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Abstract

Loop heat pipes (LHPs) are efficient heat transfer systems whose operation is based on the liquid-vapour phase-change
phenomenon. They use the capillary pressure generated in the porous structure to circulate the fluid from the heat
source to the heat sink. In this paper, an exhaustive literature review is carried out in order to investigate the existing
steady-state models of LHPs. These models can be divided into three categories: the complete numerical models, the
numerical evaporator models and the analytical models. The most used models are described and compared. Finally,
a synthesis summarizes all the steady-state models from the literature in a comprehensive table. The review shows the
evolution of the modelling works in the past 15 years and highlights the increasing development of 3D investigations.
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1. Introduction

Loop Heat Pipes (LHPs) are efficient heat transfer
devices based on the liquid-vapour phase-change phe-
nomenon. They provide a passive heat transfer between
a heat source and a heat sink, using the capillary pres-
sure to circulate the fluid. Compared to conventional heat
pipes, LHPs offer several advantages in terms of flexibility,
operation against gravity and heat transport capability.

Since their first successful applications in the aerospace
industry, LHPs have gained a major interest in aeronau-
tics and terrestrial applications. As a consequence, many
experimental works have been published to provide use-
ful data to understand the physical mechanisms governing
these systems in various operating conditions (against the
gravity, cyogenic applications, start-up behaviour, etc.)
and to optimise their design (choice of the working fluid,
material of the wick, geometry of the evaporator, etc.).
At the same time, many theoretical studies have been un-
dertaken to predict accurately the behaviour of LHPs, in
particular the coupled phenomena occurring in the evapo-
rator/reservoir structure.

Several literature reviews on LHPs are already available.
Ku [1] presents an extensive analysis of the operating char-
acteristics of loop heat pipes. After explaining the oper-
ating principles and the thermohydraulics of LHPs, the
authors investigate the LHP behaviour (operating tem-
perature, temperature control, start-up, hystereses, shut-
down) and the effect of the evaporator mass, the elevation,
the non-condensable gases and the heat losses to the am-
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bient on the LHP operation. Several LHP designs are also
discussed.

Maydanik [2] also presents a review of developments, re-
sults of theoretical analyses and tests of LHPs. The paper
mainly deals with LHP designs and applications. Vari-
ous types of LHPs (large, controllable, ramified, reversible,
miniature) are compared and the LHPs for both spacecraft
applications and electronics cooling are presented.

An extension of these works is given by Launay et al.
[3]. The authors present an exhaustive review of the pa-
rameters affecting the LHP steady-state operation. An
extensive analysis of the operating limits of LHPs is also
provided.

A review from Ambirajan et al. [4] is also available in the
literature. After explaining the fundamental concepts of
the LHP behaviour, the authors discuss the construction
details, the operating principles and the typical operating
characteristics of LHPs. The paper also present current
developments in modelling of thermohydraulics and design
methodologies. The review of the modelling studies is,
however, far from exhaustive and needs a further analysis.

Launay and Vallée [5] presents an exhaustive overview of
the experimental studies published between 1998 and 2010.
This review provides a database of experimental results
and highlights some omissions in the published works that
make the data difficult to use for further studies.

Recently, Maydanik et al. [6] presented a literature re-
view of developments and tests of LHPs with flat evapo-
rator designs. The authors discuss the various geometrical
configurations (disk-shaped, rectangular, flat-oval) and the
working fluids that may be used in each case. Then, the
modelling works on flat evaporators are presented and the
applications of such systems are discussed.
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Wang and Yang [7] carry out a review on loop heat pipes
dedicated to use in solar water heating. After analysing
the working principles of LHPs and discussing the existing
experimental and theoretical works, the authors further
investigate the opportunities of using solar water heating
systems with LHPs.

No exhaustive review on LHP steady-state modelling
studies exists in the literature. This paper intends to in-
troduce a comprehensive review of the existing theoretical
works on this subject that have been published since 1999.
This work should help to give a global view of the existing
models in the literature and to point out their similarities
and differences. It also highlights the physical mechanisms
involved in LHPs that are today still not appropriately
taken into account in most of the investigations.

Most of the theoretical models can be divided into
three categories, corresponding to complete numerical
LHP models, to precise evaporator descriptions and to an-
alytical approaches to describe LHPs.

2. Complete numerical LHP models

The majority of complete numerical LHP models are
based on a volume element discretisation or on electrical
analogies and describe the whole device as a nodal net-
work. The links between the nodes are represented by
thermal resistances or conductances and the energy bal-
ance equation is applied to each node.

Kaya et al. [8] develop a mathematical model of a loop
heat pipe based on the steady-state energy balance equa-
tions at each component of the system. A cylindrical evap-
orator is considered. The following main assumptions are
used in the development of the model:

e The heat transfer through the wick is directed only
towards the radial direction.

e The compensation chamber and the evaporator core
contain both liquid and vapour phases.

e The LHP reaches steady-state for a given loop condi-
tion.

The total heat load to be dissipated Q;in is equal to the
sum of the heat rejected in the two-phase portion of the
condenser (latent heat) Q., the parasitic heat leak Q1,1 and
the heat losses from the vapour line to the ambient Qya:

C\?in — Qc + th + Qvl—a (1)

In the evaporator, the heat leak compensates the subcool-
ing of the returning liquid Qs. and the heat losses from
the compensation chamber to the ambient Q¢c.»:

th = Qsc + Qcc—a (2)

To calculate the heat leak, the authors only consider con-
duction through the wick, which can be written as:

2T Nt Ly

@n =17 (Dw.o/Dwi)

ATy w (3)

where Ao is the effective thermal conductivity of the wick,
Ly, its length and Dy ; and Dy, , its inner and outer diame-
ters, respectively. The temperature across the wick AT,
is the difference between the local saturation temperatures
caused by the total system pressure drops A Pyoal, exclud-
ing the pressure drop in the wick structure AP:

or

ATac,w = <8_P)sat (Aptotal - APW) (4)

The slope of the vapour-pressure curve (0T /0P )sa; can be
calculated using the Clausius-Clapeyron relation. The to-
tal pressure drops in the system consist of the frictional
steady-state pressure drops in the vapour line APy, the
liquid line AR, the condenser AP,, a potential subcooler
AP, the bayonet APy, the porous structure AP, and
the vapour grooves AP,,,. If the LHP is not in horizon-
tal orientation, the pressure difference associated with the
gravity effects A Pgray also needs to be taken into account:

APtotal :APVI + APll + APC + APsc + APbay + AF’w
+ APvgr + APgrav (5)

The authors employ single-phase correlations to calculate
all the frictional pressure drops and take into account the
flow regime (laminar or turbulent) in the calculation. The
relevant properties of the fluid are calculated with respect
to the saturation temperature Tg,;. Two distinct correla-
tions are used to estimate the effective thermal conductiv-
ity of the wick. To determine heat losses to the ambient,
the authors test either a natural convection hypothesis or
a radiative hypothesis.

The two-phase heat removal in the condenser consists of
two parts: heat rejection to the sink and heat loss to the
ambient. The length of the two-phase flow portion in the
condenser L, is then given by:

Lc,2<p :Qc / dx [(UA/L)(‘,S (Tsat - Tsink)

in

+(UA/L)(‘,3 (Tsat - Tamb)]i1 (6)

where (UA/L)cs and (UA/L)., are the thermal conduc-
tance per unit length from the surface of the condenser to
the heat sink and to the ambient, respectively and z is the
thermodynamic quality of the flow: zij, = 1 and oy = 0
if the total two-phase region is located in the condenser.
Tiink and Tayp, are the temperatures of the heat sink and
the ambient, respectively. The liquid temperature at the
exit of the condenser is calculated by integration of the
local heat balance on an elementary length of the tube dz:

. dT
mcepl—— = (UA/L)C73 (T — Tamb) + (UA/L)CJ (T — Tsink)

dz
(7)
where the mass flow rate 7 is:

Qe

m =
hlv

(8)



and cp1 and hiy are the specific heat of the liquid and the
enthalpy of vaporisation of the fluid, respectively.

The same method is applied for the potential subcooler
and for the liquid line. The subcooling of the returning
liquid is thus given by:

Qsc = mcp,l (Tsat - TLout) (9)

where 1] o, is the fluid temperature at the end of the lig-
uid line. The LHP operating temperature Ty, is then a
function of Qin, Tsink and Tamp. An iterative procedure is
implemented until convergence is reached.

The authors compare their model to experimental data
obtained with the GLAS LHP' and another loop devel-
oped for the Naval Research Laboratory (NRL). The pre-
dictions, for two distinct heat sink temperatures, are very
close to the experimental results. At low powers, some
discrepancies exist showing a need of a more precise con-
sideration of the heat losses to the ambient.

The consideration of radial mass flow in the wick was
added in a later paper, and new correlations for natural
convection were also compared to better take into account
heat losses to the ambient [10]. The authors state that the
mathematical modelling of the LHP performance charac-
teristics becomes more difficult as the size of the LHP de-
creases. Indeed, the low mass flow rates associated with
the low power levels in small LHPs induce a longer dwelling
time for the working fluid in the transport lines, despite
smaller tube diameters. Therefore, the heat exchange with
the surroundings becomes more important. Additionally,
heat and mass transfer in small diameter tubes is less in-
vestigated and thus more difficult to predict. According
to the authors, the differences between the measured and
the calculated LHP operating temperatures are mainly at-
tributed to the inability to predict the overall effective
thermal conductance across the wick.

The 1-D steady-state model of Chuang [11] is based
on the energy balance equation, thermodynamic relation-
ships and detailed heat transfer and pressure drop cal-
culations in the liquid, vapour and condenser lines. The
model includes the pressure drops induced by the bends in
both the transport lines and the condenser, the convective
heat transfer between the fluid and the wall in the vapour
groove and both axial and radial heat fluxes in the wick.
In a horizontal configuration, pressure drops in the vapour
line, in the condenser, and through the wick are found to
be in the same order of magnitude, except at low heat loads
for which the pressure drops due to the fluid flow in the
porous structure are dominant. Moreover, heat transfer
in the vapour channels induces a slight superheat (several
Kelvins) at the entrance of the vapour line. This study de-
scribes extensively the LHP operation in gravity-assisted
conditions. When the LHP is operated at a positive ele-
vation (condenser located above the evaporator /reservoir,

LGLAS LHP: Geoscience Laser Altimeter System Prototype Loop
Heat Pipe, purchased by the NASA in 1997 from Dynatherm Cor-
poration [9]

evaporator /reservoir in horizontal configuration), it can
operate in capillary-controlled mode or gravity-controlled
mode. When the operation is controlled by the capillary
forces, the vapour grooves are only filled with vapour and
the total mass flow rate o2 can directly be calculated
using the heat flux dissipated by evaporation Qevap:
Miotal = My = % (10)
v

where 7, is the vapour mass flow rate in the grooves. In
the gravity-controlled mode, the fluid flow in the channel
becomes two-phase. The mass flow rate is therefore calcu-
lated by:

. . L Qevap .

Miotal = My + 1 = + 1y (11)

hlv

where 1, denotes the liquid mass flow rate forced into the
vapour groove. Additionally, the pressure gain has to be
taken into account in the pressure balance equation. In the
gravity-controlled mode, the pressure gain from the liquid
head compensates the system total pressure drops. Ac-
cording to the authors’ results, when the heat load is low,
the LHP operates in gravity-controlled mode and the total
mass flow rate in the system does not change much with
the heat input. The operation is then similar to that of a
thermosyphon. However, for higher heat loads, evapora-
tion across the menisci at the outer surface of the primary
wick takes place and provides the additional pressure gain
required by the system (capillary-controlled mode). The
elevation has a great impact on the LHP operation when
the heat load is low and modifies significantly the shape of
the characteristic curve. Despite interesting results, heat
transfer in the evaporator and the reservoir are not pre-
cisely described and the authors stress the need of a better
radial heat leak model based on heat load, temperature
distribution in the primary wick, orientation, properties
of the primary wick and vapour quality in the evaporator
core.

Adoni et al. [12] developed a mathematical model to pre-
dict thermal and hydraulic performance of an LHP, based
on conservation of mass and energy in the system. The
presented model is valid for several geometries (cylindrical
or flat-plate evaporator, LHP or CPL). The same general
method as the one previously described is implemented.
Additionally, the pressure drops across the wick are cal-
culated using the Darcyan theory and specific correlations
from the works of El Hajal et al. [13] and Thome et al.
[14] as well as the Friedel correlation [15] are used to cal-
culate the two-phase heat transfer and pressure drops in
the condenser.

Their model includes the consideration of hard-filling,
corresponding to a reservoir full of liquid, thus not allow-
ing a two-phase saturation equilibrium in this loop ele-
ment. In that case, the energy balance equation in the
LHP core (Equation 2) is solved simultaneously for the
reservoir temperature and the liquid density in the reser-
voir. Indeed, the reservoir temperature determines both




the subcooling of the liquid entering the condenser and
the liquid density inside the reservoir. Thus, knowing the
exact mass of working fluid in the system, it is possible
to determine a reservoir temperature that provides at the
same time enough subcooling and a two-phase length that
is consistent with a flooded reservoir.

The authors conclude that hard-filling leads to an early
fixed conductance mode, an increase of heat leaks and a
reduction of the condensation length due to the expansion
of the liquid.

A later study adds the consideration of the bayonet and
presents the effect of the mass of working fluid on the LHP
performance [16]. To take into account the presence of
the bayonet, the authors add several nodes to the model
(Figure 1).

In the evaporator core, there is a heat balance between
the radial heat leak @y, the heat from the core to the
reservoir ()¢, and the subcooling of the returning liquid:

Qni = Mmcp s5ae(Ts — The) + Qe (12)

where ¢p, 54 is the mean specific heat of the working fluid
between the outlet of the bayonet (5) and the inlet of the
core in the bayonet (4e). Q.. is equal to:

Qc,r = >\c,r(T5 - Tr) (13)

where A¢, is the thermal conductance between the core
and the reservoir. In the reservoir, the energy balance is:

Qr,oo = Qb7r + Qc,r + QevapJ (14)

where ;o is the heat loss to the ambient, Qy , is the
heat exchange between the fluid and the bayonet in the
reservoir and Qevap,r iS the axial parasitic heat flux. The
authors describe two distinct states of the reservoir. In-
deed, the thermal coupling between the reservoir and the
core strongly depends on the volume of working fluid in-
side the loop. If the height of liquid in the reservoir is
such that vapour can exist in the reservoir tube and the
core, then the reservoir has a good thermal and hydraulic
coupling with the core. Otherwise, a bad thermal link ex-
ists. When a bayonet is present in the core, as cold liquid
exits from it, the temperature of the reservoir is higher
than that of the core which is subcooled. In case of a good
thermal link, the vapour generated in the reservoir travels
to the colder core where it condenses.

The authors also further studied the hard-filling phe-
nomena and the influence of the bayonet on a hard-filled
reservoir [17]. Their results show that the mass of work-
ing fluid and the bayonet have a significant influence on
the LHP operation. With larger masses, the heat load at
which hard filling occurs reduces, thus inducing a steep rise
in the operating temperature. When a bayonet exists and
the ambient temperature is higher than that of the heat
sink, the superheat of the reservoir may lead to a deprime
of the loop. Indeed, in such a case, the hard-filling leads
to a steep rise of the liquid temperature in the reservoir

compared to the core temperature. If the superheat is high
enough, boiling incipience could occur and induce a major
degradation or even the failure of the loop operation.

Bai et al. [18] also model an LHP (with cylindrical
evaporator) based on energy conservation laws. Their
work shows the influence of a two-layer compound wick
(Figure 2) and takes into consideration the liquid-vapour
shear stresses in the condenser, based on an annular flow
regime and considering both phases independently. Heat
transfer in the evaporator is modelled using a nodal net-
work and applying an energy balance at each node. The
various thermal conductance are estimated by the exper-
imental data or calculated using a radial 1D approxima-
tion of heat and mass transfer in the wick. The descrip-
tion of the two-phase region in the condenser (and in the
transport lines if the two-phase zone exceeds the condenser
boundaries) is obtained by finite difference solutions. The
vapour quality and the pressure drops are thus obtained.
The transport lines are divided into several nodes, each
of which representing a certain control volume, and the
calculations are conducted at each node. However, longi-
tudinal conduction in the transport lines is neglected and
the thermal conductance between the evaporator wall and
the liquid-vapour interface is set in accordance with exper-
imental results. The study also describes the behaviour of
a loop with a flooded reservoir (hard-filling). Under this
situation, the volume expansion of the working fluid in the
reservoir results in the filling of an increasing length of the
condenser when the applied heat load and the operating
temperature increase. The conclusions are the same as
in the work of Adoni et al. [12]. The authors also con-
ducted a parametric analysis of a cryogenic LHP based on
the same model, with the addition of secondary condenser,
evaporator and compensation chamber [19)].

/ Evaporator casing

Vapor groove

Outer layer wick

Inner layer wick

Evaporator core

Bayonet

Figure 2: Schematic of the cross-section of a two-layer compound
wick [18]

Singh et al. [20] present a steady-state model of an LHP
with a flat disk-shaped evaporator on the basis of mass
and energy conservation principles for several control vol-



evaporator

SIVIVANVNNRANNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

%

XXX

%

ANYNNNNTNNTNVUNNNNNNNNNNNNNNNNNNNNNNNNNNNENNNNN

4e

\s

Qload ‘

condenser

Figure 1: Schematic of an LHP with a cylindrical evaporator and a bayonet

umes. The description of the evaporator takes into account
heat losses to the ambient as well as parasitic heat trans-
fer (Figure 3). The total heat load is dissipated by the
evaporation, heat losses to the ambient and the subcool-
ing of the returning liquid. Single-phase flow correlations
are used in the condenser and heat losses to the ambient
are neglected. A condenser model is developed to take
into account the fin-and-tube geometry of the condenser.
A global description is presented, defining an overall sur-
face efficiency of the fin array and a log mean temperature
difference from the fin surface to the ambient air. The
surface temperature of the fin array is considered uniform
and equal to the temperature of the condenser tube. An
acceptable agreement with the experimental data is found
with a nickel wick. However, a rather large difference is
observed between the calculated performance for a cop-
per wick and the experimental results. According to the
authors, this is probably due to the shortcoming of the
model to consider accurately the heat and mass transfer
inside the evaporation zone.
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Figure 3: Energy baiazze on the evaporator

Riviére et al. [21] present a complete numerical model
of LHP in order to study the influence of the fluid mass
distribution in a loop with a flat evaporator. The model
is based on a classic nodal network for the consideration
of heat transfer in the evaporator/reservoir. However, the
vapour grooves, the transport lines and the condenser are
discretised into small elements and two energy balance
equations are applied on each element, one for the solid
wall and one for the fluid. Such a distinction between the
wall and the fluid temperatures is the main original fea-
ture of this model (Figure 4). It enables to take into ac-
count the temperature variation in the vapour grooves and
in the vapour line, as well as the longitudinal conduction
through the transport line walls. Furthermore, the possi-
ble occurrence of fluid condensation in the vapour line as
well as a vapour desuperheating zone in the condenser are
considered. The authors show that vapour starts to con-
densate in the vapour line, due to heat losses to the am-
bient. They also investigate the influence of the transport
line wall thermal conductivity and the fluid mass distribu-
tion in the LHP during operation. This model is further
developed in Siedel et al. [22]. The authors combine the
monodimensional discretisation of the transport lines with
a 2D development of the heat and mass transfer in the wick
and in the evaporator casing, in the case of a disk-shaped
geometry. Such an improvement enables an accurate de-
termination of the parasitic heat fluxes and the considera-
tion of an accommodation coefficient to characterise heat
transfer in the evaporation zone.

Hodot et al. [23] developed a global LHP model, com-
bining a fine three-dimensional description of the evapo-
rator /reservoir and a monodimensional thermo-hydraulic
model of the transport lines and the condenser. The 3D
heat transfer equation is solved using the OpenFOAM soft-
ware and results are presented for a cylindrical geometry.
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Figure 4: Fluid and wall temperatures along the LHP [21]

Convective heat transfer is taken into account inside the
reservoir, in the grooves, as well as in the porous medium.
The 1D nodal model of the transport lines is based on the
work of Riviére et al. [21], enabling the consideration of
the longitudinal conduction in the transport lines. The
authors use the simulations to optimise the saddle shape
design (Figure 5) and the vapour grooves number and lo-
cation. Such a complete model associates a thorough mod-
elling of heat and mass transfer in the transport lines and
the condenser with a fine 3D thermal description of the
evaporator /reservoir, thus enabling an accurate consider-
ation of the parasitic heat losses during operation.

325 327.5 330 332.5 335 324 326 328 330
323 336.5 323 331

£ )

Figure 5: Optimisation of the saddle shape [23]

K 2

Several other global numerical steady-state models can
be found in the literature [24-30]. They are summarised
in section 5.

3. Numerical evaporator models

Many numerical LHP models can be found in the liter-
ature and are useful tools for the design and optimization
of LHPs as well as for a better understanding of the cou-
pled phenomena involved in the LHP operation. However,
these models are limited and their major restriction lies
in an inaccurate modelling of the phenomena occurring
in the evaporator/reservoir. Indeed, heat transfer inside
the evaporator as well as heat losses to the ambient have
a decisive influence on the loop operation, particularly at

low heat loads. Therefore, heat and mass transfer between
the components constituting the evaporator reservoir (the
evaporator casing, the wick, the reservoir wall, the liquid
pool inside the reservoir and the vapour grooves) must be
evaluated accurately. These heat fluxes depend on numer-
ous parameters: groove design, effective thermal conduc-
tivity of the wick, evaporation heat transfer, thermal con-
ductivity of the evaporator envelope material, thermohy-
draulic properties of the fluid, etc. As a consequence, thor-
ough studies have been undertaken to model heat transfer
in the evaporating region, in the wick, or in the entire
evaporator /reservoir.

Several theoretical analyses specifically investigate the
development of a vapour zone inside the porous medium
[31-36]. These studies, based on continuum models or
pore-network simulations, focus on heat and mass transfer
inside the wick in order to evaluate the size and the shape
of a potential liquid-vapour interface inside the porous
structure. Other investigations assume a porous structure
that is fully saturated with liquid.

3.1. Fully saturated wick

A majority of the LHP models from the literature as-
sume a complete liquid saturation of the wick and a static
liquid-vapour interface at the surface of the wick in con-
tact with the groove. In that case, the menisci providing
the capillary pressure are all located in the pores at the
surface of the porous structure in contact with the grooves
and the wick is full of liquid.

Li and Peterson [37] developed a three-dimensional
steady-state model of a square flat evaporator with a fully
saturated wick structure. The computational domain in-
cludes the liquid bulk of the reservoir, the wick, a groove
and a metallic substrate where the heat input is imposed
(Figure 6). The 3D governing equations for the heat and
mass transfer (continuity, Darcy and energy) are devel-
oped. A temperature boundary condition is adopted at
the liquid-vapour interface, assuming a perfect evapora-
tion rate. Furthermore, no thermal resistance is taken
into account for the contact between the envelope and the
wick. In order to expedite the convergence of the cal-
culations, a line-by-line iteration and a Tridiagonal Ma-
trix Algorithm along with a Thomas algorithm solver, and
successive under-relaxation iterative methods are used to
obtained the three-dimensional temperature distribution.
The temperature and pressure distributions in the wick are
discussed and the velocity field is investigated. The highest
heat flux occurs in the wick-fin-groove corner, confirming
the results of Demidov and Yatsenko [38]. Furthermore,
the results show that the temperature difference is not sig-
nificant along the axial direction of the groove. Thus, a
two-dimensional assumption is acceptable in the modelling
of the evaporator.

Zhang et al. [39] also developed a 3D model of a flat
evaporator of an LHP. However, in that case, the reservoir
is adjacent to the wick. Thus, the liquid flow entering the



Figure 6: View of the computational domain [37]

wick is perpendicular to the heat flux imposed at the evap-
orator wall. The computational domain is approximately
the same as in the work of Li and Peterson [37] (Figure 7).
The wick is considered to be fully saturated with liquid.
The fluid flow in the wick and in the groove are determined
based on the equations of continuity, energy, momentum
and Darcy. Heat conduction is also computed in the wall
region. No heat losses to the ambient nor from the wall
to the reservoir are considered. The boundary conditions
for the wick region are the reservoir temperature on one
side and the saturation temperature of the vapour groove
at the liquid-vapour interface. The thermal contact be-
tween the wall and the wick is considered perfect. A finite
volume method is introduced to solve the problem.

The flow and temperature fields in the wick and the
structural optimisation of the evaporator (location and
shape of the grooves) are discussed (Figure 8). The re-
sults show that the temperature at the top of the wall in-
creases smoothly in the axial direction of the groove. Due
to the effect of evaporation, the temperature is higher in
the wick than at the interface between the wick and the
vapour groove. The liquid flowing through the wick is su-
perheated before reaching the evaporation zone. The pres-
sure drop induced by the flow in the wick is only of 129 Pa
when the heat load is equal to 80W (10 W-cm~2). An
investigation is also made about the location and the geo-
metrical characteristics of the vapour grooves. Two types
of evaporators are compared: one with the vapour grooves
machined inside the wick (Figure 8b) and another with
the grooves inside the wall (Figure 8c). When the groove
is located inside the wall, the evaporating interface is only
located at the bottom of the vapour groove, which results
in larger temperature gradients in the wick, a higher su-
perheat of the liquid inside the capillary structure and a
higher temperature of the evaporator heating wall. The

Vapor Groove "

Wick

b Numerical domain

coordinate system

Figure 7: Numerical domain and coordinate system [39]

authors also conclude that the best results are achieved
with square grooves (ratio height-width equal to 1) and
with a width ratio fin-groove ranging from 0.5 to 1.

Chernysheva and Maydanik [40] present a 3D mathe-
matical model of a complete flat LHP evaporator with
the reservoir adjacent to the porous structure. All the
main structural elements of the evaporator/reservoir are
included in the model: body, wick, vapour grooves, barrier
layer and compensation chamber (Figure 9). The three-
dimensional heat equation is solved for the entire evapora-
tor. The authors consider a finite evaporation heat trans-
fer, thermal contact resistance between the wick and the
body and the drying of the wick surface, based on the nu-
cleation theory. If the local liquid superheat in the pores
is larger than a calculated nucleation superheat, the wick
surface is considered dry and no evaporation occurs at this
particular spot. Due to the agitation ensured by the lig-
uid that arrives from the liquid line, the fluid inside the
compensation chamber is considered at a uniform temper-
ature. A finite difference method is computed to solve
numerically the problem. The model adequately describes
thermal processes in the evaporator and the specific char-
acter of a one-sided heat load supply. The authors obtain
the 3D temperature field in the entire evaporator as well
as the velocity fields in the grooves (Figure 9). The results
show a nonuniformity of the evaporation rate in the entire
active zone. Indeed, there are low-evaporation zones ow-
ing to the insufficient heating of the peripheral sections of
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Figure 8: Temperature field in the flat evaporator [39]

the evaporator. The vapour grooves located in the centre
of the active zone contribute mainly to the evaporation
process. However, at high heat fluxes, large superheats
and a potential drying of the wick may lead to a larger
activation of the evaporation processes in the peripheral
sections. About 90 % of the total heat load is dissipated
through evaporation.

Chernysheva and Maydanik [41] further discuss the
temperature distribution in the evaporator and different
phases of the wick drying process for uniform and concen-
trated heating, based on the same model. A uniform heat-
ing means that the whole active zone is heated whereas
in the case of concentrated heating, the heater occupies
a small part of the active zone. Another paper presents
calculations for the heat and mass transfer in the compen-
sation chamber of the same evaporator and the intensity
of internal heat exchange in the reservoir depending on its
orientation [42]. The authors model heat and mass trans-
fer processes in the entire evaporator/reservoir using the
software EFD.Lab?. They obtain the temperature field in

2EFD.Lab: a computational fluid dynamics formerly distributed
by NIKA GmbH. The latest version, called FloEFDT | is distributed
by Mentor Graphics®
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Figure 9: Temperature field with Q;, = 400 W; A - top surface of
the body, B - at level of half the groove depth, C - at level of half
the evaporator thickness, D - evaporator view from above [40]

the evaporator and the velocity field in the compensation
chamber. The latter is considered completely filled with
liquid. A constant heat transfer coefficient with the am-
bient is assumed. A constant mass flow rate is taken into
account for the entrance into the bayonet as well as for the
interface between the wick and the liquid bulk. Further-
more, the surface of the vapour grooves is set at a constant
temperature. The results show that the influence of the
gravity is significant on heat and mass transfer in the reser-
voir. The local heat transfer coefficient in the liquid pool
of the reservoir can reach 600 W-m~2-K~! close to the wick
at high heat loads (Figure 10). The value of the mean heat
exchange coefficient in the compensation chamber is about
140 W-m~2.K~! at high heat flux (Q;, = 500 W).
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Figure 10: Heat transfer coefficient field at different heat loads: a)
100 W, b) 300 W, c¢) 500 W [42]

3.2. Liquid-vapour interface in the wick

The location of the liquid-vapour interface in the evap-
orator can have a significant influence on the heat transfer
inside the wick and is mostly of interest when investigat-
ing the deprime of the loop following the drying out of
the porous structure. Indeed, the growth of vapour zones
inside the wick leads to a different thermal profile in the
wick, to a change of the evaporation interface shape and,
in case of a penetration across the entire porous structure,
to a failure of the entire loop operation.

Considering heat and mass transfer and evaporation

processes in conventional heat pipes, Demidov and Yat-
senko [38] theoretically investigate the growth of a vapour
zone inside the capillary structure. The authors postulate
the existence of a vapour bubble between the wick and the
fin, growing in size and eventually communicating with the
groove (Figure 11).

cs s

liguid,

meniscus

Figure 11: Growth of (a) a "large" vapour zone and (b) a "small"
vapour zone inside the capillary structure [38]

This phenomenon is further studied by Figus et al. [31],
who also develop a pore network model to consider a pore
size distribution inside the porous structure. In this type
of model, the pore space is modelled by a network of sites
(pores) and bonds (throats), as presented in Figure 12. A
complementary network is considered to take into account
conductive heat transfer.

A ‘

[—:i—kf_] ﬁd—ks—‘ .\— Solid phase

O Site of pore Site of thermal
network network

Figure 12: Sketch of a pore network model [31]

At the beginning of the numerical procedure, the net-
work is saturated with liquid except the first series of
bonds underneath the fin which are saturated with vapour.
Mass, momentum and energy balance equations for each
element of the networks enable the calculation of the tem-
perature and the pressure fields. If the pressure difference
across the liquid-vapour interface is higher than the max-
imal capillary pressure, the bond associated with that dif-
ference is invaded by the vapour. Once the network phase
distribution has been updated, the overall procedure is re-
peated until a stationary solution is found.

The authors compare the standard continuum model
(based on continuous equations) with the pore network one



(Figure 13a), for a constant pore size in the entire wick.
To locate the liquid-vapour interface inside the wick, the
continuum model assumes the wick to be filled with vapour
if its temperature is greater than the saturation tempera-
ture. Both methods give similar results characterised by
a smooth vapour zone under the fin. When the wick does
not have a homogeneous porosity, a fractal vapour zone
extension is observed (Figure 13b). They obtain vapour
breakthrough for heat flux equal to about 20 W-cm=2. As
in the previously cited work, the authors assume the pres-
ence of an initial vapour zone in the wick, initiating the
vapour invasion process.

(a) (b)

Figure 13: Pore-network simulations of the vapour front inside the
porous wick [31]: (a) homogeneous porosity (¢ = 5kW-m~2): con-
tinuum model (black) and pore-network model (white); (b) inhomo-
geneous porosity (¢ = 90 kW-m~2)

Other modelling works have been more recently pub-
lished on this topic, further developing a pore network
model. Coquard [32] improves the model of Figus et al.
[31], considering convection in both the liquid and the
vapour phases and taking into account the variation of the
vapour density. Heat transfer in the grooves is calculated
and the energy balance is also computed in the evaporator
wall. Moreover, no symmetry is assumed for the vapour
region. The author develops a dual model: the pressure
and temperature fields are calculated using homogeneous
equations whereas the capillarity and hence the location
of the interface are considered using the pore network. To
determine the incipience of the vapour development inside
the porous structure, the author arbitrarily assumes a nu-
cleation superheat of 3K. This assumption also implies
the existence of vapour or gas embryos under the fin that
facilitates the nucleation. According to the author, the
presence of the vapour region inside the wick has a major
influence on the evaporator operation. It induces an addi-
tional thermal resistance, leading to a large superheat of
the fin and to an increase of the parasitic heat losses.
The model was further developed by Louriou [33] to take
into account transient phenomena, which are not relevant
to this review’ s topic.

Kaya and Goldak [34] numerically analyse heat and
mass transfer in the porous structure of a loop heat pipe
using a finite element method. They study the existence of
a vapour region inside the wick to assess the boiling limit
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of LHPs. The authors expect nucleation to start in the
microscopic cavities at the wick-fin interface for small su-
perheat values as a result of trapped gas in these cavities.
According to the authors, the boiling incipient superheat
value is difficult to predict, since it depends on several pa-
rameters in a complex manner. Therefore, they arbitrarily
assume the incipience of the vapour zone would occur if
a superheat of 4K of the liquid is reached. However, if
the contact between the fin and the wick is improved and
the working fluid is purified to the greatest possible extent,
thus preventing the presence of vapour embryos trapped at
the wick-fin interface, the boiling incipience can be delayed
to higher superheats, at the same order of magnitude as
that for homogeneous nucleation in a pure liquid. The au-
thors investigate such a scenario, calculating the superheat
limit using the cluster nucleation theory. Their experimen-
tal results indicate no strong transient effects that could
be the expected consequence of an explosive evaporation
at the wick-fin interface, even when the applied heat load
is higher that the calculated boiling limit. They conclude
that a vapour region must exist under the fin and provide
an escape path for the bubbles to the groove, thus prevent-
ing a flash-like vapour expansion. However, the absence of
strong transient effects does not necessarily confirms the
partial drying of the capillary structure.

All of these numerical works assume initial clusters of
non-condensable gases trapped between the wick and the
fin. These clusters would enable the expansion of a vapour
zone in the porous structure, requiring only a low super-
heat. In the case of a good mechanical contact between
the wick and the evaporator body and if the purity of the
working fluid is high, it can be assumed that no vapour
nor gas would initially exist in the porous structure. The
conditions of boiling initiation are then given by the ho-
mogeneous nucleation theory. In such a case, the boiling
condition would be achieved at a very high superheat. As
was explained by Mishkinis and Ochterbeck [43] and later
confirmed by Kaya and Goldak [34], if the LHP is fabri-
cated and filled with a high degree of carefulness, particu-
larly for the degassing of the liquid and the elimination of
non-condensable gases in the system, practically no boiling
phenomenon is to be expected during operation.

3.3. Conclusion

All the previous described numerical analyses give a bet-
ter understanding of the phenomena involved in the evap-
orator of a loop heat pipe. Parasitic heat transfer, heat ex-
change between the evaporator wall and the grooves, heat
and mass transfer in the wick, in the vapour grooves and in
the compensation chamber as well as the characterisation
of the evaporation zone are investigated. These numerical
studies show the complexity of heat and mass transfer in
a loop evaporator and are a useful tool for improving the
design and the manufacturing of LHPs. However, the op-
erating parameters of the model (temperature of the liquid
returning to the condenser, pressure difference between the



groove and the reservoir) are either arbitrarily set or cou-
pled with a very simplified loop model. Therefore, there
is a lack of knowledge concerning the influence of the phe-
nomena occurring in the evaporator on the entire system
operation.

4. Analytical studies on LHPs

Following increasing computational resources, the ma-
jor part of the modelling efforts focus on developing mod-
els using various numerical methods. Few research works
present analytical models of LHPs, in which the operating
parameters (temperature, pressure drops, mass flow rate,
etc.) can be explicitly determined, without the need of
any numerical scheme. However the analytical approach
does not necessitate large numerical resources and can be
easily implemented in a simple software. Therefore, it can
be a powerful tool for the design and optimisation of loop
heat pipes.

According to Launay et al. [44], Maydanik et al. [45]
developed an analytical model with a closed-form solution
based on an energy balance in the reservoir and the pres-
sure balance in the overall loop. The radial parasitic heat
transfer through the cylindrical wick was taken into ac-
count, but the axial heat flux and the heat losses to the
ambient were neglected. Assuming low heat losses from
the liquid line and a heat load equal to the heat dissi-
pated by evaporation, the following simplified expression
was given:

Qincp,l
Dw70 ) 27T>\effLwh1V
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Do (15)

Tv = Tc70 + (Tr - Tc70) (
where T, T, and T, are the temperatures in the vapour
grooves, in the reservoir and at the end of the condenser,
respectively. Dy, and Dy, ; are the outer and inner diam-
eters of the wick, respectively and L, its length. Aeg is the
effective thermal conductivity of the wick. In this closed-
form solution, predicting the vapour temperature requires
the knowledge of the temperatures at the condenser outlet
and in the reservoir. Therefore, this expression cannot be
directly used to express the LHP thermal operation based
on its geometrical characteristics.

Cao and Faghri [46] present an analytical work for the
heat and mass transfer in a rectangular capillary porous
structure with partial heating and evaporation on the up-
per surface (Figure 14a). This geometry can be directly
related to the evaporator of a CPL or an LHP. Based on
symmetry assumptions, the authors use the method of sep-
aration of variables to determine solutions in the form of
Fourier series. The sides of the computational domain are
considered adiabatic, the bottom boundary condition is
a set temperature and the upper boundary condition is a
heat input on one side and a heat output on the other side.
Therefore, analytical solutions for the liquid pressure, ve-
locity and temperature fields in the porous structure are
obtained (Figure 14).
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The results show the maximum temperature at the up-
per left-hand corner, under the fin. High temperature gra-
dients are expected near the upper limit, whereas the tem-
perature field is more uniform at the bottom. Concerning
mass transfer, the liquid flows vertically into the porous
structure and remains nearly one-dimensional until reach-
ing the middle section of the wick.

Furukawa [47] presents a design-oriented analytical de-
scription of an LHP. His approach is very original and
aims at optimising the design of the LHP in given operat-
ing conditions. The initial hypothesis is the knowledge of a
design-specified operating temperature. The author solves
the heat and mass transfer equations in the cylindrical
evaporator. Pressure losses in the loop and heat transfer
in the condenser are calculated as a function of the geomet-
rical properties of the system. Several performance indices
are defined (number of transfer units, temperature effec-
tiveness, critical Bond number, pump efficiency) in order
to improve the design of the LHP. Based on the operating
temperature and on the geometrical and thermohydraulic
characteristics of the loop, all the design parameters (wick
thickness, transport lines diameter, wick pore radius and
porosity, reservoir volume, condenser length) are evalu-
ated. The paper presents several charts to optimise the
design characteristics of the LHP. This study is a useful
tool in the sizing of the LHP components based on temper-
ature constraints. However, in many cases, the operating
temperature is not necessarily the operating limit and is,
as such, not a priori known.

Chernysheva et al. [24] present an analytical investiga-
tion of two compensation chamber operating modes, either
the hard-filling or the two-phase state. Based on the ther-
modynamic relationship between the liquid-vapour inter-
faces in the groove and in the condenser or in the reservoir,
the authors develop an analytical expression of the operat-
ing temperature Tey. In case of hard-filling, the evaporator
temperature is equal to:

+ Rcond,body (16)

1
Qov Sq> C\?load

where Tgink is the heat sink temperature and ocond,ext,
Olcond,int and ey are the heat transfer coefficient at the ex-
ternal side of the condenser, at the internal side of the con-
denser and in the evaporation zone, respectively. Scond,ext
and Scond,int correspond to the external and internal sur-
face areas of the condenser, respectively and S is the evap-
orator surface area where heat is supplied. Qipaq is the
total heat load to be dissipated by the loop, Recond,body iS
the thermal resistance of the condenser wall and W; and
Fn; are the coefficients taking into account the geomet-
rical and thermophysical parameters in the calculation of
pressure drops in the vapour line. In the case of an existing
liquid-vapour interface inside the compensation chamber,

Tev =lsink + <

CYcond,ext‘s’cond,ext
1

acond,intScond,int

+

+ Y WiFn; +
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the equation is modified to:
dT

+ Qload
aP|,

1
v Se (17)

Tev:ch+(APv+AP1+A g)
where T¢. is the temperature in the compensation cham-
ber, and AP,, AF and AP, are the pressure drops in
the vapour line, in the liquid line, and due to the gravity,
respectively. Despite providing a simple expression of the
evaporator temperature, this development shows two main
limitations. Firstly, in the case of a saturated reservoir, the
operating temperature is a function of the compensation
chamber temperature, which is a priori not known. Sec-
ondly, several major assumptions are made: heat losses
to the ambient, parasitic heat transfer, two-phase pressure
drops and heat transfer in the transport lines are neglected.
Such hypotheses may lead to a large inaccuracy in the op-
eration prediction.

Launay et al. [44] develop closed-form solutions linking
the LHP operating temperature to various fluid properties
and geometrical parameters. Based on an energy balance
on each LHP component and on thermodynamic equations
(Figure 15), the reservoir temperature 7, can be predicted
for both the variable and the fixed conductance modes
(Equation 18 and Equation 19). In these expressions, K¢,
Kgup and K7, are global conductances defined in Figure 15
and Rg, Ry and Ry are evaporator resistances defined
in the same figure. Ly, and L¢ are the lengths of the liquid
line and of the condenser, respectively, and Dy, and D¢
their respective diameters. Ra is the thermal resistance
that represents heat losses of the reservoir to the ambient
at temperature Tx. Additionally, simple analytical solu-
tions of the heat load corresponding to the transition be-
tween both modes are expressed. The effect of the geomet-
rical parameters and fluid thermophysical properties on
the LHP operation are clearly highlighted. However, the
identification of the evaporator thermal resistance needs
to be adjusted to experimental data or may require an
additional evaporator accurate model.

This model is further developed by Siedel et al. [48]. The
heat transfer equation in the evaporator/reservoir struc-
ture is solved using a Fourier series development. There-
fore, the model combines both the advantages of a closed-
form solution with a precise determination of the parasitic
heat fluxes.

Boo and Jung [49] conduct a theoretical modelling of a
loop heat pipe with a flat evaporator. Based on a nodal
network of the evaporator and of energy balance at each
node of the system, the authors predict the temperatures
of each component. The profile and the temperature of the
liquid-vapour interface in the pores were expressed using
the thin-film theory. The evaporation heat transfer coeffi-
cient is then dependent on the accommodation coefficient
and on the heat conduction through the liquid film to the
vapour. Transversal heat losses are also taken into ac-
count and a heat exchanger classical NTU method is used
for the modelling of the condenser. However, no closed-
form solution of the operating temperature is given in the
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Figure 15: LHP thermal resistance network [44]

paper. Furthermore, longitudinal parasitic heat losses are
not considered and the reservoir is assumed to be filled
with liquid during operation, which does not necessarily
correspond to an actual LHP operation.

5. Conclusion

The present review investigated the existing modelling
studies of LHPs from the literature. Table 1 and Table 2
summarise the main steady-state modelling works of LHPs
published in the past years. This survey considers both
the complete models and the partial evaporator models.
However, transient analyses were omitted, since they are
not in the scope of the present study.

As presented in this paper, many theoretical works
about LHPs have been undertaken in the past 15 years.
Most of them are numerical analyses, based on nodal net-
works or on finite difference methods, whereas few analyt-
ical studies are developed. Specific codes for LHPs have
been extensively developed in the past years, including
more features and considering more accurately the physi-
cal phenomena involved in the loops. However, there are
still only few studies that show a complete description of
the LHP with a precise consideration of heat and mass

13

transfer in the evaporator/reservoir structure, despite its
major significance on the loop operation. This conclusion
is a consequence of the complexity of the phenomena oc-
curring in loop heat pipes.

This summary also shows the development of three-
dimensional models in the recent years, following the avail-
ability of larger computational resources. Flat evaporators
have also been more investigated in the last years and show
the gain of interest for this geometry of evaporator, as con-
firmed by Maydanik et al. [6]. The partial drying of the
wick and the hard-filling are phenomena that have been
seldom considered. However, most of the models investi-
gate intensively heat and mass transfer in the transport
lines and the condenser.

As explained in this paper, the literature presents an ex-
tensive number of steady-state models. These models are
useful tools to predict the thermal performance of an LHP,
to understand the coupled physical mechanisms involved
in these systems, to estimate the influence of various pa-
rameters on the behaviour of LHPs and to improve their
design. This diversity provides a large theoretical database
for the community investigating loop heat pipes.
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