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Abstract: The contaminant-insensitive sublimator (CIS) is a novel water sublimator in development,
which uses two porous substrates to separate the sublimation point from the pressure-control point
and provide long-life effective cooling for spacecraft. Many essential studies need to be carried out in
the field. To overcome the reliability issues such as ice breakthrough caused by large temperature or
pressure differences, the CIS development unit model, the mathematical models of heat and mass
transfer and the evaluation coefficient have been established. Numerical investigations have been
implemented aiming at the impacts of physical properties of porous substrate, physical properties
of working fluid, orifice layouts and orifice-structure parameters on the characteristics of flow field
and temperature field. The numerical investigation shows some valuable conclusion, such as the
temperature uniformity coefficient at the bottom surface of the large pore substrate is 0.997669 and
the pressure uniformity coefficient at the same surface is 0.85361267. These numerical results can
provide structure and data reference for the CIS design of lunar probe or spacesuit.

Keywords: contaminant-insensitive sublimator; porous substrate; feed-water; working fluid;
temperature field; flow field

1. Introduction

With the rapid development of the space industry, the frequency of space activities, which include
deep-space exploration, extravehicular activities and so on, will be higher and higher [1–5]. However,
a lot of waste heat is generated when spacecraft are in working status, and solving the problem of
the heat dissipation of spacecraft and equipment such as lunar probes and spacesuits has accordingly
become the focus of the powerful countries in space exploration [6–8]. Space radiators and water
sublimators are two types of necessary heat sinks for space cooling [6,9]. Space radiators are the
passive cooling sources used in most space applications, but, they have some disadvantages such as
a limited dissipation power and the low power-mass ratio. Conversely, water sublimators can be
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used as a supplementary heat sink of space radiators to dissipate the peak waste heat, and can also
be used as the exclusive heat sink of small spacecraft in a warm thermal environment or with strict
weight limits for cooling sources, for instance, when the spacecraft is operating in and near the direct
sunlight spot in low lunar orbit [10–13]. At this time, the use of water sublimators as heat sinks has
been recognized by the powerful countries in space exploration. When China’s chang’e-5 lunar lander
worked during the day, a large amount of waste heat generated in a short period of time was dissipated
through a water sublimator.

Water sublimators are phase change heat dissipation devices, which make full use of the fact the
high vacuum pressure in space is far lower than the pressure of the triple point of water to realize
the phase change process from liquid to solid to gas of water. This process absorbs a large amount
of waste heat from the spacecraft and dissipates it into space with leaving steam. The advantages
of the water sublimator such as simplicity, light weight, small volume, small power consumption,
high-efficiency, reliable operation in zero gravity and under the condition of thermal load variation are
very suitable for space cooling. Sublimators have been successfully used to dissipate heat from various
spacecraft and life support systems, such as the Apollo lunar module and extravehicular mobility unit
(EMU), the International Space Station portable life support system (PLSS), and the European space
agency’s Hermes spacesuit [14–16]. Currently, the x-38 water sublimator, the CIS for the x-38 crew
return vehicle, as well as the sublimator driven coldplate (SDC) and the integrated sublimation driven
coldplate (ISDC) for the Orion manned spacecraft and Altair lunar module represent the highest level
of sublimator use.

In the past few decades, many researchers have done lots of investigations on sublimators. These
studies mainly focused on the feasibility verification, heat-and-mass transfer performance, utilization
rate of feed-water (FW) and so on, which are shown as follow. Planert et al. developed a new sublimator
for the European Space Suit, which employed a novel porous plate fabricated from stainless steel, and
executed tests to certify the technical feasibility of the design concept [17].Tongue et al. build two
sublimators for the X-38 program, and described sublimator performance at both component and
system level and the ground test data at CRV conditions [18,19]. Based on JSC x-38 design, Leimkuehler
et al. proposed a kind of CIS which used a large pore porous plate to make the CIS less sensitive to
contaminants, and described the design, fabrication, and testing of the CIS Engineering Development
Unit (EDU) [20,21]. Leimkuehler et al. depicted the design of an engineering development unit of the
SDC to demonstrate the SDC concept [22]. To better understand the basic operational principles and to
validate the analytical methods used for the SDC development, Sheth et al. outlined the test results of
the SDC Engineering Development Unit [23]. Leimkuehler et al. implemented the starting utilization
test on the x-38 water sublimator and CIS, and studied the FW consumption efficiency under cyclic
conditions [24,25]. Sheth et al. tested the performance of a SDC in a vacuum chamber, and the test
data was used to establish the relevant thermal math models [26]. Sheth also studied the influence
of the transient start and stop process of sublimator on the FW’s utilization in the cyclical topping
mode [27]. Leimkuehler et al. tested an ISDC test article in a vacuum chamber, and used the testing
results to demonstrate proof of concept for the ISDC [28]. Wang et al. investigated the heat and mass
transfer of a porous plate water sublimator with constant heat flux boundary condition via simulation
and experiment [29].

What’s more, the porous substrate is the critical core component of sublimator because of its
serious influence on the process of the heat and mass transfer in the sublimator and the phase-change
location. The issues of the phase change and the heat and mass transfer in porous substrates have
been studied in the previous literature, and these studies are useful to sublimator research and are
classified into two categories, described as follows. The first category is the influence of structure
parameters, flow characteristics, fluid properties, physical parameters and heat-transfer characteristics
on heat-and-mass transfer performance in porous substrate [30–36]. Hanlon et al. researched the
influences of the thin film evaporation, the particle size, the porosity, and the wick structure thickness
on the evaporation heat transfer in sintered wick structure based on a two-dimensional heat-transfer
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model [37]. The heat transfer performance of a solid/liquid phase-change thermal energy storage
system that includes porous metal foam was investigated by Siahpush. et al. through a detailed
experimental study [38]. Wang et al. used the variable time step finite-difference method to solve
the governing equation of the drying process numerically, and studied the sublimation condensation
phenomenon in the process of microwave freeze drying [39]. Another category is the establishment of
mathematical models for phase-change processes in porous substrate [40–46]. Farid has established
unsteady-state heat conduction equations for phase-change processes such as melting, solidification,
microwave thawing, spray-drying, and freeze-drying, and developed two different numerical solutions
for sharp interfaces and materials undergoing phase transformation within a certain temperature
range [47].In order to solve the nonhomogeneous problem from the moving phase-change interface,
Leung et al. used a Green function to solve the problem of phase-change heat transfer during thawing
of frozen food theoretically [48]. Rattanadecho et al. studied the freezing problem of water-saturated
porous media in rectangular cavity subjected to multiple heat sources by numerical method [49].
In order to predict the freeze-drying kinetics of the multi-dimensional sublimation process in a product,
Nakagawa et al. established a mathematical model consisting of classical heat and mass transfer
equations, and solved it by assuming the porous media transport model with a distributed sublimation
front [50].

The studies reported in the literature investigated feasibility verification, heat-and-mass transfer
performance, utilization rate of FW and location of sublimation for all kinds of sublimators by the test
method, and studied the phase-change process of heat and mass transfer in porous media. However,
slightly different, the working process of the water sublimator involves multi-physics coupling in the
process of the heat and mass transfer inside porous media, forced convection and water phase-change
process in the triple point. In addition, the numerical analysis of the internal pressure field, velocity
field and temperature field of the CIS is rarely mentioned in the present.

Based on these facts, this paper researches many factors that affect the CIS. Primarily, the
effect of Physical parameters of porous substrates in the CIS, the Flow characteristics and fluid
properties, the layout of the orifice, and the Structure parameters of the orifice on the heat-transfer
and hydromechanical performance inside CIS under vacuum environment for spacecraft applications
were studied numerically. These works have not been done by domestic and foreign researchers, but
they play an important role in the steady-state study of the CIS. Some conclusions with reference price
value were acquired.

2. Function, Layout, Mathematic Model and Simulation Parameters of CIS

2.1. Function and Physical Model of CIS

2.1.1. Operating Mechanism

The structure comparison between the general sublimator and the CIS is depicted in Figure 1.
One of the drawbacks of the general sublimator is that it is sensitive to any contaminants dissolved
in the FW, which can build up and then block the micron-sized pores in the small pore substrate.
To improve the working performance of sublimator, the CIS is developed, which uses a small pore
disk to control the FW’s working pressure and applies large pore substrate as the sublimation site.
The large pore substrate is insensitive to the contaminants dissolved in the FW [20,21].

Figure 2a shows a CIS cooling system, which includes a thermal loop and a FW loop. The water
circulating in the thermal loop is named working fluid (WF), and the dissipative water in the FW loop
is denoted as FW. The thermal loop collects waste heat from the spacecraft application and transmits it
to CIS, and the FW provided by the FW loop freezes firstly and then absorbs the waste heat in the CIS
and changes into steam which is discharged to the space environment.



Energies 2019, 12, 4562 4 of 21
Energies 2019, 12, 4562 4 of 23 

 

 

Figure 1. Structure comparison between the CIS and the general sublimator. (a) Structure of the 
general sublimator. (b) Structure of the CIS. 

Figure 2a shows a CIS cooling system, which includes a thermal loop and a FW loop. The water 
circulating in the thermal loop is named working fluid (WF), and the dissipative water in the FW 
loop is denoted as FW. The thermal loop collects waste heat from the spacecraft application and 
transmits it to CIS, and the FW provided by the FW loop freezes firstly and then absorbs the waste 
heat in the CIS and changes into steam which is discharged to the space environment. 

As the key component of the CIS cooling system, the CIS is a planar symmetric structure, as 
shown in Figures 2a,b. It is mainly composed of large pore substrate, small pore substrate, thermal 
loop layer and FW layer. The large pore substrates of the CIS are the porous aluminum foam sheets 
(PAFS), and the small pore substrates are the stainless steel porous disks (SSPD). The thermal loop 
layers are two cold plates (CP) with inner fins, which are also known as heat exchange, and the 
water layer is designed as a box form. The FW covers are brazed between the FW layer and the 
thermal loop layer to separate the working fluid in the thermal loop from the FW. To transfer mass 
and heat fluently, the large pore substrates and the small pore substrates are fastened on the FW 
cover by bolts. 

 
(a) 

Figure 1. Structure comparison between the CIS and the general sublimator. (a) Structure of the general
sublimator. (b) Structure of the CIS.

Energies 2019, 12, x FOR PEER REVIEW 4 of 23 

 

Vacuum

Feed-water

Feed-water

Small pore substrate

Ice

Thermal Loop Layer

Vacuum

Large pore substrate

Ice

Thermal Loop Layer Small pore disk

Vapor

Vapor

orifice

orifice

(a)

(b)  

Figure 1. Structure comparison between the CIS and the general sublimator. (a) Structure of the 

general sublimator. (b) Structure of the CIS. 

Figure 2a shows a CIS cooling system, which includes a thermal loop and a FW loop. The water 

circulating in the thermal loop is named working fluid (WF), and the dissipative water in the FW 

loop is denoted as FW. The thermal loop collects waste heat from the spacecraft application and 

transmits it to CIS, and the FW provided by the FW loop freezes firstly and then absorbs the waste 

heat in the CIS and changes into steam which is discharged to the space environment. 

As the key component of the CIS cooling system, the CIS is a planar symmetric structure, as 

shown in Figures 2a,b. It is mainly composed of large pore substrate, small pore substrate, thermal 

loop layer and FW layer. The large pore substrates of the CIS are the porous aluminum foam sheets 

(PAFS), and the small pore substrates are the stainless steel porous disks (SSPD). The thermal loop 

layers are two cold plates (CP) with inner fins, which are also known as heat exchange, and the 

water layer is designed as a box form. The FW covers are brazed between the FW layer and the 

thermal loop layer to separate the working fluid in the thermal loop from the FW. To transfer mass 

and heat fluently, the large pore substrates and the small pore substrates are fastened on the FW 

cover by bolts. 

Feed-water

Thermal

Loop

layer
Small pore 

substrate

large pore 

substrate

Ice

Pump

Temperature

control valve v
al

v
e

Contaminant Insensitive Sublimator

Vapor flow

Heat flow

Orifice Space

Water 

reserver

H
ea

t

C
o

ll
ec

to
r

A
p

p
li

ca
ti

o
n

w
as

te
 h

ea
t

Feedwater

 reserver

valve Feed-water

 reserver

P
re

ss
ed

 a
ir

 

(a) 

Energies 2019, 12, 4562 5 of 23 

 

Figure 2. Cont. 

  
(b) 

Figure 2. The heat dissipated method with the CIS as heat sink. (a) Heat dissipation through CIS 
cooling system. (b) The structure of the CIS. 

The key problem of CIS design is to how control the position of the sublimation. In order to 
control the sublimation of the FW at a suitable height in the large pore substrate, the working 
pressure of the FW in CIS must be controlled strictly. For the purpose, two kinds of porous 
substrates are adopted in CIS. The small pore substrates are mainly used to generate large liquid 
resistance and form a large pressure drop, so as to realize pressure control and distribution of the 
FW. The large pore substrate chiefly provides a phase change site to overcome the blockage of small 
pores by dissolved contaminants. The FW flows through the FW layer, the orifice, and to the small 
pore substrate where the FW is diverged by the small pore substrate into the large pore substrate. 
At the large pore substrate, the FW is exposed to space vacuum where the pressure is below the 
triple point pressure, as well as the temperature is much lower than that of the triple point, then 
freezes. The ice absorbs the waste heat of the aircraft transferred by the thermal loop layer and 
directly sublimates into steam, which cools the WF in the thermal loop layer. 

2.1.2. The Development Unit of the CIS 

Because CIS is a planar symmetric structure, only half of the symmetric structure is select as the 
development unit to study for saving the computation which is shown in Figure 3a. The PAFS is 
mounted on the outermost layer and is 3 mm thick. Two holes are drilled on the back of the CP to 
install two SSPDs with a thickness of 1.5 mm. The layout of the SSPD is shown in Figure 3d. The 
structure of the orifices connecting the FW box to the SSPD is drawn in Figure 3b. The inside liquid 
channels of the CP is shown in Figure 3c. The diameters of the inlet and outlet of the CP are all set as 
4mm. The WF of the thermal loop is located in the cavity inside the CP. The FW’s fluid domain is 
imbedded in the FW box and the orifice. 

 
 

Figure 2. The heat dissipated method with the CIS as heat sink. (a) Heat dissipation through CIS
cooling system. (b) The structure of the CIS.

As the key component of the CIS cooling system, the CIS is a planar symmetric structure, as shown
in Figure 2a,b. It is mainly composed of large pore substrate, small pore substrate, thermal loop layer
and FW layer. The large pore substrates of the CIS are the porous aluminum foam sheets (PAFS),
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and the small pore substrates are the stainless steel porous disks (SSPD). The thermal loop layers are
two cold plates (CP) with inner fins, which are also known as heat exchange, and the water layer is
designed as a box form. The FW covers are brazed between the FW layer and the thermal loop layer
to separate the working fluid in the thermal loop from the FW. To transfer mass and heat fluently,
the large pore substrates and the small pore substrates are fastened on the FW cover by bolts.

The key problem of CIS design is to how control the position of the sublimation. In order to
control the sublimation of the FW at a suitable height in the large pore substrate, the working pressure
of the FW in CIS must be controlled strictly. For the purpose, two kinds of porous substrates are
adopted in CIS. The small pore substrates are mainly used to generate large liquid resistance and
form a large pressure drop, so as to realize pressure control and distribution of the FW. The large pore
substrate chiefly provides a phase change site to overcome the blockage of small pores by dissolved
contaminants. The FW flows through the FW layer, the orifice, and to the small pore substrate where
the FW is diverged by the small pore substrate into the large pore substrate. At the large pore substrate,
the FW is exposed to space vacuum where the pressure is below the triple point pressure, as well as
the temperature is much lower than that of the triple point, then freezes. The ice absorbs the waste
heat of the aircraft transferred by the thermal loop layer and directly sublimates into steam, which
cools the WF in the thermal loop layer.

2.1.2. The Development Unit of the CIS

Because CIS is a planar symmetric structure, only half of the symmetric structure is select as the
development unit to study for saving the computation which is shown in Figure 3a. The PAFS is
mounted on the outermost layer and is 3 mm thick. Two holes are drilled on the back of the CP to install
two SSPDs with a thickness of 1.5 mm. The layout of the SSPD is shown in Figure 3d. The structure of
the orifices connecting the FW box to the SSPD is drawn in Figure 3b. The inside liquid channels of the
CP is shown in Figure 3c. The diameters of the inlet and outlet of the CP are all set as 4mm. The WF of
the thermal loop is located in the cavity inside the CP. The FW’s fluid domain is imbedded in the FW
box and the orifice.
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2.2. Mathmatic Model of CIS

2.2.1. Assumption

To develop the mathematical model in the following sections, the main assumptions are made
as follows:

1) It is considered that the FW in the micron pores of the large pore plate can freeze quickly once the
vacuum environment decreases to the triple point of water.

2) Assume that the water sublimation phase transition occurs only in the large pore substrate.
3) Neglect the convective heat transfer between FW and the other components of the sublimator,

especially when flowing in porous substrate.
4) Suppose that the micron pores of the large pore substrate and the small pore substrate are filled

with the FW.

2.2.2. Heat and Mass Transfer Model in Fluid Domain

1) Governing equations of the fluid domain

We assumed that the working fluid that flows though the CD in the thermal loop and the FW is
incompressible and the gravity is set as zero in microgravity environment. The complete convection
heat transfer equations include the continuity equation, momentum equation and energy equation
as follows:

Continuity equation:
ρw∇ · uw = 0 (1)

Momentum equation:

ρw
∂uw

∂t
+ ρw(uw · ∇)uw = −∇p + µ∇2uw + Fw (2)

Energy equation:

ρwCw
∂T
∂t

+ ρwCwuw · ∇T +∇ · qw = Qw (3)

qw = −kw∇T (4)

where ρw is the fluid density, uw is the fluid velocity vector at each point, t is the time, p is the pressure
µ is the dynamic viscosity, Fw is the volume force vector, Cw is the fluid specific heat capacity, T is
the absolute temperature, qw is the heat flux vector, Qw is the heat source (or sink), kw is the fluid
thermal conductivity.

2) Heat Equilibrium

When the water sublimator works in the sublimation mode, waste heat is transferred to the water
sublimator through the WF flowing through the thermal-loop CP, and then the heat is dissipated by the
combined sublimation. According to the heat equilibrium and the previous assumption, the following
equations can be obtained:

Waste heat:
Φws = mcCw(Tin − Tout) (5)

Latent heat from sublimation:
Φl = m f (Hsu −Hso) (6)

Mass flow rate:
Φws = Φl

m f =
mcCw(Tin−Tout)

Hsu−Hso

(7)
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where Φws is the heat transfer rate of the waste heat, mc is the mass flow rate of the WF, Tin is the absolute
temperature of the WF at the inlet of the thermal-loop CP, Tout is the absolute temperature of the WF at
the outlet of the thermal-loop CP, Φl is the heat transfer rate of latent heat from sublimation, m f is the
mass flow rate of the FW, Hsu is the latent heat of sublimation, Hso is the latent heat of solidification.

2.2.3. Heat Transfer Model in Solid Domain

The metal solid components of the water sublimator include thermal-loop CP, FW cover and
FW box, which are brazed together to have better thermal conductivity. The thermal conductivity
of the components is the main factor affecting the outlet temperature of the WF when the inlet WF
temperature is fixed. Therefore, it is necessary to pay attention to the temperature field distribution in
the solid domain of the water sublimator. The three-dimensional unsteady heat conduction equation
in the cartesian coordinate system is shown as follows:

ρsoCso
∂Tso

∂t
= kso∇

2Tso + Qso (8)

where ρso is the density of the solid components, Cso is the specific heat capacity of each material, Tso is
the temperature field, kso is the solid thermal conductivity, Qso is the heat source power.

2.2.4. Heat and Mass Transfer Model in Porous Substrate

The large pore substrate and small pore substrate located between the heat source and the heat sink
are the important channels for heat and mass transfer. Based on the previous assumption, when the
water sublimator is in operating state, the porous substrate is filled with water and belongs to saturated
porous medium. Its effective coefficient can be obtained by volume average method. The governing
equations for heat and mass transfer in saturated porous media are shown below.

Continuity equation:
ρw∇ · uw = 0 (9)

When water flows in the porous substrate, the Reynolds number is less than 10 and it is laminar
flow. Therefore, the relationship between velocity and pressure and viscous force is expressed by
darcy’s law, where the permeability identified by κ is a function of the porosity and the pore size [51,52].

uw = −
κ
µ
∇p (10)

κ =
d2ε3

180(1− ε)2 (11)

Energy equation:

ρe f f ce f f
∂T
∂t

= ke f f∇T + Q (12)

ρe f f = (1− ε)ρpo + ερw (13)

Ce f f = (1− ε)Cpo + εCw (14)

ke f f = (1− ε)kpo + εkw (15)

where µ is the dynamic viscosity of the fluid, d is the pore diameter, ε is the porosity, ρe f f is the effective
density, ρpo is the density of the porous matrix, Ce f f is the effective specific heat capacity, Cpo is the
specific heat capacity of the porous matrix, ke f f is the effective thermal conductivity, kpo is the thermal
conductivity of the porous matrix.



Energies 2019, 12, 4562 8 of 21

2.2.5. Temperature Uniformity and Pressure Uniformity Evaluation Models

Two parameters are defined to evaluate the temperature uniformity and the pressure uniformity
of the CIS’s sections. The temperature uniformity is defined as

α = 1−
Tmax − Tmin

Tav
(16)

where Tmax and Tmin are the maximum temperature and the minimum temperature on the sections of
the CIS, Tav is the average temperature on the corresponding sections.

The pressure uniformity is indicated in the form of:

β = 1−
pmax − pmin

pav
(17)

where pmax, pmin and pav are the maximum pressure, the minimum pressure and the average pressure
on the sections of the CIS respectively. A larger value for both the two parameters means that ice
breakthrough is likely to occur.

2.2.6. Compensatory Coefficient Evaluation Model

The compensatory coefficient is used to evaluate the effective availability of operating power of
the FW loop in dissipating the waste heat from the space applications, which is denoted as:

η =
∆pG1

mcCp(Tin − Tout)
(18)

where G1 is the FW’s flow rate, ∆p is the FW’s pressure difference between the inlet and the outlet of
the CP in the CIS. If the compensation coefficient is small, it signifies that the FW loop consumes less
power to dissipate the same waste heat from the space application.

2.3. Simulation Parameters for CIS

The simulation is calculated by the COMSOL Multiphysics software, which is widely applied in
various fields of scientific research and engineering calculation. Based on finite element mesh model,
COMSOL Multiphysics finished the simulation study of this paper by solving partial differential
equation or equations. According to the previous physical model, the study in this paper involves
three physical fields, namely, the laminar flow physical field of the thermal loop, the laminar flow
physical field of the FW loop and the solid heat transfer physical field.

2.3.1. Boundary Condition Setting

In the CIS, the FW’s mass flow rate mf, a most important parameter, can be calculated through
Equation (7) according to energy conservation. The waste heat power that needs to be discharged by
the CIS is transferred by the WF in the thermal loop, and the power is 400 W. The inlet flow velocity of
the CP in the thermal loop is 0.761 m/s calculated through Equation (5) when the WF’s temperature
drop is set at 5 K and the waste-heat power is a half of 400 W, the inlet temperature is 290.15 K, and
the outlet pressure of the CP is set as 0 Pa. The inlet flow velocity of the FW is 0.00283 m/s, the inlet
temperature is 283.15 K. In accordance with the assumption, the upper surface of the PAFS is considered
to be the site of water sublimation, therefore, the pressure is set to 610Pa and the surface temperature is
set to 273.15 K [23,26,28]. The remaining surfaces are adiabatic.

2.3.2. Thermo-Physical Properties

The thermo-physical properties of CIS used for the investigation are listed in Table 1.
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Table 1. Thermo-physical properties of the CIS, and other materials [21,22,24,29].

- Density
(kg/m3)

Specific Heat
(J/kg K)

Thermal Conductivity
(W/m K) Component

Stainless steel 7930 500 17 CP, FW cover, FW box, SSPD
Aluminum foam 2700 896 180 PAFS

Water 1000 4212 0.551 FW, WF

2.3.3. Factors Affecting CIS’s Performance

1) Physical parameters of porous substrates

Porous substrate is key components of the CIS. The parameters such as pore size, porosity and
thickness of porous substrate have a crucial effect on CIS performance, which determines whether the
water sublimator can work normally. When the cone height is 1.5 mm, the cone angle is 60◦ and the
FW’s inlet pressure is 26 kPa, according to the studies in the references [20,21], the target of PAFS’s
pore size is 350 µm, and the appropriate pore size of SSPD needs to be further studied, we determined
the data range shown in the Table 2 [20,21].

Table 2. Structural parameters of porous substrate varied in the numerical study.

SSPD’s Porosity SSPD’s Pore Size (µm) PAFS’s Porosity PAFS’s Pore Size (µm)

0.1–0.8 15 0.3 200
0.3 5–40 0.3 200
0.3 15 0.1–0.8 200
0.3 15 0.3 50–350

2) Flow characteristics and fluid properties

The flow characteristics and fluid properties include viscosity, the inlet flow velocity of the thermal
loop and the inlet pressure of the FW loop. The viscosity of the FW and the WF is an important physical
parameter. When the loop structure is determined, the variation of viscosity with temperature will
cause the change of pressure loss and directly affect the operating cost of the system.

The FW’s inlet pressure The FW’s inlet pressure directly determines the pressure distributed in
the PAFS, and the flow rate of the WF in the thermal loop determines the heat input per unit time of
CIS. All these factors affect the performance of CIS, and when they exceed the allowed range, they may
cause the breakthrough phenomenon of the CIS. Flow characteristics and fluid properties varied in the
numerical study is presented in Table 3.

Table 3. Flow characteristics and fluid properties varied in the numerical study.

WF’s Viscosity
(mPa/s)

WF’s Flow Rate
(m/s)

FW Viscosity
(mPa/s)

FW Inlet Pressure
(KPa)

0.9–1.4 0.761 1.0828 26
1.3077 0.6–0.9 1.0828 26
1.3077 0.761 0.8–1.3 26
1.3077 0.761 1.0828 24–28

3) Layout of the orifice

The layout of the orifice influences the FW’s diffusion in porous substrate and thereby affects
the uniformity of temperature distribution in the porous substrate. Two kinds of the orifice layout
are designed for comparative analysis, as shown in Figure 4. In case A, four orifices are arranged
symmetrically, and each orifice provides FW to the corresponding SSPD. In case B, two orifices are
a group, and they supply FW to a SSPD together.
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4) Structure parameters of orifice

The orifice is the connection channel for the FW box and the porous substrate. Its structure size
directly affects the inlet pressure and the diffusivity of the FW, so far, the investigation did not appear
in the literature. When the porosity and the pore size of the PAFS are 0.3 and 15 µm respectively, the
porosity and the pore diameter of the SSPD are 0.3 and 200 µm, the influence of cone height and cone
angle on heat and mass transfer is studied. The setting of the cone height, cone angle and inlet pressure
of the FW loop are shown in Table 4.

Table 4. Conditions for the numerical investigation.

Cone Height (mm) Cone Angle (◦) FW Inlet Flow Velocity (m/s)

1.5-2-2.5-3 60 0.00283
2 20-30-40-50-60 0.00283

3. Research Results and Discussion

Performing numerical calculations on different grid sizes ensure a grid independent solution.
The grid independence of outlet temperature (Figure 5a) and inlet pressure (Figure 5b) under different
inlet temperatures of the WF was checked. Four grid sizes are considered from 60,853 to 283,443.
It can be seen clearly that the deviation between the simulation results for 60853 and 283443 grids is
negligible. Therefore, in this study, 283,443 grids are used to research all the examples.
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3.1. Impact of Physical Parameters of Porous Substrates on the CIS

The impact of the physical parameters of PAFS and SSPD on the pressure field of the FW loop is
presented in Figure 6. According to the distribution characteristics of the FW’s pressure field, it is more
instructive to study the maximum pressure of each section, so the pressure and pressure difference in
Figure 6 are measured by the maximum pressure.

The decrease of the PAFS’s pressure difference with the increase of the PAFS’s pore diameter is
showed in Figure 6a. When the PAFS’s pore diameter is larger than 10 µm, its impact on the PAFS’s
pressure difference becomes weaker. When the pore diameter is less than 10 µm, with the decrease
of pore diameter, the pressure difference increase rapidly, which also decrease the SSPD’s pressure
difference and increase the FW’s inlet pressure obviously.

Figure 6b shows that SSPD’s pore diameter has a little impact on the PAFS’s pressure difference,
but it determines the SSPD’s pressure difference heavily. It can be observed that SSPD’s pressure
difference accounts for a large proportion in the FW’s inlet pressure, and the two curves coincide
approximately in the Figure. There is a turning point on the relation curve between the SSPD’s diameter
and the SSPD’s pressure difference, the point is between 10 µm and 15 µm. When the pressure range
of the FW’s inlet pressure is 20 kPa to 50 kPa, the corresponding SSPD’s pore diameter range is 10 µm
to 15 µm, which is the reasonable value in this paper.

When the PAFS’s porosity is less than 0.2, it has a great influence on the PAFS’s pressure difference,
which is depicted in Figure 6c. When the PAFS’s porosity is between 0.2–0.3, the influence is moderate
and suitable for design.

SSPD’s porosity also has a great impact on the SSPD’s pressure difference, which directly affects
the order of magnitude of water pressure, and there is a turning point of the porosity between 0.3 and
0.4, as are displayed in Figure 6d.
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3.2. Impact of the Flow Characteristics and Fluid Properties on the CIS

Figure 7 illustrates the impacts of the WF’s viscosity and flow velocity on the CIS. It can be
clearly seen from Figure 7a that the WF’s inlet pressure increased linearly when the WF’s viscosity was
from 0.9 mPa/s to 1.4 mPa/s. According to hydrodynamics, when the inlet flow velocity is constant,
the pressure increase in the inlet will result in an increase in the operating power of the thermal loop.

Figure 7b shows that the WF’s inlet pressure increased dramatically as the WF’s flow velocity
increased from 0.5 m/s to 1.0 m/s, which makes the mechanical pump in the thermal loop potentially
overloaded. For the reliable operation of the thermal loop, the power of the pump should be
appropriately increased.

The CP’s outlet temperature rose nonlinearly with the WF’s flow velocity, as shown in Figure 7c,
while the temperature difference between the CP’s inlet and outlet gradually decreases, as Figure 7d
shows. According to the thermodynamic, the flow velocity disturbance affects the CP’s outlet
temperature, and then the temperature of the spacecraft applications.Energies 2019, 12, 4562 13 of 23 
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Figure 8a indicates the trend of the inlet pressure with the FW’s viscosity. It can be seen from 
the curve diagram that the inlet pressure increases by 60 percent when the FW’s viscosity rises from 
1.0 mPa/s to 1.6 mPa/s. The influence of the FW’s inlet pressure disturbance on the inlet flow velocity 

Figure 7. Plots of the WF’s viscosity and flow velocity on the inlet pressure and the outlet temperature;
(a) Impact of the WF’s viscosity on the inlet pressure, (b) Impact of the WF’s flow velocity on the inlet
pressure, (c) Impact of the WF’s flow velocity on the outlet temperature, and (d) Impact of the WF’s
flow velocity on the temperature difference between the inlet and the outlet.

The influence curves of the viscosity and the FW’s inlet pressure on the FW loop are drawn in
Figure 8.

Figure 8a indicates the trend of the inlet pressure with the FW’s viscosity. It can be seen from
the curve diagram that the inlet pressure increases by 60 percent when the FW’s viscosity rises from
1.0 mPa/s to 1.6 mPa/s. The influence of the FW’s inlet pressure disturbance on the inlet flow velocity is
showed in Figure 8b. In the curve, the inlet flow velocity increases linearly with the increase of the
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inlet pressure, and in the variation range of the inlet pressure, the flow velocity rises by 24 percent.
These results imply that the influence of the viscosity on CIS should be considered in CIS design.
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3.3. Impact of the Layout of the Orifice on the CIS

The temperature distribution of the CIS under two orifice layouts is drawn in Figure 9. According
to the temperature indicated by the color, it can be known that the PAFS is the place where water
sublimation occurs, and the temperature is the lowest. The WF’s temperature at the inlet of the CP is
the highest. As the WF continuously dissipates heat to the CIS, the WF’s temperature drops at the
outlet of the CP. In Figure 9a, the inlet temperature is 290.15 K, the outlet temperature is 284.96 K,
and the temperature decreases by 5.19 K. In Figure 9b, the inlet temperature is 290.15 K, the outlet
temperature is 285.09 K, and the temperature is 5.06 K lower. These results suggest that the cooling
effect of the two structures is pretty similar, and the cooling temperature difference is less than 3%.
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layout in cross, and (b) The temperature field with the orifice layout in line.

Due to the structure of the CP’s cooling-channel, the heat resistance between the heat source and
the cold source inside the CIS is uneven, which will inevitably make the temperature distribution
uneven on each section in the CIS and will affect the melting speed of the ice at different positions
on the sublimation interface, and may induce the breakthrough phenomenon of the ice. Therefore,
to investigate the temperature distribution inside the CIS, three sections were selected from the two
structures respectively, as the Figure 10 shows. The three sections are located at the SSPD’s top,
the SSPD’s bottom and the top of the CP’s cooling-channel.
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Figure 11 shows the temperature distribution on different sections in the two CIS with different
orifice layout. The 3D colormap surfaces of the sections inside the two CIS are different. For example,
in Figure 11a,c,e, there are five peaks, while in Figure 11b,d,f, there are only three peaks. These
peaks locate at the CP’s inlet, the corner of the CP’s channel and the orifice among the CP’s channel
respectively. In these three types of places, the structure of the CP’s channel changes, which changes
the WF’s flow-status, and the heat transfer efficiency has been increased.
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The maximum and minimum temperatures on the corresponding sections are nearly equal when
comparing each Figure, however these result can’t clarify the uneven degree of temperature on the
sections. Table 5 lists the temperature uniformity of the sections. It can be seen from these data that
the temperature uniformity gradually increases as the section gets close to the cold source, and the
temperature uniformity of the CIS with the orifice layout in cross is a little better than that of the CIS
with the orifice layout in line.

Table 5. Uniformity coefficients of the sections.

Sections Maximum
Temperature (K)

Minimum
Temperature (K)

Average
Temperature (K)

Temperature
Uniformity Coefficient

Section A1 273.9806398 273.3429304 273.5334432 0.997669
Section A2 278.1846081 274.0394413 274.9725135 0.984925
Section A3 288.7247784 275.5876286 278.3014317 0.952795
Section B1 274.0029072 273.3385126 273.5240334 0.997571
Section B2 277.4333061 274.0194208 274.9176216 0.987582
Section B3 288.7316393 275.5344049 278.1660873 0.952556

From the above, there is a great difference of the temperature distribution on each section, but
the minimum temperature and the maximum temperature on the corresponding sections are similar.
The closer the section is to the sublimation interface, the larger the temperature uniformity is. The value
of the temperature uniformity of case A is slightly less than that of case B.

The pressure distribution of the FW in the two types of CIS is showed in Figure 12. From
Figure 12a,b, it can be observed that the SSPD divides the FW into two zones: high pressure and low
pressure. The FW between the FW inlet and the bottom surface of the SSPD is regarded as the high
pressure zone, while the FW between the top surface of the SSPD and the top surface of the PAFS
belongs to low pressure zone. The pressure drop from the FW inlet to the sublimation interface is
mainly on the SSPD, which perfectly realizes the separation of the pressure control from the water
sublimation and sublimate the FW in the PAFS.

Figure 13 shows the pressure distribution on the sections. There are four separate peaks in the
Figure 13a,c, while synchronously Figure 13b,d each have two saddle-shaped peaks. These results
imply that the pressure distribution is correlated with the layout of the orifice, as well as that the
pressure at the place of the orifice is higher than the surrounding pressure. The pressure uniformity
coefficients (PUC) of the sections are list in the Table 6. On the basis of these datum, it is easy to
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understand that the PUC increases significantly with the action of the SSPD, and it can be concluded
that the PUC on the sublimation interface of the PAFS is relatively high, which is conducive to avoid
the breakthrough of the ice.Energies 2019, 12, 4562 17 of 23 
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Table 6. PUC of the sections.

Sections Maximum
Temperature (K)

Minimum
Temperature (K)

Average
Temperature (K)

Pressure Uniformity
Coefficient

Section A1 700.58955 610.9999994 612.0034769 0.853612673
Section A2 25,328.703 862.8228082 25,094.28682 0.025041801
Section B1 707.63275 611 612.0040322 0.842104398
Section B2 25,866.459 927.8483014 25,357.44003 0.016517032
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3.4. Impact of the Structure Parameters of the Orifice on the CIS

The relation between the cone angle of the orifice as well as the FW’s inlet pressure is drawn in
Figure 14a. The FW’s inlet pressure increases nonlinearly with the increase of the cone angle of the
orifice. The inlet pressure rises slightly when the cone angle is from 20◦ to 40◦, nevertheless when the
cone angle is from 40◦ to 60◦, the inlet pressure goes up memorably. The applicable inlet pressure of
the FW should be greater than 20 kPa, as a consequence the suitable value range of the cone angle is
from 50◦ to 60◦ in this paper.
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Energies 2019, 12, 4562 18 of 21

The curve of the FW’s inlet pressure changing with the cone height is shown in Figure 14b, when
the cone angle of the orifice is at 60◦. With the increase of the cone height, the FW’s inlet pressure
rises gradually. On the basis of the hydrodynamics, this result is mainly caused by the decrease of the
flow-area of the orifice when the cone height increases under the condition of constant cone angle.
In the light of the literatures investigation and the relation in the curve of the Figure 14b, the range of
cone height from 1.5 mm to 2.0 mm could satisfy the design requirement of the CIS.

Figure 14c,d show the curves of the compensatory coefficient VS the cone angle and the cone
height in the orifice. It should be noted that the curves in Figure 14a,c have the same trends, while the
curves in Figure 14b,d also have the same trends, mainly because the operating power of the FW loop
increases with the FW’s inlet pressure.

The curves of the flow velocity on the symmetric line of the section B1 VS the cone angle and the
cone height of the orifice are shown in Figure 14e,f, respectively. The curves depict that the maximum
temperatures on the symmetric increase with the cone angle and the cone height. When the cone angle
is from 20◦ to 60◦, the increase of the flow velocity is lower that when the cone height is from 1.5 mm
to 3.0 mm. As a result, the cone height has a greater impact on the maximum flow velocity than that of
the cone angle in the research of this paper.

To sum up, the influence of cone height on the compensation coefficient, FW pressure and the
maximum flow velocity of Section 4 is far greater than that of the cone angle. According to the
calculation and analysis results, the appropriate range of the cone height is from 1.5 mm to 2 mm.

3.5. Data Validity

The COMSOL Multiphysics software has been successfully applied to numerical studies of heat
and mass transfer in various applications, which can be referred to in the literature [53–57]. In this
paper, the setting of boundary conditions and initial conditions is consistent with or approximate to
the setting of reference [20,21,23,24,26,27], which is reasonable. According to the principle of energy
conservation, the temperature drop value of the WF is set at 5 K, which is very close to the value
calculated by the software under the boundary conditions and initial conditions specified above. The
comparison shows the rationality of the simulation results.

4. Conclusions

In this paper, the CIS development unit model, the mathematical models of heat and mass
transfer and the evaluation coefficient were presented to investigate the reliability issues generated
by large temperature or pressure differencea. The influences of the physical properties of the porous
substrate, physical properties of the working fluid, orifice layouts and orifice-structure parameters on
the characteristics of flow field and temperature field were analyzed. The following main results were
obtained:

1) There are turning points in the influence curve of the porous-substrate physical parameters on the
FW pressure. The SSPD’s pore diameter and porosity should be below the value of the turning
point in order to control the FD’s pressure. On the contrary, the value of the PAFS’s pore diameter
and porosity should be larger than that of the turning point, so as to reduce the influence on
pressure, increase the pore size and improve the contaminant insensitivity of CIS.

2) The variation of the FW’s dynamic viscosity has a significant influence on the FW’s pressure,
which should be considered when the CIS is designed and used. For example, we can choose an
appropriate control strategy to control the flow rate to compensate for the change in viscosity.

3) The pressure drop of the FD loop mainly occurs in the SSPD, which fully demonstrate the SSPD’s
control effect on the FW’s pressure. The pressure uniformity coefficients on the AFPS’s bottom
surfaces are 0.853612673 and 0.842104398 in the two CIS’s layout respectively. At the same time,
the temperature uniformity coefficients on the same sections are 0.997669 and 0.997571. These
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results show that CIS have excellent temperature uniformity and pressure uniformity, but the
effect of pressure on the ice breakthrough needs to be noted.

4) The cone height of the orifice has a great influence on the FW pressure and the compensation
coefficient. The selection of cone height should ensure that sublimation occurs in PAFS, and take
into account the running power of the FW loop.

In conclusion, all the rules and results above can not only guide the selection of parameters when
designing CIS but also provide methods and data platform for the CIS design or the subsequent studies
of the CIS.
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