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Abstract
As a typically highly efficient two-phase heat transfer under cryogenic temperature range, the operation performances of
cryogenic loop heat pipes (CLHPs) might be affected by the relative location of different components. A transient mathematical
model is established in present work. The model validation is demonstrated by comparing the simulation results with an auxiliary
loop type neon-charged CLHP (Ne-CLHP) experiment data, and a good agreement is achieved. The effect of gravity caused by
different layout orientations on the Ne-CLHP operation performances are then investigated numerically. There are three operation
modes, namely normal LHP mode (n-LHP), gravity-assisted LHP mode (g-LHP), and gravity thermosyphon mode (GTP),
according to different layout orientations and heat loads. Under the gravity resistance condition with a positive layout inclination
angle, the Ne-CLHP is operated in n-LHP. The operating temperature increases with the positive layout inclination angle, and the
heat transport capacity decreases. Under the gravity assistance condition with a negative layout inclination angle, all three
operation modes may occur according mainly to the primary heat load. Only the two LHP modes are simulated in the present
study, which located in the range between the transition heat load from GTP to g-LHP and the heat transport capacity. The lager
negative layout incline angle, the higher transition heat load and the heat transport capacity, while lower operating temperature. In
addition, the gravity-independence of cross-sectional two-phase distribution in the transport lines is discussed in the frame of
dominant force analysis. The modeling effort will contribute to the technology research and development, as well as the operation
control of CLHPs for space and ground applications.
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Introduction

Cryogenic loop heat pipe (CLHP) is a kind of loop heat
pipes (LHPs) operating in cryogenic temperature range,
which is developed particularly for satisfying the require-
ments of efficient thermal link between cryogenic heat
sources, such as infrared radiation (IR) sensors/detectors,
super-conducting magnet and small-scale particle detec-
tors, and cryocoolers to meet the increasing demands of
cryocooler-based space applications. Its development was
initiated at the beginning of this century, and considerable
achievement has been obtained (Bai et al. 2015b).
Generally, cryogenic fluids are in supercritical state at
room temperature, and have small surface tension and
low latent heat of vaporization, resulting in difficulty in
the supercritical start-up, as well as weak driving force
and then low heat transport capability and weak operation
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stability. Furthermore, the huge temperature difference be-
tween the working fluid and the ambient environment also
causes leads to serious parasitic heat loss, which
strengthens the weakening of system performance. Up to
now, several types of CLHPs with different system struc-
tures and operating temperatures have been developed to
realize the supercritical start-up and stable operation in
corresponding cryogenic temperature range. According
to Bai et al. (2015b), an auxiliary loop type CLHP, which
has an additional auxiliary loop composed of a secondary
evaporator, secondary compensation chamber, secondary
condenser, secondary liquid and vapor lines in addition to
the gas reservoir, is effective to help realize the supercrit-
ical start-up of CLHPs, and can be applicable in both
ground and space conditions. The auxiliary loop, howev-
er, brings added complexities in the loop. The present
study focuses on this type of CLHP, particularly that with
neon as the working fluid, or auxiliary loop type neon-
charged CLHP (Ne-CLHP).

Yun et al. (2002) firstly reported the experimental test of an
auxiliary loop type LHP with ethane as the working fluid for
passive optical bench cooling applications. Experimental re-
sults clearly demonstrated its capability, i.e. it could start up
reliably from a supercritical temperature of 335 K to achieve a
normal operating temperature of 215 K, and achieve a 50 W
heat transport capability with 5 W applied to the secondary
evaporator. The operating temperature range, however, was
215–218 K, not in cryogenic temperature range, and then
the studied auxiliary loop type LHP still belongs to the cate-
gory of ambient loop heat pipes (ALHP). From then on, sev-
eral cryogenic working fluids are used in different cryogenic
temperature ranges, including methane for 100–190 K (Guo
et al. 2018b), nitrogen for 80–120 K (Hoang et al. 2003;
Bugby et al. 2003; Gully et al. 2011; Zhao et al. 2011; Bai
et al. 2012, 2013), hydrogen for 20–30 K (Hoang et al. 2002),
and neon for 30–40 K (Bugby et al. 2004; He et al. 2017; Guo
et al. 2017, 2018a), respectively. Based on the experimental
results, the following important conclusions have been drawn:
1) the CLHP could realize the supercritical startup with suit-
able heat load applied to the secondary evaporator, and the
larger the heat load applied to the secondary evaporator, the
sooner the temperature drop process of the primary evapora-
tor; 2) the primary evaporator could operate independently
with large heat load, whereas the secondary evaporator must
be kept in operation to assist the normal operation of the pri-
mary evaporator with small heat load; 3) the CLHP had the
ability to operate with a small heat load applied to the primary
evaporator for a long time, and manifested good thermal con-
trol performance; 4) there existed an optimum auxiliary heat
load and charged pressure of the working fluid respectively
during the supercritical startup.

Comparing with experiment research, theoretical analysis
and numerical simulation can also play an important role for

understanding the heat transfer performance and the underly-
ing mechanism of both CLHP and ALHP. Quite a few model-
ing and theoretical studies, however, have been carried out on
ALHPs (Kaya et al. 2008; Kaya and Hoang 1999; Kaya et al.
2008; Launay et al. 2008; Nishikawara et al. 2013), while
quite limited and obviously inadequate works on CLHP. A
steady mathematical model for an auxiliary loop type
nitrogen-charged CLHP (N2-CLHP) was established by Bai
et al. (2010) based on the conservations of mass, momentum
and energy of each component, and the modeling results
including the heat transport capacity and operating
temperature variation trend showed good agreement with the
experimental data. Qu et al. (2018) presented a steady global
model of CLHP coupled with a finer heat leak model in the
evaporator core by full consideration of the subcooled effect
and the mass flow rate variation of the working fluid along the
evaporator core, which improves the prediction accuracy. To
simulate the transient behaviors and supercritical start-up of
CLHP, Bai et al. (2011) developed a transient mathematical
model with a simplified treatment of the thermodynamic prop-
erties of the working fluid to obtain computation efficiency.
This simplified treatment, however, may result in great devi-
ation from the real thermodynamic sate of the working fluid,
especially for supercritical state due to dramatic changes of
thermodynamic properties of the working fluid. Recently, He
et al. (2018) developed a transient mathematical model for
CLHP. Ignoring the gravity influence, the basic route of ther-
modynamic processes and operating characteristics of an aux-
iliary loop type neon-charged CLHP (Ne-CLHP) were ana-
lyzed, corresponding to both the microgravity case for the
space applications and the horizontal layout case in normal
gravity environment during the ground tests.

The gravity influence, however, may play an important role
during the ground tests and ground applications. For example,
Chuang et al. (2014) presented an experimental study of an
ALHP operating at small positive elevation (0–127 mm) in
terrestrial condition. A unique triple-inflection operating tem-
perature curve was observed. Combined with analytical study,
the author categorized the steady state operation modes of
ALHP into capillary-controlled and gravity-controlled mode.
Similarly, Bai et al. (2015a) identified two driving modes of
ALHP under the gravity-assisted attitude: gravity-driven
mode and capillarity-gravity co-driven mode, based on the
experiments at large positive elevation (1–2 m). A bi-
inflection operating temperature curve, different from the ob-
servations of Chuang et al. (2014), was observed, which may
be caused mainly by the difference of positive elevations.
There could be similar operating performance of CLHP with
an auxiliary loop under gravity assisted condition, which has
never been reported in the literature. In order to understand the
complicated operating characteristics of CLHPs, especially
for terrestrial applications and/or ground tests of such devices
developed for space applications (Okamoto et al. 2019), our
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previous transient mathematical model (He et al. 2018) will be
used in the present study to simulate the gravity influences on
operation performance of an auxiliary loop type Ne-CLHP,
particularly focusing on the effects of relative height differ-
ence between the primary and secondary compensation
chambers.

Mathematical Model

Basic Hypotheses

The transient mathematical model developed to simulate the
operation performance of an auxiliary loop type Ne-CLHP is
based on the node-network method, in which the mass and
energy conservation equations are applied to the control vol-
ume of fluid nodes, the momentum equation is applied to the
fluid flow path between adjacent fluid nodes, and the energy
conservation equation is also applied to the wall node (He
et al. 2018). The treatment of the fluid flow is thus one dimen-
sional in nature. Furthermore, the follow hypotheses are
supposed:

1) The fluid at each fluid node is always in a state of local
thermodynamic equilibrium and satisfies the Gibbs phase
rule. It means there are only two independent thermody-
namic state parameters (such as temperature and density)
for single-component fluid, and other parameters are de-
termined by them.

2) The temperature of solid frame of the capillary wick and
the fluid flowing through the capillary wick are the same,
which means the effects of interfacial thermal contact
resistance of vapor-solid and liquid-solid, as well as the
thermal inertia of the capillary wick are neglected.

3) The homogenous model is used for the two-phase gas-
liquid flow and the corresponding two-phase heat trans-
fer, which means the distribution of the vapor and liquid
phases is uniform and the velocities of the two phases are
the same in each fluid node. It further indicates that the
effects of gravity on cross-sectional phase distributions in
transport lines and the primary and secondary condensers
are ignored.

Governing Equations

The mass conservation equation for the i-th fluid node is

dmi

dt
¼ ∑

K
miK ð1Þ

where mi denotes the mass of the i-th fluid node, ṁiK denotes
the mass flow rate between the i-th fluid node and its adjacent

node (the K-th fluid node).
The energy conservation equation for the i-th fluid node is

d mihið Þ
dt

¼ ∑
K

miKhiKð Þ þ ∑
M
QiM þWi ð2Þ

where hi denotes the specific enthalpy of the i-th fluid node,
ṁiKhiK , QiM, and Wi denote the enthalpy flow rate between
the i-th fluid node and its adjacent fluid node (the K-th fluid
node), the heat transfer between the i-th fluid node and its
adjacent wall node (the M-th wall node), the compression
work caused by the pressure variation of the i-th fluid node.
It should be noted that the value of hiK is depended on the
direction of ṁiK . An upstream scheme is used for the specific
enthalpy to favor the fluid flow direction, i.e. the value always
be the specific enthalpy of the upstream fluid node corre-
sponding to the i-th fluid node.

The energy conservation equation of the j-th wall node is

mjC j
dT j

dt
¼ ∑

N
QjN ð3Þ

where mj and Cj denote the mass and specific heat capacity of
the j-th wall node, QjN denotes the heat exchange between the
j-th wall node and its adjacent node (the N-th node), which
might be a wall node, a fluid node, the ambient or the heat
load/sink applied to the system.

The momentum equation for the i-K flow path between the
i-th fluid node and its adjacent one (the K-th fluid node) is

Leff ;iK
Aeff ;iK

� �
dmiK

dt
¼ Pi−Pk þΔPa þΔPf þΔPg ð4Þ

where Pi and PK denote respectively the pressures of the up-
stream and downstream fluid nodes of the corresponding flow
path, ΔPf, ΔPa, and ΔPg denote respectively the pressure
drops caused by friction, acceleration and gravity, Leff,iK and
Aeff,iK denote the equivalent length and effective flow area.

The capillary wick is wetted by the liquid, and the evapo-
rating menisci is formed and located at its out layer. The
governing equation for the phase-change interface is

m˙ ev ¼ Qev

Δh
ð5Þ

where ṁev andΔh denote respectively the mass flow rate from
the vapor-liquid phase change interface and the latent heat of
vaporization. Qev denotes the required heat for evaporation,
which is determined by the heat transfer from evaporator wall,
the heat associated with the working fluid flowing from the
compensation chambers, and the heat loss to the compensa-
tion chambers from evaporating interface.

The common-used empirical correlations for the single and
two-phase flow, as well as heat transfer, are adopted. The
detail formulations can be found in He et al. (2018).
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Combined with the physical property database of the working
fluid, as well as appropriate boundary and initial conditions,
the above equations provide a closed model for transient be-
haviors of an auxiliary loop type Ne-CLHP.

Solution Method

The initial conditions include the temperature and quality of
fluid and the wall temperature for each component, which is
determined by system physical state. Then the routine of prop-
erty database and common-used empirical correlations is
called for calculating the thermal property and heat transfer
coefficient. After initialization of the nodes, the boundary con-
ditions are applied, which include system charged pressure,
applied heat load, ambient and heat sink temperature. Then,
the new step values of density, enthalpy, mass flow rate and
wall temperature could be calculated by the governing
equations.

The integration method of the Differential Algebraic
System SoLver (DASSL) (Brenan et al. 1996) is used to solve
the governing equations. The derivatives are approximated by
the k-th order backward differentiation formula (BDF), where
k ranges from one to five. The Newtonian iteration technique
is applied to solve next step value. The step size is estimated
by the relative and absolute tolerances at each time step to
maintain calculation stability and to reduce the number of
iterations. Note that, the numerical calculation will continue
until the pressure drop of the primary and/or secondary loop is
greater than the maximum capillary pressure provided by the
capillary wick of the primary and/or secondary evaporators,
respectively. Then the limit heat transport capacity can be
determined using the way of backward interpolation between
the failure stage and its previous stage.

Model Validation

To validate the model, the simulation results are compared
with the experimental data (Guo et al. 2017). The Ne-CLHP
structure is shown in Fig. 1, which is composed of a primary
evaporator (PE), a primary vapor line (PVL), a primary con-
denser (PC), a primary liquid line (PLL), a primary compen-
sation chamber (PCC), a secondary liquid line (SLL), a sec-
ondary condenser (SC), a secondary compensation chamber
(SCC), a secondary evaporator (SE), a secondary vapor line
(SVL), and a gas reservoir (GR). The structural parameters of
the main components are listed in Table 1, where OD and ID
denote the outer and inner diameter, respectively. Most com-
ponents weremade of stainless steel except the capillary wicks
inside PE and SE which were made of sintered nickel
powders.

The ambient temperature was 296 K, the system charged
pressure was 3.19 MPa, and the heat sink temperature is

controlled by a G-M cryocooler. All simulation conditions
are the same as those in the experiments. Since no measure-
ment of the heat sink temperature was made in the experi-
ments, it is set as a function of time related to the measured
wall temperature of SCC. SE is applied a constant heat load of
1.5 W. The effective heat transfer coefficient between the con-
denser line and the heat sink is set as 240W/(m2∙K), while the
effective heat conductance between the evaporator wall and
the evaporating interface is set as 5 W/K.

Figure 2 shows the comparisons of the system pressure
(Psys) and the operating temperature or the wall temperature
of PE (TPE) between the simulation results and the experimen-
tal data. The experimental observations of the fluctuations and
trends of the system pressure and operating temperature are
well captured by the numerical simulation with a satisfactory
agreement. The maximum deviation of the system pressure is
about 0.05 MPa, and the maximum operating temperature
difference occurred at the primary heat load of 4.2 W is about
0.5 K.

Simulation Results and Analysis

The layout inclination angle θ reflects the relative height dif-
ference between the primary and secondary compensation
chambers (Fig. 3), which results in a gravity pressure drop
under gravity resistance condition or a head of gravity under
gravity assistance condition in the momentum equation even
if no influence of gravity on the cross-sectional phase distri-
bution is taken into account. When the Ne-CLHP is set in the
horizontal position (θ = 0o), the gravity pressure drop or the
head of gravity is absent. When θ < 0, the working fluid flows
through PLL in the same direction of gravity or its longitudi-
nal component and then gravity is an assistant or driving force,
while the flow direction in PVL and SLL are opposite and
gravity acts as a resistant force. Otherwise, the opposite is true.

Figure 4 shows the variations of primary loop pressure
drop with the primary heat load under different layout incli-
nation angle. Here, the heat sink temperature is set as a con-
stant of 30 K. The ambient temperature is 296 K. The system
charged pressure of the working fluid is 3.19 MPa. The total
parasitic heat loss is set as 0.25 W, which is distributed uni-
formly on all nodes of the transport lines. The secondary heat
load applied on SE is set constantly as 0.5 W, while the pri-
mary heat load applied on PE is increased step-by-step from
0.3 W with a step value of 0.1 W. It lasts for 4000 s in the
numerical simulation for each step of the primary heat load in
order to obtain a steady state of the operation. The total pres-
sure drop of the primary loop (ΔPPL) increases with the in-
crease of the primary heat load for a fixed layout inclination
angle. On the other hand, the maximum capillary pressure
(ΔPMax.Cap) can be calculated by the surface tension and min-
imum effective radius of the capillary wick using Young-
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Laplace equation. Themaximum capillary pressure is decreas-
ing with the primary heat load due to the increasing operating
temperature and corresponding fluid temperature at the evap-
orating interface. When the pressure drops of the primary and/
or secondary loops reach the maximum capillary pressure, the
Ne-CLHP will reach the capillary-driven limit. Thus, the heat
transport capacity (QMax.PE) can be determined by using a
backward interpolation between the first failure stage, in
which the pressure drop of the primary or secondary loops
exceeds for the first time the maximum capillary pressures
provided respectively by the capillary wicks of the primary

and/or secondary evaporators, and its previous stage. It is
worth noting that there is a great difference of the maximum
capillary pressures for different layout inclination angle at low
heat load, while the difference decreases quickly with the heat
load and then the maximum capillary pressure tends to almost
the same, as shown in Fig. 5.

It is shown in Fig. 4 that the effect of layout inclination
angle is mainly manifested assistant/driving or resistant effects
of the gravity. When the layout inclination angle is positive,
PCC is located above SCC, and the gravity resistant effect is
prominent on the working fluid flow in the primary loop. As
the driving force, the capillary pressure must be positive and
large enough to overcome the total pressure drop including the

Fig. 1 Schematic view of the Ne-CLHP

Table 1 Basic parameters of the Ne-CLHP

Components Parameters Dimensions

Primary evaporator Casing OD/ID×length /mm 13/11 × 50

Wick OD/ID×length /mm 11/4 × 40

Secondary
evaporator

Casing OD/ID×length /mm 13/11 × 35

Wick OD/ID×length /mm 11/4 × 37

Primary loop Vapor line OD/ID×length /mm 3/2 × 700

Condenser line OD/ID×length /mm 2/1 × 700

Liquid line OD/ID×length /mm 3/2 × 600

Secondary loop Vapor line OD/ID×length /mm 3/2 × 30

Condenser line OD/ID×length /mm 2/1 × 260

Liquid line OD/ID×length /mm 3/2 × 700

Wicks Porosity /~ 55%

Minimum capillary radius /μm 0.5

Gas reservoir Volume /ml 537 Fig. 2 Comparisons of the numerical simulations of system pressure and
operating temperature with the experimental data by Guo et al. (2017)
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gravity term, and then the evaporating interface must be con-
cave. This mode of the system operation is termed here as the
normal LHP (n-LHP) mode. Due to the resistant effect of
gravity, the primary loop pressure drop increases with the
layout inclination angle under n-LHP mode at the same heat
load, resulting in a decrease of the heat transport capacity.

On the contrary, when the layout inclination angle is neg-
ative, PCC is located below SCC, and then the gravity assis-
tant effect is prominent in the primary loop. There will be three
operation modes determined by the primary heat load. The
first is the gravity thermosyphon (GTS) mode under lower
heat load, in which the difference between the head of gravity
and the sum of friction and acceleration pressure drops is
greater than the minimum capillary pressure which is deter-
mined by the Young-Laplace equation corresponding to the
maximum effective radius of the capillary wick, the liquid will
then break through the barrier of the capillary pressure, flood
the wick and flow into PVL. No stability evaporating interface
exists, but nucleation may occur under the input heat from PE.
With the increase of the primary heat load, the liquid in the

evaporator groove and vapor chamber of PE will boil away,
and then is held inside the capillary wick. The evaporating
interface, however, is convex because of the head of gravity
is still greater than the sum of friction and acceleration pres-
sure drops in the primary loop. In this mode, the capillary
pressure acts as a resistant force, not a driving force, and then
is termed here as gravity-driven LHP (g-LHP) mode. The
transition heat load (QTran.PE) from GTS to g-LHP can be
determined by the minimums capillary pressure (ΔPMin.Cap).
A value of ten times of the minimum effective radius of cap-
illary wick is set for the maximum effective radius of the
capillary wick here, and the corresponding minimums capil-
lary pressure is shown in Fig. 4 to determine the transition heat
load. With the further increase of the primary heat load, larger
flow rate causes larger friction and acceleration pressure drops
in the primary loop, exceeding the head of gravity, and then
the primary loop will transit to the n-LHP mode from g-LHP.
The transition heat load can be determined by the zero posi-
tion of the sum of the friction, acceleration, and gravity pres-
sure drops in the primary loop. In n-LHP, the evaporating

Fig. 3 The schematic of the layout way of facility

Fig. 4 Variations of the total pressure drop in the primary loop with the
primary heat load

Fig. 5 Variations of the total pressure drop in the secondary loop with the
primary heat load
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interface is concave, and the capillary pressure acts as a
driving force, and so does the gravity. Therefore, Bai et al.
(2015a, b) termed it as capillarity-gravity co-driven mode.
Only the two LHP modes (g-LHP and n-LHP) are studied
here.

Reverse action of gravity in SLL will weaken the gravity
effect in the secondary loop, which includes SVL, partial
PVL, PC, PLL, PCC, SLL, SC, SCC, and SE. Figure 5 shows
the variations of the total pressure drop in the secondary loop
(ΔPSL) at different layout inclination angles. Comparing with
the total pressure drop in the primary loop, it increases slowly
in the secondary loop with the primary heat load at constant
layout inclination angle. The same trend exists for the increas-
ing layout inclination angle at constant primary evaporator
heat load. As shown in Fig. 5, the total pressure drop in the
secondary loop always locates in the range between the max-
imum and minimum capillary pressures in the present study,
and then LHP is always maintained in the secondary loop
whether the layout inclination angle is positive or negative.

Figure 6 shows the heat transport capacity and the transi-
tion heat load between GTP and g-LHP with the layout incli-
nation angle. It is shown that the heat transport capacity is
enhanced with the decreasing layout inclination angle due to
the weakening of the gravity resistant effect and/or strength-
ening the gravity assistant effect. In fact, the layout inclination
angle affects mainly the change of the pressure drop through
the transport lines but slightly the maximum and minimum
capillary pressures. It is also easy to find that the larger nega-
tive layout inclination angle, the higher transition heat load
from g-LHP to GTP, which is in agreement with the Bai
et al. (2015a, b).

Figure 7 shows the variations of the operating temperature
curves with the primary heat load at different layout inclina-
tion angles. The vertical dotted lines mark the corresponding
heat transport capacities and the transition heat loads between
GTP and g-LHP.When the layout inclination angle is positive,
the operating temperature curves show a typical “U” shape,
namely the wall temperature of PE decreases firstly and,

exceeding a certain value of the primary heat load, increases
with the primary evaporator heat load. It is very obvious that
the operating temperature decreases with the decreasing lay-
out inclination angle at low primary evaporator heat load,
while the difference tends to disappear when the primary heat
load is greater than 3.5 W. This trend agrees to the steady
numerical simulations by Bai et al. (2010). In the case of
horizontal layout, the operating temperature curve is nearly
linear, which is similar to the experimental observations by
Guo et al. (2018a, b).

Figure 8 shows the effect of the secondary heat loads on the
operating temperature in the horizontal layout (θ = 0o). When
the secondary heat load is 0.3 W, the operating temperature
curve shows a typical “U” shape. With the increase of the
secondary heat load, the operating temperature curves move
leftward and upward, and the decreasing branch at low prima-
ry heat loads will disappear. This trend is similar with the
experimental observations by Guo et al. (2018a, b), in which

Fig. 8 Variations of the wall temperature of the primary evaporator at
different secondary heat loads

Fig. 7 Variations of the operating temperature with the primary heat load

Fig. 6 Variation of the heat transport capacity and the transition heat load
between GTP and g-LHP with layout inclination angle
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the operating temperature increases monotonously with the
secondary heat load at high primary heat load while sharply
decreases at first and then increases with the secondary heat
load at low primary heat load.

Discussion

The gravity effect is usually ignored in the analysis of the
route of thermodynamic state change in CLHP. However,
the operating process of CLHP exhibits more complicated
behaviors with the effect of gravity based on the above simu-
lations, as well as some experimental observations reported in
the literature. In order to understand clearly the effect of grav-
ity, Fig. 9 shows in principle the route of the thermodynamic
state change in the primary loop.

At horizontal layout, the CLHP always operates at n-LHP.
A stable concave evaporating interface exists, and the capil-
lary force is the driving force. The saturated vapor from the
evaporating interface (point 1) flows into PVL (point 2). The
pressure decreases due to friction losses along the transport
line, and the temperature increases due to the input heat from
PE and/or parasitic heat losses from ambient environment.
The resulted superheated vapor flows into PC, releasing sen-
sible and latent heats and being condensed partially into satu-
ration liquid (point 3). The single vapor flow then becomes
two-phase vapor-liquid flow. Further condensation continual-
ly occurs inside PC till no vapor left (point 4). Then the satu-
rated liquid is cooled further to subcooled liquid at the outlet
of PC (point 5). The liquid subcooling in the end of PLL (point
6) decreases due to pressure drop and parasitic heat losses.
Then the liquid flows into PCC and enters into the capillary
wick of PE. Acted by the flow resistance through the capillary
wick and the heating from PE, the liquid pressure at the evap-
orating interface (point 7) is the lowest one while the temper-
ature reaches that of the saturated vapor at the vapor side of the
evaporating interface (point 1), resulting in a metastable su-
perheated liquid state. More detail analysis of the route of
thermodynamic state change including the secondary loop
can be found in He et al. (2018).

At upward layout, a similar route to that at horizontal lay-
out exists with an increasing pressure drop caused by addi-
tional gravity pressure drop. Only modified points 6′ and 7′ are
shown in Fig. 9, although the actual route should be totally
shifted left-up along the saturated line of the working fluid. On
the contrary, the actual route for downward layout should be
totally shifted right-down along the saturated line. A fixed
point for the evaporating interface is shown in Fig. 9 to make
more clearly the comparisons among these three cases.

At downward layout where the gravity acts as an assistant
or driving force, there are three operating modes, namely n-
LHP, g-LHP, and GTP as mentioned above. The first one, in
which the metastable superheated liquid state of the working
fluid at the liquid side of the evaporating interface locates right
below the point 1 but above the point 7, is not shown in Fig. 9.
The capillary pressure still acts as a driving force, and then the
evaporating interface remains a concave shape. The n-LHP
mode will end when the point 7″ overlaps the point 1. No
capillary pressure is needed, resulting in a planar evaporating
interface. The liquid at the evaporating interface is in a satu-
rated state. In the g-LHP mode, the evaporating interface be-
comes convex, and then the capillary pressure acts as a resis-
tance to hold the liquid inside the capillary wick. The liquid at
the interface is in a stable subcooled state, which should be
heated at first to saturated state and then evaporated by the
input heat from PE. The point 7″‘is corresponding to the crit-
ical condition related to the transition from g-LHP to GTP.
Exceeding the point 7″‘, the liquid will flood the vapor groove
and vapor chamber of PE, and flow into PVL, resulting in the

Fig. 9 Sketch route of thermodynamic state change in the primary loop at
different layouts

Fig. 10 Typical state of the two-phase vapor-liquid flow at the inlet of PC
with different primary heat loads at horizontal layout
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transition to GTP. Several kinds of heat and mass transfer
ways exist inside PE, including conduction, convection, nu-
cleate boiling, and evaporation, which may result in more
complex behaviors, such as an obvious temperature hysteresis
caused be nucleate boiling (Nishikawara et al. 2019).

As mentioned above, a basic assumption that the effects of
gravity on cross-sectional phase distributions in transport lines
and the primary and secondary condensers are ignored is
adopted in the present study. Its validation can be found in
the frame of dominant force analysis (Du et al. 2018, 2019).
Figure 10 shows the comparison of the state of the two-phase
vapor-liquid flow at the inlet of PC under different primary
heat loads at horizontal layout and the gravity-independence
criteria proposed by Zhao et al. (2000). Here, the Bond num-
ber (Bo), the Weber number (We) and the Froude number (Fr)
are defined as

Bo ¼ ρL−ρGð Þgd2=σ
WeSG ¼ ρGU

2
SGd=σ

FrSG ¼ USG=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρL−ρGð Þgd=ρG

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WeSG=Bo

p
8<
: ð6Þ

where ρ, g, d, σ, and U denote respectively the density, grav-
ity, diameter, surface tension, and velocity, while the subscript
L, G, and S denote liquid, gas and superficial, respectively.
Three transition ranges, namely Bo = 1.5~6, FrSG = 0.54~2.2,
and WeSG = 1.75~7.26 proposed by Zhao et al. (2000), divide
the two-phase flow into three regimes, namely gravity, surface
tension, and gas inertia force dominated regimes. The latter
two regimes can also be termed as gravity-independent re-
gime. It is evident that the studied two-phase flow falls inside
the surface tension dominated regime. That is to say, the cross-
sectional distribution of the gas and liquid phases can indeed
be regarded as gravity-independent in the present study.

Conclusion

A transient mathematical model was established for study the
operation performances of an auxiliary loop type Ne-CLHP.
The model validation was demonstrated by comparing the
numerical results with the experimental data reported in the
literature. The gravity effects caused by different layouts in
normal gravity environment on the system operation perfor-
mance were numerically investigated.

There are three operation modes, namely normal LHP
mode (n-LHP), gravity-driven LHP mode (g-LHP), and grav-
ity thermosyphon mode (GTP), according to different gravity
effects. Under the gravity resistance condition with a positive
layout inclination angle, the Ne-CLHP is operated in n-LHP.
The operating temperature increases with the positive layout
inclination angle, and the heat transport capacity decreases.
Under the gravity assistance condition with a negative layout
inclination angle, all three operation modes may occur

according mainly to the primary heat load. Only the two
LHP modes are simulated in the present study, which located
in the range between the transition heat load from GTP to g-
LHP and the heat transport capacity. The lager negative layout
incline angle, the higher transition heat load and the heat trans-
port capacity, while lower operating temperature. The results
will contribute to the technology research and development,
the ground tests and operation control of CLHPs for space
applications, as well as the operation control of CLHPs for
ground applications.
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