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Abstra
tA 
omplete steady-state model has been developed to determine the thermohydrauli
 behaviour of a loop heatpipe. The model 
ombines a �ne dis
retization of the 
ondenser and the transport lines with a 2-D des
riptionof the evaporator. These original features enable to take into a

ount heat losses to the ambient and throughthe transport lines as well as to evaluate the parasiti
 heat �ux through the wi
k and the evaporator body.The present numeri
al simulations may improve the understanding of the physi
al me
hanisms operating inan LHP evaporator, and their 
oupling with the other parts of the LHP, and provide guidan
e for the LHPdesign, aiming to redu
e the thermal resistan
e of the system. The 
omparison between experimental data ofa �at disk-shaped evaporator from the literature and theoreti
al simulations validates the proposed model.Simulations show the signi�
an
e of heat 
ondu
tion through the liquid line. Additionally, results show themajor in�uen
e of the evaporation 
oe�
ient and of the wi
k thermal 
ondu
tivity on the LHP operatingtemperature. When longitudinal heat losses are not signi�
ant, the 
ompetition between the parasiti
 heat�ux through the wi
k and the heat transfer to the evaporation zone leads to an extremum for whi
h theoperating temperature is maximal. With a thermal 
ondu
tive evaporator 
asing, the longitudinal parasiti
heat �ux strongly in�uen
es the LHP operational temperature and the evaporator energy balan
e.Keywords: Loop Heat Pipe, Modeling, Parametri
 study, Parasiti
 heat �ux, Evaporation 
oe�
ient1. Introdu
tionLoop Heat Pipes (LHP) are e�
ient heat transfer devi
es able to passively transport large amounts ofheat and are thus 
onsidered as a 
ompetitive solution for ele
troni
 
ooling appli
ations. These two-phasesystems, developed in the 1970's in Soviet Union, have already proven their reliable performan
e in manyspatial appli
ations and are today 
andidate for terrestrial appli
ations.
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LHP are mainly made up of an evaporator 
ontaining a porous stru
ture where �uid evaporation takespla
e and of a 
ondenser, both elements being 
onne
ted by separate vapour and liquid �ow lines. Thepassive �uid 
ir
ulation, indu
ed by the 
apillary pressure in the porous media, as well as the use of latentheat of vaporization enable the transport of high amounts of energy, even against adverse gravity e�e
ts.Extensive studies have been made to understand the operating prin
iples of su
h 
omplex systems and todes
ribe the thermal and hydrodynami
 
ouplings of their di�erent elements [1℄ [2℄.In the past de
ade, a lot of e�orts have been devoted to the steady-state modelling of su
h systems for abetter understanding of their operation in order to improve their design. Indeed, the 
hoi
e of the working�uid and of the loop's geometri
al parameters play an important role in the LHP's operation and 
an leadto unexpe
ted shutdowns or temperature overshoots, putting the ele
troni
 devi
e's integrity at risk.Most of these models 
an be divided into two 
ategories. A �rst group of papers presents LHP globaloperation models dis
retizing it into several volume elements or based on ele
tri
al analogies and des
ribingthe whole devi
e as a nodal network. The links between the nodes are represented by thermal resistan
esand the energy balan
e equation is applied to ea
h node. Kaya et al. [3℄ developed a mathemati
al modelbased on the steady-state energy balan
e equations at ea
h 
omponent of the LHP. Their simulations showsatisfa
tory a

ordan
e with the experimental results. However, at low input powers, some dis
repan
iesare pointed out; authors 
on
lude that the heat ex
hange with the ambient as well as the pressure dropsin the 
ondenser need to be predi
ted with more a

ura
y. Adoni et al. [4℄ developed a steady-statethermohydrauli
 model to study the e�e
t of 
ompensation 
hamber hard-�lling as well as the in�uen
e ofthe bayonet on the operational 
hara
teristi
s of the LHP. The 1-D steady-state model of Chuang [5℄ isbased on the energy balan
e equation, thermodynami
 relationships and detailed heat transfer and pressuredrop 
al
ulations in the liquid, vapour and 
ondenser lines. This study des
ribes extensively the LHPoperation in gravity-assisted 
onditions. Yet, heat transfer in the evaporator and the reservoir are notpre
isely des
ribed. Launay et al. [6℄ presented an analyti
al LHP global model, based on momentumand energy balan
e equations and thermodynami
 relationships. Two distin
t 
losed-form solutions arefound for the various LHP operating modes, based on a previous nodal numeri
al model. As well as forthe other nodal models, the main drawba
k is an a

urate determination of the 
onsidered resistan
es, inparti
ular those des
ribing the thermal links between the saddle, the grooves and the reservoir. Bai et al.[7℄ also modelled a LHP based on energy 
onservation laws. Their work shows the in�uen
e of a two-layer
ompound wi
k and takes into 
onsideration the liquid-vapour shear stresses in the 
ondenser. However,
ondu
tion in the transport line walls is negle
ted and some parameters de�ning the thermal network of theevaporator have to be experimentally estimated. Su
h models have the advantage of determining the mainoperational parameters of the system, based only on the input heat �ux, the geometri
al 
hara
teristi
s andthe ambient 
onditions. However, heat transfer inside the evaporator stru
ture and the 
ondenser are notpre
isely des
ribed and su
h simplifying hypotheses 
an lead to major ina

ura
ies.2



The se
ond modelling subgroup found in the literature fo
uses pre
isely on the thermal links betweenthe various elements of the evaporator and des
ribes the thermal and the hydrauli
 states of the wi
k, aswell as the 
hara
teristi
s of the evaporation zone. Cao and Faghri [8℄ obtained analyti
al solutions of�uid �ow and heat transfer in a wi
k partially heated with the 
onsideration of an evaporating interfa
e.Their work 
an provide a useful tool to deal with boiling in
ipien
e in the porous stru
ture as well aspressure drop in the wi
k. Figus et al. [9℄ developed a pore network model to des
ribe the porous stru
tureof the wi
k. Their work is based on a pore size distribution and shows the fra
tal displa
ement of thevapour front inside the wi
k before the deprime of the LHP. Coquard [10℄ further developed this model to
ombine ma
ros
opi
 transport equations with the pore network approa
h. Zhao and Liao [11℄ studied theevaporative heat transfer 
hara
teristi
s from a 
apillary wi
k heated with a permeable heating sour
e at thetop. The evaporating 
apillary menis
us was modelled at a pore level in order to determine the heat transfer
oe�
ient. Several operating 
onditions were observed and a drying of the porous stru
ture o

urred as theheat �ux in
reased, eventually leading to the 
riti
al heat �ux. Ren et al. [12℄ developed an axisymetri
two-dimensional mathemati
al model of a wi
k stru
ture nearby a �n and a groove. The 
apillary-driven
onve
tion as well as the in�uen
e of the intera
tion between the �ow �eld and the evaporation interfa
e onthe 
urvature of the menis
i have been taken into a

ount in order to study the e�e
t of several parameterssu
h as permeability, porosity and pore radius on the thermal performan
e. Chernysheva and Maydanik [13℄presented a 
omplete 3-D model of a �at evaporator and studied the evaporation rate distribution in thegrooves, as well as the start of the wi
k dry-out. Yet, all these models 
annot predi
t the devi
e operatingtemperature for a given heat �ux and depend on experiments or other models to 
al
ulate the reservoirtemperature and the temperature of the working �uid entering the reservoir.The present work is an original way of 
ombining a 
omplete model with a �ne des
ription of theevaporator thermal and hydrauli
 states. Like in the work of Rivière et al. [14℄, the transport lines and the
ondenser are dis
retized and the 
onservation equations are solved for ea
h subvolume of �uid and ea
hsubvolume of tube wall. This is one of the original features of the present model sin
e heat 
ondu
tionthrough the tube walls was always negle
ted in the previous works, although it might have an impa
t onthe LHP operation, in parti
ular for low input powers. Additionally, a 2-D des
ription of the heat and masstransfer in the evaporator is 
ondu
ted to a

urately predi
t the heat �ux distribution in the evaporator
asing, in the porous wi
k and at the liquid-vapour interfa
e.2. LHP Global Model Formulation2.1. LHP des
ription and assumptionsAs shown in Figure 1, a LHP 
onsists of an evaporator, a vapour line, a 
ondenser, a liquid line anda reservoir or 
ompensation 
hamber. In the present work, a �at disk-shaped evaporator is 
onsidered. A3



similar approa
h 
ould be developed for other evaporator designs.
... ... ... ... ... ... ... ... ... ... ... ... ... ... ...CondenserLiquidline Vapourline

Evaporator ReservoirWi
kVapour grooves
Figure 1: S
hemati
 of a LHP with a �at disk-shaped evaporatorThe steady-state model presented here is based on momentum, mass and energy 
onservation equationsand on thermodynami
 relationships. The major assumptions are:(a) The loop operates at steady-state.(b) The wi
k is fully saturated of liquid and evaporation takes pla
e at the liquid-vapour interfa
e in thevapour grooves.(
) The �uid is 
onsidered in
ompressible be
ause its velo
ity is mu
h lower than the sound speed in thesame medium in a typi
al LHP operation.(d) The temperature di�eren
e between the inner and the outer surfa
es of the tubes is negle
ted.(e) The heat sink temperature and the external heat transfer 
oe�
ient are 
onsidered uniform along the
ondenser.2.2. Vapour line, liquid line and 
ondenserThe 
ondenser and the transport lines are dis
retized into small elements of volume as shown in Figure 2.To determine the wall temperature Twall, the energy balan
e equation is written, negle
ting the radial
ondu
tion in the wall:

λwallAwall d2Twall
dz2

= houtpout (Twall − Tout)
+ hinpin (Twall − Tf) (1)4



Tf,mTf,m-1 Tf,m+1Twall,mTwall,m-1 Twall,m+1Tout
z

r Figure 2: Transport lines dis
retizationwhere Tout is the ambient or heat sink temperature, hout and hin are the heat transfer 
oe�
ients outsideand inside the tube respe
tively, p is the perimeter and A the 
ross-se
tional area of the tube.In single-phase �ow, the �uid temperature Tf is given by:
dTf
dz

=
hinpin (Twall − Tf)

ṁfcp,f (2)In two-phase �ow, the �uid is at saturation temperature Tsat and the variation of the liquid mass �ow rateis expressed by:
dṁl
dz

=
hinpin (Twall − Tf)

hlv (3)The saturation temperature is determined using the Clausius-Clapeyron relation:
∂T

∂P
=

T (1/ρv − 1/ρl)
hlv (4)Knowing the phase 
hange mass �ow rate along the tubes, it is possible to determine the vapour qualityfor ea
h element:

x =
ṁv

ṁl + ṁv (5)Pressure drops are 
al
ulated assuming smooth tubes with:
(

dP

dz

)tot = (

dP

dz

)fri
 + (

dP

dz

)stati
 + (

dP

dz

)mom (6)where the fri
tional pressure drop is determined using the Müller-Steinhagen and He
k 
orrelation [15℄:
(

dP

dz

)fri
 =((

dP

dz

)l + 2

[(

dP

dz

)v − (

dP

dz

)l] x) (1− x)
1

3

+

(

dP

dz

)v x3

(7)Assuming the vapour and liquid velo
ities are equal, the void fra
tion is given by:
ε =

[

1 +
1− x

x

(

ρv
ρl )]−1 (8)As suggested by Thome [16℄, the two-phase �ow is 
hara
terized 
onsidering a homogeneous pseudo-�uidthat obeys the 
onventional equations for single-phase �uids and whi
h properties 
orrespond to the averaged5



properties of both the liquid and vapour phase. In that 
ase, the homogeneous �uid density is de�ned as:
ρh = ρl (1− ε) + ρvε (9)The momentum pressure gradient per unit length is then:

(

dP

dz

)mom =
ṁf
A

d

dz

(

ṁf
ρhA) (10)whereas the hydrostati
 term is de�ned by:

(

dP

dz

)stati
 = ρhgdH
dz

(11)where H is the altitude of the 
onsidered element.The heat transfer 
oe�
ient with the ambient is given by Chur
hill and Chu [17℄ for free 
onve
tion onthe surfa
e of an isothermal 
ylinder:
hamb =

λair
Dout 0.60 + 0.387Ra

1

6D
(

1 + (0.559/Pr)
9

16

)
8

27







2 (12)This 
orrelation is valid for Rayleigh numbers RaD lower than 1012.Inside the tube, in the 
ase of single-phase laminar �ow (ReD < 2300), the fully-developed state isdes
ribed by GzD 6 20, where the Graetz number is:
GzD =

D

z
ReDPr (13)The heat transfer between the �uid and the tube wall is then given by [18℄:

GzD 6 20 hin = 4.36
λl
Din (14)

GzD > 20 hin = 1.86

(

ReDPr

L/D

)
1

3

(

µf,T=Tf
µf,T=Twall )0.14

λl
Din (15)For a turbulent �ow, the entran
e length is mu
h smaller and fully developed 
onditions are assumed:

hin = 0.023
λf
DinRe

4

5DPr
1

3 (16)In the 
ase of two-phase �ow, a �ne modelling of the heat transfer asso
iated with 
ondensation 
an befound in the work of Mis
evi
 et al. [19℄. This model takes into a

ount the transient behaviour of the liquidshape inside the tube due to the 
apillary e�e
ts. However, su
h an approa
h is di�
ult to introdu
e in a
omplete steady-state model of a LHP. Thus, another approa
h is followed: the Soliman's modi�ed Froudenumber determines the �ow regime as a fun
tion of the dimensionless liquid Reynolds and Galileo numbers[20℄: if Rel < 1250 Fr = 0.025
Re1.59l
Ga0.5

(

1 + 1.09χ0.039tt
χtt )1.5 (17)if Rel > 1250 Fr = 1.26

Re1.04l
Ga0.5

(

1 + 1.09χ0.039tt
χtt )1.5 (18)6



with Ga =
gD3ρ2l
µ2l and Rel = 4ṁtot (1− x)

πDµl (19)and where χtt is the Martinelli parameter de�ned as [21℄:
χtt = √

(dP/dz)l
(dP/dz)v ≈

(

1− x

x

)0.9 (
ρv
ρl )0.5 (

µl
µv)0.1 (20)For Froude numbers lower than 10, the �ow is assumed strati�ed and the 
orrelation of Jaster and Kosky[22℄ is used to determine the heat transfer 
oe�
ient:

hin = 0.728ε
3

4

(

ghlvλ3l (ρl − ρv) ρl
Dinµl (Tf − Twall) )0.25 (21)The �ow is assumed annular otherwise and the 
orrelation given by Akers et al. [23℄ is used:if Re < 5× 105 hin = 5.03

λf
DinRe

1

3eqPr
1

3l (22)if Re > 5× 105 hin = 0.0265
λf
DinRe

4

5eqPr
1

3l (23)where the equivalent Reynolds number for two-phase �ow Reeq is determined from an equivalent mass �owrate:
ṁeq = ṁtot [(1− x) + x

(

ρl
ρv)1/2

] (24)2.3. Determination of the mass �ow rateIn a �rst approa
h, the heat losses to the ambient, the heat transferred by 
ondu
tion through thetransport lines as well as the sidewall parasiti
 heat losses are not taken into a

ount. A simpli�ed globalenergy balan
e of the evaporator gives then the following equation:
Qin = Qev +Qsen +Qsub (25)where Qin is the heat dissipated by the devi
e that has to be 
ooled by the LHP. The terms on the right-handside of the equation 
orrespond to the latent heat of vaporization of the �uid at the wi
k surfa
e, the sensibleheat provided to the liquid in the wi
k, and the sub
ooling due to the return of liquid from the 
ondenser.Considering the relationships between these heat transfer rates and the mass �ow rate inside the LHP:

Qev = ṁfhlv (26)
Qsen = ṁfcp,l (Tgr − Tres) (27)

Qsub = ṁfcp,l (Tres − Tres,in) (28)with Tgr, Tres and Tres,in the temperatures of the �uid inside the grooves, in the reservoir and entering thereservoir, respe
tively. The pressure in the reservoir Pres is 
al
ulated by the transport lines model and sets7



the saturation temperature of the reservoir Tres. Tres,in is also determined using the transport lines modelwhile the value of Tgr is solved using a 2-D model des
ribed in the next se
tion. The mass �ow rate is then
al
ulated by 
ombining Eq. (25) to (28):
ṁf = Qin

hlv + cp,l (Tgr − Tres,in) (29)2.4. Heat and mass transfer in the wi
kIn the literature, LHP models usually 
onsider heat transfer through the wi
k as a uniform 1-D 
ondu
tive-
onve
tive transfer, assuming an equivalent thermal 
ondu
tivity of the wi
k. In order to determine a

u-rately heat and mass transfer in the porous media, a 2-D �nite di�eren
e des
ription of the wi
k is undertakenin this model. As shown in Figure 3, a small element of the evaporator has been 
hosen for this study, lo-
ated between the 
entre of the vapour groove and the 
entre of the nearby �n, between the liquid-vapourinterfa
e in the reservoir and the upper surfa
e of the evaporator wall. The following assumptions are made:(a) Heat and mass transfer are two-dimensional.(b) Evaporation only o

urs at the surfa
e of the porous stru
ture nearby the vapour groove.(
) Lo
al liquid and wi
k temperatures are 
onsidered equal.(d) Gravitational e�e
ts are negle
ted.(e) Heat losses to the ambient, through the transport lines and parasiti
 heat �ux through the evaporator
asing are negle
ted.(f) The reservoir 
ontains a two-phase �uid. As it is lo
ated above the evaporator, a height of liquid Hlsits on the top of the wi
k stru
ture.Based on the total �uid inventory of the LHP, assuming the wi
k is fully saturated of liquid and 
al
ulatingthe void fra
tion along the transport lines and the 
ondenser, it is possible to determine the height of liquid
Hl in the reservoir.To des
ribe the liquid �ow inside the porous stru
ture, Dar
y's law is 
onsidered:

u = −
Kw
µl ∇P (30)where u is the liquid velo
ity and Kw is the wi
k permeability, expressed by the Carman-Koseny relationshipfor a sintered stru
ture [24℄:

Kw =
r2pε3

37.5 (1− ε)
2 (31)where rp is the pore radius and ε is the porosity of the wi
k. Considering the 
ontinuity equation and Eq.(30), the pressure �eld in the wi
k 
an be written:

∇
2P = 0 (32)8
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B
E

Qin/Awx

y Figure 3: Heat and mass transfer in the wi
kThe following boundary 
onditions are 
onsidered at the boundaries A to F:A and C: ∂P

∂x
= 0 (33)B: P = Pres (34)D: ∂P

∂y
= 0 (35)F: P = Pgr (36)As frontiers A and C are symmetry axes, the liquid velo
ities have no x-
omponent. At the boundary D,the impermeability 
ondition is applied. The pressure in the groove is set by the thermodynami
 state ofthe latter Pgr = Psat(Tgr).In order to 
al
ulate the temperature �eld, 
ondu
tion in the porous stru
ture and 
onve
tive heating ofthe liquid �owing through the wi
k are 
onsidered, leading to the following energy equation:

λe�∇2T = ρlcp,l∇ (uT ) (37)Several models 
an be found in the literature to estimate the e�e
tive thermal 
ondu
tivity λe� of asintered porous stru
ture �lled with liquid. Based on the work of Singh et al. [25℄ who 
ompared theirexperimental results for monoporous 
opper with several 
orrelations, a relationship based on Alexander's9



work is used in the present study:
λe� = λl( λl

λw)

−(1−ε)0.59 (38)The boundary 
onditions are as follows:A and C: ∂T

∂x
= 0 (39)B: −λe� ∂T

∂y
=

λl
Hl (T − Tres) (40)E: −λev∂T

∂y
=

Qin
Aw (41)F: hev (T − Tgr) = −hlvuyρl (42)G: −λev∂T

∂y
= hgr (T − Tgr) (43)H: λev ∂T

∂x
= hgr (T − Tgr) (44)The sides of the 
onsidered region (dashed lines) are assumed adiabati
 be
ause of the symmetry. Thethi
kness of the liquid layer in the reservoir is supposed to be small enough to negle
t the 
onve
tive heattransfer. Thus a Fourier boundary 
ondition is applied with a heat transfer 
oe�
ient de�ned by the 1-Dheat 
ondu
tion in the liquid. The 
onve
tive heat transfer 
oe�
ient in the groove hgr is set to a 
onstantvalue 
onsidering natural 
onve
tion. At the outer wall surfa
e, a �xed heat �ux Qin/Aw is applied, where

Aw is the 
ross-se
tional area of the wi
k.A thermal 
onta
t resistan
e between the porous stru
ture and the evaporator wall has to be 
onsidered.Choi et al.[26℄ studied the thermal 
hara
teristi
s of several vapor 
hannel geometries. Based on their work,a 
onstant good thermal 
onta
t is assumed and the 
onta
t resistan
e is equal to 5.10−5K·m2
·W−1.Evaporation o

urs at the wi
k surfa
e in 
onta
t with the vapour groove. The evaporation heat transfer
oe�
ient is 
al
ulated with the following relationship [27℄ :

hev =
2aev

2− aev ρvh2lv
Tsat (

2πRTsat
M

)−0.5 (

1−
Psat

2ρvhlv) (45)where aev is the evaporation 
oe�
ient. In the 
ase of the evaporation of a thin liquid �lm, the evaporation
oe�
ient is de�ned as the ratio of the a
tual evaporation rate to a theoreti
al maximal phase 
hange rate.A 
oe�
ient equal to unity des
ribes a perfe
t evaporation while a lower value represents an in
ompleteevaporation. In the 
ase of water, values varying from 0.01 to 1 are suggested in the literature [28℄.2.5. Solving pro
edureThe 
omplete solving pro
edure is presented in Figure 4. For a given heat �ux, the thermal and hydrauli
states are initialized using the analyti
al model of Launay et al. [6℄.10



Parameters initializationCal
ulation of temperatures
Tf, pressures Pf, mass vapourqualities x and heat trans-fer 
oe�
ients hin and houtin the transport lines andthe 
ondenser (Eq. 1 to 24)Determination of the mass�ow rate ṁf (Eq. 29)Cal
ulation of pressureand velo
ity �elds in thewi
k (Eq. 30 and 32)Cal
ulation of the temperature�eld in the wi
k (Eq. 37)Estimation of the groove temper-ature Tgr with a shooting method
|Tgr(i) − Tgr(i− 1)| 6 δgr
|Tev(i)− Tev(i − 1)| 6 δev

Qin(i + 1) = Qin(i) + ∆Qin
Qin(i+ 1) > QmaxPlot of the operating 
urve

yes no
yes no

no yesFigure 4: Solving algorithm �ow
hart
11



First, the transport lines and the 
ondenser are 
omputed. The input parameters are the groove tem-perature Tgr, the maximum wall temperature in the evaporator Tev, the reservoir temperature Tres and themass �ow rate ṁf. The pressure at the entran
e of the vapour line is the saturation pressure 
orrespondingto the vapour temperature in the groove Tgr. The tube wall temperatures are determined solving Equation(1) with the Thomas algorithm (also known as Tridiagonal Matrix Algorithm), using Tev and Tres at ea
hend of the transport lines as boundary 
onditions. Then the �uid pressures Pf, the mass vapour qualities x,the inner heat transfer 
oe�
ients hin as well as the �uid temperatures Tf are 
omputed step by step withan iterative method, using the approa
h presented in 2.2, until ea
h 
al
ulated parameter has 
onverged.The energy balan
e at the evaporator enables to re
al
ulate the mass �ow rate ṁf using Equation (29).The model des
ribing heat and mass transfer in the evaporator is then 
omputed. The input parametersare the mass �ow rate ṁf, the reservoir pressure Pres and its 
orresponding saturation temperature Tresas well as the temperature of the liquid entering the reservoir Tres,in. First, the pressure �eld and thenthe temperature �eld in the porous stru
ture are 
al
ulated, using the Thomas algorithm alternativelyin both dire
tions. The groove temperature Tgr is estimated with a shooting method. Tgr is iterativelymodi�ed until the heat �ux in the evaporation zone is equal to ṁfhlv. When the errors on Tgr and Tev arenegligible, the 
omplete thermo-hydrauli
 state of the LHP is 
onsidered determined and another input heat�ux is 
omputed, until the 
omplete 
hara
teristi
 
urve is 
al
ulated. The 
omputational time required to
al
ulate a 14-points 
hara
teristi
 
urve is of about 8min.2.6. Modelling of the heat transfer through the 
asingThe model presented in Se
tion 2.4 does not take into a

ount the heat losses from the evaporator tothe ambient nor the thermal 
ondu
tion through the evaporator 
asing to the reservoir and to the transportlines. In order to introdu
e these parameters, Eq. (25), (29) and (41) be
ome respe
tively:
Qin = Qtube,v +Qtube,l +Qev +Qsen +Qsub +Qamb (46)

ṁf = Qin −Qtube,v −Qtube,l −Qamb
hlv + cp,l (Tgr − Tres,in) (47)

− λev ∂T
∂y

= (Qin −Qtube,v −Qwall) 1

Aw (48)where Qtube,v and Qtube,l are the parts of heat �ow transferred by 
ondu
tion to the vapour line from theevaporator and to the liquid line from the reservoir, respe
tively. They are determined with the transportlines model 
onsidering the temperature gradient of the tube walls at the entran
e of the vapour line andat the exit of the liquid line. Sin
e a 2-D model 
annot pre
isely 
onsider Qtube,v, its value is subtra
teddire
tly from the total heat load Qin in Eq. (48). Qamb is equal to the heat losses to the ambient. Qwall isthe part of the heat transferred through the evaporator sidewall that is not given ba
k to the wi
k due to
onve
tive heat transfer between the liquid in the porous media and the sidewall. Qwall is referred to as the12



longitudinal heat losses in the following. A part of Qwall is then dissipated to the ambient while the rest isgiven to the reservoir. To take into a

ount heat losses, the 2-D model presented in Figure 3 is 
omputedusing Eq. (46) to (48).The estimation of both Qamb and Qwall requires an additional model. Obviously, a 3-D des
ription ofthe entire evaporator would give the most a

urate results. However, in order to redu
e the 
omputationaltime, a 2-D approa
h has been 
hosen in this study (Fig. 5). The number of grooves to be modelled isdetermined so that edge e�e
ts are negligible at the 
entre of the groove lo
ated at the opposite side of thesidewall. The dashed line is thus assumed to be an adiabati
 boundary. The vapour zone in the reservoiris 
onsidered at a homogeneous temperature Tres. Contrarily to the model presented in Figure 3, the 2-Dheat 
ondu
tion equation is solved in the liquid to take into a

ount the heat transfer with the 
asing. Weassume that the liquid thi
kness Hl in the reservoir is small enough to negle
t 
onve
tion phenomena insidethe liquid. The liquid-vapour interfa
e I is set to Tres. A perfe
t 
onta
t is assumed between the body ofthe evaporator and the wi
k.At the 
onta
t surfa
e between the evaporator 
asing and the vapour, two distin
t situations may o

ur:if the vapour is 
older than the wall, the liquid evaporates in the reservoir whereas 
ondensation of thevapour o

urs otherwise. In the 
ase of evaporation in the reservoir, heat transfer is greatly enhan
ed atthe triple line, at the 
onta
t between the wall and the liquid-vapour interfa
e. The heat transfer 
an bedetermined using an evaporation heat transfer 
oe�
ient 
al
ulated with Eq. (45). In this situation, the
onve
tive heat transfer between the wall and the vapour is negle
ted and an adiabati
 boundary is assumed.The heat dissipated from the reservoir top surfa
e to the ambient Qamb,top as well as the heat losses throughthe liquid line are also due to the heat 
ondu
tion in the 
asing. Thus, the boundary 
ondition J is:
− λev ∂T

∂y
=

4 (Qamb,top +Qtube,l)
π (D2wall −D2w) (49)In the event of 
ondensation of the vapour on the reservoir wall, the heat transfer along the wall is �xedto 104W·m−2

·K−1, based on Nusselt's �lmwise 
ondensation theory [18℄. With su
h a high heat transfer
oe�
ient, the heat dissipated from the reservoir top surfa
e and through the liquid line is 
oming from thereservoir and not from the 
asing, as in the previous 
ase. Therefore, the boundary J is 
onsidered adiabati
in that 
ase.The boundary 
onditions (33) to (36) and (42) to (44) are similar to those of the model presented inFigure 3. On the evaporator bottom surfa
e, a 
onstant heat �ux is set:
− λev ∂T

∂y
=

Qin −Qtube,v
Aw (50)As shown in Figure 5, a part of the heat 
ondu
ted through the evaporator body Qwall is dissipated tothe ambient while the rest is transported to the reservoir and through the boundary J. Qamb is 
al
ulated
onsidering free 
onve
tion and radiation around the evaporator body, knowing the temperature pro�le on13
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kliquidvapour
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x

yFigure 5: Heat transfer to the ambient and through the bodythe side of the evaporator and assuming a reservoir top surfa
e temperature equal to Tres. The modelpresented in Fig. 3 gives the mean temperature of the evaporator Tev, while the maximum temperature
Tev,max lo
ated in the 
entre of the evaporator 
an be obtained by the model presented in Fig. 5.3. Model validationThe model predi
tions are 
ompared to experimental data from the literature for the purpose of valida-tion. Singh et al. studied the operational 
hara
teristi
s of a �at disk-shaped evaporator LHP in horizontal
on�guration, using water as working �uid [29℄. The 3mm thi
k porous wi
k is made of sintered ni
kel, with
75% porosity and 3− 5µm mean pore radius. The porous wi
k is embedded in a pure 
opper evaporator(λ = 398W.m−1.K−1), 10mm thi
k and with an a
tive zone diameter of 30mm. The vapour and liquidlines, of 2mm internal diameter, are 150mm and 290mm long respe
tively and also made of pure 
opper.The �n-and-tube 
ondenser, 50mm long, dissipates heat by for
ed 
onve
tion of air at ambient temperature(i.e. 22 ◦C). A straight-tube equivalent 
ondenser is simulated with an external heat transfer 
oe�
ientarbitrarily 
hosen equal to 2.6 kW·m−2

·K−1, a

ording to the experimental results, 
onsidering an outsidediameter of 2.4mm for the tubes. Fifteen grooves with a square 
ross-se
tional area of 1mm2 are modelledand the wall thi
kness of the evaporator is taken equal to 2mm. A reservoir height of 4mm is 
hosen toprovide the volume ne
essary for the total �uid mass of 5 g in the entire heat input range. An evaporation
oe�
ient equal to 0.02 is 
hosen to �t the experimental data. Sin
e the loop was thermally insulated with�breglass, heat losses to the ambient are negle
ted. Furthermore, as an O-ring seal prevents heat from being
ondu
ted through the evaporator body, longitudinal heat losses are also negle
ted.14



The 
omparison between the experimental data and the 
al
ulated temperatures of the evaporator wall isshown in Figure 6. A good agreement is obtained for the entire input power range, although for high heatloads the model tends to predi
t higher evaporator temperatures than the experimental data. The exper-imental data s
attering shows some non repeatability of the LHP operation. The mean error between thesimulation and experimental data is of 2.6K, whi
h is on the same order of magnitude as the experimentalresults s
attering.
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Figure 6: Comparison between the model and data from Singh et al. [29℄One 
an 
learly see the two distin
t operating modes, known as variable 
ondu
tan
e mode (VCM), upto about 40W, where the two-phase length 
an vary in the 
ondenser, and the �xed 
ondu
tan
e mode(FCM) for whi
h the end of the 
ondensation takes pla
e at the very end of the 
ondenser or even in theliquid line. In the latter, the evaporator temperature varies almost linearly with the heat load and at ahigher rate than in VCM.The evaporation 
oe�
ient 
an have a signi�
ant in�uen
e on the heat transfer in the wi
k 
lose tothe vapour grooves and the �ns. Indeed, a low evaporation 
oe�
ient moderates the evaporation rate and�attens the evaporation rate pro�le at the wi
k surfa
e in 
onta
t with the groove. Figure 7 presents the e�e
tof the evaporation 
oe�
ient on the evaporator temperature Tev. De
reasing aev strongly a�e
ts the LHPoperating temperature. Indeed, sin
e the evaporation rate is limited, a large amount of heat is 
ondu
ted15



through the wi
k and through the transport lines. The determination of the evaporation 
oe�
ient is thus akey parameter of the loop heat pipe modelling, but presently its value is not well referen
ed in the literature.In the following parametri
 study, simulations will be 
ondu
ted with a 
onstant 
oe�
ient equal to 0.02based on the validation results. Additionally, to ensure a good evaporator temperature homogeneity, agrooved wall made of 
opper will be simulated (λ = 398W·m−1
·K−1).
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Figure 7: In�uen
e of the evaporation 
oe�
ient on the LHP operating temperature4. Results and dis
ussion4.1. Thermal 
ondu
tion in the vapour and liquid linesFigure 8 presents the 
omparison of di�erent materials for the vapour and liquid lines and the 
ondenser,negle
ting the longitudinal heat losses Qwall as well as heat losses from the evaporator to the ambient Qamb.In variable 
ondu
tan
e mode, high 
ondu
tive materials lead to better LHP performan
e. Indeed, a largerpart of the heat to be dissipated is 
ondu
ted through the lines and this leads to a 
ooling of the LHP,sin
e a higher temperature of the transport line wall indu
es more heat losses to the ambient. At high inputpowers the di�eren
e is not signi�
ant and the heat 
ondu
tion through the transport lines does not stronglyin�uen
e the LHP operation.At low input powers, the mass �ow rate in the tubes is extremely low. In addition, a large part ofthe 
ondenser is �lled with liquid and operates as a sub
ooler. Therefore, the liquid temperature at the16
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Figure 8: In�uen
e of the transport lines thermal 
ondu
tivity on the LHP operating temperatureexit of the 
ondenser (x = 0.2m) is 
lose to the heat sink temperature (Fig. 9). The vapour superheatis limited at the exit of the vapour grooves and the vapour line wall is 
ooled down by the heat losses tothe ambient. Therefore, the vapour already 
ondensates in the vapour line (x = 0.02m) before entering inthe 
ondenser. Then, the �uid temperature is equal to the saturation temperature and the high internalheat transfer 
oe�
ient tends to impose the temperature of the vapour to the wall until the entran
e of the
ondenser. In the part of the 
ondenser �lled with liquid, both the wall and liquid temperatures de
reaseto rea
h the heat sink temperature.In the 
ase of a 
opper liquid line, a signi�
ant length of the tube wall is heated by 
ondu
tion fromthe reservoir 
asing. The liquid returning to the 
ompensation 
hamber is then at a higher temperature
Tres,in, providing a very low sub
ooling. Sin
e the liquid returning to the 
ondenser is sub
ooled, a largeamount of heat is 
ondu
ted from the evaporator through the liquid line to be dissipated in 
onta
t withthe liquid �owing in the tube. This e�e
t is in
reased in variable 
ondu
tan
e mode be
ause the liquid exitsthe 
ondenser at a temperature 
lose to the heat sink temperature, thus providing a larger sub
ooling. Inthe 
ase of a glass tube, heat 
ondu
tion in the transport line wall is almost negligible and the liquid linewall is 
older than with a 
opper line. As a result, the heat losses to the ambient de
rease and the LHPoperating temperature is higher.At high heat loads, the vapour front is at the very end of the 
ondenser (Fig. 10). Thus, the liquid lengthin the 
ondenser is very small and the liquid temperature 
annot rea
h the heat sink temperature. The rapid17
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Figure 9: Temperature along the transport lines for Qin = 10Wde
rease of the wall temperature at the end of the 
ondenser is due to the sharp variation of heat transfer
oe�
ient between the �uid and the tube. At the beginning of the 
ondenser, the 
ondensation phenomenatends to impose the temperature of the vapour to the wall. At the end of the 
ondenser, the heat transfer
oe�
ient with the liquid is mu
h smaller, and thus the heat sink tends to impose its temperature to thewall. As a result, the temperature of the liquid de
reases at the end of the 
ondenser. In the liquid line, thewall and the liquid �owing in the tube rea
h approximately the same temperature and, as a 
onsequen
eof heat losses to the ambient, the temperature de
reases along the liquid line. The liquid is heating upbefore entering the reservoir, due to heat 
ondu
tion from the reservoir 
asing. Thus, the wall and the liquidtemperatures are 
loser to the reservoir temperature than at low heat loads and the transport line materialhas a minor in�uen
e, the liquid sub
ooling being almost 
onstant whatever the 
ondu
tion in the tubes.4.2. Wi
k thermal 
ondu
tivity and thi
knessHeat �uxes through the wi
k being signi�
ant for the LHP operation, several wi
k materials have been
ompared, negle
ting the heat transfer through the evaporator body and the heat losses to the ambient(Fig. 11).The results show that in the variable 
ondu
tan
e mode, a de
rease of the wi
k thermal 
ondu
tivity leadsto higher system temperatures only for medium and high-
ondu
tivity materials, whereas for less 
ondu
tive18
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Figure 10: Temperature along the transport lines for Qin = 70Wmaterials su
h as plasti
s or 
erami
s, an opposite e�e
t is observed. At high heat loads, the e�e
t of the wi
kmaterial is less pronoun
ed. Su
h an extremum is the 
onsequen
e of two opposite phenomena. De
reasingthe wi
k 
ondu
tivity redu
es the part of heat passing through the porous stru
ture, thus leading to a lowertransversal parasiti
 heat �ux. The sub
ooling of the liquid entering the reservoir is then redu
ed and theLHP operates at a lower temperature. At the same time, a more 
ondu
tive porous stru
ture enhan
es theevaporation at the wi
k surfa
e in 
onta
t with the vapour groove. When the evaporation heat transfer atthe 
onta
t line between the �n, the groove and the wi
k is limited (small value of aev) or when a highthermal 
onta
t resistan
e exists between the �n and the porous material, heat has to be 
ondu
ted througha longer path in the wi
k in order to be evaporated. In that 
ase, a lower 
ondu
tivity 
an de
rease theevaporation rate and leads to higher LHP temperatures.Figure 12 presents the non-dimensional heat transfer rates (de�ned as the ratio between the rate of heat�ow and its maximal value) in the evaporator as a fun
tion of the porous material thermal 
ondu
tivity. Anextremum is found for a thermal 
ondu
tivity λw of 10W·m−1

·K−1, i.e. an e�e
tive thermal 
ondu
tivityof the wi
k λe� equal to 2W·m−1
·K−1. Above that value, the evaporation rate Q∗ev is enhan
ed by a more
ondu
tive wi
k be
ause 
ondu
tion in the porous stru
ture is improved near the evaporation zone. Thise�e
t over
omes the 
apa
ity of the wi
k to transfer the total parasiti
 heat �ux Q∗par to the reservoir19
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Figure 11: In�uen
e of the wi
k material 
ondu
tivity on the LHP operating temperature - Qwall and Qamb negle
tedby 
ondu
tion. For lower thermal 
ondu
tivities, heat leaks through the porous material are 
onsiderablyredu
ed. Thus, heat is preferentially dissipated by evaporation at the wi
k surfa
e and this leads to betterperforman
e.The 
ompetition between these two e�e
ts is parti
ularly observed when the evaporation rate 
lose tothe �n is limited. This is 
on�rmed by Figure 13 where the non-dimensional evaporation rate is plottedas a fun
tion of the wi
k material 
ondu
tivity, for several evaporation 
oe�
ients aev. With a higherevaporation 
oe�
ient, a larger part of the total evaporated mass �ow rate takes pla
e at the surfa
e of theliquid �lm 
lose to the �n. In su
h a 
ase, the wi
k 
ondu
tivity has less in�uen
e on the evaporation rateand the extremum is found for materials having a high thermal 
ondu
tivity. Therefore, the wi
k thermal
ondu
tivity should be as low as possible to blo
k the parasiti
 heat �ux through the wi
k.The same simulations have been realized 
onsidering longitudinal heat losses and heat losses to theambient. Non-dimensional heat transfer rates are presented in Figure 14. When the heat losses to theambient and through the evaporator 
asing 
annot be negle
ted, no extremum 
an be found.When the thermal 
ondu
tivity of the porous stru
ture is low, the evaporation transfer rate and thesensible heat given to the liquid in the wi
k are lower. At the same time, although the heat transfer throughthe wi
k de
reases, parasiti
 heat losses in
rease due to the 
ondu
tion in the evaporator 
asing. Thesephenomena lead to a mu
h higher operational temperature when the wi
k thermal 
ondu
tivity is low.From these results, several situations emerge. In order to ensure good LHP performan
e when the20
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e of the wi
k thermal 
ondu
tivity on the LHP performan
e - Qwall and Qamb negle
ted
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Figure 14: In�uen
e of the wi
k thermal 
ondu
tivity on the LHP performan
e 
onsidering heat losseslongitudinal parasiti
 heat losses 
an be negle
ted (insulated LHP with low-
ondu
tivity evaporator 
asing),one has to avoid sele
ting a material in a medium 
ondu
tivity range for the wi
k. The use of a biporouswi
k or a se
ondary wi
k with lower 
ondu
tivity 
an also help redu
ing heat leaks without lowering theevaporation rate. Likewise, thi
ker wi
ks 
an prevent heat from passing through the porous stru
ture to thereservoir (Fig. 15) and are less sus
eptible to deprime in the 
ase of an evaporation front displa
ement inthe wi
k. However, a 
ompromise has to be found, sin
e a greater wi
k thi
kness leads to higher pressuredrops and 
an be limited by the spa
e available for the integration of the evaporator. When the longitudinalheat losses are determinant, one should rather 
hoose a wi
k made from a good thermal 
ondu
tive materialto ensure a good evaporation rate.4.3. Heat transfer in the evaporatorFigure 16 presents the di�erent 
omponents of the heat �ux in the evaporator divided by the total heatload Qin, without 
onsidering longitudinal heat losses. The 2mm thi
k evaporator 
asing is made of 
opperand the loop is not insulated. A ni
kel wi
k is 
onsidered, with an e�e
tive thermal 
ondu
tivity λe� equal to
5.4W·m−1

·K−1. More than 90% of the heat is dissipated by evaporation Qev while 2 to 10% is transferredthrough the liquid line Qtube,l. The parasiti
 heat �ux through the wi
k Qpar is equal to about 3% of thetotal heat load. The other heat transfer rates are less than 1%, 
on�rming that more heat is 
ondu
tedthrough the liquid line than through the vapour line. It appears also that when the heat load in
reases, the22
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Figure 15: In�uen
e of the wi
k thi
kness - Qwall and Qamb negle
tedevaporation rate is enhan
ed and heat losses through the liquid line are less signi�
ant.
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Figure 16: Heat transfer in the LHP - Qwall and Qamb negle
ted23



When Qwall and Qamb are taken into a

ount, heat transfer inside the evaporator are very di�erent(Fig. 17). In that 
ase, the evaporation heat transfer rate Qev ranges from 55 to 70%. Sin
e the reservoirtemperature is higher, heat losses through the liquid line Qtube,l are larger (10 to 20%). Qamb representsthe heat losses to the ambient from the reservoir and the evaporator and its value is up to 20% of the totalheat �ux. The total parasiti
 heat �ux Qpar is more important 
onsidering the heat transfer by 
ondu
tionthrough the evaporator body (Qwall = 2− 5%) and leads to a value of 2 to 15%. Heat losses to the ambientare less dominant for high heat loads whereas the total parasiti
 heat �ux and the evaporation rate areenhan
ed.
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Figure 17: Heat transfer in the LHP 
onsidering heat losses4.4. Evaporator body material and thi
knessTwo 
asing materials with a body thi
kness equal to 2mm have been tested in order to determine thein�uen
e of the outer wall thermal 
ondu
tivity on the evaporator temperature (Fig. 18). Additionally, a
opper evaporator with a thinner wall (ewall = 1mm) has been simulated and all the results have been
ompared to the modelling without heat losses. Indeed, the parasiti
 heat �ux from the saddle to thereservoir, as well as the heat ex
hange with the ambient 
an be strongly dependent on these parameters.The other geometri
al and ambient 
hara
teristi
s of the modelling are presented in Se
tion 3.The 
hoi
e of a very low thermal 
ondu
tivity material su
h as PEEK (λwall = 0.25W·m−1
·K−1) 
on-siderably redu
es the heat �ux through the evaporator sidewall on the LHP operation. The simulations24
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e of the evaporator sidewall 
ondu
tivity and thi
knessresults are very 
lose to the solution without 
onsidering the longitudinal parasiti
 heat �ux. However, heatlosses to the ambient de
rease the evaporator temperature. The use of a very 
ondu
tive material su
h as
opper (λwall = 398W·m−1

·K−1) strongly a�e
ts the LHP operational temperature, be
ause the parasiti
heat �ux through the evaporator sidewall is in
reased. This phenomena is more pronoun
ed when the 
asingis thi
ker, sin
e the 
ross-se
tional area for the 
ondu
tive heat transfer is larger.4.5. Heat losses to the ambientAlthough LHP are not insulated in usual appli
ations, one 
an �nd in the literature many experimentswith the tubes or the whole loop insulated. The purpose of this is to minimize heat losses to the ambient,often di�
ult to evaluate, in order to ease the model validation or to 
hara
terize the LHP performan
ewithout taking into a

ount the environment in�uen
e. Figure 19 presents the 
omparison of the evaporatortemperature with and without glass-�bre insulation on the evaporator-reservoir stru
ture. The results 
learlyshow that without insulation, the LHP performan
e are enhan
ed. Indeed, whatever the heat load, heatlosses to the ambient 
ool the system and 
an be of great importan
e in the LHP heat balan
e. In the 
ase ofa low 
ondu
tive evaporator 
asing, the in�uen
e of the insulation is less noti
eable be
ause the evaporatorbody itself prevents heat from being 
ondu
ted to the evaporator side and thus de
reases heat losses to theambient. 25
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Figure 19: In�uen
e of the insulation on the LHP operating temperature5. Con
lusionIn this study, a 
omplete model of LHP has been presented. It 
ombines a 2-D des
ription of theevaporator hydrauli
 and thermal states with a �ne dis
retization of the transport lines and the 
ondenser.These original features enable to take into a

ount heat losses to the ambient and through the transportlines as well as to evaluate the parasiti
 heat �ux through the wi
k and the evaporator body. The presentnumeri
al simulations may improve the understanding of the physi
al me
hanisms operating in an LHPevaporator, and their 
oupling with the other parts of the LHP, and provide guidan
e for the LHP design,aiming to redu
e the thermal resistan
e of the system.The model has been 
onfronted to a set of experimental data from the literature. A good agreement isfound between experimental and theoreti
al results for the entire heat input range.Heat transfer through the transport lines has to be taken into a

ount, in parti
ular in variable 
ondu
-tan
e mode, sin
e it 
an modify signi�
antly the subooling of the liquid entering the reservoir.Simulations show the major in�uen
e of the evaporation 
oe�
ient and of the wi
k 
ondu
tivity on theLHP operating temperature as well as on the temperature �eld in the evaporator. When the e�e
t of theheat transfer through the evaporator 
asing is insigni�
ant, the 
ompetition between the parasiti
 heat �uxthrough the wi
k and the heat transfer to the evaporation zone leads to an extremum for whi
h the operatingtemperature is maximal. Additionally, a low evaporation 
oe�
ient leads to a signi�
ant in
rease of theloop operating temperature. 26



Parasiti
 heat losses through the evaporator 
asing strongly a�e
t the energy balan
e of the evaporatorand lead to a major de
rease of the evaporation rate. As a result, a mu
h larger operating temperature isfound in the 
ase of substantial heat 
ondu
tion in the evaporator body.A
knowledgementsThe authors want to a
knowledge the �nan
ial support of the European Commission through the FP7PRIMAE Proje
t, Contra
t n. 265413 (www.primae.org).Nomen
lature
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tional area [m2℄
aev evaporation 
oe�
ient
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 heat [J.kg−1.K−1℄
e thi
kness [m℄
D diameter [m℄
g gravitational a

eleration [m.s−2℄
H height [m℄
h 
onve
tive heat transfer 
oe�
ient [W.m−2.K−1℄
hlv enthalpy of vaporization [J.kg−1℄
Kw wi
k permeability [m2℄
L �ow entry length [m℄
M molar mass [kg.mol−1℄
ṁ mass �ow rate [kg.s−1℄
p perimeter [m℄
P pressure [Pa℄
Q heat transfer rate [W ℄
Q∗ non-dimensional heat transfer rate
R universal gas 
onstant [J.K−1.mol−1℄
rp pore radius [m℄
T temperature [K℄
u velo
ity [m.s−1℄
x quality, axis 
oordinate
y, z axis 
oordinates [m℄Greek Symbols 27



ρ density [kg.m−3℄
λ thermal 
ondu
tivity [W.m−1.K−1℄
ε void fra
tion, porosity
µ dynami
 vis
osity [Pa.s℄
χtt Martinelli parameter
φ heat �ux density [W.m−2℄Subs
ripts
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air air
amb ambient
D diametere� e�e
tive
eq equivalent
ev evaporator, evaporation
f �uid
fric fri
tional
gr groove
h homogeneous
in inner, inlet
l liquid
m,n dis
retization step
max maximum
mom momentum
out outer, outlet
par total parasiti
 heat �ux
res reservoir
sat saturation
sen sensible
static hydrostati

sub sub
ooling
top top surfa
e
tot total
tube through the transport line wall
v vapour
w wi
k
wall evaporator, tube wallNon Dimensional Numbers
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