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Performance Characteristics of a Stainless Steel/Ammonia
Loop Heat Pipe
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The purpose of this study is to experimentally determine the operating characteristics of a stainless steel/ammonia
loop heat pipe for vapor line temperatures of 40 and 50°C. Previous experimental research efforts have not
attempted to control the vapor temperature of the loop heat pipe. Instead, the coolant and/or condenser
temperatures have been controlled. For comparison with future analytical and numerical models of the loop
heat pipe, the vapor temperature, which is normally close to saturation conditions, may be a better indicator
of the operating condition than the coolant or condenser temperatures. The thermal resistance, temperature
distribution, evaporative heat transfer coefficient for an inverted meniscus evaporator, and the capillary limit
were determined as functions of the vapor temperature for a horizontal orientation. A two-dimensional numerical
model of the evaporator section was developed and verified using the experimental results. The evaporative heat
transfer coefficient for an inverted meniscus evaporator determined from the experimental results was used in
the numerical model as a convective boundary condition. The comparison between the experimental and nu-
merical results shows good agreement, indicating that the evaporator section has been accurately modeled.

Nomenclature
D - i.d. of the evaporator, m
d = diameter of the liquid and vapor lines, m
H = height, m
h - convective heat transfer coefficient, W/m2 K
k - thermal conductivity, W/m K
L = length, m
n - normal direction
Q = heat rate, W
q = heat flux, W/m2

R = thermal resistance, K/W
r - radial coordinate, m
T = temperature, K
t = thickness, m
W - width, m
x, y — Cartesian coordinates, m
cf> — temperature, K

Subscripts
a = aluminum
ab = ambient
c = condenser
cf = cooling fluid
dry = dryout
e — evaporator section
eff = effective
g = thermal grease
h = heater
/ = inner
o = outer
rad = radiator
ss = stainless steel
v = vapor
1 = inner wall of the evaporator
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2 = outer wall of the evaporator
3 = inner wall of the aluminum saddle

Introduction

T HREE capillary-driven thermal management systems have
been developed with space-based applications: heat pipes,

capillary pumped loops (CPLs), and loop heat pipes (LHPs).
Heat pipes were invented by Gaugler1 and then reinvented
in the 1960s at the Los Alamos National Laboratory. Heat
pipes are relatively simple devices that have been used in
many space-based and terrestrial applications. The CPL was
developed by Stenger2 and is significantly more complicated
to build and operate than a heat pipe. For this reason CPLs
are still in the developmental stage and have not been applied
to many situations. The LHP was developed by Maidanik and
co-workers at the Laboratory of Heat Transfer Devices, In-
stitute of Thermal Physics, Ural Branch of the USSR Acad-
emy of Sciences in the early 1980s.3 4 Advantages of the LHP
over the CPL include a self-priming ability, and the fact that
the LHP does not require an external pump or heater on the
reservoir to prime the evaporator. The LHP does not have
the liquid entrainment losses from the liquid-vapor interface
or the liquid flow losses in the wick structure of a conventional
heat pipe. The space-based applications of the LHP include
electronics cooling, reactor power conversion system waste
heat rejection, and cryocoolers. Terrestrial applications are
downward pumping solar collectors, cryorefrigerators, and
electronics cooling.

The operation of a typical LHP begins with the application
of heat to the evaporative zone, which evaporates the working
fluid. The vapor is then collected by grooves in the porous
insert (inverted meniscus evaporator). As the vapor travels
the length of the evaporator through the vapor grooves it
becomes slightly superheated because the inner wall temper-
ature of the evaporator is higher than the saturation temper-
ature. The vapor is forced into the vapor line by the pressure
difference between the evaporator and condenser. The work-
ing fluid then enters the condenser section and condenses on
the tapered walls. The liquid flows down the length of the
tapered annulus by gravity and capillary pressure where it is
subcooled. The subcooled liquid returns to the reservoir (or
compensation cavity) by the capillary pumping pressure of
the wick structure. The subcooled liquid is distributed to the
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evaporator from the reservoir through a small annulus as
needed. If the reservoir was drained completely, there would
still be enough liquid to saturate the wick, making the LHP
self-priming.

Maidanik et al.5 performed tests on a prototype LHP in a
horizontal position while increasing the input power to the
evaporator from Qe = 5 to 300 W (up to qe = 7.1 W/cm2)
to determine the operating characteristics. The condenser
cooling fluid temperatures were varied from Tc{ = 30, 0, and
- 15°C. The results of the tests were deemed acceptable and
used to design another LHP. This second model developed
was named the Alyona and was built to be tested in a
microgravity environment. The first tests conducted were per-
formed in a vacuum chamber with the ambient temperature
ranging from Ta = 18 to 22°C. Tests showed that ammonia
could not be used as a working fluid in space because of its
relatively high freezing temperature. Therefore, propene was
used. The maximum power achieved during the ground tests
was Qe = 100 W, while in space the LHP transported a
maximum heat rate of Qe = 1398 W (qe = 6.4 W/cm2). The
authors concluded that the flight and ground tests showed
that the LHP was reliable for startups in which the input power
was suddenly applied to the evaporator.

Dickey and Peterson6 tested an LHP with the expectations
of comparing the result to a conventional heat pipe. The
condenser temperature was held constant at Tc = 30 and 0°C,
while the input power was increased in increments of 10 W
for Tc - 0°C and 20 W for Tc = 30°C. The difference in
height between the evaporator and condenser (evaporator
above the condenser) was varied from H = 0 to 61 cm. A
steady-state numerical model was derived based on energy
balances over the evaporator and condenser sections. The
model was able to predict the average vapor temperature,
average liquid temperature, and mass flow rate. While the
experimental results were in good agreement with the nu-
merical results, the researchers did not exceed an input power
of Qe = 170 W (qe = 3.7 W/cm2).

Meyer et al.7 performed a series of five tests on an LHP.
The first test was to determine the maximum power input.
This test was performed with the evaporator 2 m above the
condenser. The LHP was capable of transporting Qe = 1129
W (qe = 8.0 W/cm2, estimated) before exceeding the max-
imum evaporator temperature of Te = 90°C. During this test,
the cooling liquid for the condenser was held between Tc{ =
10-30°C to maintain acceptable temperatures in the evapo-
rator. The second set of tests determined if the orientation
of the LHP (vapor line above liquid line or vice versa) from
5 to 25 mm had a significant effect. The results showed a
temperature difference between the evaporator and con-
denser of only ATec = 1°C, with the height between 5-25
mm. The third area of testing included startup procedures.
These tests ranged from the LHP being horizontal, vertical
with the evaporator on the top, and vertical with the evap-
orator on the bottom. The researchers had no problems start-
ing the LHP under the first and third test conditions, but the
condition in the second set of tests required a large step power
input after the initial startup in this position. The fourth and
fifth tests dealt with repriming the evaporator after dryout
and load variation responses, respectively. The LHP reprimed
successfully after 50 s and demonstrated an ability to remain
stable during load variations.

Ernst et al.4 reported repeatable data from an LHP, which
was originally built as a backup for testing on the Soviet
spacecraft Granat that transported Qe = 120 W with H =
1.5 m and Qe = 225 W with H = 2.75 m. A separate LHP
was installed in a vacuum chamber with a radiator configured
to the condenser while holding the walls of the vacuum cham-
ber at Ta = 193 K. The experiments showed a change in
temperature from the evaporator to condenser of ATec = 5.9
K at Qe = 25 W with a radiator temperature of Tr = 266.7
K, ATCC - 10.8 K at Qf - 50 W with Tr = 296.6 K, and

Arec = 21.9 K at Qe = 120 W with Tr = 335.5 K. The LHP
was also installed in the spacecraft Granat to determine the
effects of a microgravity environment on a device of this type.
Also discussed were the applications of the LHP, such as
electronics cooling, power conversion system waste heat re-
jection, cryocoolers, and downward-pumping solar collectors.

The purpose of the present study was to determine the heat
transfer characteristics of a stainless steel/ammonia loop heat
pipe for vapor line temperatures of Tv = 40 and 50°C and to
develop a numerical model of the evaporator section. Ex-
perimentally, previous researchers have held the condenser
and/or coolant temperature constant, which may not be ap-
propriate due to inaccuracies in reading this type of temper-
ature. Measuring the vapor temperature in an adiabatic region
is much more reliable. For comparison with future analytical
and numerical models of the LHP, the vapor temperature
may be more appropriate in setting the operating condition
of the LHP because it is usually very close to saturation con-
ditions. Also, the degree of superheating is extremely small
due to the closed-loop nature of the LHP. This experimental
methodology may provide a more realistic comparison for the
maximum heat transport limit for different loop heat pipes
since matching saturated conditions can be more closely
achieved than matching conditions at the condenser section.
The thermal resistance, temperature distribution, evaporative
heat transfer coefficient for an inverted meniscus, and cap-
illary limit of the LHP were determined as functions of the
vapor temperature for a horizontal orientation. A two-di-
mensional finite element model was developed and verified
by the experimental results. The evaporative heat transfer
coefficient for an inverted meniscus determined in the ex-
perimental section was used as the convective boundary con-
dition in the numerical model.

Experimental Setup and Procedure
The stainless steel/ammonia LHP consisted of an evapo-

rator, condenser, reservoir, and interconnecting piping. The
evaporator was equipped with a cylindrical sintered nickel
powder wick structure, which had a porosity of 70%. The
evaporator and condenser had flat aluminum saddles that
were push-fitted onto the sections for heat load addition and
rejection. The evaporator section had two specially mounted
strip heaters to supply energy into the system. A 1.27-cm-
thick Teflon® housing was used to hold the heaters in place
and for insulation to minimize heat losses to the environment.
The copper cooling reservoirs mounted on the condenser sec-
tion were constructed out of 1.58-cm-thick copper plates that
were cut to the size of the condenser saddle. These plates
were milled to form an interior chamber 2.54 cm wide x
11.43 cm long x 1.27 cm deep. The corners of the cham-
ber were rounded so that air pockets would not form when cool-
ant flowed through the chamber. Holes were provided on
the ends for fluid flow inlets and outlets. Neoprene gaskets
were used to seal the copper cooling reservoirs to the con-
denser saddle. The interconnecting lines were constructed out
of stainless steel with a smooth bore in both the liquid and
vapor lines. The liquid line had an o.d. of d0 = 3 mm and
an i.d. of df = 2 mm. For the vapor line, d0 = 4 mm and df =
3 mm.

Insulation was wrapped around the evaporator, condenser,
reservoir, and liquid and vapor lines at a thickness of 2.54 cm
to minimize the influence of the environment. The test stand
consisted of a mounting table for the LHP that was 3.96 m
in length and housed the 3.81-m-long LHP, which was fully
extended. The stand was built to study the effects of transient
and steady-state operation of the LHP at different inclination
angles.

The heat source consisted of two 200-W strip heaters, a
variable a.c. transformer, and two multimeters. The heaters
were 2.54 x 10.16 cm and were mounted on each side of the
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evaporator section. The power supplied to the heaters was
controlled by a 110-V variable a.c. transformer. One multi-
meter monitored the voltage input to the heaters and a mag-
netic current probe was used to monitor the amperage. The
uncertainty for the power input was ±2% of the reading.

The heat sink consisted of two recirculating chilling units,
which circulated coolant through the copper cooling reservoirs
that were mounted on the top and bottom of the condenser
section. One chiller was connected to the top plate and the
other was connected to the bottom in a countercurrent con-
figuration. The coolant fluid that was used had a 1:1 mixture
of water and ethylene glycol. A flow meter with a stainless
steel float was used during calibration of the calorimeter,
where it was found that the difference between the power
input into the evaporator and the power output from the
condenser was less than 10%. Therefore, the power input is
given in the discussion of the results.

The data acquisition system had a built-in digital input board
that read the potential from the thermocouples. This system
also had a direct interfacing card to a personal computer. The
accuracy of the thermocouples was determined by placing
them into the chiller bath over the expected temperature range.
This data was then used to find the mean and standard de-
viation of the readings of each thermocouple. The uncertainty
of the thermocouple readings was found to be ±0.41 K. The
thermocouples were placed at critical points along the LHP.
Four thermocouples were cemented into the holes in the alu-
minum saddle along the evaporator. These holes extended to
the o.d. of the stainless steel evaporator section. One ther-
mocouple was placed on the reservoir. Three thermocouples
were placed on the liquid and vapor lines, the locations of
which were 30 cm from the evaporator and condenser and at
the middle of each line. Four thermocouples were placed on
the condenser in the same manner as the evaporator. The
coolant lines had thermocouples at the inlets and outlets of
the calorimeter so that the heat output could be calculated.
An average temperature was reported for the evaporator and
condenser sections by calculating the mean temperature of
the four thermocouples placed in each section. The largest
standard deviation for the average evaporator temperature
was 2.81°C.

The operating procedure for the heat pipe was conducted
in steps and allowed at each step to achieve a steady-state
condition. The first step was the setting of the chillers to cool
the condenser. The flow rate and temperatures were set de-
pending on the operating temperature that was desired. Once
the condenser section was at a steady-state temperature, the
power to the evaporator was turned on. When the power to
the evaporator reached Qe — 140 W, recording of data was
started. The power was increased by increments of approxi-
mately 10-15 W. During a test, the vapor line was monitored
to ensure that the LHP was operating at a constant vapor line
temperature. If needed, modifications were made in the chiller
temperatures and flow rates to maintain the specified vapor
temperature. After each power increase, the system was al-
lowed to achieve and be maintained at the steady state for at
least 40 min. Data was recorded every 2 min from the time
of the power increase until the end of the steady-state time
period. The chiller temperatures and flow rates were changed
accordingly to maintain the vapor line temperature as the
power was increased. This was done until dryout was reached
or the maximum power capabilities of the evaporator heaters
or condenser chillers were reached. Dryout describes the con-
dition when the wick structure of the evaporator is not pro-
vided with a sufficient amount of working fluid. Therefore,
the evaporator temperature increases rapidly. This is the re-
sult of an excessive heat flux applied to the evaporator. Once
the maximum power setting had been reached or the evap-
orator dried out, power to the evaporator heaters was shut
off. A complete discussion of the experimental setup is given
by Wirsch.8

Numerical Modeling of the Evaporator Section
The evaporator section of the LHP is modeled numerically

and the results are validated using the experimental data for
vapor temperatures of Tv = 40 and 50°C. The evaporator
section consists of a cylindrical stainless steel evaporator with
an inverted meniscus porous insert, an aluminum saddle of
rectangular cross section into which the evaporator is push-
fitted, and a thin layer of thermal grease between the stainless
steel and the aluminum to improve thermal contact. The op-
eration of the evaporator begins with the application of heat
to the aluminum saddle (Figs, la and Ib) by two strip heaters.
The applied heat flux is then conducted through the aluminum
saddle, thermal grease, and the stainless steel wall of the
evaporator. On the inner wall of the evaporator the ammonia
working fluid is evaporated and collected by grooves in the
porous insert (inverted meniscus evaporator). The vapor is
then forced into the vapor line by the pressure difference
between the evaporator and condenser. While the vapor is
being forced out of the evaporator section, subcooled liquid
is supplied to the evaporator by the capillary wick structure.

A finite element analysis technique was employed to model
the conduction heat transfer in the evaporator. The model
(Fig. 1) considered heat input from the heaters to the alu-
minum saddle. From the interface of the heaters and the
aluminum saddle, heat energy was conducted through the
aluminum saddle to the evaporator via the layer of thermal
grease. The inside radius of the evaporator wall had an evap-
orative convection boundary condition. At the interfaces be-
tween the thermal grease and the aluminum saddle, and the
stainless steel and the thermal grease, the temperature was
continuous and the energy balances were preserved. The re-
maining boundary conditions were considered to be adiabatic
due to insulation and the symmetry of the model. The as-
sumptions used in the development of the model are as fol-
lows:

1) A steady-state two-dimensional analysis is used in which
end effects are considered to be negligible.

Strip Heater

Aluminum
Saddle

a)
Strip Heater

Stainless Steel Evaporator

Stainless Steel Evaporator v / Strip Heater
\/ ' '/' ' /Aluminum Saddle

/ / / / ft _____ \s / r / / /Thermal Grease-

b)

/x//v///
Strip Heater

\

Wh/2-

in / / / / / /

c)
-W</2-

/ I
/ H./2

* I

Fig. 1 Schematic drawing of the LHP evaporator section: a) overall
evaporator section, b) cross section of the evaporator, and c) solution
domain.
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2) The heat flux from the heaters is constant along the width
of the heaters.

3) All remaining external surfaces of the aluminum saddle
are adiabatic due to insulation.

4) Quarter symmetry is used for modeling the evaporator
section as seen in Figs. Ib and Ic. This does not affect the
accuracy of the results, but is less computationally intensive.

5) Constant properties within the three regions (aluminum
saddle, thermal grease, and stainless steel evaporator) were
assumed.

The steady-state two-dimensional heat conduction equation
is given by

Table

v2T = o (i)
The boundary conditions that were applied to the cross

section (Fig. Ic) consist of a constant heat flux applied by the
heater to the aluminum saddle at y = (}.5H(. and 0 < jc <
().5Wfr This condition was described by the Fourier law of
heat conduction:

dT
' fy (2)

where q"c is the heat flux supplied from the strip heaters and
k(l is the thermal conductivity of the aluminum saddle. Along
the outside edges of the evaporator, insulation was placed
from y = 0.5//, and 0.5W,, < x < 0.51V,, and x = ().5W(. and
0 < v — 0.5//,.. At these locations the boundaries were con-
sidered to be adiabatic. The planes of symmetry at y = 0 and
r, < .v < ().5W(, and at x = 0 and r, < y < 0.5/Y,, were also
considered to be adiabatic. At these locations the boundary
condition was described by

/c, ̂  = 0 (3)

where A? is the direction normal to the surface in question and
kj describes the thermal conductivity of the three regions:

I k(l a luminum
A:ss stainless steel
k,, thermal grease

At the inner radius of the stainless steel evaporator, a con-
vective boundary condition is applied to simulate evaporation
from the inverted meniscus:

Representation of boundary conditions in finite
element form

Boundary
condition Description M N

Constant heat flux
Adiabatic

Convection
* /cs

—q
0

hTv

a) A-A

b) B-B

Thermal Grease

- TV) at r = r, (4)

Fig. 2 Distribution of the grid structure for the evaporator section:
a) overall view; b) section A-A, magnification of the grid structure
surrounding the thermal grease; and c) section B-B, increased mag-
nification of the grid structure surrounding the thermal grease.

where </> = T. The adiabatic, convective, and constant heat
flux boundary conditions can be represented in finite element
form by the derivative boundary condition

where Tr is the mean temperature of the vapor.
At the two interfaces, aluminum/thermal grease and ther-

mal grease/stainless steel, the continuity of temperature and
the energy balances are given as

Ta = TK at r = r, (5)

7 = rss at r = r2 (6)

ku — - kv — at r = r, (7)
dn dn

, dT , dT
k, — — KSS — at r = r2•" dn dn

Numerical Solution Procedure
The heat conduction equation can be put into finite element

form by applying the steady-state, two-dimensional assump-
tions:

i— = -Mct> + Ndn (10)

(9)

For each boundary condition there are different values for kh
A/, and N. Table 1 presents the boundary condition and the
appropriate substitutions for kh M, and N. However, the
continuity of temperature and energy balances [Eqs. (5-8)]
are maintained implicitly by the finite element model.

Specification of the grid structure was dictated by the ther-
mal grease. The thickness of the thermal grease tg = r3 — r2
was very small in comparison to the thickness of the evapo-
rator wall and the aluminum saddle. As such, a very fine mesh
was employed in that region. To eliminate the need for ex-
cessive computer memory and CPU time, the grid structure
was "grown" outward from the thermal grease. The grid struc-
ture of the thermal grease was one element thick in the radial
direction. From this point, the grid structure progressed through
the evaporator wall and the aluminum saddle with the element
sizes becoming larger with distance from the thermal grease
(Fig. 2). This type of grid structure was acceptable because
the area where the temperature gradients were steepest was
in the vicinity of the thermal grease.
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After the model had been written and achieved accurate
results (discussed in the following section) a grid indepen-
dence test was performed. The grid independence test is the
method by which the grid structure can be verified to be
sufficiently fine. A second model was written with approxi-
mately 15% fewer elements (5718 vs 6740 elements). Selected
results of both models showing temperature and location were
plotted and it was shown that the maximum temperature dif-
ference between the two models was 0.069°C.

Results and Discussion
The purpose of the experiments was to determine the op-

erating characteristics and the maximum heat transport rate
of the stainless steel/ammonia LHP. Typical transient re-
sponses of the LHP at high heat inputs are shown in Figs. 3
(Tv = 40°C) and 4 (Tv = 50°C). As can be seen in Fig. 3a,
the initial response time of the LHP is on the order of ap-
proximately 20 min, with fully steady-state conditions reached
in 1 h. In all of the tested cases, the vapor line temperature
and that of the reservoir were identical to within the accuracy
of the instrumentation. Therefore, the reservoir and the vapor
line were consistently at saturation conditions and the res-
ervoir was at least partially filled with liquid at all times. This
resulted in repeatable responses to step heat inputs to the
LHP. At least two tests were performed for each setting to
ensure repeatability. Since the liquid line passed through the
reservoir; the working fluid in the liquid line (subcooled) was
heated by that in the reservoir (saturated). Dryout was not
reached for T, — 40°C because the chillers were unable to

dissipate the heat load after the input power exceeded Qe =
260 W. As shown in Fig. 3, the average evaporator temper-
ature increased with increasing power, while the condenser
temperature remained nearly constant.

Figure 4 shows typical transient responses of the LHP for
a vapor line temperature of Tv = 50°C. Oscillations in the
condenser and liquid line temperatures were the result of the
deadband range of one of the chillers (±1°C). These tem-
perature fluctuations were not transmitted to the reservoir,
evaporator, or vapor line. Unlike a conventional heat pipe,
the evaporator and condenser temperatures of the LHP were
significantly different than the vapor temperature. Therefore,
the benefit of separating the liquid and vapor flows is accom-
panied by a large superheat penalty between the evaporator
and condenser. Figure 4c demonstrates the occurrence of dryout
in the evaporator section at <2t,,dry = 337 W (qe^dry = 13.1
W/cm2). A drastic increase in temperature in the evaporator
can be seen where the capillary pumping pressure was insuf-
ficient to maintain the flow of liquid through the wick struc-
ture. This temperature increase in the evaporator also caused
the vapor and reservoir temperatures to increase due to the
sudden influx of higher-temperature superheated vapor from
the evaporator. The condenser temperature dropped because
the flow rate of vapor from the evaporator decreased as dryout
progressed.

The steady-state operating characteristics of the LHP are
shown in Fig. 5 as functions of the input power to the evap-
orator section. Figure 5a shows the steady-state temperature
difference between the evaporator and condenser sections.
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Fig. 3 Experimental transient temperature profiles for Tv = 40°C
and power inputs of Qe = a) 220-230, b) 230-240, and c) 250-
260 W.

a)

b)

T(°C)

55

T(OC)

c)

30

65

60

55

50'

jpffpw^^

^-££&*^^
XXXX<>^^^

0 10 20 30 40 50 60 70 80 90
t (min)

45 -

40/cv

35

140

120

100

80

60

40,

20

0

0 10 20 30 40 50 60 70
t (min)

cie

Vapor Line O-
Reservoir -f -

Average Evaporator -B—
Average Condenser -X- •

Liquid Line A—
H D D D D D D D D D D D D D D a d

A A A A A A A A A A A A A A A A A A A A A A /

0 5 10 15 20 25 30 35 40 45 50
t (min)

Fig. 4 Experimental transient temperature profiles for Tv = 50°C
and power inputs of Qe = a) 274-288, b) 303-316, and c) 326-337
W (dryout).



WIRSCH AND THOMAS 331

30

28
26
24

ATec 22
(K) 20^

18
16
14--
12

Tv = 40°C
Tv = 50°C •

140 160 180 200 220 240 260 280 300 320 340
<2e(W)

0.14<$——i——i——i——i——i——i——i——i——r-

(K/W)

0.08
140 160 180 200 220 240 260 280 300 320 340

b)

Fig. 5 Experimental steady-state operating characteristics of the LHP
as functions of input power: a) evaporator-to-condenser temperature
difference and b) effective thermal resistance.

For both Tv = 40 and 50°C, the temperature difference in-
creased with the input power. As previously stated, the con-
denser section temperature remained relatively constant while
the evaporator temperature increased with Qe. At the lower
power levels, ATec was higher for Tv = 40°C. As the power
input increased, however, the difference between the two
vapor temperatures decreased. This shows that a lower limit
of power input exists, below which the LHP will not operate
properly. Meyer et al.7 also reported a similar behavior in
which a large step heat input was required in some instances
for startup.

The effective thermal resistance was calculated from the
experimental results using

CIT = (Te ~ Tc)/Qe (11)

where Tc and Tc are the average evaporator and condensor
temperatures, respectively. For both vapor temperatures (Fig.
5b), the effective thermal resistance decreased with increasing
input power. However, near the dryout point for Tv = 50°C,
the effective thermal resistance increased slightly. At this point,
the liquid menisci began to recede into the capillary wick
structure, indicating the onset of dryout. Therefore, this shows
that the LHP has an optimal operating condition where the
effective thermal resistance is lowest. Meyer et al.7 reported
a similar trend where the effective thermal resistance de-
creased to a minimum value and then increased.

The uncertainty of the effective thermal resistance was cal-
culated using the rss error. The maximum uncertainty of the
effective thermal resistance was found to be 8.5%. Figure 6
shows the effective thermal resistance plotted as a function
of the input power and the equation of the least-squares best-
fit line for the thermal resistance.

The minimum thermal resistance achieved with the LHP
studied in the present experiment was approximately Rcff =
0.085 K/W. Dickey and Peterson6 performed a series of tests
on an LHP. The condenser temperature was held constant at
0 and 30°C and adverse tilt angles established a maximum
hydraulic head of 0.61 m. The maximum input power of this
experiment was Qe = 170 W with the lowest effective thermal
resistance of Rcff = 0.1 K/W. Maidanik et al.5 performed tests
on two LHPs. In the first of these tests, the coolant temper-
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Fig. 6 Effective thermal resistance for Tv = a) 40 and b) 50°C.

ature was held constant at 7cl- = 0, 30, and - 15°C while the
power was increased from Qt, = 5 to 300 W. The lowest
effective thermal resistance of this LHP was Rcft = 0.07 K/W.
Meyer et al.7 tested an LHP with the evaporator directly
above the condenser while holding the condenser at T( = 10
and 30°C. The maximum input power was Qc = 1129 W,
with the lowest thermal resistance measuring at /?cll = 0.0125
K/W with Qc = 600 W. The maximum stable heat flux reached
in the present experiment was <7,..m:lx = 12.6 W/cm2, which
is a significant improvement over that reported by the pre-
vious researchers. This may be due to changes in the inverted
meniscus wick structure.

The evaporative heat transfer coefficient for an inverted
meniscus was calculated from the results of the tests per-
formed on the LHP using

irDL(Te - Tv)
(12)

The heat transfer coefficient for each case was calculated and
is shown in Fig. 7. The maximum percent error in the heat
transfer coefficient was calculated to be 15.8%. The heat
transfer coefficients for both vapor line temperatures re-
mained almost constant as the input power increased. This
was illustrated by the very small slope of the best-fit line. For
Tv = 40°C, the evaporative heat transfer coefficient ranged
from 5221 to 6158 W/m2 K, while that at Tv = 50°C varied
from 5969 to 6285 W/m2 K. The mean values were 5800 and
6200 W/m2 K for Tv = 40 and 50°C, respectively.

A finite element model was used to simulate the evaporator
section at Tv = 40 and 50°C and was compared to the ex-
perimental results obtained from the LHP. The thermal con-
ductivity of the cast aluminum saddle and the stainless steel
do not change significantly within the temperature range;
therefore, constant values of ka = 169 W/m K and &ss = 15.6
W/m K were used.9

It was assumed that the evaporator was covered with ther-
mal grease and "push-fit" for all but 0.03175 mm of the evap-
orator length. The remaining 0.03175 mm was force-fit to
secure the evaporator inside the aluminum saddle. Oberg et
al.10 gave the tolerances for a push-fit using the difference
between the o.d. of the evaporator and the diameter of the
hole in the aluminum saddle to be te = 2.54 x 10~6 m. An
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Fig. 8 Comparison of the experimental and numerical results at
y = 0 and r = r2 and r, for Tv = a) 40 and b) 50°C.

average value for thermal conductivity of the thermal grease
was found to be kK = 0.2678 W/m K.11 The evaporative heat
transfer coefficients presented in Fig. 7 were applied to the
numerical model as the evaporative boundary condition using
the appropriate vapor line temperature and input power.

Figures 8a and 8b compare the experimental results of the
average evaporator temperature at y = 0 and r = r2, and the
results of the numerical model at y = 0 and r = r2 and rv
The first point at y — 0 and r = r2 was located at the outer
wall of the evaporator, which was the approximate location
of the thermocouples. The second location y = 0 and r = r,
was the interface of the thermal grease and the aluminum
saddle. Since the precise location of the thermocouples was
not known, both numerical temperatures were plotted to en-

Fig. 9 Typical contour plot of the evaporator section for a) Tv
40°C and Qf = 111 W, b) Tv = 40°C and Qe = 260 W, c) Tv
50°C and Qe = 170 W, and d) Tv = 50°C and Qe = 325 W.

sure an appropriate comparison between the model and the
experimental data. The temperatures given by the numerical
model increased linearly as the input power increased. The
maximum difference between the experimental results and
the numerical results at r = r2 for Tv — 40 and 50°C are 6.5
and 9.4%, respectively. The difference between the temper-
atures of the experimental data compared to the numerical
results at r = r2 were probably caused by the epoxy that held
the thermocouples in place. The epoxy (not included in the
numerical model) had a lower thermal conductivity than any
of the other materials in the evaporator section, so that the
temperature gradients near the thermocouples were not as
steep as in the aluminum saddle. Figure 9 shows the typical
contour plots of the evaporator section for Tv = 40 and 50°C.
As expected, the highest temperatures were found directly
under the heater. The lowest temperatures were found along
the inner wall of the evaporator, which was the location of
the convective boundary condition.

Conclusions
The experiments performed on the stainless steel/ammonia

LHP demonstrated the operating characteristics. By main-
taining a constant vapor temperature, future analytical and
numerical models can be compared to the results provided.
Dryout was shown to occur at heat inputs near QeMry = 337
w (4<-.dry = 13.1 W/cm2) for a vapor temperature of Tv =
50°C. The LHP's best effective thermal resistance was found
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to be Rcft = 0.085 K/W at Qe = 303 W and Tv = 50°C. The
data supported the conclusion that the LHP has an optimal
operating condition where the effective thermal resistance is
minimized.

The numerical model of the evaporator section was vali-
dated using the experimental results. The maximum differ-
ences between the experimental and numerical results were
6.5 and 9.4% for Tv = 40 and 50°C, respectively. The contour
plots supported the conclusions that the steepest temperature
gradients were found on the evaporator side of the domain
(left-hand side), as well as the maximum and minimum tem-
peratures throughout the evaporator section were found at
the heater interface and inner wall of the evaporator, re-
spectively.
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