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Abstract 
Recent progress in micro engineering mechanical systems and nanotechnology make it promising to 

consider a possibility of application of submicron wick structures as the construction elements of refrigeration 
machines. Conventional two-phase loop systems (for example, refrigeration heat pipes) provide potentially 
compact thermal transport solutions with the high efficiency and isothermal characteristics of liquid-vapour 
phase change. On the other hand, passive circulation of the working fluid in refrigeration cycles with non-
mechanical compression is not new. Application of high-porosity permeable structures with median surface pore 
diameters in the order of a few nanometres allows constructing of capillary pumps across which can be 
maintained both large pressure and large temperature differentials. Present study considers thermodynamic 
fundamentals of capillary pumped refrigeration loop with respect to physical and technological constrains and 
design availability, and identify the perspective directions for further research. 
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INTRODUCTION 

Modern tendencies of energy saving and environmentally friendly technologies direct scientists 
and engineers into exploration of any reliable opportunity in application of renewable or partly 
renewable energy sources for power generation. Recent experience shows that because of low 
availability of renewable energy, this approach could be realized in the most effective manner for 
refrigeration and heat pumping techniques. Thermodynamically renewable energy-based cycles do not 
contain a mechanical compression process. Hence, both mechanical compression and non-mechanical 
compression refrigeration cycles accomplish the removal of heat through the evaporation of a 
refrigerant at a low pressure and the rejection of heat through the condensation of the refrigerant at a 
higher pressure, the method of creation of the pressure difference and circulation of the refrigerant is 
the primary distinction. The vapour compression cycle employs a mechanical compressor to create the 
pressure differences necessary to circulate the refrigerant. In the non-mechanical compression system, 
forces of non-mechanical nature drive the heat transfer process. A variety of techniques can be 
employed to achieve this effect. 
 
During the last decade, the MEMS community is introducing a wealth of microfabricated sensors, 
actuators, pumps, and microfluidic devices whose functionality relies on heat transfer. Attempts to 
apply these devices in refrigeration demand a comprehensive understanding of the fundamental 
thermal transport phenomena occurring at short length and time scales. The research activities in this 
area will focus on the systematic investigations in two-phase flow characteristics and phase-change 
heat transfer mechanisms in microchannels and porous structures having nano-scale pores. Definitely, 
such studies and design feasibilities should be referred to the well-known devices, implicated these 
phenomena. For this reason, heat pipe technology represents a proper standpoint for further 
considerations.    
 
The use of heat pipes has been mainly limited to space technology until recently, due to cost 
effectiveness and complex wick construction. Currently heat pipe technology has been integrated into 
modern thermal engineering designs, such as terrestrial thermal control systems, solar energetics, etc., 
see [1 -4].  
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Figure 1. Operating Principle of Refrigeration Heat Pipe 

 
Many research publications on different use of heat pipe technology are available within mentioned 
engineering areas, while a number of papers devoted to specific applications in refrigeration and air 
conditioning is very limited. However, refrigerating heat pipe has been suggested as a potentially 
compact, reliable system for the cold generation.  
 
The principles of the refrigerating heat pipes (RHPs) are issued from the combination of the 
conventional heat transfer methods and two-phase flow phenomena study. It should be mentioned that 
thermal energy transfer by means of the latent heat (two-phase flow) is the best method for the RHP. 
Different two-phase flowing principles are known and performed in conventional heat pipe 
technology, including application of capillary porous structures, pulsating heat pipes, use of 
electrohydrodynamic forces, etc. All of them are acceptable for the amplification of RHP area of 
study.  
 
Principally, refrigerating pipes operate at a minimum of three temperature levels (Fig.1). The upper 
level (Th) corresponds to the temperature of the low-potential heat source. The lowest level (T0) 
defines the refrigerating acting temperature, when the heat exiting temperature level (Tc) coincides 
with the temperature of the surroundings. Thus, the primary temperature interrelation can be defined, 
as . 0TTT ch >>

Heat, Qh that is transferred from high-temperature reservoir is allowing completion of a 
refrigerating cycle with the refrigerating capacity of RHP, Q0, and in accordance with the first law of 
thermodynamics Qc = Q0 + Qh. Finally, the heat, Qc exits into the surroundings. Smirnov et al. [5] 
presented general review of the heat pipe technology applications in refrigeration and cooling. 

 
1. CAPILLARY PUMPED REFRIGERATION LOOP 

In the recent decades, advances in nanotechnology have made it increasingly practical to create 
high-porosity permeable structures with median surface pore diameters in the order of a few 
nanometres. Kobayashi et al. [6] suggested the concept of micro-capillary heat engine used wick 
structures as capillary pumps, which can theoretically maintain both capillary pressures in the order of 
several MPa and large temperature (>100K) differentials. 
 Accounting the mentioned abilities of micro-capillary structures and essentials of refrigeration 
heat pipes, feasibility and design principles of capillary pumped refrigeration loop seem clear and 
become economically attractive when there is a source of inexpensive heat energy at a temperature of 
50 to 100o C. 
 
Such a capillary pumped refrigeration loop comprises an evaporator and a condenser. Evaporator 
contains an output connected by a vapour line to an input of the condenser, an output of the condenser 
have to connect to the evaporator. The temperature of the evaporation inside the loop evaporator 
should be settled as less than the temperature of refrigerator cabinet. Hence, low-temperature heat 
pipes will play a role of thermal connections between the refrigerator cabinet and loop evaporator. 
Thus, evaporation zones of heat pipes should be allocated inside the refrigerator cabinet to provide the 
cold generation and thermal control there, while the condensation zones of heat pipes should be placed 
inside the loop evaporator. External surfaces of heat pipe condensation zones should be supplied with 
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a high-porosity permeable material for generating a capillary pumping pressure inside the loop and 
applying that pressure on the loop refrigerant fluid, and for evaporating the loop refrigerant by 
absorption of condensation heat of the heat pipe refrigerant.  
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Figure 2. Schematic and Thermodynamic Cycle of Capillary Pumped Refrigeration Loop 
 

The refrigeration cycle of a capillary pumped loop may be illustrated by using Fig. 2. The high-
porosity permeable material present in the evaporator enables feeding of the wick with liquid 
refrigerant. The saturation with liquid of the porous material allows the creation of a capillary 
pressure. It is that capillary pressure, which together with external heat energy source QH will enable 
the circulation of the vapour from the evaporator towards the condenser as well as the flow-back of the 
condensed refrigerant fluid towards the evaporator without using mechanical pumping means.  
 
The capillary material of the external condensation sections of heat pipes located inside the loop 
evaporator is fed with loop refrigerant fluid. In such a manner, the high-porosity permeable material 
enables to develop capillary pumping pressures, which are able to compensate the loss of charges 
inside the loop. As the liquid particles evaporate, the loop evaporator is cooled; the heat pipe 
refrigerant is condensed and low-temperature heat pipes are worked properly, consequently 
refrigerator cabinet would be cooled. Both the liquid and vapour loop refrigerant tend to extract heat 
Qo from the warmer objects in the insulated refrigerator cabinet. The replacement of the liquid 
refrigerant as usually could be controlled by an expansion valve. Its function is to change the high-
pressure, subcooled liquid refrigerant to low-pressure, low-temperature liquid particles, which will 
continue the cycle by absorbing heat. 
 
In the loop condenser, the high-pressure loop refrigerant’s vapour condenses to a liquid under the high 
pressure and gives up heat to the condenser. The heat Qc is removed from the condenser by the cooling 
medium of air or water. The condensed liquid loop refrigerant is then forced through the liquid line to 
the expansion valve and to the loop evaporator, making a complete cycle. 
 
Table 1 presents results of the first law analysis for ideal capillary pumped refrigeration loop. 

The efficiency of a refrigeration cycle is traditionally described by an energy-efficiency ratio. For 
the capillary pumped loop, COPcprl could be defined as the ratio of the heat absorption from the loop 
evaporator to the heat added by the high-temperature reservoir :      0Q& HQ&
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 Accounting the efficiency of the low-temperature heat pipe as the ratio of the heat absorption from 
the refrigerator cabinet to the heat rejection at the heat pipe condensation zone, which equal to the 

 in ideal cycle, yields following definition of cycle COP 
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Table 1. Results of Analysis for Ideal Capillary Pumped Refrigeration Loop. 

Process First Law Result 
1-2 p = const )( 12 hhmQH −= &&  
2-3 s = const )( 3232 hhmW −=− &&  
3-
4-5 

p = const  )( 53 hhmQC −= &&  

5-6 ∆s >0,  0  ,0 == netnet QW && h5 = h6

6-7 p = const  )( 670 hhmQ −= &&  

7-1 v = const avpVW ∆=−
&&

17  
 

Deviations of the actual capillary pumped refrigeration cycle from the ideal cycle primarily are due to 
(a) heat transfer to or from the surroundings and (b) pressure drops associated with fluid flow. State 1 
might be in super heat region to ensure that the loop evaporator line is always handling the vapour 
phase. This will increase the size of evaporator. Process 2-3 is not isentropic due to irreversibility. 
State 5, in general, is in the subcooled region. This is a beneficial effect; however, this will also 
increase the size of the condenser. Hence, thermodynamic losses in the system dictate that the cooling 
capacity for a real system is always less than the heat input. 
 
The basic cycle illustrated in Fig. 2 may be modified in several ways. One is to utilize all possible 
opportunities for heat recovery within the cycle in order to improve the heat economy within the cycle. 
For example, it is customary to heat exchange the streams of vapour entering the condenser with the 
liquid refrigerant that is led back into the loop evaporator. Further improvements may be obtained if 
one cascades more efficiently the high temperature heat available to superheat the loop refrigerant 
vapour. This principle is because the cooling capacity depends primarily on the amount of refrigerant 
that is vaporized in the loop evaporator and that by reusing the waste heat from the condensation 
process, more heat could be absorbed from the refrigerator cabinet.  

 
2. CAPILLARY WICK PROCESS  

It is observed that very few theoretical models of capillary wick processes are available in the 
literature. This is because of the different phenomena influencing the hydrodynamic and 
thermodynamic behaviour, and the complexity of phase change, determined by the temperature 
difference between the fluid and the hot surface, surface structure, gravity, and fluid pressure.  
 
Smirnov and Kosoy [7] concluded that design feasibility for thermal control systems should be based 
on the analysis of the driving forces, i.e. gravitational, centrifugal, capillary, electrohydrodynamic, etc. 
The maximum scale of each type of driving force has been estimated with respect to the state of the 
corresponding sample and the physical nature of these forces. Thus, application of conventional 
refrigerating heat pipes, pulsating thermal control systems, centrifugal refrigerating heat pipes, etc. can 
be predicted with respect to the analysis of driven forces, see table 2.   
 
For example, consider a problem of the evaporator design at the capillary wick base by using of 
hydrodynamic analysis. The Laplace -Young equation gives the maximum capillary pressure in the 
straight tube of the wick, namely 
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                                               ,          (3) rPC /2max σ=∆

where σ is a surface tension that is the free surface energy per unit area of surface at the liquid-gas 
interface. Assuming in the loops with the capillary-porous pumping, that the pressure drop is 
developed by the surface tension forces, then the density essentially depends on a value of the 
capillary radius, r, namely 
 

)/(2  rLF σν = .          (4) 
 

Modern technologies on capillary pump design yield maintenance of this value about Fv ~106 N/m3.  
 

Table 2. The Scales of the Driving Forces for Different Types of  
Two-Phase Thermal Control Systems 

Thermal control 
systems type 

Equations used for 
the estimation of  
the driving force 

density 

The maximum scale of 
the  driving force 

density, N/m3

with forced 
convection 

LP /max∆  108   

gravitational  gρ′  104  

capillary wick )/(2 min LRσ  106   
centrifugal Rw ∆ρπ 224  108   
electrohydrodynamic  ( ) min

2
max /1 LE−′ε  104  

pulsating  heat pipes ρ′kg  105  

 
 

Fig. 3 shows the capillary flow, which is in a fully developed laminar steady state with constant 
properties. The pressure drops due to the kinematic viscosity of the fluid in the vapour region and in 
the liquid region are  

 
( )
KA

yHmP v
v

−
=∆

&η  , 
KA

ymP l
l

&η
=∆ .       (5, 6) 

 
Here ηl and ηv are the kinematics viscosities of the liquid and vapour, respectively, K is a permeability 
coefficient (for laminar flow it is a property of the wick capillary structure) 
 

llf
rK
Re

2 2ε
= ,          (7) 

where ε is a porosity and  fl is a coefficient of hydraulic resistance. 
 

Figure 3. Model of Wick Capillary Flow 
 
The available capillary pressure can be defined from eqs. (3), (5), and (6) as follows: 

Boris Kosoy 324 



 

  

 ( )[ ]
KA
myyH

r
P lvav

&
ηησ

+−−=∆
2 .       (8) 

 
According to Hagen-Poiseulle’s analytical solution for laminar tubular flow, the permeability 
coefficient of capillary channels is K=r2/8. If the wick is running while the vapour-liquid interface is 
attached to the upper side of the capillary porous wick, substitution of the relationship for 
permeability, y = H, and A=πr2 into the eq. (8) yields the available capillary pressure  
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With respect to high-porosity permeable structures, this equation is valid only if r»λ, the mean free 
path. Applying Chapman’s equation for rigid, spherical molecules, this is related to the viscosity by 
the relationship 

 

,2
2
1

M
RTw
π

λλη ==         (10) 

where w  is a mean thermal molecular velocity. When the pore size becomes smaller, then the pressure 
of the fluid flow in the capillary tube is reduced. When its mean free path becomes an appreciable 
fraction of the capillary diameter, then flow “slippage” will appear at the capillary wall. This means 
that the viscosity effect is reduced and merged. If the pore radius becomes smaller, the Knudsen flow 
appears, and viscosity plays no part in the flow. Accordingly, the viscous effect of the fluid flow in the 
transition mode appears not to be significant whether the fluid flow in the wick is in the state of liquid, 
vapour or gas, see Carman [8]. 
 

 
Figure 4. Liquid Capillary Pressure in Transition Range for Saturated Water at Atmospheric Pressure 

as a Function of the Pore Radius: 1- eq. (9); 2 – eq. (11) 
 
 

According to Lykov [9], the simplest accounting for the Knudsen flow modifies eq. (8) to 
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Fig. 4 shows variations of the liquid capillary pressure as a function of the capillary radius at the 
transition region, calculated from eqs. (9) and (11). This comparison proves that in free molecular flow 
the pore radius effect to the available capillary pressure is less considerable. 
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Figure 5. Available Capillary Pressure for Saturated Water at Atmospheric Pressure as a Function of 
the Pore Radius: 1- eq. (9); 2 – eq. (11) 

 
 

Figs. 5 and 6 present plots of calculation data for capillary available pressure in order to estimate the 
effect of flow regimes (viscous versus the Knudsen flow) as predicted by the eqs. (9) and (11). 
Identical thermophysical properties, as well as the flow parameters, have been selected for this 
analysis. Fig. 5 shows the value of the capillary radius and visualizes zones of viscous and free 
molecular flows. Capillary wick pumping effect in the Knudsen zone, calculated using eq. (9), occurs 
about 30% less than that predicted by eq. (11) because of the neglect the flow “slippage”. In addition, 
according to Fig. 6, eq. (11) allows for a more thorough accounting of the ratio between the width of 
the capillary structure and the capillary radius, in particular in short capillaries. 

 

Figure 6. Available Capillary Pressure for Saturated Water at Atmospheric Pressure as a Function of 
the Width of Capillary Structure for Various Capillary Radius: 1- eq. (9); 2 – eq. (11) 

 
3.  CONCLUSION REMARKS 

A first level conceptual analysis was done to look at the thermodynamic feasibility of capillary 
pumped refrigeration cycle. The investigation was motivated by recent progress in nano-scale 
materials science that has made submicron porous structures and specifiable material properties (i.e. 
designer materials) increasingly practical. The capillary pumped refrigeration loop concept was 
suggested as a potentially compact dynamic refrigeration system that may be attractive for both 
terrestrial and space applications. 
 
Vapour compression systems require work to power the compressor, which is generally provided by 
electricity from thermally driven (usually combustion) central power plants. In contrast, direct 
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thermally driven capillary pumped cycles eliminate the need for a central power plant. Instead of 
converting heat into work and then using work to pump heat through a temperature lift, they use heat 
to pump heat directly. On the other hand, capillary pumped refrigeration cycles due to growing rapidly 
heat pipe and nano-technologies could become a real alternative to absorption refrigeration in the 
future decades. The use of heat pipes often provides solutions, and in some cases the only solution, to 
many difficult thermal management problems. While no one cooling method is ideal in all respects 
and the use of heat pipes will not be suitable for every application, capillary pumped loops will often 
provide substantial advantages over alternative technologies. Some of the more significant features of 
capillary pumped loops include:  

• considerable economic savings as a result of the drastic reduction in the primary energy 
consumption caused by a mechanical compression refrigeration system,  

• a source of waste heat is used, 
• substitution of one technology by another, which is more respectful to the environment.  
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