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A mathematical model to calculate the steady-state performance of a loop heat pipe (LHP) is presented. The
mathematicalmodel is based on the steady-state energy conservation equations and the pressure drop calculations
along the � uid path in the LHP. The LHP operating temperature is calculated as a function of the applied power
at a given LHP condition. The heat exchange between each component of the LHP and the surroundings is taken
into account. Both convection and radiation environments are modeled. Experimental validation of the model is
attempted by using two different LHP designs. The validity of the mathematical model is investigated for different
sink temperatures and elevations. The comparison of the calculations and experimental results showed good
agreement (within 5%). The proposed method proved to be a useful tool for reliable prediction of the steady-state
performance characteristics of the LHP.

Nomenclature
aR = radiator area per length, m
CP = speci� c heat at constant pressure, J/(kg-K)
DWICK = diameter of wick, m
kEFF = effective thermal conductivityof wick, W/(m-K)
kL = liquid thermal conductivityof working � uid,

W/(m-K)
kWICK = thermal conductivityof wick material, W/(m-K)
LC = length of condenser tube, m
LCC = length of compensation chamber, m
LWICK = length of wick, m
Pm = mass � ow rate, kg/s
NuD = Nusselt number
PSAT = saturation pressure, Pa
PQAPP = total heat load applied to evaporator, W

QPC = heat rejected by two-phase portion
of condenser,W

PQCC¡A = heat loss/gain between compensation chamber
and ambient, W

PQHL = heat leak or back conduction,W
QPSC = heat required to bring returning subcooled liquid

to saturation, W
PQVL¡A = heat loss/gain between vapor line

and ambient, W
TAMB = ambient temperature, K
TR

2 v = radiator temperature in two-phase portion
of condenser,K

TSAT = saturation temperature of loop heat pipe (LHP), K
TSINK = sink temperature, K
TL = liquid line temperature, K
(UA/ L)C¡A = thermal conductanceper unit length from inner

surface of condenser tube to ambient, W/(m-K)
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(UA/ L)C¡S = thermal conductanceper unit length from
inner surface of condenser tube to outer
surface of condenser plate, W/(m-K)

(UA/ L)CC¡A = thermal conductanceper unit length
from surface of compensation chamber
to ambient, W/(m-K)

x = thermodynamic quality
z = axial coordinate,m
D TAC.WICK = temperature difference across wick, K
D PTOTAL = total presssure drop in LHP, Pa
e = wick porosity and emissivity of radiator surface
g R = radiator overall surface ef� ciency
k = latent heat, W

Superscripts

L = liquid-� lled portion of condenser
2 v = two-phase portion of condenser

I. Introduction

L OOP heat pipes (LHPs) are robust, self-starting, and passive
two-phase thermal transport devices. The LHPs are used to

transport excess heat from a heat source, such as payload instru-
ments in a spacecraft, to a low-temperature heat sink, while main-
taining the temperature within speci� ed limits. An LHP uses the
latent heat of vaporization of a working � uid to transfer heat and
the surface tension forces formed in a � ne-pore wick to circulate
the working � uid. As shown in Fig. 1, a typical LHP consists of an
evaporator,a reservoir(also called the compensationchamberor hy-
droaccumulator), vapor and liquid transport lines, a subcooler, and
a condenser.The compensationchamber is thermally and hydrody-
namically connected to the evaporator. In addition to the primary
wick insidethe evaporator,in many LHPs a secondarywick between
the compensationchamber and the evaporator is also used to ensure
that liquid remains available to the wick at all times.

During a typical LHP operation, after the heat is applied to the
evaporatorboth the evaporatorand the compensationchamber tem-
peraturesrise together, indicatingback conductionor heat leak from
the evaporator to the compensation chamber. The amount of the
heat leak depends on the two-phase � uid dynamics between the
evaporator and the compensation chamber. When the temperature
difference between the evaporator and the compensation chamber
is high enough to provide the requiredpressuredifference to initiate
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Fig. 1 Schematic of an LHP (not to scale).

the circulationof the � uid, the LHP starts. The start-up is identi� ed
by a sudden drop of the evaporator temperature and a sudden in-
crease of the vapor line temperature. The vapor is collected in the
vaporgroovesand pushedinto the vapor transportlinebecauseof the
increasedpressurefrom boiling.The meniscus inside the wick natu-
rally adjusts itself to establisha capillaryhead that matches the total
pressure drop in the LHP. The capillary head prevents vapor from
penetrating into the wick structure. The vapor is then condensed in
the condenserand later subcooled.The subcoolercan be an integral
part of the condenser. The subcooled liquid returns to the evapora-
tor through the compensation chamber. A detailed thermodynamic
analysis of a similar operation can be found in Ku.1

LHP can transport large thermal power loads, as much as 1.7 kW,
over long distances through � exible and small diameter tubes and
a heat � ux of 0.70 MW/m2 through the LHP evaporator was
demonstrated.2 Start-ups with as low as 2 W were achieved.3 The
LHP can also provide important heat rejectioncapabilitywhen they
are positionedagainst gravity with an adverse elevation of the evap-
orator. 1.2 kW against a 4-m adverse elevation was demonstrated.
Several ground applicationsare therefore feasible.The ability of the
LHP to operate against gravity also makes ground testing of space
applications possible. This is a clear advantage because of the high
cost and limited availability associated with the space � ight test
programs. It is also possible to implement innovative technologies
such as deployableradiatorsbecauseof the � exible sectionsthat can
easily be incorporated into the LHP transport lines.4

The LHP is closely related to the capillary pumped loop (CPL).
The CPL requires preconditioningprior to start-upand is more sus-
ceptible to deprime or loss of pumping action in the evaporator.
However, the LHP can be started by directly applying heat to the
evaporatorand is largely resistant to the deprimingproblems caused
by the presenceof the bubbles in the evaporatorcore.Both technolo-
gies, however, exhibit extensive design � exibility to accommodate
a large variety of thermal control requirements.5 Hoang et al.6 pro-
posed a device that exhibits both CPL and LHP characteristics.This
device has two conjoint independently operated loops: The main
loopis basicallya traditionalCPL, and theauxiliaryloop is similar to
an LHP.

Altogether, these characteristics make the LHP very attractive
thermal control devices in both ground and space applications.The
LHP is currently the baseline design of the thermal control systems
for NASA’s Geoscience Laser Altimeter System (GLAS). The pre-
diction is made that the useof theLHP as theprimarythermalcontrol
system in space applicationswill rapidly increase in the near future.
Because of their superiorperformanceunder high-g conditions,ap-
plications in aeronautical industry are under development.Speci� c
applications include an avionics cooling7 and anti-icing system for
the engine cowl using waste engine heat.8 The ground applications
include rooftop solar installations and the cooling of remote com-
munication sheds in a hot desert environment by transporting the
heat into the ground and the cooling of semiconductor chips and
reactors.

LHP was invented in the former Soviet Union in the early 1970s.
The � rst patentwas issued to Maidaniket al.9 in 1985. In spite of the

extensiveground testing of the LHP, only a limited number of � ight
tests was performed. The � rst � ight test was conducted aboard a
Russian spacecraftGranat in 1989 (Ref. 10). During this � ight test,
the long-term and reliable � ight operation of LHP in microgravity
was successfully demonstrated. Two successful � ight experiments
of AmericanLoop Heat Pipe (ALPHA) provedover 56 hoursof per-
fect on-orbitoperationon the STS-83 and STS-94 missions in April
and July 1997 (Ref. 4), respectively. Another successful � ight test
was performedon the STS-87 mission in November 1997 (Ref. 11).
A total of 213 operating hours was accumulated during the mis-
sion. Summaries of the earlier experimentalstudies on the LHP can
be found in two different articles analyzing the LHP performance
characteristicsby Dickey and Peterson12 and Wirsch and Thomas.13

Because of the complexity of the related two-phase heat transfer
phenomena, the LHP modeling efforts have mainly been focused
on the steady-state energy balance equations.Many of the previous
studies have either used oversimpli� ed assumptions, or analyzed
only one component of LHP. For some studies, the main algorithm
of the model and the comparisons of numerical and experimental
results were not revealed. Because of the commercial importance
and relative recentnessof this technology,only a limited amount of
data and information has been published in the open literature.

Maidanik et al.14 developed an analytical model with a closed-
form solution by using the energy and pressure balances. They had
to ignore heat exchangewith ambient and pressure losses in the liq-
uid line and assume a linear pressuredrop in the vapor line to arrive
at a closed analytical solution. Their heat-leak model is similar to
the approach used in this study. Kiseev et al.15 used a similar ana-
lytical model in their investigation focusing on increasing the heat
transfer capacity of the LHP. Dickey and Peterson12 developed an
analyticalmodel basedon the steady-stateenergybalanceequations
with a differentapproach.Their model showedgoodagreementwith
the experimental data obtained at various tilts. In their work they
limited the input power to less than 170 W. Bienert and Wolf16 cor-
related successfully the LHP test data by using an analyticalmodel
based on the steady-state energy balance equations with a similar
approach to the model presented in this article. However, in this
study they did not discuss their model in suf� cient detail. Wirsch
and Thomas13 focused mainly on the modeling of the evaporator
section by using a two-dimensional � nite element method. They
validated their model experimentallyfor vapor line temperaturesof
313 and 323 K. Several manufacturershave developedLHP models
by using the SINDA/FLUINT solver, again based on energy bal-
ance equations. Lashley et al.4 and Nikitkin and Cullimore5 brie� y
referred to these models in their articles. Mulholland et al.17 used
an LHP model based on the study of Bienert and Wolf.16 The liquid
line of the LHP used in this study enters the transition section be-
tween the evaporator and the compensation chamber instead of the
compensation chamber itself. Mulholland et al.,17 therefore, intro-
duced a weighting factor to modify the � uid temperature entering
the wick. They also modi� ed the code to account for condensers
with parallel legs. Their model predictions showed good agreement
with experimental results for power levels from 50 to 600 W and
for condenser temperatures from 233 to 293 K.

More articles have been published on the modeling of the CPL
performance in the open literature. However, these studies are not
summarizedhere becauseof differentworking principlesand there-
fore different modeling approaches between the LHP and CPL.

The present study complements the earlier modeling efforts of
the LHP performance. The mathematical model was based on the
steady-state energy conservation equations written for each com-
ponent of the LHP. The temperature pro� le around the LHP was
calculatedwith the help of these energy conservationequationsand
the pressure-drop calculations along the � owpath in the LHP. The
heat exchange between each LHP component and the surround-
ings was modeled in both convectionand radiationenvironmentsto
validate experimental results in ambient and thermal vacuum con-
ditions, respectively.The results of the model were compared with
the experimentalresults,which were obtainedby using two LHPs of
different design. The experiments were conducted at different sink
temperaturesand at differentelevationsof the LHP. The comparison
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between the model predictionsand the experimental results showed
good agreement, validating the mathematical model proposed in
this study. The proposed model provides a design tool for a fast
parametric study of the steady-stateLHP performance.Special care
was taken to explain the algorithm of the mathematical model in
detail.

II. Mathematical Model
The LHP operating (saturation) temperature was calculated as a

function of the input power at a given LHP condition.The speci� ed
LHP condition includes the sink temperature, the ambient temper-
ature, and the elevation between the evaporator and the condenser.
In this section the calculationalgorithm for the convectionenviron-
ment will be presented in detail. The main difference in calculating
the radiationenvironmentwill brie�y be addressedat the end of this
section.

The assumptions used in the development of the model are as
follows:

1) The mass and heat transfer through the wick is only in the
radial direction.

2) The compensation chamber and the evaporator core contain
both liquid and vapor phases (two-phase � uid).

3) LHP achieves steady state for a given loop condition.
4) Single-phase � ow correlations are employed to calculate the

pressure drop in the condenser and subcooler.
The liquid-vaporinterfacecan be in the vapor line, the condenser,

the subcooler, or the liquid line, dependingon the applied heat load
and the sink temperature.The model can predict the operating tem-
perature of the LHP for both cases: single-phaseor two-phase � uid
returning to the compensation chamber. If the charging strategy of
the LHP is such that the compensationchamber is completely � lled
with liquid when the condenser is totally utilized, the model predic-
tions will not be accurate because only two-phase � uid is allowed
in the compensation chamber (assumption 2).

The relevant properties of the working � uid are saturation pres-
sure, liquid density, vapor density, liquid viscosity, vapor viscosity,
liquid thermalconductivity,liquid speci� c heat,and surface tension.
These � uid properties are functions of the LHP operating tempera-
ture TSAT. Each of these propertieswas curve � tted into a � fth-order
polynomialwith respect to TSAT with errorsof approximately1–5%.
The local liquid properties were calculated by using the average
temperatures at each element of the LHP. The coef� cients of the
polynomials can be found in Ref. 18.

A. Solution Procedure

For a given applied heat load sink and ambient temperature and
position of the LHP, the LHP operating temperature can be cal-
culated by solving the energy balance equations of incoming and
outgoing heat � ows for each LHP component. To solve these equa-
tions, the relevant � uid properties, the system pressure drop, the
mass � ow rate, and the heat transfer coef� cients should be known.
However, these values are functions of the LHP operating tempera-
ture. Thus, the system of governingequations is an implicit function
of the LHP operating temperature, and an iterative solution scheme
is required.

The LHP saturation temperature is established in the compen-
sation chamber as a result of three heat transfer paths: heat ex-
changebetweentheevaporatorand thecompensationchamber(back
conduction or heat leak), heat exchange between the compensa-
tion chamber and the environment, and heat exchange between the
compensation chamber and the returning liquid. Active control-
ling of the LHP saturation temperature is thus possible by control-
ling the saturation temperature of the compensation chamber by a
thermostatic heater. Under a steady-state operational condition the
LHP operating temperature adjusts itself such that the condenser
generates enough subcooling to match the heat leak and the heat
exchange with the environment, which is given by the following
equation:

PQHL D PQSC C PQCC¡A (1)

The axial conductivecouplingbetween the evaporatorand the com-
pensation chamber was neglected in Eq. (1). This is a good approx-
imation for an evaporatorwith high length-to-diameterratio.

Heat Leak Across the Wick

The heat leak PQHL from the high-pressureside of the wick to the
low-pressure side is transferred through conduction, which can be
written as

PQHL D 2 p kEFF LWICK

DOUT
WICK

.
DIN

WICK

D TAC.WICK (2)

The heat exchange between the returning subcooled liquid and the
wick material causes a nonlinear temperature pro� le. However, this
is a small effect and can be neglected. The temperature difference
across the wick D TAC.WICK is the difference between the local sat-
uration temperatures at both sides of the wick and caused by the
total system pressure drop, excluding the pressure drop in the wick
structure:

D TAC.WICK D
¶ T

¶ P
SAT

(D PTOTAL ¡ D PWICK) (3)

The slope of the vapor-pressurecurve ( ¶ T / ¶ P)SAT can be calcu-
lated using the Clausius–Clapeyron relation. However, because the
� uid properties were curve � tted into the � fth-order polynomials
with respect to TSAT, the slope can be more accuratelypredicted if it
is differentiated from the functional relationship between PSAT and
TSAT.

Total System Pressure Drop of the LHP

The total system pressuredrop D PTOTAL in Eq. (3) is a functionof
the LHP operating temperature, the location of liquid-vapor inter-
face in the condenser (which depends on the sink and ambient tem-
peratures), and the amount of heat transportedto the condenser.The
total systempressuredropconsistsof the steady-statepressuredrops
in the vapor and liquid lines, the condenser, the subcooler, and the
evaporator.The pressuredrop in the evaporator includesthose in the
bayonettube, thewick structure,and the vaporgrooves.If theLHP is
positionedwith an elevation against gravity, the pressure difference
caused by the gravitationalforces should also be taken into account.
Thus, the total system pressuredrop is the sum of the pressuredrops
in individual components of the LHP along the � ow path, i.e.,

D PTOTAL D D PVL C D PLL C D PC C D PSC C D PBAY.TUBE

C D PWICK C D PV.GRV C D PGRAVITY (4)

The pressure recovery caused by the decelerationof the � uid in the
condenser and similarly the effect of the inertia terms in the vapor
grooves were also taken into account. However, these effects are
generally small, and the pressure drop in an LHP is largely domi-
natedby the frictionalpressuredrops.When calculatingthe pressure
drop in the evaporator, the effective length of the vapor grooveswas
taken as the half of the evaporator active length. The laminar and
turbulent � ow regimeswere taken into account in these correlations.
The calculation of the pressure drop constitutes an important part
of the model because the temperature drop, and thus the heat leak
from the evaporator to the compensationchamber, is directly related
to the pressuredrop.The model can predictthemaximumheat trans-
fer andvaporpressurelimits.The predictionof the heat transferlimit
was based on the fact that the sum of the pressure drops in the LHP
cannot be greater than the maximum pressure created by the wick
at the liquid-vapor interface for proper operation. The model can
be extended to predict other operation limits; however, the capillary
pressure limit is the dominant limiting factor for an ammonia LHP.

Effective Thermal Conductivity of the Wick

Two different correlations were used for the calculation of the
effective thermal conductivity of the wick to analyze the in� uence
of the different correlations on the results. A homogeneous and
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Fig. 2 Schematic of thermal resistance network of condenser.

isotropic wick structure was assumed. For the � rst correlation the
effective thermal conductivityof the wick was obtained by volume
averaging the thermal conductivity of the wick material and the
working liquid inside the wick:

kEFF D kWICK(1 ¡ e ) C e kL (5a)

For the second correlation the equation proposed by Dunn and
Reay19 was used:

kEFF D kWICK
2 C (kL / kWICK) ¡ 2 e [1 ¡ (kL / kWICK)]
2 C (kL / kWICK) C e [1 ¡ (kL / kWICK)]

(5b)

Heat Transfer Coef� cients

The thermal conductances of the condenser and the subcooler
were calculated by considering the thermal resistance network
shown in Fig. 2. In the convection environment the heat exchange
between the LHP and the ambient were assumed to be natural con-
vection. The simpli� ed natural convectioncorrelations for air from
Ref. 20 were used to calculate the heat transfer coef� cients from the
LHP element surfaces to ambient. The thermal conductance from
the inner surface of the condenser tube to the external surface of
the condenser plate was computed by consideringthe � ow arrange-
ment of the heat exchanger, including the heat conduction in the
condenser plate. The convective � lm coef� cient caused by the � uid
� ow inside the condenser tube was calculated as a function of the
operating temperature.

As an example, the thermal conductanceper unit length from the
liquid-� lled portionof the condensertube to the sink was calculated
by using the following thermal network:

UA

L

L

C¡S

D 1
1/ (UA/ L)C¡S C 1/ ( p NuDkL )

(6)

The � rst term in right side of Eq. (6) was determinedby considering
the thermal resistancesfor conductionfrom the appropriategeomet-
ric parameters of condenser and the � ow arrangement.The thermal
contact resistance between the condenser tube and the condenser
plate should also be taken into account. For the second term the
Nusselt number NuD is constant for a laminar and fully developed
� ow and equal to NuD D 4.36 if the surface heat � ux is constant,
and NuD D 3.66 if the surface temperature is constant.21

Returning Liquid Subcooling

The heat rejected in the two-phase portion of the condenser PQC

can be written as

PQC D PQAPP ¡ PQHL ¡ PQVL¡A (7)

The heat exchangebetween the vapor transport line and ambient can
be positiveor negativedependingon the sink and ambient tempera-
tures. The two-phaseheat removal in the condenser tube consists of
two parts: heat rejection to the sink and heat lost to ambient. Thus,
the lengthof the two-phase � ow portion in the condenser is givenby

L2v

C D PQC

£
Z xOUT

xIN

dx

(UA/ L)2v

C¡S(TSAT ¡ TSINK) C (UA/ L)2 v

C¡A(TSAT ¡ TAMB)

(8)

The related thermalconductancesin the parentheseswere calculated
by considering the thermal resistancenetwork of each heat transfer
path, as explained in the preceding section. The thermal conduc-
tance in the two-phase portion of the condenser was calculated by
using a two-phase multiplier. For a simple and reasonable approx-
imation, the expression proposed by Chato22 for the condensation
heat transfer coef� cient in horizontal tubes can also be used.

If the result of the integrationof Eq. (8) with respect to the quality
from xIN D 1 to xOUT D 0 is less than the total length of the con-
denser, the liquid-vapor interface is situated inside the condenser.
Otherwise, the same calculation methodology can be used to com-
pute the location of the liquid-vapor interface � rst in the subcooler,
then in the liquid line. After the calculationof the length of the two-
phase � ow portion in the condenser, the liquid temperature at the
condenser exit can be calculated by integrating the energy balance
equation in the liquid-� lled portion of the condenser, i.e.,

PQC

k
CP

dT

dz
D

UA

L

L

C¡S

(T ¡TSINK)C
UA

L

L

C¡A

(T ¡TAMB) (9)

where T represents the local � uid temperature.
If the LHP contains an additional subcooler unit, Eq. (9) can

be applied to the subcooler unit to calculate the exit temperature.
Similarly, the same equation is valid to calculate the liquid line exit
temperature. The amount of heat required to bring the returning
subcooled liquid to saturation is given by

PQSC D PmC p(TSAT ¡ TLOUT) (10)

LHP Operating Temperature

The heat loss or gain between the compensation chamber and
ambient can be written as

PQCC¡A D (UA/ L)CC¡A LCC(TSAT ¡ TAMB) (11)

By substituting Eqs. (2), (10), and (11) into Eq. (1), one will obtain
the following equation:

F1(TSAT, TSINK, TAMB, PQAPP) D F2(TSAT, TSINK, TAMB, PQAPP)

C F3(TSAT, TAMB) (12)

where F1 , F2 , and F3 are known functions. For given TSINK , TAMB,
and PQAPP, the LHP operating temperature can be determined by
solvingEq. (12) iteratively for TSAT. The convergencewas assumed
to occur when jF1 ¡ (F2 C F3)j < 10¡3 W. To acceleratethe conver-
gence of the solutions, the operating temperature at each iteration
was corrected as a function of the residual of Eq. (12) between the
two successive iterations. A typical converged solution for a given
heat load was reached at approximately 1000 iterations. It took ap-
proximately 5 s to reach a convergedsolutionat a given power level
by using a 120-MHz Pentium processor.

B. Radiation Environment

The generalalgorithmused to calculatethe radiationenvironment
is the same as that of the convectionenvironment.When the liquid-
vapor interface is in the condenser, the heat removal by radiation in
the two-phase portion of the condenser can be written as follows:

PQC D (UA/ L)2v

C¡S L2v

C TSAT ¡ T 2 v

R

D r e g RaR L2v

C T 2v

R

4 ¡ (TSINK)4 (13)

The radiatortemperatureT 2v

R and the lengthof the two-phaseportion
of the condenser L2v

C can be calculatedby using Eq. (13). Similarly,
the heat exchange equations between the LHP components and en-
vironment presented in the precedingsection should be replaced by
the radiationheat transferequations.The calculationof the returning
liquid subcoolingfollows the same method as that of the convection
environment.
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III. Experimental Setup
Two separatetestprogramswere conductedat theNASA Goddard

Space Flight Center to verify the mathematical model. In the � rst
test program an LHP designed for the thermal control of the GLAS
instrument was used. The second test program was performed on
a research LHP designed for the U.S. Naval Research Laboratory
(NRL). A complete discussion of the performance characteristics
of each LHP can be found respectively in Refs. 23 and 24. In this
section the instrumentation and test procedure will be explained
with a brief description of each LHP.

A. Instrumentation and Test Procedure

To monitor the temperature pro� les of the LHP and environ-
ment, more than 45 copper/constantan(type T) thermocoupleswere
placed at various locations throughout each LHP. The uncertainty
of the thermocouple readings was estimated to be §0.5 K. The
heat source consisted of cartridge and tape heaters. Aluminum and
copper saddles were welded to the evaporator to provide mounting
surfaces for electrical heaters.Heaters were mounted either on only
one side or on both sides of the evaporator saddles. Tape heaters
were attached to the compensationchamber to control the set point
temperature for some of the tests. Relays and variacs were used to
control the heaters. The uncertainty in measuring the power input
was estimated to be less than 2%.

The condenser lines were coupled to the cooling lines, which
were cooled by refrigerators with a 1.5 kW cooling capacity. A
mixture of ethlyene glycol (60%)/water (40%) was used as coolant
� uid. The heat rejection system was able to maintain the sink tem-
perature within §1 K of the chosen set point. Some high-frequency
oscillationsof the sink temperaturewere observed.However, the ef-
fect of these � uctuationson the system performancewas negligible
because the induced � uctuations in the working � uid temperatures
caused by these � uctuationswere less than §0.25 K. The LHP were
insulated with 15 mm-thick Arma� ex material.

All measurements were taken with a computerized data acquisi-
tion system. Data were displayed in real time and stored for later
analysis.The sampling rate of data was 10 kHz with a resolutionof
16-bit and an analog-to-digitalsystem accuracy of 0.6%.

During a typical test, the � rst step was to set the condenser tem-
perature at a desired value. Once the condenser reached the steady
state, the power was applied to the evaporator. At each power level
the system was allowed to reach a steady state. This would take
more than 5 h at low powers (< 100 W) and approximately 0.5 h
at high powers. Tests were performed by cycling the power and the
sink temperature at various positive and adverse elevations.

B. Characteristics of the GLAS LHP

The GLAS LHP (LHP1)hada cylindricalevaporatorwith a diam-
eter of 25.4 mm and a length of 150 mm. The evaporator’s envelope
was constructed of low-carbon steel, and it used a sintered nickel
wick with an effective pore radius of less than 1.2 l . The working
� uid of the LHP was ammonia. A copper saddle was attached to the
evaporator’s envelope to hold three cartridge heaters. The compen-
sationchamberhada diameterof 46mm anda lengthof 76mm. Both
the liquidandvaportransportlineswere approximately460mm long
each. They were made from smooth wall tubing with a diameter of
5.54 mm and a wall thicknessof 0.51 mm. The condenserwas a sin-
gle pass, direct condensationheat-exchangertype with a total length
of 4.06 m and a condenser tube outer diameter of 5.54 mm and was
made from an extruded small diameter aluminum tube with an inte-
gral � n. The condenser tube was bent into serpentine shape, which
madepassesacrossa condenserplateof 485 £ 1000mm. The refrig-
eratedcoolant � owed throughanother tube,which ran parallel to the
condenser tube on the other side of the condenserplate.The thermal
conductanceper unit length from the inner surface of the condenser
tube to the outer surface of the condenser plate was 4 W/(m-K).

C. Characteristics of NRL LHP

The NRL LHP (LHP2) had a cylindricalevaporatorof 25.4 mm in
diameterand 305 mm in length. The compensationchamber had the

same diameter as the evaporator and was 127 mm long. A sintered
nickel wick with an effective pore radius of less than 1.2 l was
used. The LHP used ammonia as its working � uid. The evaporator
was embedded into an aluminum saddle so that heat could spread
evenlyon theuppersideof evaporator.The liquidandvaportransport
lines were made of 4.8-mm outer-diameter stainless-steel tubing
and had an overall length of about 1524 mm each. The condenser
consisted of three separate sections linked in series and was made
up of 4.8-mm-outer diameter stainless-steel tubing with an overall
length of 2032 mm. The condenserwas similar to that of LHP1 (i.e.,
single pass and direct condensation heat exchanger). However, no
condenser plate was employed. The condenser line was attached
to the coolant loop by small aluminum saddles, and epoxy � llings
were used between the condenserand coolant tubes to minimize the
thermal contact resistance.The thermal conductanceper unit length
from the inner surface of the condenser tube to the outer surface of
the condenser plate was 6 W/(m-K).

IV. Discussion of Results
Results were presented on the LHP performance curve (applied

power vs operating temperature). Figure 3 shows the comparison
between the experimental results and the predictionsfor LHP1. The
experimentalresultswereobtainedat eightdifferentpower levelsfor
two distinctsink temperaturesof 273and283K.The condenserplate
was in vertical position such that the evaporator and the compensa-
tionchamberwere leveledhorizontallywithin §2.5 mm. In compar-
ing the results, the differencebetween the model predictionsand the
experimental results was normalized by the sink temperature. The
calculations are within 2% of the experimental measurements. As
shownin Fig. 3,at lowerpowers (approximatelyless than100W) the
operating temperature initiallydecreases with increasingpower be-
cause of the cold liquid returning from the condenser. In this region
the LHP is in the variable conductancemode. At a certain power the
condenser becomes completely open, and the LHP operates in the
constant conductancemode. At this point the operating temperature
increasesalmost linearlywith the appliedpower.The operatingtem-
peraturepredictionsat low powers are less satisfactory(around2%).
The discrepancy is because of the effect of the heat exchange with
ambient is more pronounced at low powers. More precise corre-
lations than simpli� ed natural convection equations are required to
improve the results in this region.The operating temperaturepredic-
tions at low powerswere also less accurate in Bienert and Wolf16 be-
causeof probably the same dif� culty in modeling the heat exchange
between the compensationchamber and ambient.At higherpowers,
theenergybalanceis dominatedby the liquidreturningfrom thecon-
denser rather than the heat exchange with ambient. In fact, the heat
exchange with ambient becomes a smaller fraction of the applied
heat with increasingpower (e.g., 1.2% at 25 W and 0.2% at 200 W).
As a result, the predictions are better at high powers (within 1%).

As shown in Fig. 3, when the sink temperature is increased from
273 to 283 K the LHP performance curve shifts toward higher
operating temperatures. The lowest operating temperature on the
curve also shifts toward lower power levels because less subcooling
is provided when the sink temperature gets closer to the ambient
temperature. In fact, when the sink temperature is equal to ambient,

Fig. 3 Comparison of experimental results and model predictions for
LHP1 at TAMB = 295 K: , measurements at TSINK = 273 K; , mea-
surements at TSINK = 283 K; and ——, predictions.
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Fig. 4 Calculated total pressure drop and mass � ow rate curves for
LHP1 at TAMB = 295 K and TSINK = 283 K.

no subcooling is provided by the condenser, and the LHP operates
entirely in the � xed conductancemode.

The correspondingcalculated total pressure drop in the LHP and
the mass � ow rate as a function of the applied power is shown
in Fig. 4 for a sink temperature of 283 K. Both the total pressure
drop and the mass � ow rate increase with increasingapplied power.
The sudden increase in the slope of the total pressure drop around
100 W is because of the transition from the laminar to the turbulent
� ow regime. Figure 4 also shows that the mass � ow rate is very
small at low powers. Therefore, little cooling is initially provided
to the compensation chamber at low powers. As the heat load in-
creases,althoughmore and more condenserareabecomesactive,the
amount of heat required to bring returning subcooledliquid to satu-
ration increases becauseof the higher mass � ow associatedwith the
increasing heat input. As a result, the LHP operating temperature
drops in the low power region with increasing power. If the heat
load is further increased until the condenser is completely open,
the temperature of the returning liquid is near saturation, and ini-
tially no subcooling is available.At some power level the saturation
temperature starts increasingwith increasing heat load to allow the
condenser to reject additional heat. This explanation is consistent
with the earlier statement in the preceding paragraph for the opera-
tion under the equal sink and ambient temperatures. Two different
correlations for the wick effective thermal conductivity [Eqs. (5a)
and (5b)] were used to study the in� uence of these correlations on
the results. The difference in the operating temperatures was less
than 0.03%, suggesting that either of these two correlations can be
used within the operation limits of interest.

The frictional pressure drop in the condensing zone of the con-
denser was calculatedusing a correlationbased on the single-phase
� ow (all vapor). However, the pressure drop in the condenser was
reasonablywell predictedbecausethepressuredrop in thecondenser
was less than 20% of the total pressuredrop for the operatingcondi-
tions studied in this work. The results obtainedby usinga two-phase
� ow pressure drop model will be presented in a future paper.

Because of the maximum power limit of the heaters used in this
study, the heat transport limit predictions could not be veri� ed ex-
perimentally. However, the observation was made experimentally
that at high powers the primary wick may experience partial dry-
out because of the several factors such as uneven heating before the
maximum heat transfer capacity was reached. This mode of opera-
tion is different from that of a CPL. In a CPL, after vapor penetrates
the wick it blocks the liquid � ow, hence depriming the evaporator.
Whereas in a LHP, because of the secondarywick a part of the pri-
mary wick is always wet, and the LHP can still operate. After the
partial dry-out the LHP performance characteristicsare drastically
modi� ed. The present model cannot predict the LHP performance
if partial dry-out of the wick occurs.

Figure 5 shows the result obtained by using LHP2. The experi-
mental results were obtained by using � ve different power pro� les
(from A to E). The power pro� les for each cycle are given in Table 1.
Each of the power cycles from A to D took approximately 10 h to
complete, and the power cycle E took approximately72 h. This was
because of the long waiting times, especially at low powers (less
than 100 W) to reach the steady-state operation. The ambient tem-
perature change during these tests was approximately2.0 K, and an

Table 1 Power pro� les for different test cycles

Cycle Power pro� le, W

A 50-5-50
B 2-10-25-50-100
C 5-10-25-50-100-50-25
D 5-10-25-50-100-200-300-400-300-200-100-200
E 10-25-50-100-200-300-400-300-200-100-50-400-50-

100-200-300-400-100-700-100-50-100-200-100-700-
600-500-400-300-200-100-50

Fig. 5 Comparison of experimental results and model predictions for
LHP2 atTAMB = 294K, TSINK = 263K, and no elevation: , cycle (A); ,
cycle (B); ¦, cycle (C); ++, cycle (D); , cycle (E); and ——, predictions.

Fig. 6 Comparison of experimental results and model predictions for
LHP2 at TAMB = 294 K, TSINK = 263 K, and an elevation of 660 mm: ,
measurements; and ——, predictions.

average ambient temperature was used in the calculations for each
cycle. All of the tests were conducted with a sink temperature of
263 K, and the LHP was leveled horizontallywithin §2.5 mm such
that the evaporator, the compensation chamber, and the condenser
were in the same horizontal plane.

During the power-cycling tests, a temperature hysteresiswas ob-
served at power levels less than 200 W. This phenomenon was dis-
cussed in detail in Ref. 24. When the power was decreased with a
moderatestep change (less than 100 W), the operating temperatures
values were stable. However, when the power was decreasedwith a
largerstep, the LHP operatingtemperaturesweredeviatedfrom their
initial steady-statevalues in the low-power region. The temperature
hysteresis phenomenon in a LHP is still unexplained.The scattered
points at low powers presented in Fig. 5 are because of this temper-
ature hysteresis phenomenon. The model predictions are between
1.5–5% of the experimentalmeasurements.At high powers the tem-
peratureswere highlystable regardlessof the power-cyclingpro� le,
and the model predictionswere very satisfactory.The mathematical
model used in this study cannot predict the temperature hysteresis.

The mathematical model was also tested when the LHP was po-
sitioned at an elevation with the evaporator and the compensation
chamber leveled horizontally above the condenser. A typical com-
parison is presented in Fig. 6 for an elevation of 660 mm (vertical
distance between the evaporator axis and the lowest point of the
LHP). The experimental results were obtained by using the power
cycle E given in Table 1. The temperature hysteresis is clear at low
powers, and model predictions are within 5%. As shown in Fig. 6,
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the model predicted only the overall tendency of the LHP perfor-
mance curve at low powers. The comparison of the experimental
results and the calculationsare again more satisfactoryat high pow-
ers (within 2.5%).

V. Conclusions
The LHP research is an important and current � eld of study be-

cause of the great potentialuse of this device. In this study a mathe-
matical model to calculate the steady-state performance of an LHP
was presented in detail. The mathematical model was tested with
two separate LHP designs at different sink temperatures and dif-
ferent elevations. The calculations were between 1 and 5% of the
experimental measurements, indicating that the steady-state LHP
performance was accurately modeled. The predictions were less
satisfactoryat low-power regions (less than approximately100 W),
where the heat exchange with ambient has a bigger in� uence on the
energy balance of the compensation chamber. Agreement could be
improved by using more precise correlations for the natural con-
vection heat transfer coef� cients. The pressure-drop predictions in
the condenser section can be improved by using two-phase � ow
correlations.An important observation at low powers was the tem-
perature hysteresis. The model cannot predict the temperature hys-
teresis; however, the calculations appear to be in good accord with
the experimental results. As a result, the model can be used for a
reasonable assessment of the overall LHP performance even in the
presence of the temperature hysteresis.

The temperaturehysteresis has not been well understoodand has
not been adequately addressed in open literature. A better under-
standing of the physical mechanism behind the temperature hys-
teresis is required for its modeling. Further tests in thermal vacuum
environment are also required to validate the radiation heat trans-
fer part of the mathematicalmodel. Because the start-upand related
transientsconstitutea very importantproblemof the two-phase � ow
devices, the consideration of the unsteady effects is also needed to
improve this mathematical model.
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