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Abstract: In this paper, a steady-state mathematical modell@bp heat pipe (LHP) in gravity-assisted operati
has been established based on two driving modagitygdriven mode and capiligéy-gravity co-driven modeThe
modeling results show good agreement with expetahelata, and the operating characteristics of_the unde
gravity-assisted attitude has been theoreticallgstigated. When the heat load applied to the ea#pas smaller
than the transition heat load, the LK@perating in the gravity driven mode, the workingdlin the vapor line is in
the two-phase state due to the existence of additimuid mass flow, and the operating temperaisi@bviously
lower than tlat under horizontabr adverse elevation attitudes caubgdeduced heat leak from the evaporator to the
compensation chamber and enhanced cooling of the fejuid to the compensation chamber. In addition, the effect
of positive elevation on the steady-state operaéngperature and thermal conductance of the LidRatyzed. This
study contributes to the comprehensive understgrafithe operating principle and characteristias ean guide the
designof LHPs in terrestrial surroundings.

Keywords: loop heat pipemathematical model; driving mode; operating charastics; experiment

* Corresponding author. Tel.: +86 8233 8600 Fax: +86 182338600
E-mail address: bailizhan@buaa.edu.crBéi).



1. INTRODUCTION

Loop heat pipes (LHPs) are effective and effictert-phase heat transfer devices that utilize the eatipn and

condensation of a working fluid to transfer heat] ¢he capillary forces developed in fine porouskaito circulate

the working fluidl, 2]. Their high pumping capability and superiorathdransport performance have been

traditionally utilized to address the thermal-masragnt problems of spacecraft, and were successipfilied in

many space tasks[3-7]. More recently, its appbicathas been extended to terrestrial surroundings a8 in

electronics cooling[80] and thermal-management systems for aircraft abdharines[1-14]. Their long distance

heat transport capability and flexibility in desigould offer many advantages compared with tradifilieat pipes

and other heat transfer devices.

So far, quite a few studies on the mathematicaletgl of LHPs have been conducted, which reveabedes

working principles and operating characteristic ldPs[1522], as briefly reviewed below . Ref.[15] establisted

1-D steady-state mathematical model of a LHP, whahid reflect the variable conductance charatiesisf the

LHP, but the oversimplification in calculating treedial conductancef the wick and two-phase pressure drop in the

condenser brought large difference between the Ingdeand experimental results. Improved treatnmamtthe

two-phase pressure drop in the condenser was conduckef.[16], where five different two-phase prassdrop

correlations were assessed and better predictinese achieved. The modeling of the radial conduetaf the

evaporator wick was improved in H&f] by solving a radial 1-D energy equation, in whibe effect of the fluid

convection was considered. Ref.[18] developed goeehnensive steady-state mqdednd showed good predictions

when the evaporator was horizontal with or higi@ntthe condenser, but large deviation from theraxental

results was observed at the gravity-assisted médether improvement of was attempted in Ref.jdBgre the



liquid/vapor interface in the condenser and thel Waction in the compensation chamber (CC) werssidered.

Ref.[20] developd a steady-state mathematical model of a LHP byiderisg the evaporator wick as either

single-layer ortwo-layer composite structures, and the condenserindnélve annular flow pattern. The effects of

surface tension of liquid and the interaction betwvéhe liquid and vapor phases in the condeirsguding both

frictional and momentum-transfer shear stresse® e@nsidered. The model revealed the observedlictance

reduction when LHPs operate under the constant ctantlte mode, which cannot be predicted by traditimaaels

Ref.[21] conducted a numerical analysis based on a 2-diovaisiynamic mesh model to include the influence of

non-uniform heat load on the performance of adlate evaporatdnside a LHP. The variations of evaporation heat

transfer coefficient, outflow working fluid tempereguvapor and liquid interface position, and surfacgézature at

different heat loads were analyzed. In Ref.[22}nathematical model of the startup process of a 4B

established based on the node network method, padametric analysis including the effects of gfafieat load,

thermal capacity of the evaporator and compensatiamber, heat sink temperature and ambient tetope@n the

startup characteristics of the LHPwere conducted.

To the best of our knowledge, the mathematical mautelented above are only applicable to the situatiam the

evaporator is horizontal with or higher than thadanser of the LHPowever, when the LHP is operating under the

gravity-assisted attitude, i.e. the condenser ¢atéal higher than the evaporator, large deviataasexpected.

Experimentally, Ref43] showed that the operating temperature exhibitehdive features when the LHP was

operating under the gravity-assisted attitude. grdvity-assisted operating theory was proposed;iwbategorized

the steady state operation into capillary-contioflad gravity-controlled modes, to better explagresults. However

theoretical investigatioof the LHP operation under gravity-assisted mode Idastking . With the rapid development



of LHPs for terrestrial applications, it is of higterest to establish accurate mathematical mddegravity-assisted

LHPs and to better understand their operatingcipti;nand characteristicand guide the engineering design, which

forms the objective of this study.

2.MATHEMATICAL MODELING

2.1 Twodriving modes

When the LHP is operating under horizordaladverse elevation attitudes, the capillary foreeegated by the

evaporator wick is the driving source for the detion of the working fluid in the loop. Howeverhen the LHP is

operating under the gravity-assisted attitude, ditieation becomes much different and very commitat As

reviewed above, two driving modes could be observed gndeity-assisted mode[23, 24]: gravity-driven madel

capillaiity-gravity co-driven mode, depending on the applied heat load.Iéw heat load, LHP tends to operate

the gravity-driven mode where the gravity is tleenghant driving source for the circulation of therking fluid.

Under such a condition, the working fluid in the vajia Is in the two-phase state due to the existencedifcamil

liquid mass flow, and no clear liquid/vapor intedaexists at the outer surface of the evaporatck,\eis shown in

Fig.1(a) At a high heat load,LHP operate# the capillarity-gravityco-driven mode, where the capillary foraed

gravity are both driving sources for the circulatimf the working fluid The working fluid in the vapline is pure

vapor, and there is a clear liquid/vapor interfaicéne outer surface of the evaporator wick, assho Fig.1(b).

2.2 Determination of thetranstion heat load

To realize the steady-state modeling of a LHP avigy-assisted operation, the first and most ingotrstep is to

determine the transition heat load;JQ.e, the heat load that responsible for thesttim from the gravity mode to



capillarity-gravity model At the transition heat load, the working fluid time vapor line is pure vapor, and the
gravitational pressure head generated in the litjoédjust satisfies the requirement to drive tireutation of tre
working fluid along the loop, so the pressure begagguation can be expressed as:

[ AgdH =AR  +AR +AR+AP+A P )

Because the gravitational pressure head in thigl llone and the frictional pressure drop in eacimponent of the
LHP are both strong functions of the operating terature, the steady-state operating temperatuneitieslly
unknown. It is impossible to directly calculate thensition heat load based on equation (1), ahé transition heat
load and the steady-state operating temperaturedsbewbtained simultaneously, as schematically shawiig.2,
and briefly introduced below.

1) Calculation of the heat transfer and pressune idreach component of the LHP, which is the samesaéntiour
previous mathematical mod@(], and is not repeated here.

2) In the solution procesa relatively large heat load as the transition let is firstly specified,n general, the
specified relatively large heat load can be sindeligrmined based on that the gravitational presead in the liquid
line where the liquid is at the lowest temperatigrethe heat sink temperature is equal tdtilmdional pressure drop
in the vapor line where the vapor is at the posdiltjhest saturation temperature.

3) By decreasing the transition heat load graduailty calculating the temperature distribution althegloop, the
total pressure drop along the loop will be jusabeéd by the gravitational pressure head gendratbd liquid line
Under this condition, the actual transition hetdl and the steady-state operating temperaturdeabtained
simultaneously.

2.3 Gravity driven mode



When the heat load applied to the evaporator idlemtan the transition heat load, LHP operdteshe

gravity-driven mode The gravitational pressure difference betweenlithéd line and vapor line is the driving

source for the circulation of the working fluid adpthe loop, so the pressure balance equationecardsessed as:

AgdH —[ pgH =AR +AR +AR+AP+A R )
where p=pa+pl-a) ©))
Xp,

“" Xp +(@-x)p,S @

Generally, the vapor mass flowrate in the vapar lmthe gravity driven mode is relatively smaiidahe flow
péatern in the vapor line is mainly bubbly or slugwil For simplification purpose, homogeneous flowdeids
adopted here, and the slipioafS) can be set d@s0 accordingly. By substituting equation (4) into atipn (3), the

average density of the working fluid in the vapoe lcan be expressed as:

plpv
Xpl + (l_ X)pv

p= (5)

In the gravity driven mode, as the working fluictlie vapor line is in the two-phase state, theahchassl owrate
of the system at the inlet of the vapor line became
M=, + M (6)

Based on the energy conservation, the vapor n@assate at the inledf the vapor line can be expressed as:

_ Qap - th - Qhw
= 2

()

Because the pressure drop in each componentiigirelated to the maf®wrate, the liquid mass flowrate at the

inlet of the vapor line naturally adjusts itselitiatch the pressure balance as shown in equajion@®r a steady-state

condition.



Because the working fluid in the vapor line is ia thvo-phase state, the heat transfer between the yditid in
the vapor line and the ambient is in the form of latert, bed the energy equation of the vapor line can peesged

as follows by neglecting the small thermal condurcthrough the pipe wall:

. dh

L _ 8
- (G/L), (T-T,) 8)

vi-a

As the enthalpy value depends on the selectioheofriitial state at which the enthalpy is zero, éhthalpy of the
saturated liquid with respect to the local presssirset zero here, and the enthalpy value of theimgp fluid at

different states then can be expressed as:

A+C (T-T,) (T>Tg) superheated vap
h= AX (T=T,,) two-phase state )
C,(T-T,) (T<Tg) subcooled liquid

Accordingly the temperature and vapor quality at differenestain be calculated as:

(h-A)/C,, + T, superheated vap

T= T.

sat

at

two-phase state (10
h/C, +T subcooled liquid

sat

1 superheated vap
x=4h/A two-phase state 19
0  subcooled liquid

For the two-phase flow, the pressure drop in the iioconsists of three components: frictional, acaédeyand
gravitational pressure droBased on the homogeneous flow assumption , theyseedrop in the vapor line can be

expressed as:

dpP, di m*
_(ﬁj __[9x _(ﬂj | e :fp{_m) E’Jrﬁgsinﬁ 12
dL )/, dL J, dL )y . ), A Ay dL
where
. \2
_ fi_[mj (13)
2p A

To realize the smooth transition of the frictiofattor from laminar to turbulent flow, the frictiahfactor is



calculated as follows:

f, =16/Re Re< 2100
f =1[f x(4000- Re)}f,x (Re 210Q) /1900 2160 Re &( (14)
f,=0.07% Re*® Re- 4000

In the calculation of the Reynolds humber, theos#ty of the working fluid is determines
B =X, +(1=X) g4 (15)
The calculation method of the pressure drop inviipor grooves is the same as that in the vaparHpeever,
because the mass flowrate of the working fluidgases linearly from zero to the maximum value & \hpor
grooves, the vapor groove is evenly divided inteesdd segments, and the pressure drop in the gmpoves is the

sum of the pressure drop in each segments:

AR, = ZARg,i (16)

For a given heat loathe gravitational pressure difference betweenitied line and vapor line, and the pressure
drop in each component of the LHP are strong fanstiof the liquid mass flowrate at the inlet of tagor line
which is initially unknown. It is therefore impobk to directly calculate the steady-state opegatimperature
whose value should be obtained together with lipéss flowrate at the inlet of the vapor line stamgously, as

shown in the flowchart, Fig. 3, including

1) Calculating the heat transfer and pressure mr@ach component of the LHP, which is the sameux
previous mathematical mode&(]..

2) Specifying an initial liquid mass flowrate aethmlet of the vapor line as zero, which is obvigussnaller than
the actual value.

3) Increasing the liquid mass flowrate at the iméthe vapor line gradually and calculating theperature
distribution along the loop. The total pressurgpdatong the loop will be just balanced by the dedignal pressure
difference between the liquid line and vapor lideder this condition, the steady-state operatingp@ature and

liquid mass flowrate at the inlet of the vapor laa be obtained simultaneously.



2.4 Capillarity-gravity co-driven mode

When the heat load applied to the evaporatolariger than the transition heat load, LHP operatethe
capillatity-gravity co-driven moddJnder this driving mode, the working fluid in the vapaelis pure vapor, and the
capillary forces and gravitational pressure headrgéekin the liquid line are both driving sources If@r tirculation
of the working fluid along the loop, so the presdpalance equation can be expressed as:

J'"plgdH+AF; =AP,+AR+AR+AP+A P (17)

ap
Under such a mode, the working fluid distributidong the loop is generally the same asltHP operating with

no positive elevation. The calculation of heahsfar and pressure drop in each component, asas/éitie model

solution flowchart, were detailed in our previonathematical modeR[)], which is not repeated here.

3. EXPERIMENTAL VALIDATION
3.1 Experimental setup

The experimental system was made of stainless stegitéikaethe wick was made of sintered nickel powdet, an
Table 1 presents the basic parameters of the canfowhez OD andID represent the oetand inner diametsr
respectively. No secondary wick was employedhe ground tests, and the LHP had a bayonet amtemol the
middle point of the evaporator core. Ammomnias selected as the working fluid due to its excelleermophysical
properties in the temperature range of &0

Fig.4 shows the experimental setup. In the expertsndieat load applied to the evaporator was peoviay a
thin-film electric heater with the electric resistaof 209, attached directly to the evaporator casing symuoatyi

The heat load can be adjusted from OW to 300W teyirad) the output voltage of the DC power. The emsgr line



was mounted on an aluminum cold plate with imbeddelant channels. Ethanol was used as the coolatitdo

condenser and circulated by a pump through a eefigr. The heat sink temperature was maintainedratant

values The entire loop was thermally insulated with a tagesponge to reduce the parasitic heat load fiftzen

ambient

The data acquisition system was composed of datggar linked to a PC and the IMPview softwaas used to

display and store the experimental data. Coppestantan (Type T) thermocouples (TCs) were usedataitor the

temperature profile along the loop, ahe TC locations are shown in Fig.#he vapor line was divided into five

egual segments by six TCs attached on it; and the meedine was divided into four equal segments BetAiCs

attached on it. One adidinal TC was used to measure the ambient tempefattrehown in Fig. 4).

3.2 Experimental validation and discussions

The comparison of the modeling results with theeerpental datas shown in Fig.5 where the operating

conditions were maintained as follows: the ambiemtperature wa221-1.0C, the heat sink temperature wae -

+1.0C, the compensation chamb&es vertically above the evaporator, and the condemas placed 1.0m higher

than the evaporator, i.e. the positive elevatios wa.0m

As shown in Fig.5, the modeling results of the temipeeadistribution along the loop are in good agresmvith

the experimental data both in the gravity drivendengQ=20W) and the capilléy-gravity co-driven mode

(Qa=200W), which confirms the validity of the matheivalt model established here. When the LHP was tipgra

in the gravity driven mode, because the workinglifin the vapor line is in the two-phase state, tbat transfer

between the working fluid and the ambient is infthren of latent heat, and the working fluid keepthe saturation

temperature when it flows along the vapor line desgxperiencing the ambient heating effect, wicterified by

10



both the modeling and experimental results. Howewien the LHP was operating in the cagiffar gravity

co-driven mode, because the working fluid in the vapar i pure vapor, the heat transfer between the waitkidg

and the ambient is in the form of sensible heat,tha working fluid temperature rises continuowshen it flows

along the vapor line due to the ambient heatirgcgfas shown in both the modeling and experimessalts.

In Fig.5, there exists certain difference for thenperature at the outlet of the vapor lifi€7) between the

modeling results and experimental data that theréxental data are obviously lower than the modet&sults

especially for the capillary forces and gravitydriven mode (Qap=200W), because of the heat siolngpeffect

through axial heat conduction of the wall, whichds considered in the mathematical model.

4. MODELING RESULTSAND ANALYSS

4.1 Variation of transition heat load

When LHP is operating under the gravity-assistditudé, its steady-state operating temperaturerngly

dependent on the driving mode, i.e. the gravity driviede or the capillary forces and gravity co-driven madtéch

can be judged by the comparison between the hadtapplied to the evaporator and the transition load. The

transition heat load is influenced by a varietyfadtors including the operating conditions, the LBtRucture

parameters as well as the charged working fluid, whenedsiéve elevation and heat sink temperature are tvilo ma

factors, and Fig.6 shows the positive elevationeddpncy of the transition heat load at differenat h&nk

temperaturesThe operating conditions and structure parametetiseoLHP are all the same as those in section 3

except the positive elevation and the heat sink¢eature.

As shown in Fig.6, for a fixed heat sink tempemtand other operating conditions unchandee higher the

positive elevation, the larger the transition Heatl. That is because the gravitational pressuad benerated in the

11



liquid line increases almost linearly with the posi elevation, and increased mass flowrate is ewbéd cause

sufficient frictional pressure drop to balance travitational pressure head, as shown in equafipnA§ the

transition heat load is nearly proportional to tiess flowrate, and it will increase accordinglytid¢ same time, the

transition heat load first increases almost lineaith the positive elevation, and when it reachesertain value

(about 40W in this studyit begins to increase smoothly. That can be expthas follows: first, the pressure drop in

the vapor line and the condenser occupies the rpajpof the total pressure drop, as shown in Feg@ond, when

the transition heat load is small, the mass flowrategatom loop is very small accordingly, and the flow reggimthe

vapor line and the condenser is laminar flow thatftictional pressure drop is proportional to thass flowrate

however, when the transition heat load is comparatlae, the mass flowrate along the loop increasesdiagty,

and the flow regime in the vapor lia@dthe condenser becomes turbulent flow that theédnat pressure drop is

almost proportional to the square of the mass #tevr

When the transition heat load is small, the efiétteat sink temperature on the transition heat lwaot obviously,

and the transition heat load curves at differeat Bk temperatures almost overlaps. However, \ertransition

heat load is comparatively large, a higher hedt tmperature results in larger transition head.lddat is because

for a comparatively large transition heat load, th# will generally operate in the constant condoceé mode, a

higher heat sink temperature leads to an increagexhting temperature. For ammonia, the densitiieoaturated

vapor increases notably with its saturation tentpegaand more mass flowrate will be needed to rggmeufficient

frictional pressure drop to balance the gravitatiopressure head generated in the liquid line. oligh the

evaporative latent heat of ammonia decreases tsitbaiuration temperature, the increase of the fiasgate is

dominant, and the transitional heat load increasesrdingly.

12



4.2 Variation of massflowrate

When the LHP is operating under horizomtiahdverse elevation attitudes, the mass flowratteeisystem is nearly

proportional to the heat load applied to the evaporconsidering the small heat leak from the erapoto the CC,

the heat load for heating the fluid flowing through tick and the variation of the evaporative latent bbatorking

fluid with the operating temperature, as shown yadon (7). However, when the LHP is operatingeauntie

gravity-assisted attitude, the situation becomeshndiifferent.

Fig.8 shows the variation of the mass flowrate wWith heat load applied to the evaporator at tiet @flthe vapor

line when the LHP is operating under the gravitsisied attitude. The operating conditions and &tragparameters

of the LHP are all the same as those in section/&2shown in Fig.8, when the LHP is operating unither

gravity-assisted attitude, the vapor mass flowaatie inlet of the vapor line is nearly proporébto the heat load

applied to the evaporator both in the gravity drimeode and the capillary forces and gravity coasrinode. While

the liquid mass flowrate at the inlet of the valioe decreases sharply with the heat load appli¢det evaporator in

the gravity driven mode, and it reduces to zero atr#imsition heat load. In the capillary forces andigyao-driven

mode, the liquid mass flowrate at the inlet of ¥hpor line always keeps at zero. As a result, éngiravity driven

mode, the total mass flowrate in the system firstedesgs with the heat load applied to the evaporatonituegiches

the lowest value, theih begins to increase gradualihile in the capillary forces and gravity co-drivendapthe

total mass flowrate in the system increases allimestrly with the heat load applied to the evapmrat

When the LHP is operating in the gravity driven mdithe total mass flowrate is obviously larger ttraat under

the horizontal or adverse elevation attitudes duestadiditional liquid mass flow in the vapor liredthe cooling of

the return liquid to the CC is enhanced considgrablexpressed by equation (18):

13



qub = mCm(ch_ ch ir) (18)

As shown in equation (18), in the gravity drivendagfirst, the total mass flowrate increases olshowsecond, the
increased mass flowrate in the liquid line coulkibit the temperature rise due to ambient heatffegtewhen the
working fluid flows along the liquid line and reduthe working fluid temperature at the inlet of @€. Both the
reasons above contribute to enhanced cooling akthen liquid to the CC. Meanwhile, because tlesgure of the
working fluid in the CC is almost the same as that in th@anator, the saturation temperature differencedmrivthe
evaporator and the CC becomes rather small asawelie radial heat leak from the evaporator toCiie Both
enhanced cooling and reduced heat leak to the @Cesilt in a much lower steady-state operatingperature
Experimental results confirm the analysis above. As shiowig. 9 when the LHP is operating in the gravity driven
mode, the steady-state operating temperature isudby lower than that under the horizontal or ageeslevation
attitudes. Whereas when the LHP is operating inctimllary forces and gravity co-driven mode, tteady-state
operating temperature is slightly lower than thatar the horizontal or adverse elevation attitudes.
4.3 Seady-state oper ating temperature at different positive elevations

Fig. 10 shows the heat load dependency of theysstatk operating temperature of the LHP at diffepositive
elevations. The ambient temperature i&22nd the heat sink temperatureli8’c. The structure parameters of the
LHP are all the same as those in section 3

As shown in Fig.10, when the LHP is operating urtther gravity-assisted attitude, the steady-statratipg
temperature curve is no longer a typicsl’ shape, but exhibits unique trend due to the exdst®f two driving
modes. It is easy to find that the higher the p@siglevation, the larger the transition heat Idhdf is quite in

agreement with the results in Figlé.the gravity driven mode, the steady-state operatimperature first increases

14



until it reaches a peak value, then it begins to drop gligdieanwhile, the positive elevation has greatotiba the
steady-state operating temperature in the graviteen mode, i.e. the higher the positive elevatibe, lower the
steady-state operating temperature; however, the effpasitive elevation on the steady-state operatingeesture
in the capillary forces and gravity co-driven mdaecomes not salient, and the operating temperatures at
different positive elevations almost overlap. Tkhason is closely associated with the variationheftbtal mass
flowrate in the system as detailed in section 4.2.
4.4 Thermal conductance at different positive elevations

Fig. 11 shows the heat load dependency of the #ieromductance of the LHP at different positivevat®ns
where the thermal conductance is calculated as:

G=Q, [(T,—T) (19)

The operating conditions and structure parameteéhed HP are all the same as those in sedti®n

As shown in Fig.11, when the LHP is operating uritier gravity-assisted attitude, there exist twoezgorthe
variable conductance zone where the thermal comdcetkeeps varying and the constant conductaneevogre
the thermal conductance changes within a ratheowarnge, and this is a typical character of LHRawvever, in
the gravity driven mode, the thermal conductanaerecexhibits unique trend. When the positive elewais
relatively large, there exists a peak value on therihleronductance curve, which is quite different fromsiheation
under the horizontal or adverse elevation attitulles easy to find that the positive elevatiors lgaeat effect on the
thermal conductance in the gravity driven mode, the higher the positive elevation, the larger thermal
conductance; however, the effect of positive elemadn the thermal conductance in the capillargdsrand gravity

co-driven mode becomes not salient, and the theroradiuwtance curves at different positive elevatialnsost

15



overlap. The results are in agreement with thosedtion 4.3.

5. CONCLUSIONS

A steady-state mathematical model of a LHP in ¢yaaésisted operation has been established basédoon

driving modes: gravity driven mode and capillarycés and gravity co-driven mode. The modeling tessiiow

good agreement with the experimental dateeoretical investigation on the operating princgoe characteristics of

the LHP under gravity-assisted attitude has beemumed extensively, and the conclusions below Hzaen

reached:

o With a fixed positive elevation and other operatingditions unchanged, there exists a transition hadt \&hen

the heat load applied to the evaporator is smiddéer the transition heat load, LHP operatethe gravity-driven

mode that gravity is the only driving source for threudation of the working fluid along the loop; otherwikelP

operates in the capillary forces and gravity ceedrimode that capillary forces and gravity are hbiting

sources for the circulation of the working fluidad) the loop.

e With other operating conditions unchanged, the tianditeat load first increases almost linearly with thetve

elevation; when it reaches a certain value, itleetgi increase slowly.

e When LHP is operatingn the gravity driven mode, the working fluid in thapor line is in the two-phase state

due to the existence of additional liquid mass flamd the total mass flowrate in the loop firstrdases quickly

to the lowest value, then it begins to increase gradwéttythe heat load applied to the evaporator, whittibéits

unique variation trend and is much different fréwa situation under horizontal or adverse elevatttitudes.

¢ When LHP is operatingn the gravity driven mode, the operating temperatiobviously lower than tht under

horizontal or adverse elevation attitudes due tluced heat leak from the evaporator to the comfiensa

16



chamber and enhanced cooling of the return liguile compensation chamber; Whereas when LHP is aggrati

in the capillary forces and gravity co-driven mode bperating temperature approximateto that under

horizontal or adverse elevation attitudes.

e The positive elevation has great effenttibe steady-state operating temperature and theandlctance of the

LHP in the gravity driven mode: the higher the fresielevation, the lower the operating temperatarel the

larger the thermal conductance; however, in thdlagpforces and gravity co-driven mode, the effeicpositive

elevation can be generally ignored.
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NOMENCLATURE

A cross sectional areaqm
G specific heat (J/kg K)
f frictional factor
g gravitational acceleration (rfy's
G thermal conductance (W/K)
(G/L) thermal conductance per unit length (W/K m)
h enthalpy (J/kg)
H height (m)
L length (m)
m mass flowrate (kg/s)
P pressurég
perimeter (m)
Q heat load (W)
S slip ratio
T temperature’C)
v specific volume (ritkg)
X thermodynamic vapor quality
Greek symbals
o void fraction
A latent heat (J/kg)
T shear stress (Pa)
p density (kg/m)
U dynamic viscosity (Pa s)
0 tilt angle
Subscript
a ambient or acceleration
ap applied
c condenser
cc compensation chamber
cap capillary
e evaporator or evaporation
f friction
g gravity
hi heat leak
hw heating the fluid in the wick
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inlet
liquid or laminar
liquid line
heat sink
subcooling or subcooled
saturation
turbulent
vapor
vapor groove
vapor line
vapor line and the ambient

wick
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Table captions

Tablel Basic parameters of the LHP
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Figure captions

Fig.1 Working fluid distribution inside LHP for differemtriving modes

Fig.2 Solution flowchart to determine the transition Heatl

Fig.3 Model solution flowchart for gravity driven mode

Fig.4 Schematic of the experimental system

Fig.5 Comparison of the modeling results with eixpental data

Fig.6 Positive elevation dependency of the tramsitieat load at different heat sink temperatures
Fig.7 Pressure drop in each component at the tirankieat load

Fig.8 Heat load dependency of the mass flowrateeahlet of the vapor line

Fig.9 Experimental results of steady-state opagatimperature at different attitudes
Fig.10 Steady-state operating temperature at differesitipe elevations

Fig.11 Thermal conductance at different positievations

23



Tablel Basic parameters of the LHP

Components Dimensions
OD/IDxLength of Evaporator ®18/16x175mm
OD/IDxLength of Condenser ®3/2.2x2000mm
Vapor/liquid line length 2800/2500mm
OD/ID of vapor and liquid line 3/2.2mm
Width/heightxnumber of vapor grooves 1.5/1.2mm=20
\Volume ofCC 20ml
Charge of working fluid 29.99

OD/IDxlength 16/8x125mm
Maximum radius 1.0um

Wick .
Porosity 58.7%
Permeability >5x10%m?
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Heat output l Gravity

Condenser
Liquid Vapor
line line
Heat input
\

Evaporator
Vapor groove Wick

[ liquid I vapor [ two phase EZ&E wick

(a) Gravity driven mode

Heat output Gravity
S n mn B

Condenser

Liquid
line

Heat input

Evaporator
Vapor groove Wick

[ liqguid B vapor

(b) Capillary-gravity co-driven mode

Fig.1 Working fluid distribution inside LHP for differemiriving modes
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o

Decrease the transition heat load

v

Specify arelatively large heat load asthe

transition heat load

Calculate the minimum évaporaling temperature,
and set it asthe evaporating temperature

v

Increase the evaporating temperature

A

v

Calculate the mass flowrate and relevant
thermophysical properties based on current
evapor ating temperature and transition heat load

v

Calculate the pressuredrop and heat transfer in the
vapor grooves, vapor line, condenser and liquid line

v

Calculate the energy balance of CC supposingitisin
the saturated state

CC reaches energy balance

4

Calculatethe void fraction of CC ( ac) based on the
fluid inventory

Y
Increase the evaporating temperature Pi

Calculate the mass flowrate and relevant
thermophysical propertiesbased on current
evaporating temper ature and transition heat load

v

Calculate the pressure drop and heat transfer in
the vapor grooves, vapor line, condenser and
liquid line

v

Calculatethe CC temperature supposing it
reaches ener gy balance,then calculate ac.

No

Yes

A

Calculate the sum of the pressuredrop in each

Total pressure

component and the gravitational pressurehead in the ——p»< drop>gravitational
liquid line pressure head
No
Yes
Output and display the calculating results <

A
Fail to operate due

to lack of working
fluid

Fig.2 Solution flowchart to determine the transitieat load
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.

Increase theliquid mass flowrate at theinlet of the
vapor line

Specify the liquid mass flowrate at theinlet of
< thevapor lineaszero

Calculate the minimum évaporaling temperature,
and set it asthe evaporating temperature

v

Increase the evapor ating temper ature

v

Calculate the mass flowr ate and relevant
thermophysical properties based on current
evapor ating temper ature and applied heat load

v

Calculatethe pressure drop and heat transfer in the
vapor grooves, vapor line, condenser and liquid line

v

Calculate the ener gy balance of CC supposingit isin

Increase the evapor ating temperature }47

Calculate the mass flowrate and relevant
thermophysical properties based on current
evaporating temperature and applied heat load

v

Calculate the pressuredrop and heat transfer in
the vapor grooves, vapor line, condenser and
liquid line

v

Calculate the CC temperature supposing it
reaches ener gy balancethen calculate a

No

Yes

the saturated state CC reaches energy balance
; X r <0
Calculate the void fraction of CC ( a.) based on the
fluid inventory
a,=1.0
Yes
Calculate the sum of the pressuredrop in each Total pressure
component and the gravitational pressuredifference ———»- drop<gravitational
between theliquid line and vapor line pressure difference
No
Yes
Output and display the calculating results <

h 4

Fail to operatedue

to lack of working
fluid

Fig.3 Model solution flowchart for gravity drivenatie
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Data acquisition system

) ;.— 10 5
Refrigerator ¢ Cold plate
R Liquid line
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Charging line
’{Evaporator Vapor line
*y | [ 3
cc O Hoate Power
e TC locations ) supply

Fig.4 Schematic of the experimental system
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Fig.5 Comparison of the modeling results with ekxpental data
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Fig.6 Positive elevation dependency of the tramsitieat load at different heat sink temperatures
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Fig.7 Pressure drop in each component at the ticankieat load
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E —0O— vapor mass flowrate
25 —£— liquid mass flowrate
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Fig.8 Heat load dependency of the mass flowrateedhlet of the vapor line
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Fig.9 Experimental results of steady-state opayaémperature at different attitudes
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Fig.10 Steady-state operating temperature at differesitip® elevations
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Thermal conductance/(W/K)
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Fig.11 Thermal conductance at different positiexa&lions
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