP

The pressure drop is caused by the shape of the flow path and friction when the working fluid
flows inside the flow path; this affects the efficiency of the CLHP. The pressure drop generated inside the
CLHP was calculated by dividing it into the evaporator, condenser, and vapor/liquid line. The pressure
drop inside the evaporator occurs mostly in the wick. The pressure drop that occurs when liquid enters
the wick is calculated using the following equation [24]:

Kp =
r2

pε
3
w

37.5(1− εw)
(2)

Fl =
µl

KpAwh f gρl
(3)

Dw = FlQeLw (4)
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where Kp is the permeability of the wick, rp is the pore radius of the wick, εw is the porosity of the wick,
Fl is a friction factor of liquid flow, µl is the viscosity of the liquid, Aw is the sectional area of the wick,
h f g is the latent heat of vaporization, ρl is the density of the liquid, Dw is the pressure drop of the wick,
Qe is the heat load applied to the evaporator, and Lw is the length of liquid flow. Table 4 presents the
pressure drop of the wick due to liquid flow in the evaporator.

Table 4. The pressure drop of the wick due to liquid flow in the evaporator.

Parameter Unit
Value

1 bar 2 bar 3 bar 4 bar

Working fluid LN2
Heat load W 10

Length of liquid flow mm 5
Pore radius µm 3

Porosity 63.3
Sectional area m2 2.14 × 10−4

Permeability m2 1.66 × 10−13

Density kg/m3 838.51 816.67 770.13 745.02
Viscosity Pa·s 2.20 × 10−4 1.76 × 10−4 1.45 × 10−4 1.21 × 10−4

Latent heat of vaporization kJ/kg 208.07 202.15 195.68 188.51
Friction factor of liquid flow (Fl) Pa/(W·m) 28,301 24,234.5 22,316.1 21,163.7
Pressure drop of the wick (Dw) Pa 1876.3 1497.0 3179.0 1243.5

The pressure drop in the flow path inside the CLHP is calculated using the Darcy-Weisbach equation:

∆Ph f
= f

L
D
ρV2

2
+
∑

K
ρV2

2
(5)

where P is pressure drop, f is the friction factor, L is length, D is the hydraulic diameter, ρ is density, V
is velocity, and K is the minor loss coefficient. To calculate the pressure drop in the condenser, it was
assumed that half of the condenser is filled by gas and the rest with liquid based on the simulation
results. To construct the vapor/liquid line connecting the condenser and evaporator of the CLHP, it
was necessary to consider the pressure drop in the pipe. Table 5 lists the necessary conditions for
calculating the pressure drop in the vapor/liquid line.

Table 5. Condition for calculating the pressure drop in the vapor/liquid line.

Parameter Unit
Value

Main Vapor Line Main Liquid Line Subvapor Line Subliquid Line

Tube size inch 1/4 1/8 1/8 1/8
Length mm 626 688 64 595

To circulate the loop of the CLHP, the maximum generated differential pressure in the wick must
be greater than the total pressure drop inside the CLHP. Table 6 presents the total pressure drop in
the CLHP. When comparing the maximum generated differential pressure by the wick with the total
pressure drop of the CLHP, it was determined that the pressure drop in the circulation of the CLHP
loop was sufficiently compensated for because the generated differential pressure of the wick (5731.4 Pa
at 1 bar) was greater than the CLHP total pressure drop (1876.3 Pa at 1 bar).
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Table 6. Total pressure drop in the CLHP.

Parameter Unit
Value

1 bar 2 bar 3 bar 4 bar

Wick Pa 1415.1 1211.7 1115.8 1058.2
Condenser Pa 32.4 20.1 15.2 12.6
Vapor/liquid line Pa 428.8 265.2 204.8 172.7
Total pressure drop Pa 1876.3 1497 1335.8 1243.5

2.3. Fabrication of the CLHP

The evaporator was fabricated using the shrinkage fitting method. This method uses the
tolerances due to the thermal shrinkage and expansion of the material caused by the difference in
temperature. The evaporator housing was heated to more than 350 ◦C, and the wick was cooled
with LN2. The fabricated evaporator brazed the vapor/liquid piping. The condenser is fabricated by
soldering a upper plate and a bottom plate having the cooling flow paths. The CLHP was completed by
assembling the evaporators, the vapor/liquid piping, and the condenser. Figure 4 shows the fabrication
process of the CLHP.
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3. Heat-Transfer Characteristic Experiment of the CLHP

3.1. Experimental Setup

To investigate the thermal behavior of the CLHP, a temperature sensor (PT-100) was installed at a
location where the temperature changes could be observed. Figure 5 shows the temperature sensor
installed in the CLHP.
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Figure 5. Temperature measurement location of the CLHP: (a) Location of the temperature sensor;
(b) Installation of the temperature sensor.

The experimental setup consisted of a space environment simulator, a single-stage GM cryocooler,
a compressor, a vacuum pump, and measuring equipment. The space environment simulator is a
device for simulating a cryogenic environment and zero gravity. The vacuum pump, the single-stage
GM cryocooler, and the compressor were used to keep the interior of the space simulator at cryogenic
temperature. The data measurement devices included a vacuum gauge, a vacuum controller, a
temperature monitor, a temperature controller, a SCXI, and a mass flow meter. The CLHP was installed
horizontally inside the space environment simulator to simulate zero gravity. A PRR was installed for
supercritical start-up from room to cryogenic temperature. Figure 6 shows the experimental setup, and
Table 7 lists the experimental conditions for determining the heat-transfer characteristics of the CLHP.
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Figure 6. Experiment setup for heat-transfer characteristic of the CLHP: (a) device setup for the
experiment; (b) the CLHP installation in the space environment simulator.

Table 7. Experiment conditions for determining the heat-transfer characteristics of the CLHP.

Parameter Unit Value

Inlet temperature K 295
Cold head set. temperature K 75

Nitrogen content in PRR g(bar) 53.5(14), 50(13.1), 55(14.4), 60(15.7)
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3.2. Supercritical Start-up and Subloop Circulation of the CLHP

The PRR, charged with 53.5 g (14 bar) of nitrogen, was connected to the CLHP to inject nitrogen
for the supercritical start-up of the CLHP. The CLHP was cooled using the single-stage GM cryocooler,
and 14 h after the start of cooling, LN2 entered the main CC. The subloop was circulated by applying a
heat load to the subevaporator. Figure 7 shows the supercritical start-up of the CLHP and temperature
change over time, from room to cryogenic temperature. The GN2 inside the CLHP was slowly cooled
by the condenser connected to the single-stage GM cryocooler, and after 14 h, the temperature dropped
sharply in the vapor zone containing the main evaporator. The reason for this phenomenon is that
LN2 is supplied to the main CC so that the temperature of the main evaporator and CC reaches the
saturation value inside the system.
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to cryogenic temperature.

Figure 8 shows the change in the CLHP internal temperature and pressure when the subloop was
circulated with a heat load of 1 W after the main CC was sufficiently filled with LN2. In the process of
filling the main CC with LN2, the pressure change tended to be similar to the temperature change in
the main CC. The pressure inside the CLHP was maintained at approximately 1.8 bar with a saturation
temperature of 82.5 K. The temperature of the main evaporator and main CC was maintained at 82.5 K,
and there was a slight change, which appeared to occur during internal equilibrium with the GN2
supplied from the PRR and LN2 liquefied from the condenser. After cooling to saturation temperature
according to the pressure inside the CLHP, when the subevaporator was heated to circulate the subloop,
the temperature changed as the vapor and liquid flowed inside the main liquid line and the subliquid
line of the CLHP. As the subloop was circulated, the main CC was filled with LN2; the temperature of
the subliquid line was approximately 84 K and the temperature difference was less than 1 K. After a
certain time, the temperature of the subliquid line dropped to 83.5 K and the temperature difference
was less than 0.5 K. At this point, it was determined that the main CC was sufficiently filled with LN2.
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3.3. Main Loop Circulation of the CLHP

After the main CC was sufficiently filled with LN2 in the subloop circulation, the CLHP internal
pressure was maintained at 2.2 bar, and the temperature of the main evaporator and main CC converged
at the saturation temperature of the CLHP internal pressure. Figure 9 shows the temperature and
pressure changes when a heat load of 1 W was applied to the main evaporator after CLHP temperature
convergence. Before applying the heat load to the main evaporator, the temperature converged at a
temperature corresponding to the pressure inside the CLHP, and the main liquid line was in a slug
flow where the working fluid mixes vapor and liquid. At a heat load of 1 W, the temperature of the
main evaporator and main CC increased, raising the internal pressure. The working fluid vaporized in
the wick inside the main evaporator and was discharged into the main vapor line. Due to the capillary
force of the wick, the condensed LN2 entered the evaporator via the main CC.

When the main CC was sufficiently filled with LN2, the heat load of the subevaporator was removed.
The heat load was then applied to the main evaporator to circulate the main loop. To investigate the
internal thermal behavior of the CLHP, an initial heat load of 1 W was applied and increased by 1 W at
1-h intervals.

Figure 10 shows the change in temperature over time as the heat load was applied to the main
evaporator to circulate in the main loop. When the main CC was sufficiently filled with liquid, the
temperature of the main CC and the main evaporator converged at 84.5 K, and when a heat load of
1 W was applied to the main evaporator, the temperature converged at 87.35 K. The temperature of the
main evaporator converged at 88.64, 89.05, 89.44, 90.92, 91.26, 91.42, 91.7, and 92.97 K when the heat
load was increased by 1 W over eight 1-h intervals. With a heat load of 10 W, the temperature of the
main evaporator and main CC increased sharply, and dry-out occurred.
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circulated through the main loop.

Figure 11 shows the temperature change in the CLHP when dry-out occurred. The temperature of
the main evaporator and main steam line rose quickly, causing the pressure inside the CLHP to increase
rapidly. The temperature of the vapor/liquid line, except for the main vapor line, was maintained at
78–79 K, similar that of to the condenser, and LN2 was supplied to the main CC via the main liquid
line. The temperature of the main CC increased more slowly than that of the main evaporator, but
after approximately 10 min, the temperature increased quickly. The reason for the rapid change in
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temperature of the main evaporator and main CC seems to be that not enough LN2 was supplied to
the main CC.
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To investigate the heat-transfer properties of the CLHP, additional experiments were performed by
filling 50(13.1), 55(14.4), and 60(15.7) g(bar) of nitrogen in the PRR. When the main CC was sufficiently
filled with LN2, the heat load of the subevaporator was removed. The heat load was then applied to
the main evaporator to circulate the main loop. The initial heat load was applied at 1 W and increased
by 1 W at 30-min intervals. The temperature and pressure inside the CLHP converged at saturation.
When the PRR was charged with 50 g (13.1 bar) of nitrogen, the maximum heat transfer reached 8 W
and dry-out at a heat load of 9 W. At 55 g (14.4 bar) of nitrogen, the maximum heat transfer achieved
12 W and dry-out at the heat load of 13 W. When charged with 60 g (15.7 bar) of nitrogen, it was
circulated for 45 min at a heat load of 4 W, at which time the temperature of the main evaporator
increased rapidly and dry-out occurred.

Further experiments with 50, 55, and 60 g of nitrogen in the PRR achieved a heat transfer of 12 W
at a maximum heat-transfer distance of 500 mm. Based on the experimental results, a long-duration
operation test was carried out with 55 g nitrogen in the PRR; Figure 12 shows the thermal behavior
during this operation. The initial heat load was applied at 1 W and increased by 1 W at 30-min intervals.
When the CLHP with a heat load of 10 W was operated for a long period, the temperature of the main
evaporator converged at 89.2 K and the internal pressure converged at 3.28 bar. At a heat load of 10 W,
the circulation of the main loop was maintained for 32 h 30 min, and then the heat load was increased
by 1 W at 30-min intervals. At a heat load of 13 W, the temperature of the main evaporator and main
CC increased sharply and dry-out occurred.



Energies 2020, 13, 1616 13 of 16

Energies 2020, 13, x FOR PEER REVIEW 12 of 15 

 

nitrogen, it was circulated for 45 min at a heat load of 4 W, at which time the temperature of the main 
evaporator increased rapidly and dry-out occurred. 

Further experiments with 50, 55, and 60 g of nitrogen in the PRR achieved a heat transfer of 12 
W at a maximum heat-transfer distance of 500 mm. Based on the experimental results, a long-duration 
operation test was carried out with 55 g nitrogen in the PRR; Figure 12 shows the thermal behavior 
during this operation. The initial heat load was applied at 1 W and increased by 1 W at 30-min 
intervals. When the CLHP with a heat load of 10 W was operated for a long period, the temperature 
of the main evaporator converged at 89.2 K and the internal pressure converged at 3.28 bar. At a heat 
load of 10 W, the circulation of the main loop was maintained for 32 h 30 min, and then the heat load 
was increased by 1 W at 30-min intervals. At a heat load of 13 W, the temperature of the main 
evaporator and main CC increased sharply and dry-out occurred. 

 

Figure 12. Temperature change over time during a long-duration operation when 55 g nitrogen was 
in the PRR. 

4. Result and Discussion 

The experiments on the heat-transfer characteristics verified that the CLHP achieved a 
maximum heat load of 12 W at a heat-transfer distance of 500 mm. Figure 13 shows the temperature 
difference of the main evaporator and condenser according to the heat load. The temperature 
difference between the main evaporator and the condenser depends on the nitrogen charge in the 
PRR. As the amount of nitrogen in the PRR increased, the saturation temperature inside the CLHP 
increased due to the high initial pressure, and the temperature in the condenser was always 
maintained at about 77–78 K, which increased the temperature difference between the main 
evaporator and the condenser. 

Based on the experimental results, the thermal resistance was calculated using the following 
equation: 

m

cme
CLHP Q

T-TR =  (6) 

where CLHPR  is thermal resistance of the CLHP, meT  is temperature of the main evaporator , cT  is 

temperature of the condenser, and mQ  is heat load of the main evaporator. Figure 14 shows the 

Figure 12. Temperature change over time during a long-duration operation when 55 g nitrogen was in
the PRR.

4. Result and Discussion

The experiments on the heat-transfer characteristics verified that the CLHP achieved a maximum
heat load of 12 W at a heat-transfer distance of 500 mm. Figure 13 shows the temperature difference of
the main evaporator and condenser according to the heat load. The temperature difference between
the main evaporator and the condenser depends on the nitrogen charge in the PRR. As the amount of
nitrogen in the PRR increased, the saturation temperature inside the CLHP increased due to the high
initial pressure, and the temperature in the condenser was always maintained at about 77–78 K, which
increased the temperature difference between the main evaporator and the condenser.
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Based on the experimental results, the thermal resistance was calculated using the following equation:

RCLHP =
Tme − Tc

Qm
(6)

where RCLHP is thermal resistance of the CLHP, Tme is temperature of the main evaporator, Tc is
temperature of the condenser, and Qm is heat load of the main evaporator. Figure 14 shows the thermal
resistance of the CLHP according to the heat load. The thermal resistance with heat load was within
14 K/W at 1 W, and gradually decreased with increasing the heat load, reaching 0.845 K/W at a heat load
of 12 W. As the heat load increased, the pressure and temperature inside the CLHP also increased, but
the temperature in the condenser remained almost constant. The temperature difference between the
main evaporator and the condenser increased with the heat load, but the thermal resistance decreased
because the temperature difference did not change significantly as the heat load increased.
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5. Conclusions

In this study, we designed, fabricated, and tested the performance of a CLHP for space applications.
The CLHP was fabricated using a thermo-hydraulic design with a 1D-node network analysis.
The cryogenic environment was simulated using a space environment simulator and a single-stage GM
cryocooler, which was installed horizontally to simulate the zero gravity of the CLHP. To investigate
the heat-transfer characteristics of the CLHP, the working fluid was injected into the CLHP via a PRR
and the subloop was circulated with a supercritical start-up, from room to cryogenic temperature.

As a result of the performance evaluation, the difference in temperature was within 12.35 K when
the maximum heat transfer was 12 W at a heat-transfer distance of 500 mm. The thermal resistance
was 0.845 K/W and the amount of the heat transfer relative to distance was 6 W/m. It was expected that
when the condenser was subcooled to 75 K, the LN2 would be better supplied to the main CC during
loop circulation; however, this was not the case, and dry-out occurred. As the gas zone increased
and the pressure rose, boiling heat transfer was suppressed. The temperature of the main evaporator
increased, but the condenser temperature remained at a subcool temperature, i.e., much lower than the
system temperature. A large temperature difference between the main evaporator and the condenser
increased the thermal resistance of the CLHP and reduced the heat-transfer performance.
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Based on this study, we are conducting additional experiments to (i) evaluate the performance
and durability of the CLHP, (ii) improve the heat-transfer performance, and (iii) develop a lightweight
model for space applications.
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