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Abstract 
Loop Heat Pipes (LHP) are capable of providing a means of transporting large quantities of heat over long 

distances with no input power other than the heat being transported due to the specially designed evaporator and 
separation of liquid and vapor lines. The correlation of geometrical, structural and physicochemical properties of 
the LHP elements and working fluid play a key role in LHP successful and reliable start-up and operation in 
required range of temperatures, heat loads and ambient conditions. For LHP design and fabrication, preliminary 
analysis on the basis of dimensionless criteria is necessary due to complicated phenomena, which take place in 
the heat pipe. In the course of this work, the LHP and its components including the evaporator were modeled 
with corresponding dimensionless groups being investigated. Analysis of heat and mass transfer processes in the 
LHP and selection of most weighted criteria from known dimensionless groups (thermal-fluid sciences), heat 
transfer rate limits, (heat pipe theory) and experimental ratios which are unique for given heat pipe class were 
discussed. The criteria set is simple and can be useful for calculations of LHP parameters and characteristics in 
engineering practice. 
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INTRODUCTION 

Dimensionless analysis is very important for engineering practical applications due to its ability 
to reduce the complexity of physical problems to simpler forms. This approach is very appealing 
because of it allows engineers and scientists more deeply to understand the physical point of 
investigated phenomena and to obtain first results and estimations quickly prior to quantitative 
modeling. Dimensionless numbers and criteria occupy very honored place in heat and mass transfer 
theory and in particular in the theory of heat pipes. The analysis allows researchers to estimate heat 
pipe mass, geometrical and operational characteristics, to pick out primary heat and mass transfer 
processes in the specific heat pipe and to find the temperature and heat load functional diapasons for 
the heat pipe. 

The specially designed evaporator and separated liquid and vapor lines are distinguishing features 
of the Loop Heat Pipes (LHP) as a unique class of heat transfer devices. Dimensionless analysis is 
extreme necessary for LHP due to complicated phenomena which take place there: (1) counter heat 
and fluid flows in the evaporator capillary wick, (2) liquid and vapor filtration through microporous 
structure, (3) very intensive phase change processes inside the wick and in vapor collecting channels 
of evaporator and in the condensed, (4) heat transfer by convection conduction and radiation, (5) 
evaporation from inverted meniscus, (6) moving non-equilibrium vapor-liquid interface, (7) strong 
influence of gravitational, inertial, viscous and capillary forces. The correlations of geometrical, 
structural and physicochemical properties of the LHP evaporator elements (primary and secondary 
wicks, compensation chamber, vapor collecting grooves), condenser, liquid/vapor lines and working 
fluid play key role for LHP reliable start-up and successful operation in required range of 
temperatures, heat loads and ambient conditions. 

According to the theory of dimensional analysis there are several ways to identify dimensionless 
groups, which are important for given physical processes or phenomenon: first is the formal one and 
very well known. The groups appear after non-dimensionalizing the conservation equations. The 
formalism of this approach is its disadvantage. Often researchers have difficulties with physical 
interpretation of some dimensionless groups. Also, the result has a strong dependence on the initial set 
of parameters chosen as basic for non-dimensionalizing operation. 
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 The use of the Buckingham π-Theorem is the second informal technique. This method is 
powerful (and very elegant) but requires detail knowledge of investigated subject and physical insight 
[1]. The first and most responsible step of the method is picking out of important physical parameters. 
Other problem of the technique is that the choices to derive dimensionless groups are not unique. It 
takes either intuition or trial-and-error to find ones that make physical meaning. The application of the 
Buckingham π-Theorem for LHP distorted scaling when not the entire LHP but only elements of heat 
pipe are involved is demonstrated in [2]. 

In the present investigation the semi-empirical approach for LHP evaporator critical 
dimensionless groups determination was used. The essence of the approach is analysis of heat and 
mass transfer processes in the evaporator and selection of the most weighted criteria from known 
dimensionless groups (thermal-fluid sciences), heat transfer rate limits (heat pipe theory) and 
experimental ratios which are unique for a given heat pipe class. It should be mentioned that this 
approach is rather informal and includes in itself the Buckingham π-Theorem method in the general 
case as a powerful tool for important similarity numbers selection due to the same start point. 
 

Table 1  Dimensionless criteria for loop heat pipes (LHPs) 
Name  Description Function 

Functional 
Fluid selection  Ratio between Vapor-Liquid Figures of Merit for 

two working fluids: 
[ ]
[ ]

vl x

vl y

Fm
Fm

 Choice of working fluid, 
estimation of maximum heat 

flux 
Goncharov-
Kolesnikov 
(Go) 
 
 

This criterion comes from the specific conditions of the amount of 
working fluid[3]. This relation is between the LHP evaporator and 

compensation chamber volume and the remaining LHP volume 
(i.e., volumes of LHP elements: - wick, grooves, condenser, vapor 

and liquid lines): ( )l v c w vg ccA V V V A V A V V⎡ ⎤+ + − +⎣ ⎦1 2 3
 

Condition of LHP design. 
Criteria of LHP start-up and 

operation 

Phenomenal 
Bond (Bo) Compares quantitatively the relative effects of 

gravity and surface tension forces:  
( )l v gdρ − ρ

σ

2

 
Determination of gravity 
affect on LHP operation 

Reynolds (Re) Ratio of characteristic times of momentum diffusion 
and advection (Convection= advection + diffusion): 

vdρ
µ

 
Determination of flow 

regimes in the LHP elements 

Kossovich 
(Ko) 

Gives the dependence between the quantities of 
heat expended in evaporating liquid and in 

heating wet body [4]: 

fg

leak

h m
q

&
 

Estimation of heat leak 
effect across LHP wick 

Peclet (Pe) Represents the relative magnitude of convective 
to conductive heat transfer: 

p

w

v cρ
λ δ

 
Determination of primary 

heat transfer rate in the 
evaporator wick 

Knudsen (Kn) Ratio of mean free path to the characteristic 
length of the passage: 

free
d

λ  Classification for fluids 
deviating from continuum 

behavior 
Limiting 

Capillary (Ca) For LHP evaporator application, Ca is the ratio 
between liquid velocity associated with heat transport 

rate (evaporation) and speed of the capillary rise: cap

v
v

 Dimensionless presentation 
of the LHP evaporator 

capillary limit 
Boiling (Bl) For LHP case, the ratio between liquid temperature 

in the evaporator core and superheat temperature 
corresponding to boiling 

ev ,core

sup

T
T

 
Restriction of LHP 

operation due to boiling 
(evaporator) 

Viscous (Vi) Dimensionless viscous limit is proportional to vapor 
pressure drop in the wick divided by saturation 
pressure of vapor at the operational temperature 

v

v

P
P

∆  Limit of LHP operation due 
to vapor viscous losses in 

the wick 
Mach (Ma) Ratio between vapor velocity for chosen heat 

load and velocity of sound  sound

v
v  LHP sonic limitation 

 

Thus, LHP criteria can be formally divided into three groups (according to criteria sources: heat and 
mass transfer theory, heat pipe theory and experiment): phenomenal, limiting, and functional. The criteria 
from the functional group are used at the stage of choosing a working fluid, determination of  the amount of 
required fluid charge, mass-size-geometric restrictions, etc. Distinctive features of this group are based 
mostly on experimental characteristics and relation to the certain heat pipe class.  Phenomenal criteria 
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reflect the physical phenomena in heat pipes and allow making a conclusion about characteristic heat and 
mass transfer processes, influences and magnitude of different forces. According with common practice in 
heat pipes, several operating limits have to be examined including the Capillary, Viscous, Sonic, 
Entrainment and Boiling limits [5]. Basing on this limitation it is possible to determine corresponding 
dimensionless criteria. This division is relative and some numbers can belong to two groups. The Mach 
(sonic limit), Weber (entrainment limit) and Capillary (capillary limit) are good examples of this. 
Furthermore, because vapor and liquid lines are separated it easily leads to elimination of the entrainment 
limitation. Also, some criteria such as viscous and boiling limitations have a different meaning in the LHP 
case. 

Several dimensionless criteria were noted for detail consideration, see Table 1. Of course, this list 
is not presented as being fully complete. Many different dimensionless parameters can be introduced 
for heat pipe analysis. For instance the set of 18 numbers introduced and investigated by Delil [6]. The 
distinguishing feature of our set is the strong physical basis and practical meaning of each criterion. In 
the following paragraphs discussion focuses on selected criteria in detail. 

 
 

FUNCTIONAL LHP CRITERIA 
 
Fluid Selection Criterion 

One of the first steps in heat pipe design is the working fluid selection. After selection of fluids 
under the desired operational temperature ranges (at this stage the lowest non-operational temperature 
conditions of heat pipe (cold case) also should be taken into account because of complexity and 
sometimes unpredictable character of start-up from frozen state) the assorted group of fluids should be 
tested from different points, including material compatibility, safety (toxicity, fire and explosive risk), 
chemical stability, reasonable saturated vapor pressure values in operational temperature range, and 
resistance to ionizing radiation (especially for space applications). However, the most important is a 
combination of the physical properties of the fluid, e.g., latent heat of vaporization, surface tension, 
vapor and liquid densities, vapor and liquid viscosities, and contact angle on the wick material. For 
“classical” heat pipes generally the greatest pressure loss is in the wick (liquid laminar flow) and then 
the figure of merit suggested by Chi [7] is a liquid based criteria where: 

 fg
l

l

hFm ρ σ
= µ

 (1) 
 

This figure of merit for popular heat pipe working fluids as a function of temperature is presented in Fig. 1. 
In many cases, the pressure drop in the LHP vapor line may be considerably higher than the wick 

pressure drop. Dunbar and Cadell8 proposed to use for an LHP another criteria based on the suggestion 
of neglecting liquid pressure drops in comparison with vapor pressure drops and assuming turbulent 
flow in the vapor line: 

 
.

v fg
.v

v

h Fm ρ σ
=

µ

1 75

0 25  (2) 

 

However, the dominant character of vapor pressure loses in the total LHP pressure balance is 
debatable. In many practical applications the pressure drop across the evaporator wick is larger or has 
a same order of magnitude as that in the vapor line. If the distance between the heat sink and heat 
source is reduced and/or the wick thickness is increased and/or the effective pore diameter is reduced, 
then the wick pressure losses will increase. Thus, it is difficult to make a correct selection of the 
working fluid using one of the two figures of merit if the geometrical characteristics of the LHP are 
not taken into account. The governing pressure balance for an LHP, assuming turbulent flow in vapor 
line and laminar flow in the wick and liquid line, can be written in the form [9]: 
 

 ( ) ( )v v w l l l
tu rb lh p lh p

p v p l

co s
dv v vf l d l

d d d d
+ − +

σ θ ρ µ µ
=

2

2 12 2

4 16 32
2

 (3) 

 

The velocities of the working fluid in the wick vw, vapor vv and the liquid vl lines can be determined by: 
 

 ( ) ( )
d d

w w
fg l wd d

qv v r rdr rdr
h L d d

= =
⎡ ⎤π ρ ε +⎣ ⎦

∫ ∫
2 2

1 1

2 2

2 12 2

2  (4) 
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 l l fg l v v fg vv q h d        v q h d= πρ = πρ2 24 4  (5) 
 

Pressure losses in the evaporator vapor grooves, compensation chamber and condenser due to the 
relatively small length of each are neglected. Due to the fact that the friction factor in the area of fully 
development turbulent flow is practically constant a second order equation is obtained for the 
maximum heat flux q. The idea of applying this type of quadratic equation for “classical” heat pipes 
having wicks of uniform pore size also can be found in reference [10].  
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Fig. 1  Figure of merit (liquid based)  
for different fluids 

Fig. 2 Comparison of *
vFm and vFm  figures of 

merit for different working fluids 
 

Examining the general Moody diagram found in any fluid mechanics text, the dimensionless 
friction factor is constant and for practical area of LHP design relative roughness lies in the range of 
0.07 - 0.007. Colebroock equation for friction factor in fully turbulent region (Re→∞) reduces to: 

 

 ( )turb t vf . log . d −
= ε

20 25 3 7  (6) 
 

The resulting quadratic equation has only one positive root, thus, resulting in the vapor-liquid 
figure of merit for working fluid selection (and simultaneously a criterion for estimation of the 
maximum heat flux) in loop heat pipes: 

 ( )( )
vl

Kl Kv Kl
Fm

Kv

+ −
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0 522 55 0 2 2 55
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This criterion depends on the geometry of the design problem (llhp can be considered as the distance 
between heat source and sink), geometry and characteristics of the wick, latent heat of vaporization, 
surface tension, vapor and liquid densities, liquid viscosity, and contact angle with the wick material.  
Because the contact angle (for an LHP it is the apparent contact angle of an inverted evaporating 
meniscus) is not a tabulated parameter and it is difficult to find the values for different combinations of 
wick material-working fluid in literature, it is assumed equal to zero (which is the usual but not obvious 
selection with heat pipe researchers and engineers); then, Fml

* = Fml  and Fmv
* =ρvhfgσ. The modified 

Fmv
* number does not depend on vapor viscosity as in the original criterion suggested by Dunbar and 

Cadell, as the dependence on vapor viscosity is very weak and can be ignored. It is clear from Fig. 2 that 
the fluid properties groups Fmv

* and Fmv have the same characteristic dependence on temperature for all 
fluids. Moreover, Fmv≈0.75 Fmv

* for all fluids except ammonia and water but these two fluids are 
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unique due to their unique properties. In a general case, if a designer is sure the vapor line pressure loses 
are dominant, it is preferable to use the Fmv

* figure of merit for fluid selection.  
If the wick permeability, K , is known, the pressure drop in the wick can be determined from the 

Darcy filtration law and the geometrical parameter of the liquid flow will be: 
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Fig. 3 Figure of merit vlFm  for different LHP 

lengths (llhp =0.5, 5 m, dp=1 µm, δw=4 mm) 
versus operational temperature 

Fig. 4 Figure of merit vlFm for different wick 
dimensions (llhp =2 m, dp=0.5, 1 µm, 
δw=4, 8 mm) versus operational 
temperature. 

 

 ( )p p lhp
l

w l

d ln d d d l
Geo ;

l K d
= +2 1

4

4
64

 (10) 

 

The importance of the geometrical characteristics of an LHP and the wick regarding the fluid 
selection process can be demonstrated by the following example. According to Dunbar and Cadell the 
best liquid in the range –60 to 60 °C is propylene (of course, after ammonia), but according to the Chi 
criterion the best is butane. As can be seen from Figs. 3 and 4, the butane advantage over propylene 
increases with increasing LHP length, decreasing wick effective diameter, and increasing wick thickness.  
Also, the two graphs reflect the general tendency of the maximum heat flux increasing with reduction of 
the liquid and vapor lines lengths, wick thickness and with increases in the effective pore diameter of the 
wick.  The following geometric parameters of the evaporator were chosen for the calculations: d1=8, 16 
mm, d1=24 mm, lw=100 mm (length of evaporator active zone), dv=6 mm, dl =4 mm dp=0.5, 1 µm, 
ε=0.7, εt =0.002 mm (stainless steel) llhp =0.5, 2, 5 m. The obtained range of maximum heat loads (0.5 – 
2.5 kW) for assorted liquids and for an LHP with the given geometry is close to experimental levels and 
supports the presented approach and criteria for fluid selection. 

Thus, existing relations between surface tension, latent heat, viscosity and density of working 
fluids cannot be used in the general case of LHP design. However, the specific LHP geometry is 
presented in the new Fmlv figure of merit. It allows making a more accurate conclusion about the 
suitability of working fluids for given LHP operational conditions. 

 
Goncharov-Kolesnikov Criterion 

A very important characteristic of every heat pipe or thermosyphon is the charging amount of 
working fluid. The amount of fluid for “classical” heat pipes is usually calculated using the relation: 
 

 ( )o w l v vM F V V= ρ + ρ  (11) 
 

The term Fo is an optimization factor, which is determined experimentally and usually varies in range of 
0.9 to 1.5. But in the case of an LHP this relation is not valid. 

The second functional criterion comes from two specific conditions in the charge amount of working 
fluid in an LHP. First, liquid should be left in the compensation chamber (CC) when the rest of loop is 
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completely flooded under cold cases (condition of LHP before start-up). Second, an amount of vapor space 
should be available in the compensation chamber when the condenser is fully utilized under a hot case[11]: 

 

 
( ) ( )

( )( ) ( )
cold cold

hot hot

l loop cc v cc

l l w cc v gr v c cc

M V V V

M V V V V V V V

=

= + + − + + + +

ρ + β + ρ − β

ρ α ρ α

1

1
 (12) 

If the relation between volume of liquid line and volumes of the condenser and vapor lines is 
introduced: k=Vliq/(Vcon+Vvap), then the functional criteria between the compensation chamber volume 
and the volumes of other LHP components can be derived as follows: 
 

 
[ ]( )

( ) ( )( ) ( )
( ) ( )
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l v l v l v l

                             Go A V V V A V AV V

                        A A k k        A A

              A A     A
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= ρ − ρ = ρ − ρ − β ρ − ρ − α ρ

1 2 3

1 2

3

1

1

( )t hotv

−
⎡ ⎤− ρ⎣ ⎦

1

 (13) 

 

This relation is an expanded form of the LHP design criterion presented by Goncharov and Kolesnikov 
[3]. But it should be mentioned first that Gerasimov et al. [12] described this LHP charging condition in a 
qualitative form in 1976. In many cases of LHP design, the length of the liquid line is equal to that of the 
vapor line and neglecting the volume of the condenser (Vl=kVv) then the coefficient k is equal (dl /dv)2. 

The dependence of the compensation chamber volume on operational temperature for different 
LHP lengths and fractions of compensation chamber occupied by liquid at the minimum temperature 
and void fraction are shown in Fig. 5. Calculations are made for ammonia as the working fluid and the 
temperature of the cold case was –70 °C. The geometric parameters were dgr=1 mm, n=20, d1 =10 
mm, llhp =0.5, 5 m. All other data are the same as indicated for the Fmvl comparison. It is obvious that 
the volume of the compensation chamber increases with an increasing LHP length, increasing 
operational temperature and increasing coefficients α and β. The influence of β on compensation 
chamber volume is stronger than α. As a rule this coefficient is varied in range 0.05 - 0.4, but to 
minimize the LHP total mass, α and β should be as small as possible. 
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Fig. 5 Compensation chamber volume for 

different LHP (ammonia) lengths. 
Fig. 6 Compensation chamber volume for 

different working fluids. 
 
From the results of the calculated compensation chambers volumes for different working fluids (Fig. 

6) it is possible to make a conclusion that if the LHP is designed for propylene this LHP can be recharged 
by ammonia, R134a, or propane and will be able to start-up and operate. On the other hand, the butane 
LHP requires a larger compensation chamber volume in comparison with ammonia LHP (1.5 – 2.5 times). 
 
 

⎯ 
.... 
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PHENOMENAL LHP CRITERIA 
An enormous amount of dimensionless groups can be found in heat and mass transfer literature. 

Based on main physical phenomena which are presented in LHP (Fig. 7) some most valuable and 
interesting numbers were selected and discussed in this part of the article. 
 

Bond Number 
The behavior of the liquid/vapor boundary surface meniscus in a LHP evaporator microporous 

capillary structure has a critical significance for LHP device start-up and operation. The nature of and 
evaporating “inverted” menisci behavior in LHP evaporator is very complex. According to the modern 
conception of heat transfer for liquid/vapor phase change surface during evaporation [13] the meniscus 
can be divided on following sections: 

1. Adsorbed film. Monolayer to 0.05×10-3 mm; Evaporation is absent (liquid is overheated). 
Disjoining pressure is prevailed [14];  

2. Inner intrinsic region up to 0.001-0.1 mm; Extremely high evaporation. Disjoining pressure 
has same order as capillary pressure; 

3. Bulk meniscus, region I up to 1 - 10 mm; Heat transfer by thermal conductivity. Heat transfer 
coefficient drops up to minimum value [15]; 

4. Bulk meniscus, region II; Heat transfer by natural convection-buoyancy. Heat transfer rises up 
to constant value. 

There are additional effects, which can influence the meniscus behavior during phase change heat 
transfer: Marangoni surface convection and meniscus oscillation (at film thickness less 1 mm) due to 
interaction between thermocapillarity, evaporation and liquid inertia feeding the meniscus. The 
pulsation of the contact line amplifies with increasing heat flux. As you can see, characteristic scales 
determine the significance and magnitude of different effects and forces.  

Under terrestrial conditions the gravity force field has a strong influence on LHP working 
parameters. The magnificence of this influence relative to surface tension forces, which create a 
pressure difference across the two-phase boundary, can be estimated with help of the Bond number. 
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Fig. 7. Phenomena in the LHP and dimensionless groups. 
 
This number allows making a conclusion about taking into account gravity in LHP modeling. As a 

characteristic size dchar wick pore, vapor collecting grooves and LHP vapor/liquid lines effective 
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diameters can be investigated. A Bo of unity indicates that the capillary and gravitational effects are of 
the same order of magnitude. The name of characteristic size corresponding to Bo=1 is Bond length. The 
decrease of Bo indicates the surface forces becomes dominant. The microgravity usually is defined as 
Bo < 10-3. In the region 10-3 <Bo < 103 both gravity and surface tension effects should be taken into 
account. It is possible to introduce parameter Microgravity Bond length for condition Bo < 10-3. 
 

 
( )mbl

l v

.d g
σ=

ρ − ρ
0 001  (14) 

In Table 2 Bond lengths and Microgravity Bond lengths for popular LHP working fluids for 
temperatures from cryogenics to ambient are presented. As a rule the dmbl lies in the dimension range 
10-100 µm. This range is very common for LHP evaporator wick effective pore diameters. That is why 
the value of Bo is a very important characteristic for LHP design and modeling. Basically, always if the 
wick effective pore diameter is less than 10 µm the condition of microgravity is realized in the LHP wick 
and gravitational forces do not need to be taken into account. The dependence of the Bond number on 
the operational temperature for ammonia, propane, butane, propylene and R134A are shown on Fig. 8 

(d  = 1 µm). Bo is growing with the 
temperature rise for all fluids 
 
Reynolds Number 
The significance of Reynolds number - a 
parameter which takes into account the fluid 
density, viscosity, and velocity as well as the 
dimensions of the channel for heat and mass 
transfer theory and devices is difficult to 
overestimate. Reynolds presented this number 
120 years ago [16]. Today it is unimaginable to 
perform any flow analysis and calculations 
without referring to this number. 

An estimate of liquid velocity from the heat 
rate applied to evaporator (while neglecting heat 
leak into LHP evaporator core) can be found by: 
 

 ev

fg

qv h= ρ
 

where 

 ev
/ev

ev

Qq d l=
ε π2 3

2
        (15) 

 

 

Table 2 .Bond lengths and Microgravity Bond lengths 
for popular LHP working fluids and for different 
operational temperatures. 
 

Bond length, mm  
(Microgravity Bond length, µm) 

Working 
Fluid 

–160°C –60°C 40°C 
Ammonia - 2.40 (75.9) 1.75 (55.3) 
Argon 0.78 (24.7)  - 
Butane - 1.89 (59.8) 1.43 (45.2) 
Ethane - 1.53 (48.4) - 
Ethanol - - 1.67 (52.8) 
Heptane - - 1.69 (53.4) 
Methane 1.81 (57.2) - - 
Methanol - - 1.66 (52.5) 
Nitrogen 0.62 (19.6) - - 
Oxygen 0.92 (21.9) - - 
Propane - 1.75 (55.3) 1.08 (34.2) 
Propylene - 1.74 (55.0) 1.05 (33.2) 
R134a - 1.20 (38.0) 0.75 (23.7) 
Water - - 2.69 (85.1) 
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Fig. 9 Model of LHP evaporator. 

The LHP evaporator model (the compensation chamber is not shown) is presented in Fig. 9. The 
capillary wick is modeled as a bindle of cylindrical parallel capillaries of fixed diameter, which is equal 
to effective pore diameter of the wick dp.  

As a rule the liquid or vapor flow regimes in the evaporator capillary wick are very far from 
turbulent (Re << 2300 ). For channels only several or tens of microns across, the diminutive conduits 
lead to very small Reynolds numbers (less than unity) even for vapor media and for very high heat 
loads and therefore linear, turbulence-free streams.  
 
Peclet and Kossovich Numbers 

One of the common simplifications in modeling of the loop heat pipe (LHP) evaporator is the 
neglecting of convective heat transfer effects in the evaporator wick when compared to conductive heat 
transfer [17,18,19]. Investigators typically use Fourier’s Law with an effective thermal conductivity of 
the wick as a basic parameter for description of the heat transfer phenomenon in the evaporator and for 
determination of heat leak from the high-pressure side of the wick to the low-pressure side. 

The basis for the assumption of neglecting convective effects is not obvious as the wick 
represents a convective-diffusion problem and not systematically a diffusion (conduction) problem. 
Because the Peclet number represents the relative magnitude of convective to conductive heat transfer 
with moving liquids it becomes an interesting parameter to estimate the convective part of the entire 
heat transfer across the wick.  

Typically, the overall heat leak across the wick is not more than several percent of the overall 
heat input for a traditional LHP with middle to high heat inputs. The dimensionless Kossovich number 
[4] gives the dependence between the quantities of heat expended in the evaporating liquid and in 
heating the wet body. In the heat pipe case it is the dependence between the heat flux coming out of the 
wick by vapor and the heat flux coming into the evaporator core by heat conduction, convection, and 
radiation. Neglecting (for comparative purposes) the convection and radiation terms and defining the 
inner heat rate (leak) as conductive only: 
 

( )
eff

leak
Tq

ln d d
λ ∆

=
2 1

 (16) 

 

Then, the evaporating rate can be defined as the difference between the total heat load and conductive 
heat coming into the wick and the Kossovich number is then given as: 
 

 ev leak

leak

q qKo
q
−

=  (17) 

As noted, this calculation does not take into account the fluid motion inside the wick. If Pe > 0.01, the 
real Ko number will be greater (so the real heat leak in the evaporator core will be less). Practically, 
Ko for an LHP evaporator also can be interpreted as a Kirpichev or Jacobs number by physical 
meaning. From the Kossovich Number analysis it is possible to make a conclusion about validity of 



 

J. M. Ochterbeck et.al. 108 

equation (3) for Peclet Number calculation. The examples of calculations and analysis Peclet and 
Kossovich numbers for LHP evaporator charged by ammonia can be found in the reference [2]. With 
growth of the wick skeleton thermal conductance the influence of liquid thermal conductivity on 
Peclet number is decreasing. The role of convection is increasing with increases of operational 
temperature and heat input. 

From the Peclet number it can be determined if convective effects must be included. In cases where 
the problem is a convective-diffusive system, the governing equation for the temperature field can be 
estimated from the solution to the general energy equation. Solutions using a pseudo-convective coefficient 
to reduce the energy equation to allow for easier analytical solutions have been presented in [20]. 

Using basic non-dimensional Kossovich and Peclet numbers, the modeling of the LHP evaporator 
with the assumption of process of heat transfer into wick core (heat leak) with using the conduction 
approach can be shown as incorrect in a majority of practical cases. In the continuous desire to reduce the 
effective thermal conductivity of the wick, a limit exists where the thermal conductivity no longer is the 
dominant factor. For example, in Teflon wicks, the convective effects are more important than the conductive 
effects due to the small wick skeleton thermal conductivity when comparison with metallic wicks. 
 
Capillary Number 

The capillary action in the wick is the main distinguishing feature of heat pipes as a heat transfer 
devices. That is why the phenomenon of capillarity has a key character for LHP and all dimensionless 
groups inclusive of surface tension and contact angle (two main characteristics of capillarity 
phenomenon) are very important. By definition, the capillary number is the ratio between viscous 
stresses and interfacial tension. In the case of an LHP we can give “special edition” of capillary 
number as an evaporator capillary limitation for heat pipe operation. The LHP can operate until the 
velocity of capillary rise is equal or more than the velocity of the evaporation from phase boundary 
surface (heat rate based mass flow). Due to the laminar regime of the liquid flow (Poiseulle approach) 
in the wick (see above Reynolds number): 
 

( )
( )

p

d dvCa
cos d

−µ
=

σ θ
2 14  (18) 

 

This dimensionless parameter also can help to estimate the significance of contact angle value. As it 
was mentioned above (Bond number), in a general case the contact angle is not constant but is an 
apparent contact angle, which is a function of a heat rate. 

The operation of ammonia LHP does not strongly depend on contact angle at relatively small heat 
rates but with rise of heat load this dependence can be critical and can lead to failure of LHP 
operation. It is clear from an analysis of capillary numbers as a function of operational temperature 
curves for different heat rates and contact angle values (Fig. 10). The following geometric parameters 
of the evaporator were chosen: d2 =24 mm, dgr=2 mm, lev =100 mm, dp=1 µm, ε=0.7. 
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Fig. 11 Capillary Numbers of several heat pipe 
working fluids for different heat rates as a 
function of operational temperature.. 
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It is impossible not to admit that “understanding of the heat transfer characteristics of an 
evaporating extended meniscus is of central importance to the design” of the LHP [21]. But today “there 
are not any theoretical and experimental bases to estimate contact angle values”[22]. Actually, last 
assertion is not quite valid. A lot of researchers tried to predict and measure contact angles but we are 
still in the beginning. The theory of apparent contact angle for non-polar liquids is well developed by 
P.C. Wayner, Jr. and co-workers. The augmented Young-Laplace model for an evaporating meniscus for 
capillary pressure drop determination is the starting point of present theoretical conceptions [21]: 
 

 ( )cP
r
σ

= − + Π δ
2  (19) 

 

where Π(δ) is the disjoining pressure as a function of thickness of the liquid film δ . If the liquid film 
dependence on coordinate y along the capillary channel is known the apparent contact angle will be 
θa=arctan(dδ/dy). For non-polar liquids the disjoining pressure can be easily determined [23]: 
 

 A
Π = −

δ3
 (20) 

where A is the Hamaker constant.  
Unfortunately, many LHP working agents are polar liquids with high dipole momentum: water 

(1.9 D), ammonia (1.5 D), propylene (0.4 D), R134a (2.1 D), ethanol (1.9 D), methanol (1.9 D). But 
even using the eq. (20) for ammonia [24] (equity of this approach is very debatable) gives the strong 
dependence of apparent contact angle on superheat drop between temperatures of the wall and of the 
interface.  For the highest superheat, the highest contact angle (up to 30°) exists and so a lower heat 
rate limit exists according to the Ca  number limitation. In reference [25] the authors used eq. (20) for 
description of an evaporating meniscus of water, but water belongs to polar liquids also and not only 
Wan der Vaals forces should be taken into account, but electrostatic ones. Another approach, which 
can be found in the literature [26, 27]  is the calculation of disjoining pressure from the empirical 
equation: 
  

 ( ) .
l gR T . .δ

⎡ ⎤Π = ρ δ⎣ ⎦
0 02431 5336 3 3  (21) 

 

But this is formula came from experimental relations obtained by Deryagin and Zorin in 1957 [28] for 
water film on the glass surface for a very narrow temperature range: 4-15°C. Traditional heat pipe wick 
materials are metals or polymers. Any extension to eq. (21) on other materials and temperature ranges 
could be well argued. 

The maximum heat rate has a strong dependence on apparent contact angle. That is why it is very 
important to have a good model of vapor/solid/liquid contact region for correct LHP operation description. 
This suggests that the θ = 0° can lead to serious overestimation of heat pipe working parameters. 

The unique physical properties of ammonia allows LHP charged by this fluid to operate at much 
higher heat loads than LHP with any other working argent for temperature range –30 to 60 °C (Fig. 
11). Practically no one fluid except ammonia can be used (for given evaporator wick structural and 
geometrical parameters) for transfer heat rates up to 40 W/cm2. Although water has better 
characteristics, this fluid has a very low saturated pressure value at 40 °C (see Viscous criterion) that 
can cause problems with LHP operation. 
 
Knudsen Number 
The vapor zone can penetrate relatively deep into the capillary wick before the operation of LHP 
system can fail due to the viscous limit. It is important to estimate the character of vapor flow in the 
wick for correct LHP modeling. The key criterion for this estimation is the Knudsen number where the 
characteristic flow dimension for our case is the effective pore diameter dp of the LHP evaporator 
wick.According to definition [29] the Knudsen number in particular flow determines the degree of 
flow rarefaction and degree of validity of the continuum approach: 
• Euler equation (neglect molecular diffusion)    Kn→0 (Re→∞) 
• Navier-Stokes equations with no-slip boundary conditions  Kn<10-3 
• Navier-Stokes equations with slip boundary conditions  10-3≤Kn<10-1 
• Transition regime       10-1≤Kn<10 



 

J. M. Ochterbeck et.al. 110 

• Free molecule flow       Kn≥10 
For an ideal gas model (molecules are rigid spheres) the mean free path is related to a temperature and 
pressure: 
 

free
w w

kT
nd pd

λ = =
π π2 2
1

2 2
 (22) 

 

The molecular or Van der Waals diameter is connected with vapor density and [30]: 
 

 
free

g vR T
µ π

λ =
ρ 2

 (23) 

 

It should be mentioned that eq. (23) is valid only for vapor flow. Unfortunately, at the present moment in 
spite of very quickly growing volume of experimental data there is no special parameter for liquid flows in 
micro channels characteristic of the classification as we have for gas and vapor flows. The reason is the 
concept of mean free path is not very useful for liquids and the conditions under which a flow fails to be a 
Newton liquid flow are not well defined. Moreover, the experimental data of flow in microchannels are very 
conflicting.  For such type of flows the phenomenological approach for analyzing the data is to define an 
apparent viscosity µa calculated so that if it were used in the traditional no-slip Navier–Stokes equations 
instead of the liquid viscosity µl, the results would be in agreement with experimental observations. One 
researcher reports µa is increasing with decreasing of microchannel diameter, while another reports about µa 
dramatic decreasing relatively to macro value of viscosity, and a third telling µa=µl for thin-film flows as long 
as the film thickness exceeds 10 molecular layers.  A very good literature overview of this question was made 
by Mohamed Gad-el-Hak [29]. Although a majority of experimental results testify to the validity of the 
Navier-Stokes equations with no-slip boundary conditions approach (macroscale continuum theory) for liquid 
microflow modeling up to channel diameter 0.1-1 µm additional experimental and theoretical research efforts 
are required. 
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Fig. 12 The dependence ammonia Knudsen 

Number on temperature. 
Fig. 13 Critical vapor zone depth in the wick for 

different LHP working fluids as a function 
of heat load (operational temperature is 
20°C, dp=1 mm). 

 

In Fig. 12, the Knudsen number dependence on working temperature of ammonia LHP for effective 
pore wick diameter 1 µm is presented. The vapor flow inside the wick should be considered as a slip 
flow practically in all working range of ammonia (except very high and very low temperatures) for the 
chosen characteristic flow dimension. As well, Kn was determined from eq. (23) for liquid flow for 
illustrative purposes. 
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PHENOMENAL LHP CRITERIA 
Viscous Criterion 

In the case of same specific conditions for ordinary heat pipes and thermosyphons (very low 
operational temperature for given working fluid or/and extremely long heat pipe or start-up from 
frozen state) the vapor pressure drop between evaporator and condenser may be extremely small. If 
vapor viscous pressure loses are larger then the pressure gradient caused by the imposed temperature 
difference then flow will not be generated and the vapor may stagnate. This no-flow or extremely low 
flow condition in the vapor portion of heat pipe is referred to as the viscous limitation [5]. 

For an LHP, this limit has a different special meaning. During LHP operation the boundary 
surface between vapor and liquid zones is presented inside the capillary wick. This surface is moved 
deeper into the wick with rise of heat load (see, for example [17]). Based on the assumptions in this 
paper the LHP evaporator capillary wick model as a series of independent cylindrical channels with 
radius equal to the effective pore radius of the capillary structure, it is possible to estimate the 
maximum depth of the vapor-liquid boundary from adaptation of classical dimensionless viscous limit 
of heat pipe operation ( ∆Pv/Pv <0.1) to LHPs conditions. Then, ∆Pv is the pressure drop occurring in 
the vapor phase inside the wick and Pv the saturated vapor pressure (corresponding to the LHP 
operational temperature Tv). As a rule, the Reynolds numbers for flows inside the wick are very small 
due to micron sizes of pores and flows are laminar. Thus, we can obtain the critical depth of vapor-
liquid boundary lcr: 
 

 p v v fg
cr

v ev

. d P h
l

q
ρ

=
µ

20 1
32

 (24) 

 

The vapor zone critical depth dependence on heat load for different liquids is shown in Fig 13. 
The calculation was made for an operational temperature 20°C and for above indicated geometrical 
parameters of LHP evaporator. As can be seen the critical depth is decreasing with increase of heat 
load but the heat load increase force the liquid to penetrate deep into wick and it increases the 
probability of LHP operation failure due to viscous limit. The problem of phase change boundary 
movement in a porous structure is very important and needs more extensive experimental end 
theoretical investigations. 
 
Boiling Criterion 

In LHPs the phase boundary is placed inside the capillary wick and the gap between the boundary 
and evaporator enclosure wall is filled by saturated and overheated vapor. It should be mentioned that 
if an LHP evaporator is designed in a way that contact between the evaporator wall and the liquid 
agent is eliminated during LHP operation, then presence of gas-filled micro cavities at the evaporator 
wall do not have any influence on boiling initiation in the heat pipe. Thus, if purity of the working 
fluid is high, the explosive boiling in the evaporator will only start when the superheat limit conditions 
for liquid in the capillary wick are reached. From a thermohydraulic analysis of LHP operation [11], 
the maximum superheated liquid is placed straight under the evaporating inverted meniscus. 
According to pressure-temperature [31] diagram of LHP operation the operational condition of an 
LHP as a capillary pumped device can be presented in the traditional manner: 
 

 
cap max p LHPP r P−∆ = σ ≥ ∆2  (25) 

 

where  ∆Pcap -capillary head, ∆PLHP - total pressure losses along the circulation loop (including losses 
in vapor grooves, vapor line, liquid line and wick) The explosive boiling condition in an LHP will be 
then vapor temperature in evaporator will equal temperature of homogeneous nucleation in an 
unconstrained liquid at pressure (Pv – ∆Pcap ). Then, the boiling limit condition is: 
 

 ( )* *
v sh v v capT T P                P P (T ) P≤ = − ∆1  (26) 

 

It is very difficult to reach this limitation due to ∆Pcap, as a rule, is on the order of magnitude or less 
than 1 bar and (Pv(Tv) – ∆Pcap )≈Pv(Tv) is in the liquid critical region. It leads to the conclusion that if the 
LHP is fabricated and filled by working agent with high carefulness and thoroughness that eliminate the 
presence of non-condensible gases (adsorbed, absorbed and dissolved) in the system, practically there is no 
boiling phenomenon which will be realized during LHP operation. It should be mentioned we are not 
talking about LHP start-up conditions or regions outside of the wick structure. These problems must be 
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considered separately. Preliminary high static pressurization of the LHP evaporator filled by working liquid 
can be recommended as one of the stages of the heat pipe manufacturing process. More extensive 
discussion about heat pipes boiling criteria can be found in the [32]. 
 
Mach Number 

E. K Levy first theoretically investigated the sonic limitation as a restriction of a heat pipe operation 
in 1968. Every heat pipe theory book has a paragraph or chapter, which are dedicated to this problem. 
All researchers emphasis that the sonic limitation is usually important at the heat pipe start-up or/and 
very low values of the vapor pressure and high heat loads (high temperature drop between evaporator 
and condenser). As more heat is applied to the evaporator the vapor velocity increases accordingly. If the 
vapor flow becomes sonic the heat transfer rate becomes constant. This rate does not change with further 
heat load rise. Thus, the heat flux that results in choked flow is corresponded to the sonic limit of the heat 
pipe operation. The basing of Ma<0.1 criteria can be find in [33]. 
 
 
 
CONCLUSION 

Sets of dimensionless criteria for LHP design and operation were noted and analyzed. Criteria 
based on general dimensionless numbers from heat and mass transfer theory, heat pipe operational 
limitations adopted for LHP conditions and LHP specific features. The use of dimensionless analysis 
provides a better understanding of the physical phenomena in an LHP and means for comparison and 
generalization of data. 

The presented set of dimensionless criteria can be used as an effective instrument of LHP scaling 
design and operation analysis which allows to define the main physical processes in LHP, to estimate 
the values and magnitudes of different forces, , to select working fluid (group of fluids) and to develop 
LHP evaporator prototype drawing. This set can be a useful analytic tool in advance of complex 
mathematical modeling using thermal-fluid differential equations. 

  
Nomenclature 

 
, ,1 2 3A  Constants 

( )l vgL
Ar

ρ ρ − ρ
=

µ

3

2
 Archimedes number 

( )ρ −ρ
=

σ

2
l v gd

Bo  Bond number 

convhBi
l

=
λ

 Biot Number 

C  constant 
Ca  capillary number 

pc  specific heat 

sC  Stefan-Boltzmann constant 

b

vCu
E
ρ

=
2  Cauchy Number 

DN  Dimensionless number 
1d  outer wick diameter 

2d  inner wick diameter 
d  diameter 

wd  molecular diameter; 

bE  Bulk modulus of fluid 
Fm  figure of merit 

( )l v

vFr
Lg

ρ
=

ρ − ρ

2
 Froude number 

m
t

vFr
g TL

=
β ∆

2
 Modified Froude number 

f  function 

turbf  friction factor for turbulent 
flow 

g  acceleration of gravity 
Go  Goncharov-Kolesnikov 
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tgL TGr ρ β ∆

=
µ

3 2

2
 Grashof number 

H∆  height difference 
fgh  latent heat of evaporation 

toth  overall heat transfer 
coefficient 

K  permeability of the wick 
fg

leak

h m
Ko

q
=

&  Kossovich number 

freeKn
L

λ
=  Knudsen number 

L  characteristic length 
l  length 
wl  length of evaporator active 

zone 
lhpl  length of LHP 

m&  mass flow 
M  charging mass of working 

fluid 
soundMa v v=  Mach number 

tothNu
l
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/Oh We Re= 1 2  Ohnesorge number 
p  pressure 

p

fg

c T
Ph

h
∆

=  Phase Change number 

pv c
Pe

l
ρ

=
λ

 Peclet number 

evQ  heat input 
q  heat rate 
r  radius 

t pgL Tc
Ra

ρ β ∆
=

λµ

3 2
 Rayleigh number 

vdRe ρ
=

µ
 Reynolds number 

S  area 
LSu ρ σ

=
µ2

 Suratman number 

T  temperature 
V  volume 

loopV  LHP total volume 
v  velocity 

LvWe ρ
=

σ

2
 Weber number 

ε  porosity 

tε  roughness 
ρ  fluid density 

Lcρ  liquid density (cold case) 

Vcρ  vapor density (cold case)  

Lhρ   liquid density (hot case) 

Vhρ  vapor density (hot case) 

β  fraction of CC volume occupied 
by liquid (cold case) 

βt  thermal expansion coefficient 
α  void fraction of CC volume 

(hot case) 
µ  dynamic viscosity 
λ  thermal conductivity 

freeλ  mean free path 
δ  thickness 
Π  disjoining pressure 
σ  surface tension 
θ  contact angle 
 
Subscripts 
c  condenser 
cap  capillary 
char  characteristic 
cr  critical 
eff   effective 
ev  evaporator 
LHP  Loop Heat Pipe 
l  liquid 
max  maximum 
mbl  microgravity Bond length 
o  output 
p  wick pore 
s h   superheat 
tot  total 
v  vapor 
vg  vapor collecting grooves 
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