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Abstract

A steady-state analytical model has been developed to determine the thermohydraulic behaviour of a loop heat pipe
with a flat evaporator. Its main originality lies in the combination of energy balance equations for each component of the
system with 2D analytical solutions for the temperature field in the evaporator. Based on Fourier series expansion, heat
transfer in the wick as well as in the evaporator casing are accurately modelled, enabling a thorough consideration of the
parasitic heat fluxes. The model is based on the thermal contact resistance between the wick and the casing, the thermal
conductivity of the wick and the accommodation coefficient. This analytical method offers a simple solution that can
be implemented in LHP design analysis without the need of large computational resources. A sensitivity analysis has
been carried out to evaluate the influence of several parameters on the LHP behaviour. The results show that the main
parameters of the model are independent. Therefore, they could be experimentally determined using an appropriate test
bench with only few temperature measurements. The model has been validated with a set of experimental data from

the literature. A good agreement is found between the theoretical and the experimental results.
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1. Introduction

Loop Heat Pipes (LHP) are two-phase cooling systems
able to passively transport high amounts of heat over dis-
tances up to several meters. Developed in the 1970’s, these
devices have proven their reliability in many spatial appli-
cations and are now candidates for terrestrial cooling so-
lutions. Indeed, their specific design offers robustness and
flexibility for a wide variety of practical applications [1, 2].

As a consequence, many efforts have been dedicated
to understand their operation in order to optimize their
design. A LHP is a complex thermal system including
an evaporator connected to the heat source, a condenser
to dissipate the heat load and vapour and liquid lines
to transport the working fluid between both components.
Coupled thermo-hydraulic phenomena govern the LHP be-
haviour and need to be understood to enable a correct sys-
tem designing. Parameters such as evaporation efficiency,
heat losses to the ambient and parasitic heat flux in the
evaporator as well as condensation heat transfer can be of
great influence on the loop operation.

A lot of papers concerning LHP complete modelling can
be found in the literature [3—6]. However, these numerical
models often imply complex algorithms and large compu-
tational resources which are not always available for up-
stream pre-design applications. An analytical model offers
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the advantage to provide a solution without an excessive
computing time and that can be easily implemented. Some
analytical models of LHP are found in research works.
Maydanik et al.[7] (cited by Launay et al.[8]) suggested
a closed form solution of a LHP analytical model estab-
lishing the energy balance in the reservoir and the pres-
sure balance in the whole system. Furukawa[9] developed
a complete analytical model of a LHP able to enhance the
sizing of the system and to study the influence of many
geometrical parameters on the loop operation. However,
the model requires the operating temperature as input pa-
rameter. Yet in most cases, the evaporator temperature
is the main expected output of a LHP model. Launay
et al.[8] proposed closed-form expressions of the operat-
ing temperature of the LHP, for both the variable and the
fixed conductance mode. Their model is based on energy
balance equations on each system component and on ther-
modynamic equations. The thermal links in the reservoir
are defined as equivalent thermal resistances. Their solu-
tion is a useful tool in the LHP design. However, the heat
transfer in the evaporator is not accurately determined and
has to be adjusted in accordance with experimental data.
The purpose of the present study is to present a com-
plete analytical model of a Loop Heat Pipe accurately tak-
ing into account heat and mass transfer in the evaporator
structure. The model is developed for a flat disk-shaped
evaporator geometry. This model is based on the analyti-
cal study of Launay et al.[8]. However, the present study
rests upon two 2-D analytical solutions describing the tem-
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perature field in the wick and the evaporator casing. Both
solutions enable to determine parasitic heat losses through
the wick and the evaporator body, the sensible heat given
to the liquid flowing through the porous structure as well
as the heat dissipated by evaporation at the wick-groove
interface. A similar approach was implemented in the case
of conventional heat pipes by Lefevre and Lallemand [10]
and later extended by Lips and Lefevre [11]. These fea-
tures, coupled with energy balances and thermodynamic
relationships in the rest of the LHP, give a simple solution
for the operating temperature. An iterative procedure is
implemented to calculate the two-phase length in the con-
denser.

2. Model description

2.1. Analytical Model of the LHP

The thermal state of the complete LHP can be deter-
mined using energy balance equations and thermodynamic
relationships. Figure 1 presents the operating principle of
the LHP and the links between its components.

The total heat load to be dissipated by the evaporator
Qin is conducted through the wick or through the evapo-
rator body so that:

Qin = Qw+Qb (1)

The wick is assumed to be fully saturated with liquid. The
thermal heat flux @, is transversally conducted through
the evaporator wall, the wall-wick interface and then di-
vides up: a part Q. is evaporated at the wick-groove inter-
face whereas the rest is dissipated by conduction and con-
vection with the liquid flowing through the porous struc-
ture and with the liquid in the reservoir. @} is conducted
longitudinally through the evaporator wall to the reservoir
and a part of it, Qext,e, is given by convection to the am-
bient. Both the heat flux through the wick @y, and the
heat flux conducted through the evaporator casing @, are
functions of the reservoir, the groove, the wick and the
evaporator temperatures Ty, Ty, Twe and T,. The same
dependence applies for Qey and Qext,e:

= f(T:, Ty, T¢) (2)

Qev = mlhlv = f(T, Ty, Tiwe) (3)
Qv = f(Tr; Te) (4)

Qext,e = f(Tr, Te) (5)

Qext,c 15 also a function of Tk, which is a given data of
our model. As a result, the heat load @Q;, can also be
expressed as a function of these four temperatures:

Qin = f(TrvTV; TwevTe) (6)

An analytical expression of @i, will be derived in subsec-
tions 2.2 and 2.3. The part of @, that is not dissipated by
evaporation is the transversal parasitic heat flux. Part of
this flux is conducted through the wick and released to the
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Figure 1: LHP schematic nodal network

reservoir whereas the rest is dissipated by convection due
to the liquid flow inside the porous structure. At the inter-
face between the wick and the evaporator envelope, there
is a temperature gap T,-Ty. due to a contact resistance R,

defined as:
Te — Twe

Q. )
where S; is the contact surface between the wick and the
evaporator body and T, and Ty, are the temperatures on
the envelope side and on the wick side, respectively.

A global heat balance on the evaporator/reservoir gives
the following equation:

Qin = Qev + Qsen + qub + Qext,e + Qext,r (8)

where Qgen is the sensible heat given to the liquid, Qgsup
is the subcooling due to the liquid entering the reservoir

R. =S



and Qext,r is the heat flux dissipated to the ambient by the
reservoir. The determination of Qgen and Qgsup leads to:

Qsen = mlcp,l (Tv - Tr) (9)
qub = mlcp,l (Tr - Tr,in) (10)

where T i, is the temperature of the liquid coming from
the condenser and flowing back to the reservoir.

To evaluate the heat transfer given by the reservoir to the
ambient, it is assumed that its surface is at a uniform
temperature equal to T;. Heat transfer with the ambient
Qext,r is then approximated by:

Qext,r =

where S, is the total external surface of the reservoir. A
single expression of Q;, can be derived by combining equa-
tions (3), (5) and (7) to (11):

hextSr (Tr - Text) (11)

Qin = f(Tr; TvaTweaTe; mlaTr,in) (12)

In some cases, the reservoir can be full of liquid. This phe-
nomenon has been extensively studied by Adoni et al.[12].
In the present model, the existence of a two-phase equilib-
rium in the reservoir is assumed. As shown by Launay et
al. [8], a thermodynamic relationship exists between the
saturation temperature inside the grooves and the one at
the liquid-vapour interface in the reservoir:

oT
where p is the liquid density and AH is the elevation of
the condenser compared to the evaporator. The slope of
the pressure-temperature saturation curve is given by the
Clausius-Clapeyron equation:

or _T{A/pv—1/p)

aP Iy (14)

The model can also cope with non-condensable gases
(NCG), which can be generated for various reasons in the
LHP and accumulate in the reservoir, as explained by
Singh et al. [13]. We assume that in operating condi-
tions, these NCG are drained to the reservoir. In order to
take into account the overpressure generated by the NCG
Pxcg, equation (13) is modified:

AT =T,—-T, = <§_;€) (APV + AP — pigAH + PNCG)
(15)
The vapour line is considered adiabatic so that the
vapour enters the condenser with a temperature equal to
T,. Furthermore, the condensation temperature 7. and
the vapour temperature 75, are linked with the thermody-
namic relationship (14). Since the pressure drops in the
vapour line are low, it is assumed that condensation occurs
at temperature Ty, (T, = Ty).
In the part of the condenser where liquid subcooling oc-
curs, heat transfer with the heat sink and with the ambient

are calculated considering a convective heat transfer hgink
and heyt, respectively:

TC,O = Tsink + (Tv - Tsink) (16)

X exp ( —mDc;i (Le — Lag) )
mlcpJ (1/h1 + Dc,i/(hsinch,o))

where T¢ , is the temperature of the liquid at the condenser
outlet, L. and Lyg are the lengths of the condenser and
of the two-phase region respectively. D.; and D, , are the
inner and outer condenser diameters. In a similar way, the
liquid line heat balance is:

— Text) (17)

% e < 77TD17iL1 )
X .
P micp1 (1/h + Dii/ (hextDio))

where D;; and D), are the inner and outer diameters of
the liquid line and L, its length. Additionally, in the con-
denser, the heat exchange with the heat sink in the two-
phase zone is equal to the latent heat of the condensing
vapour:

Tr,in = dext + (Tc,o

mihy, = T Lo (Ty — Tsink)  (18)

hecond De,i + hsinkDe,o

Equations (3), (7), (8), (12), (15) to (17) and (18) form
a set of 8 independent equations with 8 unknowns: Tye,
Te, Ty, Triny Te0, Ty, 1y and Log. Their solution leads
to the determination of the complete thermal state of the
LHP. The values of Qp, Qw and Qe (equations 2-4) can
be calculated using several methods. In the large majority
of LHP models from the literature, heat transfer in the
evaporator is simply described using equivalent thermal
resistances based on the geometrical characteristics and
the thermophysical properties of the evaporator. However,
such a method does not take into account adequately the
heat flux in the wick and the evaporator body since the
determination of the thermal resistances requires a 2D or
3D approach. Thus, in the present study, an accurate
thermal analysis of the evaporator has been conducted,
based on an analytical approach.

2.2. Analytical Thermal Model of the Wick
The first part of the analytical model of the evaporator
deals with heat and mass transfer inside the porous struc-
ture. As shown in Figure 2, a part of the porous wick is
modelled, bordered on one side by the liquid bulk of the
reservoir and by half of a fin and half of a groove on the
other side.
The 2-D stationary heat equation in the wick is expressed
as:
0*T,  0°Ty,
0x? oy?
where Ty, is the temperature of the porous structure and x
and y are the axis coordinates (Fig. 3). A non-dimensional
temperature is defined as:

Tvt _ )\eﬁ (Tw - Tr)
$ob

=0 (19)

(20)
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Figure 2: Evaporator cross-section

and leads to:

2T 1 9T
Tw, ~Y%w_ (21)
9x2 ' B2 9y2
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b
x=2 v=Y ad B=°> (22
a b a

where a and b are the lengths of the modelled region in the
x and y directions respectively, Aegr is the wick effective
thermal conductivity and ¢q is an arbitrary heat flux.
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Figure 3: Schematic of the wick model

A general expression of the non-dimensional temperature
field expanded in 2-D Fourier series is given by:

TH(X,Y) =Y An(Y)cos(mnX) + Bu(Y)sin(mn X)
m=0
(23)
For X =0 and X = 1, an adiabatic boundary condition is
considered based on a symmetry hypothesis:

T
X

_ 0Ty,
09X

=0 (24)

X=0 X=1

Thus equation (23) becomes:

TH(X,Y) =Y An(Y)cos(mrX) (25)

m=0
Combining equations (21) and (25) yields:
0?An(Y)
oY?

Solving the previous differential equation leads to:

— (m7B)? An(Y) + =0 (26)

Ao(Y) = AnY + Aoz
Am(Y) — Amlemﬂ'BY 4 Am2e—m7rBY

if m=0 (27)
otherwise (28)

The boundary condition for Y = 0 is a set temperature
profile corresponding to the evaporator temperature 7y,
for one side (x < ag) and to the groove temperature T, for
the other side (z > a1). At the junction between the wall
and the groove, the temperature singularity is treated by
considering a linear variation of the temperature between
two fictive points ag and a;. The slope of the temperature
gradient and thus the position of these points depend on
the maximum evaporation rate at the liquid-vapour inter-
face that can be calculated using the kinetic gas theory,
which gives a heat transfer coeflicient he, [14]:

—-0.5

20y thfv (27r§_Tsat) (1 Pt ) (29)

ey = =
eV 2- Qev Tsat M 2pvhlv

where aey is the accommodation coefficient. Such an ap-
proach was already used in [15] to cope numerically with
the temperature singularity at the triple line. In the case
of the evaporation of a thin liquid film, the accommodation
coefficient is defined as the ratio of the actual evaporation
rate to a theoretical maximal phase change rate. A coef-
ficient equal to unity describes perfect evaporation while
a lower value represents incomplete evaporation. In the
case of water, values varying from 0.01 to 1 are suggested
in the literature [16]. We assume the following relationship
between he, and the position of ag and a1:

hoy = (30)

a1 — aop
The boundary condition for Y = 0 is then defined as:

Aot (Twe =T0) 4 o x %0
a

$ob
Ae —aX
it <(Tv - Tr) + (Twe - Tv) u)
Ty (X,0) = { Pob a ai
if = < X <=
a a
Aeff (Tv - Tr) .o a1
_ f—<X<1
Bob 1 a <
(31)
For Y =1, the reservoir temperature is set:
T:(X,1)=0 (32)



The non-dimensional temperature field is then:

THX,)Y) = Aole + Ago (33)
4 Z (A mnBY —mmnBY
1€ + Ane ) cos(mmX)
m=1
with
)\ an + al
Ag = T, — T, Towe —Ty) —— 34
=28 (=Tt - T 2F™)
Aeff ap + ay
A T, —1T; Twe — Ty 35
0= (LTt (- T) )
A 2)\eg Twe —T, a cos(mm%) — cos (mm)
ml dob m27w2 a1 — ag 1 — e2mnB
(36)
A, = 2)\eg Twe—T, a cos(mm%) — cos (mm%)

dob  m2n?2 a; —ap 1 —e—2mnB

(37)

In equation (33), the liquid flow inside the porous
structure is not taken into account. This flow is two-
dimensional. However, in the present study, we assume
a 1D flow inside the wick, considering a homogeneous vol-
umetric source inside the wick ¢ defined as:

q= 74m10p,1 (Zv Tr) (38)
wD2b

where 7 is the total liquid mass flow rate in the wick
and cp is the specific heat of the liquid. This assumption
respects the energy balance and enables to derive an ana-
lytical expression for the influence of the liquid flow inside
the wick. The superposition principle enables to add a
simple model of heat transfer in the wick with a homoge-
neous source to the previous developed analysis. It has to
be noted that a 2D approach of heat and mass transfer in
a porous wick was presented by Cao and Faghri [17], but
the model is not entirely analytical. The heat equation in
the wick is thus:

0*T, q
= 39
ay2 )\eﬁ ( )
and the boundary conditions are:
To(y = 0) — Tu(y = b) = b2 (40)
)\eff
Te(y=b) =T (41)

This leads to the non-dimensional temperature field im-
plied by the liquid flow inside the wick:

._ 4
TN = —
¢ 2¢o (
This solution is added to the previous one to give a general

expression of the non-dimensional temperature field in the
wick, with consideration of 1-D convection:

Y? —3Y +2) (42)

TS =Te+TF (43)

The previously described model enables to calculate the
heat flux through the wick @y and the heat dissipated by
evaporation Qey:

t
= dx 44
"5l (44)
ap + ay 3qb)
= -8, A, — 242
" [ ( " 260
+ i B (Am1 — Ame2) sin - ta
= 2a
w [* Ti
Qev = S_ )\effa : dx (45)
a a();“l 8y y=0

ap + a 3qb
|12 (035

Z B (Am1 — Am2) sin (mﬂao +a1)
2a

=1

2.3. Analytical Thermal Model of the Fvaporator Body

The model of the wick is sufficient if the heat losses
through the evaporator body are negligible. Neverthe-
less, the body is usually made of a high conductive ma-
terial. Therefore, it is generally necessary to estimate the
heat transferred by conduction from the evaporator to the
reservoir and to the ambient. A second analytical model
is developed to describe the evaporator casing. As shown
in Figure 4, the evaporator wall is “unwrapped” and mod-
elled as a rectangular domain. At x = 0 and x = ¢, an
adiabatic condition is assumed due to the symmetry. At
y = 0, a convective heat transfer with the ambient is taken
into account on the whole external surface, including the
heating section (0 < x < ¢p), where a heat flux ¢, is also
applied. The inner part of the body is highly influenced by
the reservoir temperature. The rectangular shape chosen
to represents the evaporator body does not consider the
effect of the grooves on the distortion of the temperature
field between the base plate and the wick. We assume,
therefore, a set temperature profile, with the evaporator
temperature T, on one side (0 < < ¢p) and the reservoir
temperature T, on the other side (¢; < z < ¢) with a linear
profile in-between.

The sum of two solutions is necessary to take into ac-
count the complete set of boundary conditions. The first
one corresponds to a set temperature profile in the inner
part of the wall, in contact with the wick and the liquid-
vapour bulk in the reservoir. Convective heat losses to the
ambient are assumed for the whole external surface of the
evaporator /reservoir. This hypothesis considers that the
electronic component to cool down dissipates heat with the
LHP on one side and with the ambient on the other. The
second solution adds the heat input to the evaporator.
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Figure 4: Evaporator casing modelling

Using the same mathematical procedure as previously,
the heat equation becomes:

o’y 1 0Ty
ox2 T orave =0 (46)
where:
x y d M (L - T0)
X == Y ==; D= —; e ————— 2
¢’ d’ ¢’ b ¢Od
(47)
The boundary conditions for the first solution 7}, are:
0Ty, o1y,
3 — bl =0 t 48
DX |y~ OX |\, (symmetry) (48)
o Rex
3;;1 = Bingl + = (Tr - Text)
Y=0 bo
ih (49)
with  Bip, = —=*
Ab
Ao (T — 1) if0< X<
¢od h
% —cX
T (X, )= 2 _qpyazeX oy @
¢od c1—co c ¢
0 if % <X<1
(50)
whereas for the second solution T}),:
0Ty, 0Ty,
0X |x_o 0X |x_4 (51)
qsin Co
* —— f0< X< —
o1y, _ b0 no< c
)4 o (52)
v=0 |o if X > 2
c
T (X, 1) =0 (53)

The combination of equations (46) to (53) and the addition
of both solutions lead to the non-dimensional temperature
field in the evaporator body:

T3 (X,Y) = Co1Y + Coz (54)

(o)
+ ) (Conr€™™PY 4 Crnae™™™PY) cos(mm X)
m=1

with
Bi, b co+c1
Cor = 2o (1 -, T, — To
o1 Bib+1¢od<(e D H (= Te)
1 Ab co+c1 .
Coo = — | (Tc — T — Biy, (Ty — Tox
>~ Bip + 1 ¢od (( ) 5 i ( t))
o Gin
+ ?% (56)
O 9 M To—T, ¢ cos(mm<) — cos (mr<)
ml — ¢0d m27T2 c1— ¢ emﬂ'D + ;’Z:g"’_‘gzz e—m#D
$in 1 . co 1
; 2% m2x2D > (mﬂ-?) 1+ e2mnD (57)
O .9 M To—T, ¢ cos(mm<) — cos (mr<)
m2 = dod m2m2 ¢ — ¢y e—mTD 4 z:g;gzz emmD
¢in 1 . 0 1
2% m2n2D st (mﬂ-?) 14 e—2mnD (58)

The heat dissipated to the ambient in the evaporator
section of the body is:

Co
Qext,e = / hextm (Tb($, O) - Text) dx (59)
OC1
+ / hexemco (T (i, 0) — Toe) dt
co

c d
= hextTCo (Cl - 50) (Tr — Toxe + %Co2>



oo

Z Crmi + Cm2) Cﬁ

m=1
X (i (—1 + cos (mﬂ'co)) + 0 sin (mﬂc—l))

mm 2 mm c
The heat transferred by thermal conduction through the
evaporator body to the reservoir section is calculated by

integrating the Fourier’s law at y = ¢1 (Fig. 4). Thus, the
total heat losses through the body is:

d
T
Qb = Qext,e +/ *WCOAba—b
0

X

+ hextﬂ'

dy (60)

r=cCy

= Qext,e + dcodo i T sin (mw—)
m=1
(efmﬂ'D o 1))

X (C’m1 (emﬂD - 1) — Cn2

2.4. Solving procedure

The solving procedure is presented in Figure 5. The set
of equations is not linear. Thus an iterative procedure is
used to solve it. After initialisation of the parameters of
the model, the two-phase length in the condenser Loy is
set, according to the energy balance for a given heat input
Qin (18). Ly, has a major influence on the determination
of the temperature of the liquid entering in the reservoir
Ty in (equations 16-17). Then, the thermophysical prop-
erties are calculated, as well as the pressure drops in the
transport lines.

K-coefficients can be defined to reformat the expression
of Qw, Qev, Qv and T} i, as functions of T}, Ty, T, and
Twe:

Qw = KhTy + KoTy + K3Tye using (34,36,37,44)
(61)

using (34,36,37,45)
(62)

using (56,57,58,59)
(63)

using (57,58,60,63)
(64)

using (16,17) (65)

Qev = K, I + K5Tv + K6Twe
Qext,e = K101y + Ki1Te + K12
Qv = K71, + KgTe + Ko

Tr,in = K13Tv + K14

The detailed expression of these coefficients is presented
in Appendix A. Equations (1,7-11, 15-17,61-65) are solved
and give a second-order expression which enables to cal-
culate the vapour temperature T (see Appendix B).

This procedure is iterated until the energy balance is
satisfied in the condenser (equation 18). The same method
is computed for each heat input Qi,(¢). Since the heat
transfer coefficient with the heat sink is generally much
lower than the condensation heat transfer coefficient, the
condensation thermal resistance is neglected to simplify
equation (18).

Equation (15) is a function of the pressure drops AP,
and AP,. These parameters, due to the friction forces in

Parameter initialization, Qin (1

length in the condenser

1) j
Settlng of the two- phase
Loy according to Eq. (18)

I

LCalculatlon of the thermophysical

properties and the pressure drops

1
Calculation of the K- }

coefficients (See Appendix A)

)

Determination of the vapour
temperature 7y (Eq. B.1)

!

Is the energy balance in
the condenser (Eq. 18)
satisfied?

[ Qui+1) = Qul) +2Quw |

I

Qin(i + 1) > Qmax

[ Plot of the operating curve J

Figure 5: Solving algorithm flowchart

the vapour and the liquid lines, depend on the fluid flow
regime. They are calculated as follows:

o\’

where A is the cross-section area of the tube. For a smooth
tube wall of diameter D and length L, the friction factor
f is expressed by:

64/Re if Re < 2000
f=140.032 if 2000 < Re <9150  (67)
0.316Re=%2° if Re > 9150

Equation (15) also includes the pressure of non-
condensable gases Pxcg. In order to take into account
the NCG, it is necessary to calculate the liquid level in the
reservoir that depends on the heat load. We assume that
the void fraction of the two-phase flow in the condenser is
0.5 and that the vapour density is negligible compared to
the liquid density. The liquid level e; in the reservoir is



therefore expressed as:

L[ me LinDY; (Lo — 5Lag)mDZ;
o= o [ 2 eyl — ’
SW p1 4 4

(68)
where my is the total fluid charge in the system and ey, is
the wick thickness. The total volume of NCG and vapour
in the reservoir V; is equal to:

Ve =Sy (er —e1) (69)

with e, the thickness of the reservoir. Considering the non-
condensable gases as ideal gases, their partial pressure is
calculated by:

Pyee = (70)

where R is the ideal gas constant and mycg and Mnca
are the NCG total mass and the molar mass, respectively.

To solve equations (16-18), the heat sink heat transfer
coefficient hgiyk is determined in accordance with the con-
denser design, whereas the heat transfer coefficient of the
liquid Ay is calculated assuming a laminar fully-developed
flow and a constant Nusselt number Nup = 4.36 [18].

Equations (11) and (17) depend on the heat transfer
coefficient with the ambient heyt. It is given by the corre-
lation of Churchill and Chu [18] for free convection on the
surface of an isothermal cylinder:

2

1
. 6
T 0.387Raf,

(71)

hext =

N

(1 + (0.559/Pr)%)

This correlation is valid for Rayleigh numbers Rap lower
than 10'2. The determination of the effective thermal con-
ductivity of the porous structure will be discussed in the
next section.

3. Results and discussion

This section presents a sensitivity analysis to show the
influence of different parameters on the LHP performance.
The LHP geometry considered for this analysis is similar
to standard systems used for electronic cooling applica-
tions. Its geometrical characteristics are based on the ex-
periments of Singh et al.[19] and Choi et al.[20]. A valida-
tion of the model is presented in the last paragraph.

3.1. Standard case

The properties of this “ standard” LHP, having a flat
disk-shaped evaporator, is defined in Table 1. The system
is supposed to be in horizontal orientation. The wick is
made of nickel and the working fluid is water. The main
parameters for the wick are the effective thermal conduc-
tivity, the accommodation and the contact thermal resis-
tance between the wick and the casing.

Extensive studies have been undertaken to develop mod-
els able to predict accurately the effective thermal conduc-
tivity of a porous structure. Thus, many different corre-
lations can be found in the literature to determine the
effective thermal conductivity of a porous material [21-24]
Table 2 presents the results obtained for a nickel wick of
75 % porosity saturated with water, using various correla-
tions. This thermophysical property depends not only on
the conductivity of the materials constituting the wick but
also on geometrical parameters such as the porosity, the
mean pore diameter and the pore size distribution. The
results are very different according to the chosen correla-
tion. This shows that this parameter is difficult to evalu-
ate accurately. For the standard case, an effective thermal
conductivity equal to 5W - m~! - K1 is chosen, which cor-
responds to the wick properties of Singh et al.[19].

Correlation def (W-m 1.K1)
Alexander 5.82
Chaudhary-Bandhari 4.06

Maxwell 16.96

Parallel scheme 23
Zehner-Schlunder 1.75

Table 2: Effective thermal conductivity calculation with a water-
saturated nickel wick, 75% porosity

Information from the literature concerning the thermal
contact between a porous structure and a solid base plate
is very scarce. This parameter depends on many geomet-
rical and manufacturing characteristics. Choi et al.[20] in-
vestigated new techniques to enhance the thermal contact
conductance of evaporators in LHPs. Several channel de-
signs have been tested and compared. An estimation of the
contact thermal resistance (including in practice thermal
conduction in the base plate, in the wick and an evapora-
tion resistance) is given and values ranging from 7-107°
to 3-10"*m? - K- W ! have been obtained. Based on this
work, a constant contact resistance of 1074 m? - K- W1 is
chosen for the standard case.

Although the accommodation coefficient is a key pa-
rameter in the determination of the LHP temperature, its
value is very difficult to predict. In the literature, several
studies are dedicated to the determination of this param-
eter for various fluids[16]. However, the scattering of the
results confirms the difficulty of describing the evapora-
tion accurately. For water, values ranging from 0.01 to 1
have been found. Therefore, an accommodation coefficient
equal to 0.1 is chosen for the standard case.

The temperatures at different locations in the LHP are
plotted in Figure 6 for heat inputs ranging between 10 W
and 110 W. A temperature difference of several degrees be-
tween T, and Ty shows the impact of the thermal contact
resistance between the wick and the casing, particularly at
high heat inputs. Since the mass flow rates in the trans-
port lines and the condenser are moderate due to the high



Evaporator design Flat disk-shaped
Wick diameter 40 mm
Wick thickness 3mm
Wick effective thermal conductivity 5W .m1.K!
Vapour groove width 1mm
Wick-wall contact resistance 104K -m?- W1
Accommodation coefficient 0.1
Reservoir depth 10 mm
Evaporator diameter 41 mm
Evaporator wall material Stainless steel
Working fluid Water
Fluid charge 7g
Condenser and transport lines i/o diameters 2/2.4mm
Transport lines length 200 mm
Condenser length 100 mm
Heat sink temperature 22°C
Heat transfer coefficient with the heat sink | 2000W - m 2. K !
Ambient temperature 22°C
Heat transfer coefficient with the ambient 5W.-m 2.K!

Table 1: Definition of the standard LHP for the sensitivity analysis

latent heat of vaporization of water, pressure drops in the
loop are not significant. Therefore, the saturation temper-
atures in the reservoir and in the grooves, T and T, are
almost equal. The values of T;, and T}, are also very
similar because the heat transfer between the liquid line
and the ambient is limited.
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Figure 6: Temperature of the LHP in the standard case

A clear transition between the variable conductance
mode and the fixed conductance mode is observed around
60 W. For lower heat inputs, the temperature of the liquid
exiting the condenser is constant and equal to the heat

sink temperature. Above this point, Tt , starts to increase
and the shape of all the temperature curves in the LHP is
quasi-linear.

Figure 7 shows the temperature in the porous structure
in the standard case, for a total heat load @i, of 50 W. For
y = Omm, the temperature profile shows a sharp discon-
tinuity at the transition between the groove and the fin.
The intense evaporation occurring at z = 0.5 mm causes
the convergence of the heatlines toward this point and a
sharp distortion of the lines in its neighbourhood. As y in-
creases, the temperature profile flattens until the temper-
ature is uniform in the z-direction for y > 2mm. Then,
the alternation between the fin and the groove does not
have any influence and the temperature field in the wick
in contact with the liquid bulk of the reservoir is uniform.

As defined in Equation 13, the difference between the
groove temperature and the reservoir temperature is set
only by the pressure losses in the transport lines, the
hydrostatic pressure difference and the non-condensable
gases partial pressure. Smooth tubes with a relatively
large diameter lead to reduced pressure losses. There-
fore, the LHP operates with a groove temperature and
a reservoir temperature almost equal. As a consequence,
the convective cooling due to the liquid flow in the wick is
extremely low and heat transfer in the porous structure is
mainly controlled by heat conduction.

Figure 8 shows the effect of non-condensable gases on
the evaporator temperature. Various quantities of air
ranging between 1 pg and 200 pg are simulated in the reser-
voir. For a NCG mass below 10ng, corresponding to a
partial pressure Pycg equal to about 400 Pa, NCG do not
have a determinant influence on the evaporator temper-
ature. However, when the mass of NCG in the LHP is
larger, its partial pressure is more important than the sum



T
3 .
79.7°€ 79.7°€
2.5}
2F———80.22€ 80.2 €
B
£ 15¢
> eeTe— o
7 e— |
1 L
""" 81.2°c
82.2°c ) JP—
0 [ g3 0o 76— 2 Fa75e
0 Tye 0.5 T, 1
X (mm)

Figure 7: 2-D temperature field in the wick

of the pressure drops in the whole loop. The influence of
NCG becomes then important at low heat input, leading
to a significant increase of the evaporator temperature. As
a consequence, the shape of the characteristic curve of the
LHP is flattened.

140 v v
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120}| —&— 100 pg NCG
—&— 200 pg NCG
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60 80 100
Q, W)
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Figure 8: Influence of the NCGs on the evaporator temperature

These results are in accordance with Singh et al.’s exper-
imental study [13]. Their work shows that the net effect of
the generated NCG in the LHP was to produce an overall

10

rise in the steady-state operating temperature. Besides, it
was observed that the performance degrading effect of the
NCG was more pronounced at low heat loads.

3.2. Sensitivity analysis

The LHP operation depends on many distinct param-
eters: the geometrical design (size, shape) of the system,
the thermophysical properties of the working fluid and of
the materials of the loop elements, the heat transfer char-
acteristics inside and outside the LHP and the pressure
losses in the system. Most of these parameters are easy
to determine if the LHP geometry and the working fluid
properties are known. However, some parameters are very
difficult to determine precisely theoretically as it has been
seen in the previous section: the effective thermal con-
ductivity of the wick Aeg, the contact resistance between
the wick and the evaporator envelope R, and the accom-
modation coefficient ao,. Furthermore, the heat sink heat
transfer coefficient hgin and the heat transfer coefficient
with the ambient heyt are also calculated using correlation
being inherently inaccurate. Thus, in the present section,
a sensitivity analysis is conducted on these parameters to
see their influence on the model.

The sensitivity coefficient of the function T

f(xi, xj, xx, ...) in relation to the parameter z; is defined
as: or
S = (72)
8:ci zj, Tk,

In order to compare several parameter sensitivities, it is
convenient to define relative sensitivities:

(73)

Lj,Lley---

This coefficient enables to quantify the variation AT
caused by a relative variation Ax;/x; of the parameter x;.
The greater the absolute value of the coefficient, the more
the function is sensitive to the parameter.

Unless otherwise mentioned, the sensitivity analysis is
conducted with the standard LHP defined in Table 1. A
slight variation (5 %) of each studied parameter is applied,
the value of the other parameters being constant. This
effect on the temperatures at different locations of the LHP
is predicted by the model.

Figure 9 presents the relative sensitivity of s, Ty, T} in
and T; , to the heat transfer coefficient with the ambient.
Sensitivities of T, and T are significant for low heat inputs
and decrease with the heat load. Heat transfer with the
ambient cools the loop down and leads to a lower opera-
tional temperature. As expected, heyxt does not have any
influence on T} ; and T, in variable conductance mode
because their value is only set by the heat sink. For higher
heat loads, the increase of the heat losses to the ambi-
ent lead to a lower operational temperature. As a conse-
quence, a larger part of the condenser is used to conden-
sate the vapour, the subcooling length in the condenser is
smaller and Tt , increases. The same effect is observed on



T in, but partially offset by the heat losses from the liquid
line to the ambient.

(dT/dhext)*hext (K)

6‘0
Q, (W)

40 80 100

Figure 9: Relative sensitivity of the LHP temperatures to hext

In many experimental configurations, an adequate ther-
mal insulation of the entire LHP enables to reduce con-
siderably the heat losses to the ambient. In the following,
this parameter is set to zero in order to better highlight
the effect of the other parameters on the LHP.

The relative sensitivity of the vapour temperature to
the other parameters is shown in Figure 10. It is clear
that heat transfer inside the evaporator (function of the
parameters Ao, R. and aey) governs the operation in vari-
able conductance mode whereas at high heat loads, hgink
becomes the dominant parameter. Indeed, at low heat
loads, 7%, equals Tgink so the heat transfer coefficient with
the heat sink has no influence on the subcooling of the
liquid and on the LHP operation in general. In fixed con-
ductance mode, heat transfer in the condenser sets the
LHP operational temperature and the sensitivity of T, to
hsink 18 linear. The parameters aev, Ao and R, have a
moderate influence on the vapour temperature and this
influence decreases as the heat load increases.

The relative sensitivity of T, to the same parameters is
shown in Figure 11. The influence of the accommodation
coefficient and of the heat transfer with the heat sink is
almost the same as for T,. However, the sensitivities to
R. and A\.g have a different behaviour. While the contact
resistance has a limited effect on 75, its influence on T,
is large and increases with the heat input. Indeed, the
difference between T, and Ty, is proportional to the heat
transfer rate Qy and to R.. As the heat input Qi in-
creases, (Qy increases almost linearly and leads to a higher
sensitivity of T to the contact resistance.

The particular shape of the relative sensitivity of Ti to
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Figure 10: Relative sensitivity of 7% to various parameters

Aeft 18 discussed in the following; it requires a more detailed
analysis on the effect of Aeg on the LHP thermal behaviour.
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Figure 11: Relative sensitivity of T to various parameters

Figure 12 shows the variation of the vapour tempera-
ture with the effective thermal conductivity of the wick
for several heat loads. An optimal value of Aeg is found
between 1 and 2W -m~! - K~! whatever the heat input.
This minimum value of T}, is a consequence of the evolution
of the heat transferred from the casing to the evaporation
zone. As the thermal conductivity of the wick increases,



the heat entering the wick becomes larger at the expense
of the longitudinal parasitic heat flux. Figure 13 shows the
distribution of heat transfer in the evaporator. The largest
part of the heat load Q;, enters the wick (Qy), whereas
the rest is thermally conducted through the evaporator
body (Qn). When the value of A\eg is very low, increas-
ing the conductivity enhances both the evaporation (Qev)
and the transversal parasitic heat flux (Qyw — Qev). When
Aeff exceeds 1W -m™! - K1, the increase of the heat flux
entering the wick @ is smaller, leading to an increase of
the transversal parasitic heat flux at the expense of Qev,
that decreases as Aot becomes larger. The maximum evap-
oration heat flux leads to a minimum vapour temperature
(Figure 12). The same conclusion has been drawn in the
numerical study of Siedel et al.[15].
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Figure 12: Influence of Aeg on T

The evolution of the temperature difference T, — T, with
Aot for several heat inputs is given in Figure 14. As ex-
pected, this difference decreases when the thermal con-
ductivity of the wick increases. Indeed, a higher value of
Aeft leads to lower thermal resistances in the evaporator
(Figure 1). Figure 15 presents the evolution of T, with
Aeft, which is a consequence of the results obtained in fig-
ures 12 and 14. An optimal effective thermal conductivity
exists, for which T, is minimal. However, its value is also
dependent on the heat input Qi,, contrary to the tem-
perature of the vapour (Figure 12). The optimal value of
Aeft (obtained for the minimum value of T,) increases from
2W-m ! -K ! to 1I0W-m!-K! with the increase of
the heat input from 10W to 110 W. Therefore, there is
not an optimal value of the thermal conductivity of the
wick but a range of optimal values depending on the heat
load.

Figure 15 shows that at a given Aeg (for example
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Figure 13: Distribution of heat transfer in the evaporator (Qin =
50 W)

5W-m~1.K™! in the standard case), the sign of the
slope of the temperature curve changes as the heat flux
increases. As a consequence, the sign of the sensitivity of
Te to Aeg changes when increasing the heat load, as it is
shown in Figure 11. This is not the case for 715, since the
minimum of the curves Ty (Aegt) does not depend on the
heat flux (Figure 12).
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Figure 14: Influence of Aeg on Te — Ty

This sensitivity analysis shows that the main parame-
ters of the model are independent. Therefore, their in-



Figure 15: Influence of Ao on Te

fluence can be differentiated from each other. Thus, the
availability of precise experimental data of several repre-
sentative temperatures of the LHP for various heat inputs
may theoretically lead to a precise determination of these
parameters and provide the model with adequate input
parameters. This sensitivity analysis also shows the large
influence of the tested parameters on the LHP operation.
Their inaccurate determination can lead to a major error
on the LHP operation prediction.

3.8. Model validation

The present analytical model is compared to an ex-
perimental data set from Singh et al. [19] for a valida-
tion purpose. These authors studied the operational char-
acteristics of a flat disk-shaped evaporator LHP, 30 mm
in diameter, using water as working fluid. The 3mm
thick porous wick is made of sintered nickel and its ther-
mal effective conductivity is considered equal to about
5.87W-m~ 1. K ! using Alexander’s formula and based
on Singh et al.’s study[22]:

\ —(1—£)0%9
Aeff = Al (ﬁ)

where A\ and Aym are the thermal conductivities of the
liquid and of the wick material respectively and ¢ is the
porosity, equal to 75 %. The wick is embedded in a copper
evaporator. The vapour and liquid lines, of internal diame-
ter 2mm, are 150 mm and 290 mm long respectively. A fin-
and-tube condenser, 50 mm long, dissipates heat by forced
convection of air at ambient temperature (i.e. 22°C).
No parasitic heat transfer through the evaporator body is
taken into account, since an O-ring seal prevents heat con-
duction to the reservoir. Figure 16 shows the comparison

(74)

T(°C)

13

between the experimental results and the calculated tem-
peratures of the evaporator wall and of the vapour in the
grooves. A good agreement is found between the experi-
mental data and the model. Several unknown parameters
were identified by comparison of the predicted values with
the experimental data of Singh et al.: the heat transfer co-
efficient between the condenser wall and the heat sink, the
evaporator wall thickness, the contact resistance and the
accommodation coefficient. As a result, a straight-tube
equivalent condenser is simulated with a heat transfer co-
efficient hgini fixed to 3.2kW -m~2- K~ !, considering an
outside diameter of 2.4 mm for the tubes. The accommo-
dation coefficient is equal to 0.4. The value of R, is set to
107K - m? - WL, The value of R, that enables to fit at
best the results is very small, but it has to be noted that T,
is not really the experimental measurement of the vapour
temperature, but the temperature of the tube at the exit
of the evaporator. Therefore, these experimental results
are not sufficient to estimate accurately the parameters.
Nevertheless, the order of magnitude of the parameters
are close to the one defined for the standard case.
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Figure 16: Comparison between the model and data from Singh et
al. [19]

4. Conclusion

In this paper, a complete analytical model of a LHP has
been developed. Its originality lies in the combination of
energy balance equations for each component of the sys-
tem with analytical solutions for the temperature field in
the evaporator. Based on Fourier series expansions, heat
transfer in the wick as well as in the evaporator casing are



accurately modelled. This analytical method offers a sim-
ple solution that can be implemented in LHP design anal-
ysis without the need of large computational resources.

A sensitivity analysis has been undertaken to assess the
influence of five parameters on the loop operation. This
analysis enables a better comprehension of the operating
mechanisms of the LHP as well as a comparative study of
the parameters affecting its temperatures. It appears that
these parameters can be experimentally determined using
an appropriate test bench with only few temperature mea-
surements.

This model has been validated with a set of experimental
data from the literature. A good agreement has been met
between the simulation and the experimental results.
The model results show that convection inside the wick
does not play a major role and can be neglected. More-
over, the temperature field in the wick is almost uniform
far from the grooves.

In accordance with experimental data from the literature,
the presence of NCGs in the reservoir leads to an increase
of the evaporator temperature. This degrading effect is
more pronounced at low heat loads.

Nomenclature
A Fourier series coefficient
cross-sectional area [m?]
a,ap,a; length [m]
ey accommodation coefficient
B length ratio
Fourier series coefficient
b length [m]
c Fourier series coefficient
¢,co,c1 length [m]
p specific heat [Jkg™t. K~
D diameter [m]
length ratio
d length [m]
e thickness [m]
f friction factor
g gravitational acceleration  [m.s™?]
H height [m]
h heat transfer coefficient (Wom=2. K1
hiv enthalpy of vaporization [J.kg™1]
K coefficient
L length [m]
M molar mass [kg.mol 1]
m,mn Fourier series increment
me total fluid charge [kg]
m mass flow rate [kg.s™1]
P pressure [Pa)
Q heat transfer rate [W]
q volumetric heat source [(W.m 3]

R. contact resistance [K.m2. W1
S surface area [m?

S, absolute sensitivity

S relative sensitivity

T temperature [K]

T* non-dimensional temperature

v volume [m?3]

X,Y non-dimensional coordinates
Tijk  sensitivity parameter
x,y  axis coordinates [m]

Greek Symbols

A difference

€ porosity

A thermal conductivity [W.m~1.K~!]

o, 90 heat flux (W.m=2]

p density [kg.m ™3]
Subscripts

20 two-phase
air air

b evaporator body

¢ condenser, convective, contact
e evaporator

eff effective

ev evaporation

ext external, ambient

i inner

in input, inlet

1 liquid

NCG non condensable gas

o} outlet, outer

r reservoir

sen sensible

sink  heat sink

sub subcooling

t total (including convection)

v vapour

w wick

we wick side of the wick-envelope interface
wm wick material

Non Dimensional Numbers

Bi  Biot number

Pr  Prandtl number
Ra  Rayleigh number
Re  Reynolds number
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Appendix A. Detailed expression of the K-coefficients
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c A mmT \m7 c c
K h ( CO) co+ 1 1
= xt7TC cl1 — — -
87 Mot mTo M % Bip+ 1

- -1
Gy )
2

mmD + Biy,
3 ¢ 1 mmcy mmcey
+ Z (2)%61 "o o) (cos( - ) - cos( . ))
hex .
<wsm< ) 0 1) St o (e () v (252
b mm \mmw ¢ c
gD 4 g-mxpMTD + Bin) ™ "
mnD — Biy, .

hex .
+ coﬂ'sm (mwcl) (e*m“D _ 1) + Thext € (L (_1 + cos (mWCO)) ¥ ¢osin (mwcl)))
Ap mm \mm c -
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o\ -1
—maD |, +mrpMTD — Biy,
(e te mmD + Biy,

)

co\ { ¢od codin 1
Ko = hex ( - _) N - . Tex
9 imeo (e = 5 ( N oo By 1l

. 1 . /mmey
*;(Mi“WSIH( =)

hex .
K—coﬂ'sin (mﬂq) (eme - 1) _ et © (i (—1 + cos (_mwco)) + cp sin (mwcl))>
c A, mT \mmw c c

((1+e2m=P)™) (A.9)

Pex
+ (cmrsin (mﬂcl) (e—”“fD _ 1) + Thext € (i (71 + cos (mﬂ'Co)) +¢osin (m7r01))>
c Ab mT \mmw c c

(14 e72mmP) 71D

cotc
—ata 4
K10 = hextmeg (01 - C—O) (207)

2 Bip +1
= 1 hex
- (o o () () P (hon (222 s (222
— c1 — co mAm c c Ab mT \mmw c c
. -1 . —1
mnD —mmnD mnD + B’Lb —mmnD +mnD mrD — BZb
b A.10
x l(e te mnD — Biy, e te mnD + Biy, ( )
co\ Co+ 1 1
o= )
W= et T\ ™5 ) 00 Bip + 1
= 1 hex
5 (ot o () o () T (1 c(52)) s (222
— c1 — co mAT c c Ab mT \mmw c c
. —1 . -1
mnD —mmnD mmD + B’Lb —mnD +maD mmD — B’l,b
_— _— A1l
x l(e te mnD — By, e te mnD + Biy, ( )
co\ ( ¢od codin 1
Kz = hex ( - _) ~ - 3 Tex
12 t7TCo | C1 9 ( Xy oo Biy, + 1 t
= 1 Pox
_ (2¢inc s sin (mﬂ'Co) Mhext € (i (—1 + cos (mﬂ'CQ)) + cp sin (mﬂ-01)) (A.12)
— m2m c A, mT \mm c c
% [(1 +e2me)—1 -~ (1 +€_2WTD)_1D
™ (LC — L2¢) > < 7TL1 )
Kis=exp | —= exp | —— A.13
1 P ( micp1 (1/MmDeg i + 1/hginkDe o) P micp1 (1/ Dy + 1/hext Do) ( )
7TL1 ™ (LC — L2¢)
Kis=e — 1—exp|— Tsin
14 =P ( rucp (1/ D + 1/hech1,o)) ( P ( mucp 1 (1/MDec ;i + 1/hsinkDe o) sinkk
7TL1
+(1—e —— Tox A.14
( P ( ncp,1 (1/hDy; + 1/hextDl,o))) et ( )

Appendix B. Second order equation for the determination of T,

0 =T [ep1 (1= Kig) (Ko (K + Ky + K7) = (K + K) (K + Ks) + KsRe/Se (Ko (K + K) = K3 (Ko + K5)))]
+ Ty [epy (1 — Kus) (K3 + Ks) K4AT + (K3Ky — K1Kg) KsATR. /Sc + K¢ (—EK1AT — K7AT + K9 — Qin))
+ (hay = cp1K1a) (Ko (K1 + Kz + K7 + Kg (K1 + K3)) — (K4 + K5) (K3 + Ks + K3sKsRe/S)) (B.1)
+hyy (K11 (K1 4+ Ko+ K7+ K3sK7R./Sc) — (K3 + Kg + KsKgR./Sc) (K10 + hextSr))]
+ cp1K14 (K6 (Qin — Ko) + AT (K¢ (K1 + K7 + K1KgRc/Sc) — K4 (K3 + Ks + K3KsR./S:)))
17



+ hiy AT (K3 + K3) (K4 + K19) — (K6 + K11) (K1 + K7) + K3Kg (K4 + K19) Re/Sc — (K3K7 K11 + K1KsKs) Re/Sc)
+ hiy (K5 + Kg + K3KgR:/S:) (Qin — K12 + hext Sy (AT + Toxt)) — (Ko + K11 + K3K11 R/ Se) (Qin — Ko))
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