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Abstract: -  The objective of this paper is to present a theoretical investigation of the operational characteristics 
on a small-scale Capillary Pump Loop (CPL). A typical design of a CPL is composed of a capillary evaporator, 
a condenser, a two-phase reservoir, and liquid and vapor lines. The capillary evaporator generates the required 
pressure pumping for moving the working fluid from the condenser to the evaporator section. The fundamental 
principles of the proposed modeling are: The overall pressure drop in the loop must be less than the maximum 
capillary pressure in order to ensure that the system will operate continuously. The major components of the 
CPL pressure drop are related to the flow in the wick structure, condenser, vapor and liquid lines. The wick 
structure present in the evaporator causes flow restriction that affects the CPL performance, which is dependent 
on the wick permeability, a property of the porous material that describes its ability to transport the liquid under 
an applied pressure gradient. An experimental lab-scale installation is used for the validation of the theoretical 
analysis. The results showed that the proposed CPL modeling is able to describe very well the CPL 
performance. 
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1 Introduction 
 

Capillary pumping two-phase loops have been 
continuously investigated for electronic cooling 
systems, satellite thermal control and other space 
applications. Most tests were performed in 
capillary evaporators using plastic or metallic 
porous wick as capillary structure and anhydrous 
ammonia as the working fluid. 

A Capillary Pump Loop (CPL) is designed for 
operation as a two-phase heat transfer device in 
passive mode, without need of any mechanical 
pump for driving the working fluid from a low 
temperature sink to high temperature source. 
Although earth-based applications of the CPL have 
been proposed, it is especially well suited for 
thermal management in spacecraft, where gravity 
and hence its potentially deleterious effects on the 
CPL’s operation are absent. The CPL uses capillary 
action for fluid transport and contains no moving 
parts. Multiple evaporators and condensers can be 

added at different locations in a CPL, allowing the 
use of a single loop to reject heat from multiple 
sources to multiple sinks, possibly at different 
temperatures. In contrast to the heat pipe, wicks are 
absent in most of the transport section of the CPL. 
Instead, liquid and vapor flow trough smooth 
walled tubing, thereby reducing the frictional 
pressure losses and increasing the maximum 
potential fluid flow and heat transfer rates. 

A typical design of a CPL (Fig. 1) is composed 
of a capillary evaporator (responsible for 
generating capillary forces that drive the working 
fluid), a condenser, a two-phase reservoir (to 
control the loop saturation pressure), and liquid and 
vapor lines. The capillary forces are generated by 
the capillary evaporator, which acquires heat and 
transfers it to the working fluid. Formation of vapor 
is responsible for the displacement of the liquid in 
the lines towards the condenser during the start up. 
The two-phase reservoir is used to set the operation 
temperature at which the entire loop will operate. 
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The CPL works without moving parts and very 
little power consumption. The fluid must be used in 
its pure state without contaminants, which enables 
its use in microgravity. It passively promotes the 
thermal control, allowing fine control on the 
operating temperature of components.  

CPL development began in the 1960s but 
received special attention in the late 1970s. At this 
time, CPL began to be intensively investigated, 
proving to be operationally reliable for thermal 
control and able to transport heat over long 
distances with minor temperature difference. 
Excellent reviews of the development history and 
theory of operation are available in the literature [1, 
2]. In recent years, numerous CPLs have been 
fabricated and ground-tested, several have been 
tested in flight experiments and designs have been 
selected for use on a few spacecraft missions [3]. 
Nevertheless, issues relating to the CPL’s 
reliability and robustness have limited its 
acceptance and implementation, and have been the 
primary focus in recent years [4-7]. 

 

 
 

Fig. 1. Schematic diagram of the CPL. 
 
One problem which has plagued CPLs in both 

ground and flight tests is the difficulty in starting 
the evaporators. Typically, after a CPL successfully 
starts and enters into a steady operation mode it 
performs quite well and the operation is fairly 
predictable. However, before steady state operation 
can occur, a series of transient events, collectively 
referred to as the start-up, must take place where 
the thermophysical state of fluid through much of 
the loop changes quite dramatically. During the 
start-up, the locations occupied by liquid and vapor 
transiently shift to those corresponding to steady 
state operation. This repositioning of liquid and 
vapor occurs through the combined processes of 
vaporization, condensation, and multi-phase fluid 
flow through various portions of the loop. 

In theory, vapor should form only in the vapor 
grooves of an evaporator. Vapor presence in the 

liquid core has been found to fully or partially 
block liquid flow to the wick, which may lead 
eventually to deprime – the loss of capillary 
pumping action – of an evaporator [8, 9]. Also, 
vapor presence in the evaporator core has been to 
influence pressure oscillations in the CPL [10]. 

The two-phase reservoir has to be heated, prior 
to the start-up of a CPL, so that the operation 
temperature can be set. The entire loop will then 
operate at this temperature with slight variations 
owing to some superheat or subcooling. Upon 
setting an operating temperature in the reservoir, 
the internal pressure will raise which will fill the 
entire loop with liquid, causing the so-called 
pressure priming. When the loop is filled with 
liquid, the CPL is ready to start operating. Then, 
heat is applied to the capillary evaporator and as its 
temperature rises, only sensible heat is transferred 
to the working fluid. When the evaporator 
temperature reaches the same temperature as the 
reservoir, latent heat is transferred to the working 
fluid starting the evaporation process. A meniscus 
is formed at the liquid-vapor interface, which is 
responsible for developing the capillary pressure 
that will drive the working fluid. Vapor is displaced 
from the evaporator, which causes the displacement 
of the liquid in the channels allowing the vapor to 
reach the condenser. In the condenser, heat is 
removed and liquid will also present some 
subcooling. At the start-up, the excess of liquid 
present in the channels is displaced by the vapor 
back to the reservoir, which equalizes the right 
amount of working fluid for a given heat load. With 
such particularities, the CPL has been used to 
transfer heat over long distances with small 
pressure drops over the entire loop allowing its use 
in large systems. CPLs have been tested over 
different configurations, and it is known to 
transport up to 5000 W when capillary evaporators 
are used [11]. Without moving parts and because a 
CPL acts as a thermal diode, the working fluid 
cannot flow from the condenser to the evaporator 
by the vapor line. 

Different materials have been used as porous 
wick such as sintered nickel, stainless steel, 
titanium and ultra-high molecular weight 
polyethylene [12-14]. As the generation of 
capillary forces is dependent on the working fluid 
surface tension and wick pore size, CPLs have been 
investigated using methanol, acetone and 
anhydrous ammonia as working fluids. Several 
investigations have been performed towards the 
achievement of sintered nickel components with 
fine pore sizes [15, 16]. 
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Nowadays, there are efforts to extend the 
application of capillary pumps loops to commercial 
and industrial systems. Very few investigations 
have been conducted towards the use of small size 
capillary evaporator in order to manufacture a more 
compact CPL. Investigators [17] have reported that 
small evaporators have a tendency of depriming 
more easily probably due to an insufficient 
subcooled liquid supply to the porous wick.  

The objective of this paper is to present a 
theoretical investigation of the operational 
characteristics on a small-scale CPL. An 
experimental lab-scale installation, described 
analytically in [18] and the modified configuration 
in [19], is used for the validation of the theoretical 
analysis. The results showed that the proposed CPL 
modeling is able to describe very well the CPL 
performance. 

  
2. EXPERIMENTAL SETUP AND 
PROCEDURES 
 
2.1 Experimental Setup 
 

Initially the experimental setup consisted of a 70 
cm long sintered material filled pipe and the 
liquid/vapour sections of the setup were 
approximately 7 m long. However, after some 
experience had been gained in starting up the 
system, it was decided to try a smaller/shorter 
configuration. This led to a reduction of the 
experimental setup to about one-third its initial 
size, i.e., liquid/vapour sections about 2.5 m long. 

  
 

 
Fig. 2. Configuration of the experimental setup 
with 3 - 2cm sintered material filled pipe. 

 
Fig. 3. Bundle of 3 - 2cm long sintered material 
filled pipe. 

 
Furthermore, in order to increase the flowrate, 

multiple, parallel evaporator configurations were 
tried in addition to the single sintered material 
filled pipe. Specifically, three 15cm-long 
evaporator configurations, consisting of 1, 3 and 7 
sintered material filled pipes, respectively, bundled 
together were built.  

After performing tests with different 
experimental setups the configuration of sintered 
material filled pipes that is currently being used is 
2-cm long (Fig. 2) and consisting of a bundle of 3 
pipes (Fig. 3).  

The diagram of the experimental setup designed 
and developed by LFME is given in fig. 4.  The 
description of its main components follows the 
numbering shown in figure 4: 
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 Fig. 4. Diagram of the experimental setup 
indicating the position of major components. 

 
#1. 10 liter compensation tank. #2, 3, 10, 11, 12, 

23 and 24 Ball valves. #4. Filter. #5 and 9. Kobold 
MAN-SF26 pressure gauges, P1 and P2, 
respectively. #6, 8, 13 and 14 Kobold TSA1105 
Pt100 thermocouples, T1, T2, T3 and T4, 
respectively. #7. The sintered material filled pipes 
and the heating coil. #15. 10 liter suction tank. #16 
and 17. Kobold TWA R6A 03012P thermocouples 
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placed on the surface, on each side of the sintered 
material filled pipe. #18. Kobold TWA R6A 03012 
placed on the surface of the pipe. #19. DVP LA 12 
vacuum pump. #20 The electronic flowmeter type 
Kobold KMI-1209HN2A40. #21. Kobold KDF-
1125-NV flowmeter. #26 One way valve that 
allows flow only in the direction of the liquid line 
and not in the direction of the vapour line.  

The pipes loop is made of ½ inch stainless steel 
pipe which can withstand pressures up to 12 bars. 
The majority of the loop is insulated by means of a 
special ceramic material very similar to that used in 
fireproof blankets. The material is used to assure 
that the system is not affected by external 
fluctuations of temperature. The same material is 
also used around the heating coil and can withstand 
temperatures up to 1350 0C without igniting.  

All pressure and temperature sensors are 
connected to a PC-based data acquisition system 
for continuous monitoring on the PC monitor and 
simultaneous digitization and storing. The software 
is based on the well known software package 
Labview (version 6i). The PC was equipped with a 
National Instruments PCI-MIO-16E-4 data 
acquisition card.  
 
 
2.2 Experimental procedure and results 
 

Initially, the compensation tank is filled with 
distilled water in order to avoid having blocking 
phenomena later on in the sintered powder material 
due the presence of various unwanted minerals and 
salts in the water when its temperature is brought to 
the desired level. During the heating of the water in 
the compensation tank, the vacuum pump is turned 
on until the desired level of vacuum has been 
achieved in the pipe system and the vacuum tank. 

The bundle of triple 2 cm long sintered material 
filled pipes achieved the steadiest periodical flow 
ever observed. The flowrates did not exceed 6 lt/hr, 
however for the whole time that the system was 
running under steady state temperature conditions 
there was a periodical flow in the system in the 
range of 2 to 4 lt/hr 

The following figure (Fig. 5) is a compilation of 
the measurements obtained from one of the triple 
pipe experiments that were performed. Before 
presenting these results, it should be noted that the 
setup under examination was not fully insulated 
during the experiment and that the average heat 
provided by the heating coil was 300 Watt. 
Furthermore, the flow values are average values for 
a specific series of time steps, this means that at no 
time was steady flow observed in the system, as it 

will be seen in the graph, but only “spikes” of flow 
were observed.  
 

Fig. 5. Compilation of the measurements obtained 
from one of the triple pipe experiments that were 
performed. 
 
In the graph we notice that the T2 and T3 
temperatures during the whole time of periodic 
flow, are very close and at about 100 0C,  
which means that steam is constantly being created 
in the vapor side of the setup. In the beginning, 
before the stabilization of temperatures T2 and T3 
we notice that large flowrates are observed, but 
they are rather more like spikes and do not have a 
periodic nature. When temperatures stabilize, the 
periodic flowrate observed is between 1 and 2 lt/hr. 
On the liquid side of the setup, temperatures are 
also constant, T1 and T4. For T4 we notice that it 
starts a bit high, around 450C and then it drops to 
an average of 300C. This is due to the fact that the 
refrigerator was not used from the beginning of the 
experiment for the cooling of the vapor line, but 
only after the temperature in T3 exceeded 750C. At 
the same time, on the exterior of the setup we 
notice that the temperatures on the Left and Right 
side of the sintered material filled pipes are quite 
stable and there is an average difference of 300C. 
Concerning the pressures, we notice that P1 is more 
stable than P2, however they both have a similar 
response during the whole time. The continuous 
changes in P2 show that steam is being created 
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continuously during the whole time of the 
experiment. It can also been seen that at all times 
P1 is slightly greater than P2. The large step that is 
seen at Time Step 250 can be explained by the fact 
that at that certain point the heater in the 
compensation tank turned on and the temperature 
in the tank rose, as it can be seen by the Tank 
temperature curve, thus leading to a total rise in 
pressure of the whole system of about 0.15 bar. 

Similar results have been obtained for various 
experimental runs, thus showing that the sintered 
material filled pipe is able to create a certain 
amount of flow. 
 
 
3  Modelling of a CPL 
 

The CPL design is related to the maximum 
capillary pressure that can be developed by the 
wick structure and working fluid. The overall 
pressure drop in the loop must be less than the 
maximum capillary pressure in order to ensure that 
the system will operate continuously. Thus the 
driving pressure difference ∆peff is given by: 

 
totalbmax,ceff pppp ∆−∆+∆=∆  (1) 

 
where ∆pc,max is the pressure drop due to maximum 
capillary force, ∆pb is the pressure drop due to 
buoyancy force effect, and ∆ptotal is the total 
pressure drop in the overall loop.  

The pressure drop due to maximum capillary 
force is given by:   

 

c

L
max,c r

2p σ
=∆  (2) 

 
with σL the surface tension and rc the radius. The 
pressure drop due to buoyancy force effect is: 

 
gh)(p vb ρ−ρ=∆ λ  (3) 

 
with ρ the density of liquid and vapor respectively. 

The major components of the CPL pressure 
drop are related to the flow in the evaporator (wick 
structure), condenser, vapor and the liquid lines.  
Thus the total pressure drop in the overall loop is 
given by 

 
gcvwtotal pppppp ∆+∆+∆+∆+∆=∆ λ  (4) 

The pressure drop in the evaporator due to 
liquid flowing through the porous media (based on 
the Darcy’s law) may be written as: 

 

ww

w
w A

m
p

Κρ
µ

=∆
λ

λ &λ
 (5) 

 
where wλ  the length, Aw the surface, and Kw the 
permeability of the porous media (wick) and m& the 
mass flow rate. 

The pressure drop in the condenser is related to 
the mass velocity G of the liquid, the velocity of 
the liquid ul and the velocity of the vapor uv 
through the equation 
 

( )λλ uu
g
G

p v
c

c −=∆  (6) 

 
where gc is the gravitational conversion constant. 

The mass velocity Gl and the liquid velocity ul 
are given by the equations 

 

2
h,cd

Q4
G

π

ρ
= λλ

λ       and      2
h,cd

Q4
u

π
= λ

λ  (7) 

 
and the flow rate of the liquid Ql and the vapour Qv 
are related with the equation 
 

λ
λ QQ
v

v ρ
ρ

=  (8) 

 
where ρl is the density of the liquid and ρv is the 
density of the vapor. 
Substituting Eq.(7) and (8) into Eq.(6) it is obtained 
that 
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The pressure drop due to liquid flowing through 

the liquid head line and the vapor head line is given 
by 

2
u

d
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2
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λλ

λ

λ
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λ ρ
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2
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d
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2
vv

h,v

v
v

ρ
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λ
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where λ  the length and dlh the hydraulic diameter 
of the liquid or the vapor head line and f the 
friction factor dependent on the Reynolds number 
of each phase, f(Re).  

And finally the pressure drop due to 
gravitational head effect is given simply by the 
equation 
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hgpg λρ=∆  (11) 
 

Usually the flow is in the laminar region, 
Re<2300, so f=64/Re, and by substitution into Eqs 
(10)  we get 
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By combining Eqs (5), (9), (11) and (12) it is 
obtained 
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Eq.(13) gives the total pressure drop ∆ptotal in the 
loop from parameters which are either directly 
measurable (pipe length and diameter, flow rate) or 
material properties which can be found in the 
bibliography (viscosity of the fluids).  

By means of the relation between fluid velocity, 
mass flow rate, input heat flux of the evaporator, 
Qe, and enthalpy, hl,v, it is possible to couple fluid 
dynamics with thermodynamics magnitudes, [20]. 
As a result the maximum power that can be 
removed by the natural convection for a given loop 
configuration is given by  
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From the above equation the maximum remove 
power of the capillary loop can be obtained. 
 
 
4  Results and discussion 
 

The experimental lab-scale installation, 
presented above and more analytical in [19], is 
used for the validation of the theoretical analysis. 
The wick thickness is 20x10-3 m, the transversal 
area is 3x1.131x10-4 m2, pore radius is 3.17x10-5 m 
and its permeability 1.43x10-11 m2. The length of 
the liquid line is 3.67 m, the length of the vapor 
line is 3.05 m and the diameter of the loop is ½ 

inches (0.0127 m). The properties of the liquid are 
those for 20 oC (density ρl = 998.2 kg/m3, viscosity 
µl = 100.2x10-5 kg/ms, and surface tension σ = 
71.97x10-3 Ν/m) and of the vapor are those for 100 
oC (density ρv = 0.595 kg/m3 and viscosity µv = 
1.206x10-5 kg/ms). 
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Fig. 6. Comparison between theoretical and 
experimental results of the pressure head rise vs. 
flow rate. 

 
The results show that the above proposed CPL 

modeling is able to describe well the CPL 
performance. A sample of the comparison diagram 
between theoretical and experimental results for the 
pressure head rise vs. flow rate is given in Fig. 6. It 
is obvious that for higher flow rates there is a very 
good agreement between theoretical and 
experimental results. For flow rates lower than 1.5 
lt/h there is a disagreement due to the unsteady 
character of the flow at the start-up period.  As the 
time passes the temperatures are stabilized and the 
capillary pump loop operates steadily.  
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Fig. 7. The maximum remove power from the 
capillary pump loop as a function of the liquid flow 
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Fig. 7 shows the maximum power that can be 
removed from the capillary pump loop as a 
function of the liquid flow rate. For the 
experimental installation and the conditions 
mentioned above, derives from Fig. 7 that the 
maximum power for liquid flow rate 1 lt/h is equal 
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to 2598 W, for 2 lt/h is 2589 W, and for 3 lt/h is 
2562 W. 
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Fig. 8. Pressure head rise as a function of the input 
heat flux of the evaporator for different liquid flow 
rate. 
 

The pressure head rise versus input heat flux of 
the evaporator is shown in Fig. 8 for different flow 
rates. Input heat flux of the evaporator affects very 
much the pressure head rise (or effective pressure 
drop). The function is linear and the liquid flow 
rate does not play significant role. Another result 
from this figure is that the maximum input heat 
flux of the evaporator or the maximum power is 
between 2560 and 2590 W which is the same result 
derived from Fig. 7. The conclusion is that the 
liquid flow rate does not affect very much the 
maximum power that can be removed from the 
capillary pump loop and as a result we may use a 
round value of 2600 W independent of the liquid 
flow rate. Applying the developed modeling to any 
installation with known geometry and flow 
conditions, it is possible to estimate the maximum 
power that can be removed by the capillary pump 
loop.  

Pressure head rise as a function of the porous 
media surface is given in Fig. 9 for different liquid 
flow rates. The main result is that for any liquid 
flow rate there is a minimum value of the porous 
media surface necessary to start the flow. As it is 
clear, as higher the flow rates as larger the 
necessary surface for the loop operation. Another 
result is that as the porous media (or wick) surface 
increases, for a specific flow rate, the pressure head 
rise increases very much and then tends 
asymptotically to a constant value. The same 
behavior may be seen for the pressure head rise as a 
function of the permeability of the wick, which 
means that these parameters affect very much the 
operation of a capillary pump loop. 
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5 Conclusions 
 

A mathematical model was developed for the 
theoretical investigation of the operational 
characteristics on a small-scale Capillary Pump 
Loop (CPL). An experimental lab-scale installation 
was used for the validation of the theoretical 
analysis. 

From the comparison diagram between 
theoretical and experimental results for the pressure 
head rise vs. flow rate, it is obvious that for higher 
flow rates there is a very good agreement between 
theoretical and experimental results. For lower flow 
rates there is a disagreement due to the unsteady 
character of the flow at the start-up period.  As the 
time passes the temperatures are stabilized and the 
capillary pump loop operates steadily. 

The liquid flow rate does not affect very much 
the maximum power that can be removed from the 
capillary pump loop and thus, for any installation 
with known geometry and flow conditions, it is 
possible to estimate a round value of the maximum 
power independent of the liquid flow rate. 

The major components of the CPL pressure 
drop are related to the flow in the wick structure, 
vapor and the liquid lines. The results showed that 
the proposed CPL modeling is able to describe very 
well the CPL performance. 
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