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A mathematical model to calculate the steady-state performance of a loop heat pipe (LHP) is presented. The
mathematical model is based on the steady-state energy conservation equations and the pressure drop calculations
along the fluid 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
ag = radiator area per length, m
Cp = specific heat at constant pressure, J/(kg-K)
Dwick = diameter of wick, m
kerr = effective thermal conductivity of wick, W/(m-K)
ki, = liquid thermal conductivity of working fluid,
W/(m-K)
kwick = thermal conductivity of wick material, W/(m-K)
L¢ = length of condenser tube, m
Lcc = length of compensation chamber, m
Lwick = length of wick, m
m = mass flow rate, kg/s
Nup = Nusselt number
Psar = saturation pressure, Pa
O app = total heat load applied to evaporator, W
Oc = heat rejected by two-phase portion
) of condenser, W
Occ-a = heat loss/gain between compensation chamber
] and ambient, W
OuL = heat leak or back conduction, W
Osc = heat required to bring returning subcooled liquid
. to saturation, W
Ovi_a = heat loss/gain between vapor line
and ambient, W
TivB = ambient temperature, K
e = radiator temperature in two-phase portion
of condenser, K
Tsar = saturation temperature of loop heat pipe (LHP), K
Tsink = sink temperature, K
TL = liquid line temperature, K
(UA/ L)c_a = thermal conductance per unit length from inner

surface of condenser tube to ambient, W/(m-K)
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(UA/ L)c_s = thermal conductance per unit length from
inner surface of condenser tube to outer
surface of condenser plate, W/(m-K)

(UA/ L)cc—a = thermal conductance per unit length
from surface of compensation chamber
to ambient, W/(m-K)

X = thermodynamic quality

z = axial coordinate, m

A Tac wick = temperature difference across wick, K

A PromaL = total presssure drop in LHP, Pa

€ = wick porosity and emissivity of radiator surface
Nk = radiator overall surface efficiency

A = latent heat, W

Superscripts

L = liquid-filled portion of condenser

2x = two-phase portion of condenser

I. Introduction

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 specified limits. An LHP uses the
latent heat of vaporization of a working fluid to transfer heat and
the surface tension forces formed in a fine-pore wick to circulate
the working fluid. As shown in Fig. 1, a typical LHP consists of an
evaporator,a reservoir (also called the compensationchamber or hy-
droaccumulator), vapor and liquid transport lines, a subcooler, and
a condenser. The compensation chamber is thermally and hydrody-
namically connected to the evaporator. In addition to the primary
wick insidethe evaporator,in many LHPs a secondary wick between
the compensation chamber and the evaporatoris 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, indicating back conductionor heat leak from
the evaporator to the compensation chamber. The amount of the
heat leak depends on the two-phase fluid 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 required pressure difference to initiate
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Fig. 1 Schematic of an LHP (not to scale).

the circulation of the fluid, the LHP starts. The start-up is identified
by a sudden drop of the evaporator temperature and a sudden in-
crease of the vapor line temperature. The vapor is collected in the
vapor groovesand pushedinto the vapor transportline becauseof the
increasedpressure from boiling. The meniscus inside the wick natu-
rally adjustsitselfto establisha capillary head 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.!

LHP can transportlarge thermal power loads, as much as 1.7 kW,
over long distances through flexible and small diameter tubes and
a heat flux of 0.70 MW/m? through the LHP evaporator was
demonstrated? Start-ups with as low as 2 W were achieved.’ The
LHP can also provide important heat rejection capability when they
are positioned against 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 flight test
programs. It is also possible to implement innovative technologies
such as deployableradiatorsbecause of the flexible sectionsthat can
easily be incorporated into the LHP transport lines.*

The LHP is closely related to the capillary pumped loop (CPL).
The CPL requires preconditioningprior to start-up and 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 depriming problems caused
by the presence of the bubblesin the evaporatorcore. Both technolo-
gies, however, exhibit extensive design flexibility to accommodate
a large variety of thermal control requirements’ Hoang et al.% pro-
posed a device that exhibits both CPL and LHP characteristics. This
device has two conjoint independently operated loops: The main
loopis basicallya traditional CPL, and the auxiliaryloop 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-
dictionis made thatthe use of the LHP as the primary thermal control
system in space applications will rapidly increase in the near future.
Because of their superior performance under high-g conditions, ap-
plications in aeronautical industry are under development. Specific
applicationsinclude an avionics cooling’ and anti-icing system for
the engine cowl using waste engine heat.® 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 first patent was issued to Maidanik et al.? in 1985. In spite of the

extensive ground testing of the LHP, only a limited number of flight
tests was performed. The first flight test was conducted aboard a
Russian spacecraft Granat in 1989 (Ref. 10). During this flight test,
the long-term and reliable flight operation of LHP in microgravity
was successfully demonstrated. Two successful flight experiments
of American Loop Heat Pipe (ALPHA) proved over 56 hours of per-
fect on-orbitoperationon the STS-83 and STS-94 missions in April
and July 1997 (Ref. 4), respectively. Another successful flight test
was performed on 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 experimental studies on the LHP can
be found in two different articles analyzing the LHP performance
characteristicsby Dickey and Peterson'? and Wirsch and Thomas.!?

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 oversimplified 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 recentness of this technology,only a limited amount of
data and information has been published in the open literature.

Maidanik et al.'* developed an analytical model with a closed-
form solution by using the energy and pressure balances. They had
toignore heat exchange with ambient and pressure losses in the lig-
uid line and assume a linear pressure drop 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.'* used a similar ana-
lytical model in their investigation focusing on increasing the heat
transfer capacity of the LHP. Dickey and Peterson'? developed an
analyticalmodel based on the steady-stateenergy balance equations
with adifferentapproach. Their model showed goodagreementwith
the experimental data obtained at various tilts. In their work they
limited the input power to less than 170 W. Bienert and Wolf'® cor-
related successfully the LHP test data by using an analytical model
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 sufficient detail. Wirsch
and Thomas'® focused mainly on the modeling of the evaporator
section by using a two-dimensional finite element method. They
validated their model experimentally for vapor line temperatures of
313 and 323 K. Several manufacturershave developed LHP models
by using the SINDA/FLUINT solver, again based on energy bal-
ance equations. Lashley et al.* and Nikitkin and Cullimore’ briefly
referred to these models in their articles. Mulholland et al.'” used
an LHP model based on the study of Bienert and Wolf.'® 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.,'” therefore, intro-
duced a weighting factor to modify the fluid temperature entering
the wick. They also modified 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
summarized here because of different working principles and 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 profile around the LHP was
calculated with the help of these energy conservationequations and
the pressure-drop calculations along the flowpath in the LHP. The
heat exchange between each LHP component and the surround-
ings was modeled in both convection and radiationenvironmentsto
validate experimental results in ambient and thermal vacuum con-
ditions, respectively. The results of the model were compared with
the experimentalresults, which were obtained by 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-state LHP 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 specified
LHP condition includes the sink temperature, the ambient temper-
ature, and the elevation between the evaporator and the condenser.
In this section the calculation algorithm for the convectionenviron-
ment will be presentedin detail. The main differencein calculating
the radiationenvironment will briefly be addressed at 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 fluid).

3) LHP achieves steady state for a given loop condition.

4) Single-phase flow correlations are employed to calculate the
pressure drop in the condenser and subcooler.

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

The relevant properties of the working fluid are saturation pres-
sure, liquid density, vapor density, liquid viscosity, vapor viscosity,
liquid thermal conductivity,liquid specific heat, and surface tension.
These fluid properties are functions of the LHP operating tempera-
ture Tsar. Each of these properties was curve fitted into a fifth-order
polynomial with respectto Tsar with errors of approximately 1-5%.
The local liquid properties were calculated by using the average
temperatures at each element of the LHP. The coefficients 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 flows for each LHP component. To solve these equa-
tions, the relevant fluid properties, the system pressure drop, the
mass flow rate, and the heat transfer coefficients should be known.
However, these values are functions of the LHP operating tempera-
ture. Thus, the system of governingequationsis 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-
changebetween the evaporatorand the compensationchamber (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:

QHL = Qsc + QCC—A (1

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

Heat Leak Across the Wick

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

. 27 kerr Lwick
Oy = Wﬂ Tac.wick 2)

WICK WICK
The heat exchange between the returning subcooled liquid and the
wick material causes a nonlinear temperature profile. However, this
is a small effect and can be neglected. The temperature difference
across the wick A Txc.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:

oT

A Txewick = (6_P> (A Protar —A Pwick) (3)
SAT

The slope of the vapor-pressurecurve (07/ 0 P)gar can be calcu-
lated using the Clausius—Clapeyron relation. However, because the
fluid properties were curve fitted into the fifth-order polynomials
with respectto Tsar, the slope can be more accurately predicted if it
is differentiated from the functional relationship between Pgar and
Tsar.

Total System Pressure Drop of the LHP

The total system pressuredropA Prorar 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 system pressure drop consists of the steady-statepressuredrops
in the vapor and liquid lines, the condenser, the subcooler, and the
evaporator. The pressure drop in the evaporatorincludesthose in the
bayonettube, the wick structure, and the vapor grooves.If the LHP is
positioned with an elevation against gravity, the pressure difference
caused by the gravitational forces should also be taken into account.
Thus, the total system pressure drop is the sum of the pressure drops
in individual components of the LHP along the flow path, i.e.,

A ProraL =A Py +A P +A Pe +A Pse +A Pgay tuse

+A Pyick +4 Pygrv +4 Poravity 4)

The pressure recovery caused by the deceleration of the fluid 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-
nated by the frictional pressuredrops. When calculatingthe pressure
drop in the evaporator, the effective length of the vapor grooves was
taken as the half of the evaporator active length. The laminar and
turbulent flow regimes were taken into accountin 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 evaporatorto the compensationchamber, is directly related
to the pressuredrop. The model can predictthe maximum heat trans-
fer and vaporpressurelimits. 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 influence
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 first correlation the
effective thermal conductivity of the wick was obtained by volume
averaging the thermal conductivity of the wick material and the
working liquid inside the wick:

kepr = kwick (1 — &) + gk, (5a)

For the second correlation the equation proposed by Dunn and
Reay'® was used:

2+ (ki/ kwick) — 2&[1 — (kp/ kwick)]
2+ (k! kwick) + e[l = (k./ kwick)]

kerr = kWICK{ } (5b)

Heat Transfer Coefficients

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 simplified natural convection correlations for air from
Ref. 20 were used to calculate the heat transfer coefficients 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 flow arrange-
ment of the heat exchanger, including the heat conduction in the
condenser plate. The convective film coefficient caused by the fluid
flow inside the condenser tube was calculated as a function of the
operating temperature.

As an example, the thermal conductance per unit length from the
liquid-filled portion of the condensertube to the sink was calculated
by using the following thermal network:

vA\" I ©
L ). WU(UAILc_s+ 1/ (xNupk;)

The firstterm in right side of Eq. (6) was determined by considering
the thermal resistancesfor conductionfrom the appropriate geomet-
ric parameters of condenser and the flow 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 Nuj, is constant for a laminar and fully developed
flow and equal to Nup =4.36 if the surface heat flux is constant,
and Nu, = 3.66 if the surface temperature is constant.?!

Returning Liquid Subcooling

The heat rejected in the two-phase portion of the condenser QC
can be written as

Qc = QAPP - QHL - Q.VLfA 7

The heatexchangebetween the vapor transportline and ambientcan
be positive or negative depending on the sink and ambient tempera-
tures. The two-phase heat removal in the condenser tube consists of
two parts: heat rejection to the sink and heat lost to ambient. Thus,
the length of the two-phase flow portionin the condenseris given by

LY = Q.
/ XOUuT dx
X
o [(UAI LY (Tsar — Tonn) + (UA/ L) (Tsar — Taws) ]
@®)

The related thermal conductancesin the parentheseswere calculated
by considering the thermal resistance network 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 Chato? for the condensation
heat transfer coefficient in horizontal tubes can also be used.

If the result of the integration of Eq. (8) with respectto the quality
from xy =1 to xour =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-vaporinterface first in the subcooler,
then in the liquid line. After the calculationof the length of the two-
phase flow portion in the condenser, the liquid temperature at the
condenser exit can be calculated by integrating the energy balance
equation in the liquid-filled portion of the condenser, i.e.,

)e . dT  [UA\" vA\"
&CP_ = (T) (T_TS]NK)+<T> (T —Tams) 9)
-s

A dz c CoA

where T represents the local fluid 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

Osc = mC,(Tsxr — TLour) (10)

LHP Operating Temperature

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

Occ_n = (UAI L)ec_aLcc(Tsar — Tams) (1n

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

FI(TSATs TS]NK! TAMB! QAPP) = FZ(TSATs TS]NK! TAMB! QAPP)

+ F3(Tsar, Tamp) (12)

where F, F,, and F3 are known functions. For given Tsivk, Tams,
and Q,pp, the LHP operating temperature can be determined by
solving Eq. (12) iteratively for Tsar. The convergence was assumed
tooccur when | F; — (F, + F3)| < 1073 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 converged solution at a given power level
by using a 120-MHz Pentium processor.

B. Radiation Environment

The general algorithmused to calculate the radiationenvironment
is the same as that of the convection environment. When the liquid-
vapor interfaceis in the condenser, the heat removal by radiationin
the two-phase portion of the condenser can be written as follows:

Q¢ = (UAI LYY LY (Tsur — T7")

= oemparLZ[(T7)" = (Tsw)'] (13)

The radiatortemperature T,?" and the lengthof the two-phase portion
of the condenser L2C" can be calculated by using Eq. (13). Similarly,
the heat exchange equations between the LHP components and en-
vironment presented in the preceding section should be replaced by
the radiationheat transferequations. The calculationof the returning
liquid subcooling follows the same method as that of the convection
environment.
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III. Experimental Setup

Two separatetest programs were conductedat the NASA Goddard
Space Flight Center to verify the mathematical model. In the first
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 profiles of the LHP and environ-
ment, more than 45 copper/constantan(type T) thermocouples were
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
fluid. 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 temperature were observed. However, the ef-
fect of these fluctuations on the system performance was negligible
because the induced fluctuations in the working fluid temperatures
caused by these fluctuations were less than £0.25 K. The LHP were
insulated with 15 mm-thick Armaflex 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 resolution of
16-bit and an analog-to-digital system accuracy of 0.6%.

During a typical test, the first 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 u. The working
fluid of the LHP was ammonia. A copper saddle was attached to the
evaporator’s envelope to hold three cartridge heaters. The compen-
sationchamberhad a diameterof 46 mm and alengthof 76 mm. Both
theliquidand vaportransportlines were approximately460 mm long
each. They were made from smooth wall tubing with a diameter of
5.54 mm and a wall thickness of 0.51 mm. The condenser was 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 fin. The condenser tube was bent into serpentine shape, which
made passesacrossa condenserplate of 485 x 1000 mm. The refrig-
erated coolant flowed through another tube, which ran parallel to the
condenser tube on the other side of the condenserplate. The thermal
conductance per 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 u was
used. The LHP used ammonia as its working fluid. The evaporator
was embedded into an aluminum saddle so that heat could spread
evenlyonthe upperside of evaporator.The liquid and vaportransport
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 thatof 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 fillings
were used between the condenser and coolant tubes to minimize the
thermal contactresistance. 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 predictions for LHP1. The
experimentalresults were obtained at eightdifferentpowerlevels for
two distinctsink temperaturesof 273 and 283 K. The condenserplate
was in vertical position such that the evaporator and the compensa-
tionchamber were leveled horizontally within £2.5 mm. In compar-
ing the results, the difference between the model predictionsand the
experimental results was normalized by the sink temperature. The
calculations are within 2% of the experimental measurements. As
showninFig. 3, atlower powers (approximatelyless than 100 W) the
operating temperature initially decreases with increasing power 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
constantconductancemode. At this point the operating temperature
increasesalmostlinearly with the applied power. The operating tem-
perature predictionsat 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 simplified natural convection equations are required to
improvethe resultsin this region. The operating temperature predic-
tions at low powers were also less accuratein Bienert and Wolf!® be-
cause of probably the same difficulty in modeling the heat exchange
between the compensationchamber and ambient. At higher powers,
the energybalanceis dominatedby the liquid returning from the con-
denser rather than the heat exchange with ambient. In fact, the heat
exchange with ambient becomes a smaller fraction of the applied
heat with increasing power (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,
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Fig. 3 Comparison of experimental results and model predictions for
LHP1 at Taymp =295 K: [, measurements at Tsing =273 K; A, mea-
surements at Tsing =283 K; and , predictions.
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Fig. 4 Calculated total pressure drop and mass flow rate curves for
LHP1 at Toyp =295 K and Tsink =283 K.

no subcooling is provided by the condenser, and the LHP operates
entirely in the fixed conductance mode.

The corresponding calculated total pressure drop in the LHP and
the mass flow 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 flow rate increase with increasing applied 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
flow regime. Figure 4 also shows that the mass flow 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 condenserareabecomes active, the
amount of heat required to bring returning subcooledliquid to satu-
ration increases because of the higher mass flow associated with 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 subcoolingis available. At some power level the saturation
temperature starts increasing with 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 [Egs. (5a)
and (5b)] were used to study the influence 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 calculated using a correlation based on the single-phase
flow (all vapor). However, the pressure drop in the condenser was
reasonablywell predictedbecausethe pressuredropin the condenser
was less than 20% of the total pressure drop for the operating condi-
tions studiedin this work. The results obtainedby using a two-phase
flow 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 verified 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 flow, hence depriming the evaporator.
Whereas in a LHP, because of the secondary wick a part of the pri-
mary wick is always wet, and the LHP can still operate. After the
partial dry-out the LHP performance characteristics are drastically
modified. 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 five different power profiles
(from A to E). The power profiles for each cycle are givenin Table 1.
Each of the power cycles from A to D took approximately 10 h to
complete, and the power cycle E took approximately 72 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 approximately 2.0 K, and an

Table1 Power profiles for different test cycles

Cycle Power profile, W

A 50-5-50

B 2-10-25-50-100

C 5-10-25-50-100-50-25

D 5-10-25-50-100-200-300-4®-300-200-100-200

E 10-25-50-100-200-300-400300-200-100-50-400-50-

100-200-300-400-100-706-100-50-100-200-100-700
600-500-400-300-200-10050
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Fig. 5 Comparison of experimental results and model predictions for
LHP2 at Tapp =294K, Tsink = 263 K, and no elevation: [, cycle (A); A,
cycle (B); ©, cycle (C); +, cycle (D); O, cycle (E); and ——, predictions.
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Fig. 6 Comparison of experimental results and model predictions for
LHP2 at Tamp =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 horizontally within £2.5 mm such
that the evaporator, the compensation chamber, and the condenser
were in the same horizontal plane.

During the power-cyclingtests, a temperature hysteresis was 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
moderate step change (less than 100 W), the operating temperatures
values were stable. However, when the power was decreased with a
largerstep, the LHP operatingtemperatureswere deviated from their
initial steady-state values in the low-power region. The temperature
hysteresis phenomenonin 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 experimental measurements. At high powers the tem-
peratures were highly stableregardlessof the power-cyclingprofile,
and the model predictions were 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 satisfactory at high pow-
ers (within 2.5%).

V. Conclusions

The LHP research is an important and current field of study be-
cause of the great potential use 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
satisfactory at low-power regions (less than approximately 100 W),
where the heat exchange with ambient has a bigger influence on the
energy balance of the compensation chamber. Agreement could be
improved by using more precise correlations for the natural con-
vection heat transfer coefficients. The pressure-drop predictionsin
the condenser section can be improved by using two-phase flow
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 temperature hysteresis has not been well understood and 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 mathematical model. Because the start-up and related
transientsconstitutea very important problem of the two-phase flow
devices, the consideration of the unsteady effects is also needed to
improve this mathematical model.
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