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good agreement was obtained. Finally, a parametric study was conducted to show the
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1. Introduction

Loop Heat Pipes (LHPs) are considered to be high heat transfer capacity passive devices that can
operate at adverse tilts in the gravity field, and they can transfer heat over long distances. Due to the
capillary structure in the evaporator and the compensation chamber, the LHPs possess a high
capacity of pumping, and they could be solutions for thermal management in aerospace and avionic
applications [1,2].

The design features and the operational characteristics of LHPs have attracted extensive interest
from researchers both through experimental tests or theoretical studies. Experiments allow the
classification of the LHPs into cylindrical and flat ones according to the evaporator shape. As the heat
sources to be cooled have flat surfaces, LHPs with flat evaporators could fit most of them. The flat
evaporators can be disk-shaped, rectangular, square, or flat-oval ones. The cylindrical evaporators
could meet the flat heat source by adding flat saddles. The flat evaporators present many advantages,
among which we can distinguish mainly the decrease in the thermal resistance and the weight of the
evaporator; However, they also present drawbacks since the flat surface can be deformed under high
vapor pressure if the heat source temperature increases accidentally. Therefore, flat evaporators
should operate with vapor pressures that do not exceed the ambient pressure; otherwise, the
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evaporator thickness must be increased. This condition on the vapor pressure limits the choice of the
working fluids and the range of the operating temperatures.

The location of the compensation chamber plays a crucial role in the design of the flat evaporator,
and thus two kinds of technologies were developed. In the first technology, the compensation
chamber is located on the side opposite to the surface being heated so that the liquid flow in the
capillary wick is directed towards the heated area. They are referred to as evaporators with Opposite
Side to the Compensation Chamber (OS-CC) [3-17]. Singh et al., [3] investigated a copper-water LHP
with a flat disk evaporator used for thermal control of computer microprocessors. They also
examined the start-up reliability, the effect of the wick characteristics, and the effect of non-
condensable gas on the thermal performance [4-6]. Celata et al., [7] carried out a thorough
experimental investigation on a copper water LHP with a flat disk evaporator. Li et al., [8] reported
on a copper-water compact LHP with a flat, square evaporator. The maximum heat load reached 450
W when the case temperature is below 100°C. Adoni et al., [9] developed an ammonia LHP with a
flat evaporator. The influence of the thermal conductance between the heater plate and the
compensation chamber on the operating temperature of the LHP was investigated. Liu et al., [10]
carried out experimental studies on the operational characteristics of LHP with a flat evaporator by
investigating the impact of different working fluids, namely methanol and acetone. Nguyen et al.,
[11] designed a circular flat evaporator for cooling electronic devices and studied the effect of the
orientation of the elevation and direction of the evaporator on heat transfer performance. Joung et
al., [12] developed an LHP with a flat evaporator using a specially devised vapor-liquid separator and
investigated its transient response. Wang et al., [13] reported on the LHP that utilizes two primary
biporous wicks to reduce the impact of the leak on the compensation chamber. Xu et al., [14]
investigated the heat performance of a flat copper water LHP with three fill charge inventories. He
et al., [15] proposed a new flat evaporator structure (with OS-CC) with a strengthened ribbed plate
on the side of the heating surface to surmount the distortion of the existing flat evaporator. Anand
et al., [16] conducted a series of experiments to investigate the effect of different working fluids on
the thermal behavior of a miniature LHP with a flat evaporator with OS-CC. Zhang et al., [17]
developed a 3D model of an LHP with a carbon fiber capillary wick to study the steady-state inside
the LHP and the effect of heat insulation layers on the heat leakage reduction in the LHP.

In the second technology, the liquid flow is directed along the evaporator wall [18-28]. They are
referred to as evaporators with Aside Compensation Chamber (AS-CC). Singh et al., [18] designed and
tested an LHP having a rectangular evaporator with a small thickness so that it can be used in compact
electronic devices. Joung et al.,, [19] conducted a series of experiments to study the operating
characteristics of an LHP using a thin planar bifacial evaporator with a bifacial wick structure for
different fluid inventories. Its operating characteristics at transient and steady-state were examined
[20]. Maydanik et al., [21] developed a compact copper-water LHP with a flat oval evaporator. The
LHP was tested in a horizontal position, and the maximum heat load reached 1174 W. Becker et al.,
[22] fabricated a copper-water LHP with a flat oval evaporator and tested it for different LHP
orientations. Zhang et al.,, [23] conducted a series of experiments to investigate the effect of
temperature oscillation on start-up behavior and thermal performance in an LHP with a flat
evaporator. Wang et al., [24] fabricated a copper-water LHP with a thin flat evaporator. The LHP was
tested in different condenser locations and operating orientations. Choi et al., [25] fabricated an LHP
with sintered porous wicks used for the thermal management of high-power density desktop
computers. Chernysheva et al., [26] studied the effect of the orientation in the gravity field, the sink
temperature, and the ambient temperature on the LHP thermal performance. Maydanik et al., [27]
developed a copper acetone LHP with a flat evaporator. The effect of the different orientations in
the gravity field and heat sink temperature on the operating characteristics was investigated. Odagiri
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and Nagano [28] developed a steady-state model of an LHP that includes liquid-vapor interface
behaviors. The main research studies on OS-CC and AS-CC technologies are listed in Table 1 and Table

2.
Table 1
Summary of studies on LHPs having a flat evaporator with opposite side compensation chamber (0S-CC)
Year Author Evapor Evaporator Source Housing  Wick Working  Max. Max.
ator dimensions area material material  fluid heat load evaporator
shape temp.
2007  Singh et Flat D=30mm 7.1 Copper Nickel Water 70W 100°C
al., [3] disk t=10 mm cm?
2008  Singh et Flat D=30mm  25x Copper Nickel Water 70W 100°C
al., [4] disk t=10 mm 25
mm?
2009  Singh et Flat D=30mm 25x Copper Copper Water 60 W Not
al., [5] disk t=10 mm 15 indicated
mm?
2010  Singh et Flat D=30mm D=30 Copper Copper Water 70W 100°C
al., [6] disk t=10 mm mm
2010 Celataet Flat D=50mm D=48 Copper Stainless  Water 75W 150°C
al., [7] disk t=13 mm mm steel
2010 Lietal, Square W=30mm 25x Copper Copper Water 600 W 120°C
[8] L=30 mm 25
t=15mm mm?
2010 Adoniet  Flat D =150 = Aluminu  Nickel Ammoni 300 W 43°C
al., [9] disk mm 128 m- a
t=5mm mm Stainless
steel
2011 Liuetal, Rectan W=30mm 40x Copper Stainless Methano 60W 55°C
[10] gular L=40 mm 30 steel I 52°C
t=15mm mm? Acetone
2012  Nguyen Flat D=41mm 30x Stainless  Copper Water 140w 65°C
etal, disk t=15mm 30 steel
[11] mm?
2013 Jounget Rectan W=52mm 52x Stainless  Stainless Methano 140W 120°C
al., [12] gular L=56.40 52 Steel Steel I
mm mm?
t=5mm
2015 Wanget Flat D=37.6 D=36 Copper Nickel Methano 270W (+ 90°C
al.,, [13] disk mm mm I 90 °)
t=4.3mm 210 W (+
10°)
2017 Xuetal, Flat D=56mm D=30 Copper Copper Water 120 W 90°C
[14] disk t=30mm mm
2018 Heetal, Square W=80mm 54.76 Copper Nickel R245fa 160 W 55°C
[15] L=80m cm?
T=21mm
2018 Anandet Oval D=79mm D=45 Aluminu Nickel Acetone 160W 60°C
al., [16] mm m alloy Methano 180W 63°C
I 140w 67°C
Ethanol 120w 43°C
N-
pentane
2019 Zhanget Rectan W=45mm 2.5x% Copper Carbon Water 25w 100°C
al.,, [17] gular L=47 mm 2.5 fiber
t=5.3mm mm?
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Table 2
Summary of studies on LHPs having a flat evaporator with aside compensation chamber (AS-CC)
Year  Author Evaporator Evaporator Source Housing  Wick Working Max. Max.
shape dimensions area material material fluid heat evaporator
load temp.
2007 Singhetal., Rectangular W =35 22 x22 Copper Nickel Water 50 98°C
[18] mm mm? w
L=45mm
t=5mm
2008 Joungetal, Rectangular W =50 50 x 50 Stainless Stainless Methyl 30 90°C
[19] mm mm? Steel Steel alcohol W
L=54 mm
t=1mm
2010 Joungetal, Rectangular W= 50 x 50 Stainless Stainless Acetone 260  105°C
[20] 52.4mm mm? Steel Steel w
L=56 mm
t=20 mm
2011 Maydanik et  Flat oval W =42 30 x 30 Copper Copper  Water 1174 110°C
al., [21] mm mm? w
L=80 mm
t=7mm
2011 Becker et Flat oval W =42 Not Copper Copper  Water 100 85°C
al., [22] mm indicated w
L=85mm
t=7mm
2012 Zhangetal, Rectangular W= 20 x40 Copper Copper Water 110 82°C
[23] 36.5mm mm? w
L=100
mm
t=8mm
2012 Wangetal, Rectangular W= 20x 40 Copper Copper Water 120 110°C
[24] 36.5mm mm? w
L=100
mm
t=8mm
2013 Choietal, Flat disk Not D=30 Copper Copper - Water 250 50°C
[25] indicated mm Nickel w
2015 Chernysheva Flat oval W =42 30 x 30 Copper Copper  Water 600 100°C
etal., [26] mm mm? w
L=80mm
t=7mm
2015 Maydanik et Rectangular W =42 42 x 42 Copper Copper Acetone 50 70°C
al., [27] mm mm? w
L=80mm
t=7mm
2019 Odagiri and Rectangular W =68 30x47.5 Stainless Stainless Acetone 280  100°C
Nagano [28] mm mm? Steel Steel w
L=51mm
t=15mm

In addition to the geometrical shape of the evaporator and the position of the compensation
chamber, other technological aspects, namely the material of the evaporator case and the porous
structure, can play an important role in the design of the LHPs. The evaporator material may be
copper, which is the most used material in the literature, aluminum, or stainless steel. The material
of the capillary structure also influences the thermal performance of the LHPs. Consequently, the
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porous structure is made of copper, nickel, or stainless steel. The working fluids must be compatible
with the materials of the LHP. The most widely used working fluid is water that is compatible with
most of the materials mentioned above except for aluminum for which ammonia is used. The other
fluids used are acetone, methanol, ethanol, and methyl alcohol.

Comparing the available steady-state models for LHPs with a flat evaporator, it became necessary
to carry out a more refined investigation towards the development of an analytical model that could
better describe LHP performance. Focusing on this matter, the proposed model of a copper-water
LHP with a flat evaporator uses a different methodology than those published previously. In this
steady-state model, the thermal evaporator resistance equation is solved using a correlation
established from a dimensionless analysis and is expressed as a function of heat input. Nonetheless,
the evaporator resistance in the existing models is fixed independently of the heat load applied. The
heat leak transferred through the porous wick and the evaporator wall and the heat dissipated by
evaporation at the wick-groove interface are taken into account in this model. The model was
validated by comparing the experimental results found in the literature and the predicted ones.
Finally, a parametric study was carried out to simulate the effects of various parameters on the LHP
thermal performance.

2. Literature Survey on LHP Models and Critical Review

The thermal behavior of the LHPs is very sensitive to the operating conditions. The steady-state
modeling of such systems has been the object of many researches works that have aimed to predict
their operation and optimize their design. Table 3 summarizes the main studies dealing with LHP's
steady-state operation. The LHP models can be divided according to the evaporator shape and the
compensation chamber location. Most of which are 1D models and are based on the steady-state
energy balance equations at each component of the system and the thermodynamic relationships.
The main studied parameters can be classified into three groups. The first one consists of the
geometrical characteristics of the LHP components, namely the depth, the width and the number of
the grooves, the thickness of the wick, the length and the radius of the vapor and liquid lines, as well
as the length of the condenser. The second group of parameters concerns the operating conditions,
such as the heat input power, the sink and ambient temperatures, the heat exchange with the
ambient, the LHP elevation, the presence of non-condensable gas, and the fill charge. The third group
of parameters comprises the thermo-hydraulic properties of the capillary structure, such as the
effective thermal conductivity, porosity, permeability, and the material.

Although previous studies on LHP modeling contributed significantly to the understanding of the
physical phenomena involved in the operation of such systems, the literature survey evidences a lack
in the modeling of the evaporation phenomenon within the capillary wick (Table 4). Indeed, many of
the published models did not present details about how the evaporation thermal conductance is
determined or modeled [29-47,49]. Besides, according to the literature review, to date, no models
have been established for the prediction of the evaporation heat transfer coefficient in the capillary
structures. Moreover, the evaporation heat transfer coefficient depends on several parameters, such
as the thermal contact between the evaporator wall and the capillary wick, the wettability of the
liguid, the working fluid, the heat input power, the nature of the capillary wick, and its hydrodynamic
characteristics, such as porosity and permeability, and the temperature of the compensation
chamber, which depends significantly on the operating conditions of the heat sink in the condenser.
As such characteristics are not detailed in the published experimental studies, the evaporation
thermal resistance was adjusted in the models to obtain a good agreement between the
experimental results and those of the models [32,35].
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Besides, some published works also considered fixed values of the evaporation thermal resistance
(or thermal conductance). They are either based on the experimental results or fixed arbitrarily by
considering an order of magnitude of the evaporation heat transfer coefficient [29,33,45]. Moreover,
in some works, the evaporation heat transfer coefficient is determined by expressions which are not
necessarily valid for the evaporation phenomenon in porous media [30,38,41,42,44].

This work aimed to contribute to the modeling of the evaporation within the capillary wick.
Hence, an analytical model was proposed for which the evaporation heat transfer coefficient was
determined from a correlation based on a dimensionless analysis. The coefficients of this correlation

were determined from the experimental results.

Table 3
Main steady-state models on LHP

Author (year) Model  Evaporator Compensation  Studied parameters

shape chamber
location

Chuang [29] (2003) 1D Cylindrical AS-CC Heat input power

Furukawa [30] (2006) 1D Cylindrical AS-CC Heat input power, capillary pore radius,
wick porosity, wick dimensions,
vapor/liquid line length, evaporator
length, and condenser dimensions

Adoni et al., [31] (2007) 1D Cylindrical AS-CC Heat input power and fill charge

Launay et al., [32] (2008) 1D Cylindrical 0s-CC Working fluid, elevation, wick thermal
conductivity, the temperature
difference between the ambient and
the heat sink

Bai et al., [33] (2009) 1D Cylindrical AS-CC Sink temperature, ambient
temperature, elevation, nature of the
wick, and working fluid inventory

Singh et al., [34] (2009) 1D Flat disk 0s-CC Heat input power

Hamdan and Elnajjar [37] 1D Flat AS-CC Pipe length, pipe diameter, condenser

(2009) temperature, and heat load

Lin et al., [39] (2011) 1D Cylindrical AS-CC Pore size distribution (biporous and
monoporous wick) and presence of
vapor blanket.

Chernysheva and 3D Flat AS-CC Heat input power at constant ambient-

Maydanik [35] (2012) sink temperature

Chernysheva et al., [36] 3D Flat AS-CC Heat input power and elevation

(2013)

Siedel et al., [40] (2013) 2D Flat disk 0S-CC Evaporator heat transfer coefficient,
the thermal conductivity of the liquid
and vapor lines, wick thermal
conductivity and its thickness,
evaporator sidewall material and its
thickness and insulation

Ghajar and Darabi [38] 1D Cylindrical 0s-CC Groove dimensions and working fluid

(2014)

Bai et al., [41] (2014) 1D Cylindrical AS-CC Heat input power and elevation

Bai et al., [42] (2015) 1D Cylindrical AS-CC Elevation

Siedel et al., [44] (2015) 2D Flat disk 0s-CC Presence of noncondensable gas and
the thermal conductivity of the wick

Chernyshevaand Maydanik 1D Flat disk 0s-CC Convective component of the heat

[45] (2016)

transfer on the evaporator thermal
state and heat exchange processes in
the evaporation zone.
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Zhu and Yu [43] (2016) 1D

Esarte et al., [46] (2016) 1D

Weng and Leu [47] (2016) 1D
Pozhilov et al., [48] (2017) 3D

Ramasamy et al., [49] 1D
(2018)

Li et al., [50] (2019) 1D
Chernysheva and 1D

Maydanik [51] (2019)

Flat 0s-CC The thickness of the wick, length of the
condenser, the inner diameter of the
vapor line, and the mass flow rate
Effect of the length and radius of the
vapor lines, the wick thickness, and the
condensing temperature

Effect of the heat input power

The processes of evaporation in the
vapor grooves

Initial flow distribution, heat load,
orientation, and sink temperature
Heat flux, surface wettability on the
patterns, dynamics of the liquid-vapor
interface, liquid volume fraction,
temperature distribution at wick-fin,
wick groove interfaces, and effective
heat transfer coefficient of the
evaporator.

Temperature and pressure distribution
in the evaporator and pressure drop in
the wick.

Cylindrical AS-CC

AS-CC
AS-CC

Cylindrical
Cylindrical
Cylindrical AS-CC

Flat 0s-CC

Cylindrical AS-CC

Table 4

Determination of the evaporation thermal resistance in the LHP models

Author (year)

Evaporation thermal resistance

Chuang et al., [29] (2003)
Furukawa [30] (2006)

Adoni et al., [31] (2007)
Launay et al., [32] (2008)

Bai et al., [33] (2009)

Singh et al., [34] (2009)

Hamdan and Elnajjar [37] (2009)
Lin et al., [39] (2011)

Chernysheva and Maydanik [35]
(2012)
Chernysheva et al., [36] (2013)

Siedel et al., [40] (2013)
Ghajar and Darabi [38] (2014)
Bai et al., [41] (2014)

Bai et al., [42] (2015)
Siedel et al., [44] (2015)

Zhu and Yu [43] (2016)
Chernysheva et al., [45] (2016)
Esarte et al., [46] (2016)

Weng and Leu [47] (2016)
Ramasamy et al., [49] (2018)

The evaporation heat transfer coefficient is calculated from experimental
data

The evaporation thermal conductance is given by Eq. (11) (Chernysheva and
Maydanik [35])

Not detailed

It is adjusted to obtain good agreement between experimental and model
results

Fixed at a constant value

Not detailed

Not detailed

The evaporative heat transfer coefficient is calculated by Eq. (19)
(Chernysheva and Maydanik [45])

The evaporation heat transfer coefficient is fixed initially and then modified
by an iterative method according to Eq. (38) (Siedel et al., [40])

The heat transfer in the compensation chamber is analyzed. The heat
transfer coefficient is determined from Eq. (8) (Bai et al., [41])

The evaporation heat transfer coefficient is calculated according to Eq. (45)
(Weng and Leu [47])

The evaporative heat transfer coefficient is calculated by a micro-region
model

The evaporation heat transfer coefficient is calculated by the Fourier law of
thermal conduction of liquid-saturated wick (Eq. (6) (Pozhilov et al., [48])
Not detailed

The evaporative heat transfer coefficient is calculated by Eq. (29) and Eq.
(30) (Li et al., [51])

Not detailed

The evaporation heat transfer coefficient is fixed at a constant value

Not detailed

Not detailed

It varies with the heat load according to the values obtained from
experiments
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3. Description of the Modeled LHP

The model developed in this study was validated based on the experimental results of
Chernyshevaetal., [26] as itis the only published experimental study that gives complete information
and details about the geometrical characteristics of the LHP and the experimental operating
conditions. Moreover, the experimental curves of the evaporator, as well as the vapor temperatures,
are presented as a function of the heat load for different operating conditions, such as the heat sink
temperature, the mass flow rate of the cooling water, and the tilt angle. Accordingly, it is important
to recall the main LHP geometrical characteristics and the wicking structure since they are important
for model development.

Chernysheva et al., [26] tested a copper-water LHP with a flat oval evaporator (Figure 1(a))
measuring 80 x 42 x 7 mm. The details of the capillary structure and the grooves are shown in Figure
1(b) to Figure 1(d). The power input delivered to the evaporator is concentrated in an active zone
measuring 32 x 42 mm?, and the evaporator includes vapor-removal grooves, as depicted in Figure
1(b). The vapor line and the water-cooled condenser tubes have an inner diameter of 4 mm and are
respectively 305 and 160 mm long. The liquid line tube has a length of 810 mm and an inner diameter
equal to 3 mm. The wick is made of sintered copper powder with a pore radius of 27 um and a
porosity equal to 46 %. To ensure the cooling of the condenser, a cooling plastic jacket was used
through which water is pumped [26]. The main characteristics of the LHP are indicated in Table 5.

(b) Compensation chamber

(a)

Liquid line
Compensation

chamber

Evaporator -

Vapor line
Cooling water outlet v

Cooling jacket

Condenser 1 Vapor grooves
Cooling water inlet Vapor collector

(d)

Wev

Fig. 1. General view of the copper-water loop heat pipe studied [52]: (a)
General view, (b) Evaporator details, (c) Groove details, and (d)
Geometrical parameters of the grooves
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Table 5

Main characteristics of the modeled copper-water LHP
Evaporator

Total length, L 80 mm
Wldth, Wey 42 mm
Thickness, tev 7 mm
Case thickness, twev 0.5 mm
Active zone length, La 32 mm
Compensation chamber

Length, Lec 40 mm
Vapor-removal grooves

Number, Ng 12
Length, Lg 33 mm
Width, Wg 1.8 mm
Depth, Dg 1.8 mm
Wick

Wick length, Lw 33 mm
Porosity, @w 0.46
Pore radius, Rp 27 um
Heating area

Length, La 30 mm
Width, W, 30 mm
Thickness, ta 1mm
Vapor line

Length, Ly 305 mm
Inner diameter, Dvi 4 mm
Outer diameter, Dvo 5mm
Liquid line

Length, Li 810 mm
Inner diameter, Dii 3mm
Outer diameter, Dio 4 mm
Condenser

Length, Lc 160 mm
Inner diameter, Dqi 4 mm
Outer diameter, Dco 5mm
Cooling jacket

Inner diameter, Disink 8 mm
Outer diameter, Dosink 11 mm
Rate of cooling water 4 £0.5l/min

4. Model Description

In this section, to predict the LHP performance and optimize the geometrical parameters of the
evaporator and the wick, a steady-state model will be briefly described. This analytical model is based
on that developed by Gabsi et al., [52]. The LHP geometry used in the model is presented in Figure 1.
It includes a flat evaporator related to a compensation chamber according to AS-CC technology and
connected to the heat source, a condenser to dissipate the heat load, and vapor and liquid lines to
transport the working fluid between the two components. When a heat load is applied at the
evaporator, the temperature rises, and the liquid vaporizes. The working fluid flows through the
vapor line and reaches the condenser due to the temperature difference between the evaporator
and the condenser. Then, the condensate flows toward the evaporator using the capillary wick
located in the compensation chamber and the evaporator. The capillary pressure created in the core
of the evaporator is responsible for the fluid circulation in the LHP. The model is based on the
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equations of momentum and energy balances applied to each component of the LHP. Two
thermodynamic relations enable the closing of the equation system.

4.1 Momentum Balance Equations

To ensure the circulation of the working fluid in the LHP, the capillary driving pressure generated
in the capillary structure must exceed the pressure drops according to the following relationship

APrapmar = -8 > AP, + AP, + APy + AP, + APy (1)

p

APy, APy, APy, and AP are the pressure drops in the liquid line, the vapor line, the porous wick,
and the vapor grooves, respectively. APg is the hydrostatic pressure drop. APcap,max is the maximum
driving capillary pressure. The vapor and liquid pressure drops are expressed as
AP, = F, L,Qiy (2)
APy = F L,Qin (3)

Qin is the heat input power. F, and F are the friction factors in the vapor and liquid lines,
respectively. They are given by

F, = Sﬂv/(pvrvavAhv) (4)

F, = 8uw/(p 1A Ahy) (5)
A and A, are respectively the cross-sections of the liquid and the vapor lines. rj and ry are the

radius of the liquid and the vapor lines, respectively. The vapor pressure drops in the grooves, APyg,

can be written as

AR, = Fyg LyQin (6)
Lg is the groove length and Fg is the friction factor in the grooves that are expressed by

Fvg = :uv/(Kg Ng Ag Ah, py,) (7)

Ag, Ng, and Kg are the cross-section, the number, and the permeability of the grooves, respectively.
The permeability of the grooves, Kg, is expressed as [6]

Ky = (Diy 94)/ (2 Py) (8)

Dng and g are the hydraulic diameter and the porosity of the grooves, respectively. They are given
by:

Dag = (4D,,)/(2D, + ;) ©)

Pg = Sg/(Sg + W) (10)
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The Poiseuille number, Py, is calculated according to Gabsi et al., [52]

Py =24(1— 1.355a + 1.947 a? — 1.701 a® + 0.956 a* — 0.254 a®) (11)
where
a = min (W,/D,,D,/W,) (12)

The liquid pressure drops in the wick, APy, is expressed as

AP, =F, L, Q, (13)
Lw is the wick length and F, is the friction factor in the wick written as follows

Fv = w/(KywAywbhypy) (14)

Ay is the porous cross-section. Ky is the wick permeability which is calculated by a general
correlation including the pore diameter, Dy, and the porosity of the porous medium, @w [52]

Ky = Dp2¢w3/(150 X (1- ¢w)2) (15)

The component of the gravitational force acts along the longitudinal axis. Consequently, an axial
hydrostatic pressure drop is generated and is expressed as

AF; = p, g AH (16)

The hydrostatic pressure drop depends on the elevation, AH, between the evaporator and the
condenser. A positive elevation (AH > 0) corresponds to the case where the condenser is placed above
the evaporator, while a negative elevation (AH < 0) corresponds to the inverse.

4.2 Thermodynamics Equations

Three different thermodynamic equilibrium states exist for each LHP component. Between these
three states in the evaporator, the compensation chamber, and the condenser, the temperature
variations are related to the pressure differences by the following relationships [52]
T, — T, = (aT/0P)(AP, + AP, + p,g AH) (17)

Tc - ch = (aT/aP)(APll — Py AH) (18)

The slope of the saturation curve 0T /0P is expressed in terms of thermo-physical properties of
the fluid by the Clausius-Clapeyron relationship

9T _ T(1/pv=1/pP1)

apP Ahy, (19)
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4.3 Energy Balance Equations
4.3.1 Energy balance equations for the evaporator section

The heat input power, Qin, is transferred according to three paths. The first one is transferred to
the compensation chamber, Qaxial, the second one is lost to the ambient, Qamb, and the third one
serves to the liquid evaporation within the wick, Qe (Figure 2). Hence, the energy balance at the
evaporator can be written as

Qin = anial + Qamb + Qev = Gaxw (Tev - ch) + Gambev(Tev - Tamb) + Gev (Tev - Tv) (20)

Tev, Tee, Tamb, and Ty are the evaporator, the compensation chamber, the ambient, and the vapor
temperatures, respectively. Gaxw represents the thermal conductance between the evaporator wall
and the compensation chamber wall, and it can be calculated by considering expressions for heat
spreading resistance as it is detailed in the study by Gabsi et al., [52]. Gambev represents the thermal
conductance between the ambient air and the external surface of the evaporator, and it can be
expressed by the classical formula for convective heat transfer mode. Gey is the thermal conductance
between the evaporator wall and the liquid-vapor interface within the porous wick, and it associates
two thermal conductances in parallel according to

1 1

L1 (21)

GEU GWEV GSp

where Gwev is the thermal conductance that corresponds to the heat transfer by conduction through
the evaporator wall, and Gsp is the thermal conductance due to the phase change heat transfer within
the porous wick. Detailed analysis of its determination is presented in section 5.

By considering an energy balance equation, the third term in Eq. (20) can be written as

Gev (Tev - Tv) =m Ahv +m Cpl(Tv - ch) + ch(Tv - ch) (22)

m is the mass flow rate. Ahy and ¢y are the latent heat and the liquid specific heat, respectively. Gey
represents the conductive-convection thermal conductance.

The first term on the right of Eqg. (22) is the latent heat which serves to the liquid evaporation,
The second term is the sensible heat that serves to the heating of the liquid coming into the
evaporator from the compensation chamber, and the third term is the heat transferred to the
compensation chamber through the wick by conductive-convective heat transfer mode of which the
thermal conductance is calculated according to Gabsi et al., [52]

Gev = o s (23)
m is the mass flow rate and tw is the wick thickness.
1 is given by

Ty (24)

T’ N (Apeff Aev)
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where Aey is the evaporator heat transfer surface, and lpeff is the effective thermal conductivity which
is expressed by

2+(A1/2p) -2 <pw(1—az/ap)) (25)

Aperr = Ap ( 24/ Ap)+ow(1-21/2p)

A and Ap are the thermal conductivities of the liquid and the porous wick, respectively.

I TCo

Fig. 2. LHP thermal conductance network
4.3.2 Energy balance equations for the compensation chamber

At the compensation chamber, a part of the heat flux rate, transported axially by conduction
within the evaporator wall and transversally within the porous medium, is transferred by convection
to the ambient, and the other part heats the liquid at the entrance of the reservoir, thus we can write

m Cpl(ch - chi) + Gambcc (ch - Tamb) = Gaxw(Tev - ch) + ch (Tv - ch) (26)
Gambec is the thermal conductance between the compensation chamber and the ambient.
4.3.4 Energy balance equations for the condenser

The condenser can be subdivided into two zones: a condensation zone and a sub-cooled zone
where the condensate is cooled under the condensation temperature. The energy balance overall
the condenser can be written as

Q. =mdlh,+m Cpl (Te - Teo) (27)

Tc is the condensation temperature and T is the condensate temperature at the condenser
outlet. For the condensation zone, the energy balance can be written as

m Ah, = Gc(Tc - Tsink) (28)

G.is the overall thermal conductance between the condensate in the condensation zone and the
heat sink, and Tsink is the heat sink temperature. It is expressed as the function of the condensation
heat transfer coefficient, hc, and the heat transfer coefficient between the outer condenser wall and
the heat sink, hsink according to

1
Ge=— 1 1 (29)

D¢o

+ + n
heAgi hsink Aco 2T leongAc Do
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G, is the thermal conductivity of the condenser wall. A and A are the inner and outer heat
transfer areas in the condensation zone, respectively. D, and D¢ are the inner and outer diameters
of the condenser, respectively. Lcong is the length of the condensation zone. The heat transfer
coefficient, he, is calculated based on correlations that depend on the nature of the flow in the
condensation zone. To determine the heat sink heat transfer coefficient, hsink, Standard Dittus-Boelter
correlation is used.

For the sub-cooled zone, the energy balance is expressed as

. (TC_TCO)
m ey (Te = Teo) = Gaub —froo=ta ey (30)
ln( Sin )

Tc—Tsink

Gsub is the thermal conductance between the condensate and the heat sink in the sub-cooled
zone. It depends on the heat transfer coefficient between the outer condenser wall and the water
cooling, hsink, and the heat transfer coefficient between the sub-cooled condensate and the inner
condenser wall, hic. Hence, Gy, is expressed as

_ 7 D¢ (Le=Lcond)
Gsub N /Dci). D¢i . Dco (31)
hic hgink\Dco/ ' 2mAc " D

L. is the overall condenser length. The heat transfer coefficient, hy, is calculated from classical
correlations by considering laminar flow for the sub-cooled condensate.

4.3.5 Energy balance equations for the liquid line

The energy balance at the liquid line is written as

. (Tco_T )
m ¢y (Too — Teei) = Gy m (32)

Teci—Tamb

Tei is the liquid temperature at the inlet of the compensation chamber. G, is the overall thermal
conductance representing the heat transfer between the liquid and the ambient according to

7 Dy Ly
1, 1 (ﬁ), Di_jpPlo
hy hamp\Dio/ 2mAy Dy

G, = (33)

Ly is the liquid line length. D and Di, are the inner and outer diameters of the liquid line,
respectively. hy is the convective heat transfer coefficient between the wall and the liquid. It is
calculated from classical correlations by considering the laminar flow regime.

4.4 Determination of The Operating Modes in the LHP

During normal operation of the LHP, two distinct operating modes are observed: the variable
conductance operating mode (VCM) and the fixed conductance operating mode (FCM). These modes
are identified by plotting the variations of the LHP operating temperature, which is generally the
temperature of the compensation chamber, T, as a function of the imposed power.

As can be seen in Figure 3, in the VCM mode, the condensation zone is short, and the condensate
undergoes sub-cooling. When the heat input power increases, the operating temperature decreases.
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The LHP operates in this mode when the temperature at the outlet of the condenser, T, is close to
that of the heat sink, Tsink. This is obtained when the sub-cooling zone is large. For this mode of
operation, two curve profiles represent the variations in the operating temperature, T, as a function
of Qin: The U-shape or the flattened shape. The profile depends on the distribution of the heat flux
rate between the evaporator and the reservoir, the heat exchanges between the sub-cooled liquid
in the liquid line and the ambient, and between the compensation chamber and the ambient. The
leakage heat flux rate transferred by conduction through the evaporator wall and by convection
through the porous medium can also influence the profile of the curve T = f(Qin). The operation in
fixed conductance mode (FCM) is characterized by an almost linear increase of the operating
temperature with the imposed power. The variations in the operating temperature depend mainly
on the heat exchanges at the condenser and are less sensitive to the distribution of the leakage heat
flux rate between the evaporator and the compensation chamber.

A

Operating temperature, °C

\Variable conductance mode Fixed conductance mode

. / Heat load
Transition heat load

Fig. 3. The two operating modes of the LHP

To predict the thermal behavior of the LHP and facilitate the study of the influence of certain
parameters, simplified equations for each mode of operation of the LHP are presented in this section
and are deduced from the system of linear equations developed previously. Since the physical
mechanisms acting on the LHP behavior during VCM and FCM are very different, two operating-
temperature expressions of T are proposed to describe the LHP operation [52]

Ahy[Gaxw TambGambcc] Gy, Ahy
TsinkcH - +(Tamb—Tsink) | 1—exp| ——L- 22
stnchpl[ Gey | Qn (Tamb—Tsink) 14 Qin p1

TCCVCM = 1 1 Ahy (34)
1-o— (Gev+Gaxw) (AP +APy+APy g +APy—p1gAH) ———Gambcc
Qin|Pvepl Cpl

+Gaxw GcAsub

_ Qin Gev Ggsyp Ac
TCCFCM - Tsink +— Gaxw (35)

Ge 1+-2XW
Gev
The entire profile of Tcc is deduced from the following equation

Tee = max(Tecvem s Tecrem) (36)

5. Detailed Analysis of The Heat Transfer in The Evaporator Section

The heat transfer analysis of the LHP operation which is detailed in the previous section
demonstrates the need for knowledge of the heat transfer coefficient of evaporation within the
porous wick. As it is highlighted in the review study of the models which is presented in section 2, the
heat transfer coefficients of evaporation were calculated by expressions that are not valid for LHP
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operation or they are determined so that the experimental results fit those issued from the models.
In this section, we propose to present a model that is capable of predicting the wall evaporator
temperature and calculating the heat transfer coefficient of evaporation by assessing the
experimental results based on dimensionless numbers.

The model considers the following assumptions: (1) a steady-state one-dimensional problem
through the capillary structure, (2) the properties of the capillary structure are homogeneous, (3) the
saturation temperature is constant throughout the capillary structure, and (4) the porous wick is
considered completely saturated. To model the heat transfer within the primary wick, the energy
balance can be represented by the heat diffusion equation with a source term according to Gabsi et
al., [52]

aT Pev
dx? lpeff

=0 (37)

Apeft is the effective thermal conductivity of the porous structure. pev is the heat source term per
unit of volume due to evaporation within the porous structure. It can be written as

Pev = aAp [T(x) - Tv]b (38)

a and b are constants that can be determined experimentally. A; is the specific area per unit of the
porous wick volume which is given by

A, =31 —-9y)/R, (39)
where Ry is the pore radius. The combination of Eqg. (37) and Eq. (38) yields

d*T Ap[T(x)-Ty]?
_z_a plT(0)-Ty] -0 (40)
dx )Lpeff

As the porous structure is considered thick and the specific area is large, the heat transfer
throughout the capillary structure can be considered through a wall of semi-infinite thickness, and
the expression of the temperature distribution within the wick is as follows

_ (b1 2adp (1-b)/292/(1-b)
6(x) = (=) /Amﬁ(bﬂ)xwv ] (41)

where 8(x) =T(x) — T, and 8,, = T,, — T,,.

The net input heat flux serving for the evaporation, qgey, obtained by excluding the axial thermal
conduction and the heat losses to the ambient air, is equal to the heat flux transferred by evaporation
within the porous structure gevp, and that transferred by conduction through the porous structure,
Jcd- This energy balance can be written as:

b dae
Gev = Gevp T Qca = (ppaew - Apeff E| x=0 (42)

The heat flux, gey, is calculated based on the heat transfer active area, Aey, of the evaporator. By
substituting Eq. (41) into Eq. (42), we obtain
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’ZaA Ape
Qev = Qopagevb + (b+1p)ff Qev(1+b)/2 (43)

Knowing gev, qev is calculated by iteration method and this needs the complete knowledge of the
constants a and b which are determined experimentally. Gabsi et al., [52] developed a correlation
based on the Vaschy-Bakingham theorem and led to the definition of dimensionless numbers
containing the thermophysical properties of the working fluid and the geometrical parameters of the
LHP. This correlation is written as follows

Nu = A Re™Kp"Pr°Ja*? (44)
A*, m, n, o, and p are coefficients. The Nusselt number, Nu, is defined as follows

_ hey Dg _ Qev Dg
)Ll (Tev_Tv) Aey Al

Nu (45)

Acy is the heat exchange surface of the evaporator active area. Tey and Ty are the evaporator wall
and vapor temperatures, respectively. Dg is the groove height. The Reynolds number is expressed as

hD D
Re =28 = evls (46)
Ui Ag Ahy py Ag
The Prandtl number is given by
p. =22 (47)
A
The dimensionless number, K, is the Kutateladze number calculated according to:
Pgqt La
K, = % (48)

La is the Laplace number defined as

La=./a/g(p,— py) (49)

The modified Jackob number is expressed as

* p1 cpiTsat
= — 50
Ji = Lt (50)

The Nusselt number is calculated using the experimental values of Tey and Ty as a function of the
heat input power. The other dimensionless numbers are calculated by considering the
thermophysical properties of the working fluid at the film temperature

Tep+Th
Trum = =5 (51)

The experimental value of the thermal resistance of the evaporator, Rey, is calculated as follows
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Tev_Tv
Ry = . (52)

The evaporation heat transfer coefficient, hey, is then deduced from

1
Rep Aev

hey, =

(53)

Taking into account the different expressions of the dimensionless numbers and relation in Eq.
(44), the expression of Qey can be determined according to

Qev = [(MiAev/Dy) X A(Dy /1y AhyAey)™ X Ja™™ X KyP1 /1M (T, — T,) /17 (54)
Given that Qev = pev/Ap and compared with the Eq. (38), we deduce

a = [(LAev/Dyg) X A X (Dg/ By AD™ X (P1CpiTsar/Pybhy)" (Psacla/@)P] /17 (55)

b=1/(1—-m) (56)
The thermal conductance, Gsp, is calculated according to

Gsp = Qev/Oev (57)

The coefficients of Eq. (44) are determined by a multiple linear regression for each heat sink
temperature, Tsink. The obtained values are listed in Table 6. The coefficients m and o are set to 2/3
and 0 respectively to refine the results. Figure 4 represents the variations of the Nusselt number,
Nucal, calculated from Eq. (44) as a function of that determined experimentally, Nuexp, based on the
experimental values of the evaporation heat transfer coefficient, hev. It is noted that there is a good
agreement between the experimental results and those obtained by the correlation for each Tsink.
Indeed, the relative discrepancy between Nuex, and Nuca varies between = 10 % for Tsink = 80°C and
+ 25 % for Tsink = 20°C. This correlation would allow refining the results of the model. Indeed, from
this correlation, the thermal conductance of the evaporator, Gey, can be determined to compute the
temperature of the evaporator, Tey, and that of the vapor, T..

Table 6

Coefficients of Eq. (44) for each sink temperature

Tsink (°C) m n o p Ln(A) Relative discrepancy according
to the experiments

20 2/3 4.757 0 3.050 -44.173 +25%

40 2/3 4.160 0 2.916 -39.337 +25%

50 2/3 8.224 0 5.105 -77.540 +25%

60 2/3 6.469 0 4.605 -63.086 +20%

80 2/3 4.290 0 3.707 -43.467 +10%
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Fig. 4. Variations of Nuc versus Nuey, for different heat sink temperatures: (a) Tsink = 20°C, (b) Tsink = 40°C,
(C) Tsink = 50°C, (d) Tsink = 60°C, (e) Tsink = 60°C, and (f) Tsink = 80°C

6. Model Validation
6.1 Validation for The Evaporator and Vapor Temperatures

The variations of the evaporator and vapor temperatures obtained experimentally by
Chernysheva et al., [26] are shown in Figure 5 for different heat sink temperatures, Tsink = 20, 40, and
50°C. For these tests, the LHP is positioned horizontally. Table 7 shows the different values of hsink for
each sink temperature calculated based on the indicated volume flow rate in the study of Maydanik
et al., [27] using the Dittus-Boelter correlation [59]. The convective heat transfer coefficient between
the LHP and the ambient is hamb = 10 W/m.K and the ambient temperature Tamb = 20°C.
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Table 7
Values of hink for each heat sink temperature
Tsink (°C) 20 40 50 60 80

hsin(W/m?.K) 9000 11893 13029 13981 15729

For Tsink = 20°C, the LHP operates in VCM mode for heat loads lower than 150 W and FCM mode
for heat input higher than 150 W. It is noticed that the experimental values of the temperatures Tey
and Ty are higher than those obtained from the model (Figure 5(a) and Figure 5(b)). Hence, the model
underestimates the experimental results for both modes. The discrepancy between the experimental
results and those of the model can be explained experimentally by the generation of non-
condensable gases in the compensation chamber and the condenser. Indeed, it is well known that
the effect of non-condensable gases is effective for low heat sink temperatures, since, in these
conditions, their volume is high, which alters the condensation phenomenon and the heat transfer
in the compensation chamber. It is also noted that the gap between the experimental values and
those resulting from the model increases for high input powers. This can be explained by the fact
that these heat loads exceed the capillary limit Qmax. Consequently, the porous capillary structure
becomes starved of liquid, and dry-out happens. As a result, the temperatures (Tey and Ty) increase
excessively. As the model does not take into account the LHP operation in these particular conditions
(presence of non-condensable gas and dry-out), the theoretical calculations do not retrieve the
experimental values quantitatively but qualitatively since the model can predict the U-shape curve
corresponding to the variations of the compensation chamber temperature with the heat load. Here,
we can note that Chernysheva et al., [53] computed the theoretical calculations to retrieve the
experimental variations of the vapor temperature as a function of the heat load for Tsink = 20°C for
two LHPs: LHP#1 and LHP#2 (LHP#1 is the same LHP considered in this study). The comparison
between the experimental and computed results indicated that the calculated values underestimate
the experimental ones in the VCM, as is found in this study.

For Tsink = 40°C, the LHP operates in the VCM mode for heat input power less than 100 W and the
FCM mode for heat input powers ranging between 100 and 400 W (Figure 5(c) and Figure 5(d)). Here,
the gap between the experimental values and the computed ones is reduced in both operating
modes. However, for heat input powers higher than 400 W, there is a rapid increase in Tey and Ty
leading to an increase in the gap between the computed temperatures by the model and those
resulting from the experimental tests. Indeed, for these heat input powers, the capillary limit is
exceeded, leading to the dry-out phenomenon. Here, again we can note that the comparison
between the experimental vapor temperatures and the computed ones by Chernysheva et al., [53]
shows a gap for the two operating modes. Indeed, the computed values underestimate the
experimental ones.

For Tsink = 50°C, the LHP operates in VCM mode for heat input powers less than 50 W and FCM
mode for heat input powers ranging between 50 W and 450 W (Figure 5(e) and Figure 5(f)). We also
note that by increasing Tsink, the heat input power range corresponding to the VCM mode decreases.
The comparison between the calculated and the measured values of Tey and T, shows that there is a
good agreement for a wide range of the heat input powers, except for heat loads above 450 W, for
which the discrepancy between the calculated and measured temperatures increases. For these heat
input powers, the capillary limit is exceeded, and the dry-out occurs in the evaporator.

For Tsink = 60°C, the LHP works only in FCM operating mode. Hence, a linear increase in the
temperatures Tey and Ty is obtained (Figure 5(g) and Figure 5(h)). There is good agreement between
the model and the experiment for heat input powers below 550 W. Beyond this power, a gap
between the calculated and the measured temperatures are observed, which shows that the capillary
limit is reached and even exceeded.
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For Tsink = 80°C, the temperature variations are linear, indicating that the LHP operates in FCM
mode over the full heat input power range (Figure 5(i) and Figure 5(j)). We note that there is a very
satisfactory agreement between the model and the experiment for all the heat input powers. It
should be noted that for this test, the capillary limit is not reached. Indeed, Chernysheva et al., [26]
stopped the test at a power of 450 W before reaching the capillary limit, thus avoiding a high
overpressure in the LHP since, under these conditions, the temperature of the vapor exceeds 100°C.
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Fig. 5. Variations of the evaporator and vapor temperatures as a function of the heat load for various
sink temperatures: (a)-(b) Tsink = 20°C, (c)-(d) Tsink = 40°C, (e)-(f) Tsink = 5 °C, (g)-(h) Tsink = 60°C, and (i)-(j)

Tsink = 80°C

Table 8 lists the values of the coefficient of correlation, R?, which compares the experimental
values of the evaporator and vapor temperatures to those computed by the model for different heat
sink temperatures [26]. For the evaporator temperature, R? ranges between 0.953 and 0.998;
however, for the vapor temperature, it varies between 0.953 and 0.997 for Tsink ranging between 40
and 80°C. The lowest R? is for Tsink = 20°C for the reasons indicated above.

Values of R? for Tey and T, for each heat sink

50

60 80

Table 8

temperatu re

Tsink (OC) 20 40
R? for Tev

R2 for Ty

0.850 0.954 0985

0.974 0970 0.953 0.998 0.998
0.993 0.997

6.2 Validation for The Capillary Limit

The expression of the capillary limit is given by Eq. (1). The capillary limit is calculated for different
inclinations and is compared to the values computed by Chernysheva et al., [26]. It increases almost
linearly as a function of the vapor temperature for different tilt angles. It can be noted that there is
good agreement between the results of the proposed model and those computed by Chernysheva et
al., [26] (Figure 6). Table 9 lists the values of the coefficient of correlation, R, which compares the
values computed by the model of Chernysheva et al., [26] to those computed by the present model,
for different inclinations. R? varies between 0.994 and 0.998 for the considered tilt angle range.
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Table 9
Values of R? for Qmax for each inclination
Inclination 0° 10° 45° 60°

R for Qmax 0.995 0.994 0.997 0.998
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Fig. 6. Comparison between the capillary limit calculated from the proposed model and that of
Chernysheva et al., [26] for different tilts: (a) 0°, (b) 10°, (c) 45°, and (d) 60°

6.3 Validation for The Evaporator Thermal Resistance

The experimental evaporator thermal resistance, Revexp, is deduced from the values of the
evaporator wall and the vapor temperatures measured for each cooling temperature, Tsink according
to Eq. (52). The thermal resistance of the evaporator calculated by the model, Revm, is deduced from
Eqg. (21). A comparison between the results of the experiments and those resulting from the model
for different sink temperatures is shown in Figure 7. The curve showing the evolution of the
evaporator thermal resistance as a function of the heat input power generally decreases in the VCM
mode, which is characterized by the simultaneous decrease of Tey and T,. Beyond the transition
power, the thermal resistance of the evaporator becomes almost constant in the FCM mode. For Tsink
= 20°C, we notice that there is a large gap between Revexp and Revm, €specially in the VCM operating
mode. However, the gap between the experimental values and those computed from the proposed
model for both operating modes becomes smaller for the other cooling temperatures. Generally, the
computed values are closer to those obtained from the experiments, which proves the reliability of
the proposed model for the evaporation phenomenon.

Table 10 lists the values of the coefficient of correlation, R2, which compares the experimental
values of Chernysheva et al., [26] to those computed by the present model for different sink
temperatures. The values of R? are lower than those obtained for Tey and Ty. This can be explained by
the experimental uncertainties in calculating Rev. Indeed, the highest gap between the experimental
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values of Rey and the computed ones is obtained in the VCM operating mode, for which the heat
loads and the difference (Tev-Ty) are low. Hence, the experimental uncertainties for this operating

mode are high, especially for low heat sink temperatures.

Table 10
Values of R? for Re, for each heat sink
temperature
Inclination 20°C  40°C 50°C 60°C 80°C
R? for Rev 0.840 0.855 0.876 0.810 0.971
0.60 T 0.20
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Fig. 7. Evaporator thermal resistances for different sink temperatures: (a) Tsink = 20°C, (b) Tsink = 40°C, (c)
Tsink = SOOC, (d) Tsink = GOOC, (e) Tsink = 80°C
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7. Parametric Study

Several parameters can affect the thermal performance of the LHP, such as the orientation, the
sink temperature, the ambient temperature, the heat exchange between the LHP and the ambient,
the characteristics of the capillary structure (porosity and material), the dimensions of the grooves,
the nature of the fluid, and how the heat is supplied to the evaporator. In what follows, we propose
to study the effect of some parameters especially those related to the evaporator, such as the axial
thermal conductance, Gaxw, Which affects the heat leaks transferred by conduction between the
evaporator and the compensation chamber. Furthermore, since the capillary structure plays an
essential role in the LHP operation, we have proceeded to a parametric study, including the wick
porosity and material, as well as the groove dimensions (width and depth). In this study, the ambient
and sink temperatures are equal to respectively 20°C and 40°C. The ambient and sink heat transfer
coefficients are set as respectively 10 and 12,000 W/m?2.K. The radius pore is equal to 27 um, and the
groove number is 12.

7.1 Effect of The Axial Thermal Conductance Between the Evaporator and The Compensation Chamber

The variations of the evaporator and vapor temperatures as a function of the heat input power
for different values of Gaxw and Tsink = 40°C are shown in Figure 8. In these simulations, the porosity
and the depth and width of the groove are equal to 0.46, 1.8, and 1.8 mm, respectively. The capillary
structure material is copper.

When the LHP operates in VCM mode, the heat flux rate serving to the evaporation decreases if
the heat leaks transferred by thermal conduction between the evaporator and the compensation
chamber walls increase (i.e., Gaxw increases). Thus, the amount of vapor formed in the evaporator is
reduced. Hence, the condensate, which leaves the condenser, is less sub-cooled when the axial heat
leaks between the evaporator and the compensation chamber increase. As a result, the evaporator
and vapor temperatures increase (Figure 8(a) and Figure 8(b)).

In the FCM operating mode, the mass of the vapor formed in the evaporator increases; However,
the increase of the axial wall heat leaks between the evaporator and the compensation chamber
reduces the vapor formation. Thus, the excess of the vapor produced by the increase of the imposed
power is compensated by a mass defect of the vapor induced by the axial wall heat leaks.
Consequently, the combined effect of both the heat load increase and the axial wall heat leaks hardly
affects the amount of the condensate formed in the condenser, and the length of the sub-cooling
zone is not so affected. Thus, the temperatures of the condensate at the outlet of the condenser and
the inlet of the compensation chamber are hardly affected by this combined effect since the pressure
losses in the liquid line are not affected so much. Therefore, the temperature of the evaporator and
that of the vapor are barely affected by the axial wall heat leaks. The capillary limit, which constitutes
the maximum heat input beyond which dry-out starts, increases with the axial thermal conductance
between the evaporator and the compensation chamber, Gaw. Indeed, the rise of the vapor
temperature level in the LHP due to the Gaxw increase causes a reduction of the vapor pressure drop
in the grooves AP,g since the vapor dynamic viscosity decreases. Hence, the driving capillary pressure,
APcap, can overcome the pressure drops easily, and consequently, the capillary limit increases. The
capillary limits for Gaxw= 0.45, 0.56, and 0.67 W/K are 480, 485, and 490 W, respectively. The heat
input powers which are considered in the simulations are limited to the capillary limits since the
model does not take into account the dry-out phenomenon in the mathematical formulation.
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Fig. 8. Temperature variations for different values of Gaw: (a) evaporator temperature, (b) vapor
temperature

7.2 Effect of The Capillary Structure Porosity

The variations of the evaporator and vapor temperatures as a function of the heat input power,
for different porosities (Tsink= 40°C) are shown in Figure 9. In these simulations, the groove depth and
width are both equal to 1.8 mm and the conductance Gaxw is equal respectively to 0.67 W/K. The
material used for the capillary structure is copper.
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Fig. 9. Temperature variations for different porosities: (a) evaporator temperature, (b) vapor
temperature

In the VCM operating mode, the evaporator and vapor temperatures increase with porosity;
however, for the FCM operating mode, the evaporator and vapor temperatures are hardly affected
by porosity. In the VCM operating mode, as the porosity increases, the effective thermal conductivity
of the porous structure decreases, which leads to an increase in the evaporator thermal resistance.
Thus, for an imposed heat input power, the evaporator temperature increases with porosity (Figure
9(a)). Besides, when porosity increases for an imposed heat input power, the amount of liquid coming
from the compensation chamber augments due to the permeability of the capillary structure increase
with porosity. Thus, the evaporation is intensified, causing an increase in the mass of the vapor and
its temperature (Figure 9(b)). In the FCM operating mode, the imposed powers being much higher
than those of the VCM operating mode, the vapor mass-produced in the evaporator is high. Thus, for
a given power, the increase in the vapor mass with the porosity is not significant compared to that
induced by the heat load increase, and consequently, the evaporator and vapor temperatures are
not affected so much by the porosity increase. It is worth noting that augmenting the porosity causes
a reduction in the vapor pressure drop in the grooves. Consequently, the capillary driving pressure
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can overcome the pressure drops easily, and the capillary limit is increased. Hence, the capillary limits
for @p=10.3, 0.4, and 0.46 are 100, 330, and 485W, respectively.

7.3 Effect of The Capillary Structure Material

The variations of the evaporator and the vapor temperatures as a function of the heat load for
different capillary structure materials: copper (Acopper = 390 W/m.K) and nickel (Anickel = 90 W/m.K) are
depicted in Figure 10. The porosity and the conductance Gaxw are equal to respectively 0.46 and 0.67
W/m?2. Both the groove depth and width are equal to 1.8 mm.

The nature of the material affects the evaporator temperature for both operation modes (Figure
10(b)). The use of a capillary structure made in nickel leads to high evaporator temperatures
compared to those obtained with copper. The vapor temperature is sensitive to the capillary
structure material in the VCM mode. However, it is not substantially affected by this parameter in
FCM operating mode. The transition power increases with the decrease of the capillary structure's
thermal conductivity. Indeed, for nickel and copper, the transition power is 200 and 100 W,
respectively.
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Fig. 10. Temperature variations for different capillary structure materials: (a) evaporator temperature,
(b) vapor temperature

The evaporator temperature increase is due to that of the evaporator thermal resistance caused
by the decrease of the capillary structure thermal conductivity (Figure 10(a)). Likewise, the use of a
low conducting material augments the axial heat leaks transferred by conduction between the
evaporator wall and the compensation chamber wall, thus reducing the heat flux rates necessary for
the evaporation of the liquid in the capillary structure. The decrease of the temperature in the LHP
due to the increase of the capillary structure thermal conductivity reduces the pressure drops since
the dynamic viscosity decreases with temperature. Hence, the driving capillary pressure overcomes
the pressure drops easily. Consequently, the capillary limit is increased. The capillary limits for copper
and nickel are 485 and 525 W, respectively.

7.4 Effect of The Groove Dimensions
The variations of the evaporator and vapor temperatures as a function of the imposed power for
different groove depths, Dg, are shown in Figure 11. For these simulations, W; is equal to 1.8 mm.

The values of the porosity and Gaxw are respectively 0.46 and 0.67 W/K. Copper is the capillary
structure material.
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In VCM mode, these temperatures increase with the groove depth; nevertheless, in FCM mode,
the groove depth hardly affects the evaporator and the vapor temperatures. In VCM mode, and for
a given heat load, the evaporator temperature increase with the groove depth is mainly due to the
augmentation of the conductive thermal resistance, which can reduce the heat flux rate necessary
for the evaporation within the capillary structure. This also increases the vapor temperature. In FCM
mode, the depth of the grooves does not affect the temperature levels since the heat transfer in this
operation mode is controlled by the heat sink. It can also be noticed that the transition power
increases slightly with the groove depth. The amount of vapor formed in the grooves due to the
evaporation is reduced when the depth of the grooves increases. Consequently, the vapor pressure
drops in the grooves decrease. Hence, the driving capillary pressure can overcome all the pressure
drops easily, causing an increase in the capillary limit. The capillary limits for Dg= 1, 1.8, and 2.5 mm
are 240, 485, and 750 W, respectively.
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Fig. 11. Effect of the groove depth on (a) the evaporator temperature and (b) the vapor temperature

The effect of the groove width, Wg, on the evaporator, and vapor temperatures are shown in
Figure 12. In these simulations, Dg is fixed to 1.8 mm. The increase of the groove width causes a slight
decrease in these temperatures. Indeed, to preserve the number of grooves, as the width of the
groove increases, the groove spacing decreases. Thus, there is less material, and the conductive heat
transfer decreases in favor of the heat transfer by phase change. The reduction of the temperature
level due to the decrease of the groove width is obvious in the VCM. Indeed, the amount of vapor
formed in the VCM is usually not important, and with the reduction of the heat flux responsible for
the evaporation of the liquid, the effect of the Wy becomes more noticeable. Consequently, the
power transition increases when the groove width increases.
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Fig. 12. Effect of the groove width on (a) the evaporator temperature and (b) the vapor temperature
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The effect of the groove width on the capillary limit is the same as that of the groove depth.
Indeed, the increase of Wy induces the reduction of the groove spacing Sg. Accordingly, the heat
exchange area is reduced. This influences the heat flux rate responsible for the evaporation of the
liquid within the sintered powder, which is reduced. The amount of vapor formed in the grooves is
not important for large groove width, and consequently, the vapor pressure drop in the grooves is
reduced. Since the other pressure drops in the LHP are not affected by Wy, the capillary pressure can
overcome these pressure drops easily. The capillary limits for Wg = 0.45, 0.9, and 1.8 mm are 90, 250,
and 485 W, respectively.

8. Conclusion

In this paper, an analytical model of an LHP has been developed in steady-state operation. It is
based on mass, momentum, and energy balance equations, as well as the thermodynamic
relationships. The model allows calculating the temperature of the LHP components and the pressure
losses for different operating conditions and different geometrical characteristics of the LHP. The
heat transfer device used for the simulations is a copper-water LHP with a flat-evaporator tested by
Chernysheva et al., [26] for heat loads ranging from 5 to 600 W at a horizontal position. A satisfactory
agreement was found between the computed and experimental results.

A parametric study, including the effects of the axial conductive heat leaks, porosity, the material
of the capillary structure, and the groove dimensions, was carried out. The results are summarized in
Table 11. The effects of the studied parameters on the LHP thermal performances are different
according to the operating modes.

Table 11

Summary of the effect of the studied parameters

Parameter Trend VCM Mode FCM Mode

Gaxw increases Tev& Ty increase Tev& Ty not affected

Porosity increases Tev& Ty increase Tevincreases & Ty not affected
Wick thermal conductivity increases Tev& Ty decrease Tevdecreases & Ty not affected
Dgincreases Tev& Ty increase Tev& Ty not affected
W¢increases Tev & Ty not affected Tev & Ty decrease

For the VCM operating mode, the increase of the heat leaks by conduction between the
evaporator and the compensation chamber, porosity, and the groove depth lead to the
augmentation of the evaporator and vapor temperatures; However, increasing the wick thermal
conductivity occasions a reduction of these temperatures. It is noteworthy that increasing the groove
width hardly affects the evaporator and vapor temperatures.

For the FCM operating mode, the evaporator and vapor temperatures are not affected by the
conductive heat leaks between the evaporator and the compensation chamber as well as the groove
depth. Furthermore, the vapor temperature is not affected by the porosity and the wick thermal
conductivity; however, the evaporator temperature increases with the first parameter and decreases
with the second one. Increasing the groove width in the FCM operating mode occasions a decrease
in the evaporator and vapor temperatures.

The present work proposes an original method that consists of using dimensional analysis to
determine the evaporation heat transfer coefficient from the model and it also proposes original
modeling of the phenomenon of evaporation in LHPs. The study aims to model the operation of an
LHP in a steady-state regime to determine its thermal performance (capillary limit, thermal
resistance, and temperature of the evaporator) for different operating conditions (input power, the
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temperature of the cold source, ambient temperature, convection with the ambient, thermal leaks
to the compensation chamber, and gravity) as a function of the geometric parameters (diameters
and lengths of the liquid and vapor lines, condensation surface, and width and depth of the grooves)
and the properties of the capillary structure (porosity, material, and permeability).
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