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A capillary pumped loop is a two-phase heat transfer device which has been increasingly applied in thermal control
of satellite or spacecraft and electronic cooling. However, startup performance of a normal capillary pumped loop is
poor and hydrodynamic oscillation in the system appears sometime during its operation. A flat-plate-type capillary
pumped loop is constructed and tested in the present study, which combines the advantages of a capillary pumped
loop and a loop heat pipe by improving both system and components. In the present capillary pumped loop, both
evaporator and condenser are designed as a type of flat plate with porous wick, and a reservoir is used to control and
adjust operation temperature of the system. In addition, a subcooler is adopted to improve the quality of working
fluid flowing back to the evaporator. A plane type of evaporator with a cross channel for the liquid supply was made
to reduce the probability of a dry-out point caused by strong evaporation in the case of high heat flux, and therefore to
enhance the stability of the system. Also, a plane type of condenser with a porous wick is designed, which is of the three
ports for vapor-pipe inlet, liquid-pipe outlet, and an adjusting pipe connected to a reservoir. The startup
performance of the system benefits greatly from this three-port design, as liquid in the system can be easily pressed
into a reservoir due to resistance reduction. The performance of a capillary pumped loop prototype was tested in
startup, persistence operations, and different vacuum. Startup experiments under different heat loads and working
conditions were conducted. Excellent startup performance, being stable and easy, has been shown for the plane-type
capillary pumped loop system, which validates the new configuration. Pressure oscillation and temperature
fluctuation in the system were reduced largely owing to the induction of a porous wick in the plane condenser. During
experimental processes lasting more than 10 h, the new type capillary pumped loop shows outstanding thermal
behavior and no dry-out phenomena were observed. The testing results indicate that 1) the new capillary pumped
loop system shows excellent startup performance without pressure priming and liquid clearing of vapor line; and
2) the new capillary pumped loop system is stable under very severe operational conditions, such as low load, sudden

power step, etc.

I. Introduction

ITH the continuous increasing of applied heat load in current

and future satellite or spacecraft systems, waste heat
dissipation in these systems becomes a more and more challenging
job for thermal scientists. The new means or technologies for heat
dissipation with high efficiency are strongly needed. Two-phase heat
transfer devices with capillary pumping are of particular interest in
spacecraft applications because of their high thermal capacity and
long distance heat transfer ability. A capillary pumped loop (CPL) is
one of these advanced two-phase thermal control devices which uses
the phase change to transfer heat and allows heat transport at nearly
constant temperature. The main components of a typical CPL include
evaporator, condenser, reservoir, and vapor/liquid pipeline. During
normal operation of a CPL, heat is first applied to the evaporator to
cause the working fluid to evaporate. Then the evaporation vapor
carries the heat through the vapor pipeline to the condenser where the
vapor is condensed, the thermal energy in vapor is released, and
removed by the heat sink. The condensed fluid in the condenser goes
back to the evaporator by the capillary pumping force created by the
capillary evaporator and another thermal and flow cycle starts. It is
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noted that the operation parameters in the CPL reservoir such as
temperature and pressure determine the loop pressure and saturation
temperature in total CPL.

The concept of CPL was first presented by Stenger of NASA John
H. Glenn Research Center at Lewis Field in 1966 [1]. At that time, it
did not receive significant attention until the late 1970s, when the
situation greatly changed. Up to now, CPLs have been under
intensive investigation for space application and electronic device
cooling in many countries [2-5]. A lot of CPLs have been designed
and fabricated, and ground tests for these CPLs are conducted.
Several designs are even tested in flight experiments and some of
them have been applied in real spacecraft thermal management [2,4].
Despite the flourishing development of a CPL, there are still some
problems that plague the applications of CPL, such as startup
difficulty and not being robust and reliable due to pressure oscillation
during CPL operation. To solve or partly solve the above problems, a
CPL needs preconditioning to ensure that the wick is wetted before
applying power to the evaporator for startup. This involves the
reservoir preheating to “prime” the evaporator pump and collapse
any vapor bubbles, and this process is tedious and sometimes time
consuming [6,7]. Once the priming procedure is completed, the heat
can be applied to the capillary evaporator to start the loop operation,
and this startup procedure is called “fully flooded startup.” When the
evaporation commences, vapor generated by the evaporator must
displace the liquid in the vapor line with the same volumetric flow
rate with which it moves to the reservoir. The above process can
cause the largest liquid velocities that the CPL will ever encounter,
and most of the liquid with large velocity must pass through nearly all
of the CPL pipeline to arrive in the reservoir. When the pressure
difference required to perform this purge exceeds the capillary limit
of the wick, vapor bubbles from the vapor side will certainly be
injected through the wick into the liquid core and cause depriming,
which is responsible for more than 90% of CPL depriming [§]. To
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enhance the possibility of startup success, the CPL system generally
uses starter heaters and a starter pump for clearing liquid in the vapor
line; nevertheless, sometimes the CPL still cannot start up
successfully [6,7].

The pressure oscillation is another issue of concern and has been
intensively investigated due to its deleterious effects on CPL
operation [9-11]. To reduce CPL pressure and temperature
fluctuations, a condenser with a porous element was proposed by
Muraoka [10], who performed theoretical and experimental studies.
The results showed that these structures can reduce, even eliminate
the pressure oscillations, and greatly improve the operational
performance of the CPL. Qu et al. [7] conducted an analytical
investigation to understand the internal fluid flow and heat transfer in
the condenser with porous wick of a CPL system. A mathematical
model is proposed and used to describe the flow and heat transfer,
especially interfacial transport phenomena. The liquid—vapor
interface of the condensed liquid film was numerically determined.
Some factors, such as vapor pressure, wall subcooling, wall heat
load, and thermofluid properties, have significant influence on the
heat transfer process and the shape of the liquid—vapor interface.
Meanwhile, an experimental facility was set up and an experimental
investigation was completed. Theoretical prediction and exper-
imental results show quite good consistence. However, their CPL
system has no reservoir, which causes the poor thermal controlling
capability. Huang and Liu [12,13] performed theoretical analysis and
a numerical study of the phase-change heat transfer in the porous
wick of the CPL evaporator which is similar to Muraoka’s.

Liao and Zhao [14] conducted an experimental investigation of
capillary-driven heat and mass transfer in a vertical rectangular
capillary porous structure heated from a grooved block placed on the
top. The experimental results show that with an increase of the
imposed heat flux, the heat transfer coefficient increases to a
maximum value and then decreases afterward. In their paper, the heat
transfer mechanisms leading to the maximum heat transfer
coefficient and the critical heat flux are explained based on the visual
observation of the phase-change behavior and the measured
temperature distributions within the porous structure. Figus et al.
[15] conducted a numerical investigation of heat and mass transfer
within a porous structure with partial heating and vaporization on the
upper surface, and the results indicate that capillary fingering may
limit the operating range of CPL.

A loop heat pipe (LHP) is also a vaporization/condensation phase-
change heat transfer device which also uses surface tension force
created by the evaporator wick to drive the fluid circulation. In a
LHP, the compensation chamber is made as an integral part of the
evaporator and is directly connected to the evaporator by a secondary
wick. In addition, the compensation chamber (CC) is located directly
in the path of the liquid flow. These differences with CPL allow the
LHP to realize an easy startup process and robust operation, but the
heat leak through the secondary wick to the CC makes controlling the
loop temperature difficult [6].

The objective for the present study is to design, build, and test a
new type of CPL. It has a flat-plate type evaporator and a condenser
with a capillary wick. The present design aims to realize the quick
startup without pressure priming and liquid clearing in the vapor line
as well as a stable operation at different conditions.

II. CPL Design and Experimental Setup

The CPL design is related to the maximum capillary pressure
created by the wick structure and working fluid. The maximum
capillary pressure can be calculated by the Young—Laplace equation

2
(AP )y = )

eff

where o is the coefficient of surface tension, and r. is the effective
radius of the capillary.

Based on a fundamental principle to the CPL operation, the
maximum capillary pumping head, (AP,),,.x, must be larger than the
total loop pressure drop APy, [6,16,17]; that is
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Fig. 1 Schematic diagram of a capillary head and pressure drop of a
CPL.

(APc)max =z Aplnop (2)

The system pressure drop is schematically shown in Fig. 1. The
total pressure loss APy, is achieved by the summation of the
pressure drop of all the components in the loop, which can be written
as follows:

Aploop = Apul + Apll + pr.e + pr.(' + Apevap
+ Apcond + Aphydr (3)

where A p,, is the pressure loss of the vapor line, A p;; is the pressure
loss of the liquid line, Ap,, . is the pressure loss in the evaporator
porous wick, Ap,, . is the pressure loss in the condenser porous wick,
Apeyyp i the pressure loss during vaporization, Apg.,q is the
pressure loss during condensation, and Apy, is the hydrostatic
pressure loss.

For the liquid and vapor, the pressure losses can be obtained
according to the following equation:

L pV?

(C))

where L is the length of either liquid or vapor line, p is the density of
liquid or vapor, D, is the hydraulic diameter of vapor or liquid line,
and f(Re) is the friction factor depending on the Reynolds number of
liquid or vapor, which can be determined as follows [2]:

f(Re) = 64Re~" if Re <2300 ()

f(Re) = 0.316Re™025 if 2300 < Re < 20,000  (6)

f(Re) =0.184Re™"2 if Re > 20,000 @)
For the hydrostatic pressure loss
APhydr = p1gAz (8)

where Az is the elevation difference between the free surface in the
evaporator and condenser and g is the gravitational body force.
The pressure losses in the evaporator and the condenser porous
wicks can be obtained by using Darcy’s law, which is calculated from
the following:
Pressure loss in the evaporator porous wick:

/’lell‘w.e
Apye =% (€
Kw<eAw.epl
Pressure loss in the condenser porous wick:
/'lele c
Apye=2—"—- 10)
w' KuwAw.ClOl

The pressure losses during the phase change are given by the
following:
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Pressure loss during vaporization:

Apouy == VZIRT, (1n)

evap

Pressure loss during condensation:

m
Apcc»nd :A—U VanvTv (]2)

cond

For the loop’s mass flow rate:

Qtolal

T A 3)
(hfg + CplATsub)

m=m,=m =

The velocity in liquid or the vapor line can be obtained as follows

i
V=" (14)

where A is the flow aero of liquid or vapor line.
Besides satisfying the previous hydrodynamic relation, the CPL
must meet energy balance requirements quoted as follows [14]:

. c, h
s = (375)

i [hfg +e, T, — (C’AiQ;l”) —c,- TWI] (15)

where Q. is the total heat load applied on the evaporator, n is the
mass flow rate of working fluid, &/, is latent heat of liquid/vapor
phase change, c,, is specific heat, 7| is the working fluid saturation
temperature, and 7, . is the temperature of the condenser wall. A C-
language program was created to design the CPL based on Egs. (1-
15) with different vapor/liquid line diameters which satisfy the
pressure drop and energy balance relationship. Before analysis the
evaporator and condenser sizes are selected with the design
requirement. The size of the evaporator is 240 x 140 mm?, the mesh
number of stainless steel wire for the evaporator wick is 500, the size
of the condenser is 260 x 140 mm?, and the mesh number of the
brass wire for the condenser wick is 250. Figure 2 shows the results of
the analysis in a graph of different vapor/liquid line length vs the total
heat load for flat-plate-type CPL. In the figure, the Dvap and Dliq
represent the diameter of the vapor line and the liquid line,
respectively. From the figure it can be observed that with the
increasing of the line length, the maximum total heat load decreases.
And the vapor line diameter has a great impact on the CPL maximum
heat load.

With the design requirements, the structure parameters were
selected from the above calculated results. The inner diameters of the
liquid pipeline and the vapor pipeline are 4.5 and 8 mm, respectively.
Based on the above-mentioned equations, according to its geometric
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Fig. 2 Maximum transport distance based on the capillary pumping
limit for flat-plate type of CPL.
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characteristics, the total loop pressure losses of the calculated CPL
under 400 W heat load is 246 Pa, the maximum capillary pumping
force is 3376 Pa, and so the loop pressure losses are much less than
the maximum capillary pumping force.

High-purity methanol (99.95%) was used as the working fluid in
this research. To keep the system operation in low temperature, the
system must work with a certain vacuum pressure.

Figure 3 schematically shows the conception model of new flat-
plate CPL. For the CPL under investigation, both evaporator and
condenser are designed as a flat-plate type with a porous wick, and a
reservoir is used to control and adjust the operation temperature of
the system. In addition, a subcooler is adopted to improve the
returning fluid so that the working fluid can return to the evaporator
efficiently. A plane evaporator with a cross channel for liquid supply
was fabricated to reduce the probability of a dry-out point caused by
strong evaporation in the case of high heat flux, and therefore to
enhance the stability of the system. Figure 4 schematically shows the
detailed structure of the evaporator. Also, a plane condenser with
porous wick is designed, which has three ports for vapor-pipe inlet,
liquid-pipe outlet, and adjusting pipe connected to the reservoir. The
above design is significantly different from the traditional CPL.
Because such a design can reduce the flow resistance, the fluid can be
easily pressed into the reservoir, and it is expected that the startup
performance and the adjustment capability of the present CPL
system can be improved efficiently. The geometric characteristics of
the CPL are presented in Table 1.

The CPL experimental system is schematically shown in Fig. 5.
Thirty-five T-type thermocouples are used to monitor the
temperature changes throughout the CPL, of which T1- T9 are
used to monitor the evaporator temperature, T13-T15 and T17-T20
are used to monitor each condenser temperature, and T10is fixed into
the vapor line interior, so it can be seen as vaporizing temperature
Tevp. Three pressure transducers are used to measure the pressures
of the evaporator outlet, the condenser outlet, and the reservoir,
respectively. A plane heater is used to simulate the heat load of the
evaporator and an electrical heater is used to control the temperature
in the reservoir. A 3 hp refrigeration system is chosen as the heat sink
of the condenser.

All instruments are connected to a Keithley 2700 data acquisition
system, where a computer monitors the temperature and pressure
changes. Based on this experimental system, many operation
performances such as reliability, temperature controlling and startup
can be tested and verified. The experimental tests were divided into
two parts. The first one is the startup test, in which CPL starts from
room temperature conditions and reaches the steady state. In such a
test, the time to reach the steady state is looked forward to be short,
therefore the time to reach steady state was carefully observed. The
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Table 1 The geometric characteristics of the new flat-plate

type of CPL

Evaporator
Length, mm 240
Width, mm 140
No. 25
Vapor groove Width, mm 3
High, mm 4

Condenser
Length, mm 260
Width, mm 140
No. 25
Vapor groove Width, mm 3
High, mm 4

Porous wick

Permeability, m? 6.524 x 10712

Porosity, % 59.41
Reservoir

Diameter, mm 60

Length, mm 120
Vapor line

Outer diameter, mm 10

Inner diameter, mm 8
Liquid line

Outer diameter, mm 6

Inner diameter, mm 4.5

second one is the heat load profile test, in which CPL is exposed to the
power change applied to the capillary evaporator. In such a test, the
CPL capability of following the changes of the heat load was
examined.

III. Results and Discussion
A. Startup Test of CPL

The CPL startup tests were the most critical ones for evaluating the
capillary evaporator reliability. Usually, there is a stronger tendency
of depriming for capillary evaporators in normal CPL. However, in
all tests conducted in the present experiments, this tendency was not
observed. For startups at either small or large heat loads, the capillary
evaporator is very reliable.

During the startup process the largest pressure difference in the
system would occur. To clear the liquid of the vapor groove in a fully
flooded CPL, the resulted vapor must displace the liquid from the
vapor line and move it into the reservoir. The displacement results in
a liquid mass flow rate described as follows:

Owing to a large density difference of liquid and vapor, this mass
flow rate is much greater than that achieved at steady state for the
same power and results in temporarily large evaporator pressures,
typically called pressure surge. The higher pressure is sustained as
long as it takes to displace the liquid from the vapor line and
condenser to the reservoir. In a traditional CPL there is only one fluid
passage between the reservoir and the loop, so the flow resistance
during startup is great and can result in startup difficulty, even failure.
Aiming to improve the startup performance, we change both the
component construction and the system configuration in present
CPL. All startup tests succeed without pressure priming and liquid
clearing of the vapor line, which demonstrates excellent startup
performance. Figure 6 shows the startup test results at different heat
loads. For each test, it could be observed that the capillary evaporator
exhibits an excellent tendency of startup, and once the CPL starts up
successfully, the system operates stably. For very low heat load
(Q =50 W, Q =100 W), no obvious superheating was observed,
and no distinct changing of the outlet temperature of the reservoir
was verified. But for the heatload (Q = 270 W, Q = 300 W), higher
superheating of the evaporator and larger temperature changing of
the reservoir outlet were observed. The reason for these can be
explained as follows. Because no pressure priming was conducted
before startup in our CPL system, there may exist some vapor bubble
or vapor space in the evaporator vapor channel, when the heat load
was applied on the evaporator, and the liquid fluid can easily
vaporize. And for Q = 50 W, the resulted vapor is small, and the
mass flow rate is small according to Eq. (16), so the pressure surge is
small, according to [18], and the superheating is low. But with high
heat load (Q =270 W, O =300 W) the vaporizing resulted vapor
quantity becomes larger and the mass flow rate is increased, so a
larger pressure surge takes place, which leads to a high pressure
surge, and high superheating of the evaporator is observed.
Excessive working fluid is expelled to the reservoir through the
expelling passage of the condenser to maintain the normal operation,
and so distinct reservoir outlet temperature changes are observed.
The startup time for the small heatload (Q = 50 W, Q = 100 W) are
longer than for large heat loads (Q = 270 W, Q = 300 W). Itcan be
also observed that there is a high superheat with CPL startup with
large heat loads (Q =270 W, Q =300 W). At small heat loads,
because heat is slowly transferred to the working fluid, the menisci
formation in the grooves takes more time; therefore it needs some
time for the capillary force to generate. On the contrary, at large heat
loads, the menisci form quickly and the capillary forces act faster.

The liquid compensation chamber is near to the capillary wick in
the evaporator and integrates with the capillary evaporator to form
one body design. Such a design makes the wick always be filled with

i = P 2 (16) liquid, so there is no need to preheat the reservoir for priming. Also,
Pu g, compared with traditional CPL, it can greatly reduce the flow
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Fig. 5 Schematic diagram of CPL experimental setup.
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Fig. 6 CPL startup at different heat loads.

resistance between the condenser and the reservoir. As a result, the
pressure surge of the liquid clearing of the vapor line can be
significantly reduced, which enhances the possibility of startup
success. The temperature distribution of the capillary evaporator is
very homogeneous, without showing any tendency of overshooting,
and the compensation chamber minimizes the possibility of
evaporator depriming and the CPL failure.

B. Heat Load Test of CPL

To verify the proposed CPL thermal behavior at different heat
loads applied to the capillary evaporator, the profile test was
conducted. Such a test is very important to verify the CPL
performance, for example, the performance of following different
heat loads during continuous operation, the heat transfer
performance when sudden power change appears. In addition, the
aforementioned test is also important to observe the depriming
potentiality. Figure 6 demonstrates the test results when two profiles
were used. Figure 7a shows the temperature variation as the input
power changes in the order of 100, 200, 100, and 200 W. Figure 7b
shows the temperature variation as the input power changes in the
order of 100, 200, 50, and 200 W. From Fig. 6, it can be observed that
with the increasing of the heat load, the vapor temperature increases
slightly and with the decreasing of the heat load, the vapor
temperature also decreases slightly. The CPL responds quickly to the
heat load variation; it just consumes a short time to reach the steady
state again. From Fig. 7c, it is seen that although the heat load
increases from 50 to 250 W, the system still can work stably, and the
temperature increase is just only 4.3°C. The heat profile test
demonstrates that present CPL is a robust design. The flat-plate

capillary condenser has two out ports, one is from the condenser to
the liquid line and another one is from the condenser to the reservoir.
As mentioned previously, the fluid exchange between the reservoir
and the CPL system depends on these two paths, which is a major
difference between the present CPL and the traditional CPL. When
the operation conditions change, for example, as shown in Fig. 3,
when the heat load increases, to enlarge the condensation surface,
some liquid marked as 1, is expelled out of the condenser. After r1,
flows out of the condenser, it is divided into two sections, with one
part flowing into the reservoir and another flowing to the liquid line.
Such a design enlarges the condensation surface and ensures the
sufficient liquid supply for the evaporator. When the heat load
decreases, the fluid flow phenomena are similar to that at the case of
heat load increasing, but the flow directions are opposite. The porous
wick in the condenser generates a stable physical interface between
the liquid and the vapor phases inside the CPL, which reduces or even
eliminates the difficulties associated with the startup procedure and
the pressure oscillations.

From Fig. 7 it can be observed that once the system starts up
successfully, the evaporator temperature can remain stable, but the
condenser inlet temperature presents some oscillation. There are 17
parallel fluid channels in our flat-plate condenser. When the vapor
flows into the condenser, it can flow in all these channels, but the flow
rates are not equal to each other in all channels. The condenser
interface in all channels is different and changing. The test points of
the condenser temperature lie in the centerline of the condenser along
the flow direction, and so the temperature presents some oscillation.
From Fig. 7b it can be observed that when the heat load is reduced
from 200 to 50 W, the system presents unstable operation
characteristics. The backconduction (heat transferred by conduction
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Fig. 7 CPL heat profile at different heat load variety.

from the heating surface to the liquid chamber through the evaporator
wall or wick) for the flat-plate type of evaporation is obvious. With
0 =200 W the backconduction can be compensated through the
large, cooler, return liquid flow rate. When heat flow is reduced to
50 W, the return liquid flow rate is also reduced and cannot
compensate backconduction, and therefore the system cannot work
stably.

From the observed results in the tests, the present CPL design
shows good thermal behavior for both startup and heat load profile
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Fig. 8 Variations of the heat transfer coefficient vs the imposed heat
flux of the CPL evaporator.

tests. The temperature of the capillary evaporator body is very stable
without any overshooting at any time during its operation. The
proposed system is proved to be able to operate for several hours
continuously with very little variation under its operation conditions.
If the same heat load is applied to the capillary evaporator, it is
expected that the CPL can work continuously during its entire
lifetime.

C. Heat Transfer Analysis of CPL Evaporator
The heat transfer coefficient of the evaporator can be defined as

q

=7 (17)

a

where « is the heat transfer coefficient of the evaporator, Q is the heat
load applied on the evaporator, and AT =T, — Ty,,. T, is the
evaporator body temperature which can be obtained by averaging
the temperature of T1 to T9, and T, is the temperature of the vapor
line inlet.

Figure 8 shows the variation of the heat transfer coefficient with
the heat flux applied on the evaporator. From the figure, it can be
observed that with an increase of the imposed heat flux, the heat
transfer coefficient increases to a maximum value and then decreases
afterward. This phenomenon can be explained according to the
visualized experiment of Zhao and Liao [14]. Ata certain value of the
imposed heat flux (for example, Q = 1000 W/m?), nucleate boiling
took place at the porous wick surface close to heated surface of the
evaporator. The capillary force, which is derived from the meniscus
formed at the liquid—vapor interface of the porous wick in the
evaporator, drives the liquid fluid to flow, and as a result, a number of
small dispersed bubbles were continuously generated. But these
bubbles did not affect and combine with each other, so the heat
transfer coefficient was small. As the imposed heat flux was
increased further, both the numbers of the act of bubbles and the
capillary force were increased. As a consequence, the heat transfer
coefficient increased. When the imposed heat flux was further
increased, the bubbles below the heated surface disappeared and
there only a dry vapor film existed at the interface between the heated
surface and the porous wick. In this situation, heat was transferred to
the evaporating front within the porous structure via the vapor film.
The lower thermal conductivity of the vapor film leads to a smaller
heat transfer rate. This is why the heat transfer coefficient begins to
drop beyond a certain value of heat flux. From the figure of the
evaporator heat transfer capability a conclusion can be drawn that,
although CPL shows good heat transfer capability during normal
operation, its heat transfer capability is limited to some extent. When
CPL is used in a high heat flux situation, the heat transfer capability
limitation should be taken into account for insuring the CPL’s normal
operation.

IV. Conclusions

A new flat-plate-type CPL system is originally designed,
fabricated, and tested in the present study. The testing results from
the new type of CPL demonstrated the ability to start up without a
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tedious pressure priming procedure and liquid clearing of the vapor
line. It can keep a stable operation under severe operational
conditions such as low load and sudden power step. Its adjusting
performance is also improved compared with the normal CPL
system. Some important directions for further work are miniaturizing
the new flat-plate type of CPL and improving the high heat load
performance.
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