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Abstract—An open horizontal heat pipe consisting of a condenser, an adiabatic section, and an evaporator
is used to study boiling of R-11 on a surface covered with a porous wick. Porous metal wicks having two
different thicknesses and with and without channels cut in their surfaces are examined. For these types of
surfaces the heat flux increases very dramatically with increases in excess temperature once boiling is
initiated. At an excess temperature of a few degrees Kelvin this rapid increase in heat flux stops and a more
gradual increase is observed. It is postulated that this represents a transition from what is termed nucleate
boiling where the evaporator surface beneath the wick is exposed primarily to liquid and film boiling which
results when a vapor film blankets the surface. The experimental results illustrate that the performance of
the evaporator can be improved significantly by cutting channels in the porous wick. In this study the heat
flux at which the transition from what is termed nucleate boiling to film boiling was increased by 200% by
cutting channels in the evaporator wick.

INTRODUCTION

The transfer of heat utilizing heat pipes has been of
considerable research interest during the past twenty
years because of the numerous applications. These
include waste heat utilization [1], solar energy [2],
thermal energy storage systems [3], cooling of micro-
electronic components [4] and spacecraft applications
[5]. The heat pipe has been traditionally studied as a
system [6] in which case the various design and opera-
ting parameters including the working fluid have been
varied in order to optimize performance for a par-
ticular application. Many studies have focused on the
various operating limits [1] and how these might be
extended.

The performance of a heat pipe can be limited by the
performance of a number of the components including
the condenser, the wick and the evaporator. In this
paper we report the results of an experimental study
aimed at improving the performance of these com-
ponents. The evaporator in particular is emphasized,
however, some consideration of the wick and the con-
denser must be included since the three are inex-
tricably linked in a functioning heat pipe. A porous
metal wick, similar to those commonly used in prac-
tice, is considered. Such wicks offer a number of
advantages in that they can be designed to move the
necessary flux of liquid from condenser to evaporator
and are known to deliver relatively high fluxes at low
temperature difference both in the condensation and
boiling modes of operation.

Shekarriz and Plumb [7] have demonstrated that an
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interrupted porous surface can offer enhanced per-
formance compared to a plane surface during con-
densation. Thus, it may be possible to improve heat
pipe performance, in cases where the performance
is limited by the condenser, by using an interrupted
porous surface as opposed to a solid porous surface. In
addition, there exist some indications [8] and intuitive
arguments that boiling heat transfer on a porous sur-
face can be enhanced using an interrupted porous
surface. The porous wick complicates the boiling pro-
cess in that it provides additional sites for nucleation
and modifies the movement of the liquid and vapor
to and from the heated surface in addition to changing
the effective thermal conductivity near the surface.
Previous studies [1] have lead to the conclusion that at
low heat flux heat transfer is primarily by conduction
through the flooded wick. At higher values of the heat
flux nucleation first occurs on the solid surface and
later in the wick. Moss and Kelley [9] reported results
of experiments with water on a planar evaporator
coated with a stainless steel wick 1/4 in thick. In order
to explain their results they proposed two models. In
the first, it was assumed that the vaporization occurs
at the liquid—vapor interface. In the second, a vapor
blanked was assumed to develop at the base of the
wick. In this model the liquid vaporized at the edge of
the vapor-filled layer near the heated surface. The
vapor finds its way out of the wick by flowing along
the surface and escaping through the larger pores. As
the heat flux is increased one would expect that the
vapor will experience increased difficulty in leaving
the surface resulting in a thicker vapor layer and the
potential for either a higher temperature difference or
a lower heat flux. This leads to the postulate that an
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NOMENCLATURE
A area [m?] w width of wick [ml].
he, heat of vaporization [kJ kg™']
il 2

K permeablhty [m ] . Greek symbols
K, relative permeability e .

. - & liquid film thickness on condenser [m]
ks  effective thermal conductivity L . 1o

Wm' K] U dyna.mlc v1sco§;ty [kgm~'s7']

L, effective wicking length [m] P density [kg m I .
. . . o surface tension [N m™')
iy evaporation—condensation rate

2 ¢ contact angle.

(kg s™]

P pressure [N m™?]
P, capillary pressure [N m~?] Subscripts
q heat flux [W m™2] c refers to condenser
0 total heat transfer [W}] e refers to evaporator
r effective pore radius [m] 1 a liquid phase property
T temperature [K] sat  saturation condition
AT,,, degree of subcooling at condenser [K] w refers to wick.

interrupted porous surface might enhance perform-
ance.

The objective of the work to be reported was to
study through experimentation the performance of
several wick geometries on a horizontal heat pipe. The
focus is on the evaporator, however, some discussion
of the wick and the condenser is included. The hori-
zontal geometry was selected since the porous wick is
most commonly applied in situations where the use of
gravitational forces to move liquid from the condenser
to the evaporator is not convenient.

In what follows the experimental set up is first dis-
cussed. A model for predicting the wicking limit for
the experimental heat pipe is then presented. This
model is useful in interpreting the experimental data
since interpretation depends on whether the heat pipe
is condenser limited, evaporator limited, or wick
limited. In the next section the results will be discussed

203 mm

and finally the summary and conclusions are
presented.

EXPERIMENTAL APPARATUS

The experimental heat pipe is a rectangular hori-
zontal surface 203 mm long x 76 mm wide as shown
in Fig. 1. This surface is made up of an evaporator
section, an adiabatic section, and a condenser section.
The condenser and evaporator sections are 76
mm X 63.5 mm and the adiabatic section is 76 mm x 76
mm. The entire surface can be covered with a sheet of
porous material which can provide the wicking action
to move liquid from the condenser to the evaporator.
At the evaporator, immediately beneath the wick, is
a copper plate in which several thermocouples are
embedded. Thermocouple locations are indicated in
Fig. 1. A thin film heat flux meter (RDF Corp.,
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Fig. 1. Schematic of experimental heat pipe.
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(1) RI11 container

(2) Dial gage

(3)  Inlet/outlet port

(4)  Support

(5) Axillary heater ) 2

(6) Heat pipe

(7)  Glass bell jar

(8) Aluminium base

(99 Pump 3
(10) Thermoregulator
(11)  Constant temperature bath

Fig. 2. Schematic of the experimental system.

Hudson, NH) is sandwiched between the copper plate
and a heating element that is constructed using ni-
chrome wire embedded in a ceramic. The construction
at the condenser end is similar except that the heating
element is replaced with a copper water jacket through
which cooling water can be circulated. The adiabatic
section is constructed from Teflon and the entire
assembly is placed in a box made from Teflon, 12
mm thick, to provide insulation at the edges and the
bottom.

The heat pipe assembly is placed in a glass bell jar
305 mm in diameter and 457 mm high. The bell jar
allows the system to be evacuated and the working
fluid, R-11, injected so that experiments can be con-
ducted in an environment free of noncondensible
gases. The rest of the system, which is illustrated in
Fig. 2, consists of an aluminum base ported to allow
for electrical and plumbing access, a vacuum pump, a
constant temperature bath to provide cooling water
to the condenser and an auxiliary heater to assist in
the control of the pressure, particularly during start-
up, in the bell jar.

In addition to the thermocouples already discussed
and located as indicated in Fig. 1, the heat flux meters
contain integrally mounted thermocouples and a
differential thermocouple was installed to measure the
temperature difference from inlet to outlet for the
condenser cooling water. The system pressure was
measured using a dial gauge. This pressure was in turn
used to calculate the saturation temperature from the
following relationship which is a curve fit to the satu-
ration data due to Jacobsen, et al. [10].

T = —17.2522453.15294P,, — 12.3986 P2,
(H

where pressure is in bars and temperature is in °C.
The experiment was initiated by evacuating the bell
jar using a vacuum pump. The working fluid, R-11,
was then injected into the bell jar until the pressure
reached 1 atm. The system was then again evacuated
to further reduce the noncondensible gases. This pro-
cedure resulted in a concentration of noncondensible
gases of less than 0.01% (theoretical). After the

second evacuation, R-11 was again injected into the
bell jar and the auxiliary heater turned on to raise the
pressure to between 1 and 2 psi above the barometric
pressure. All experiments were conducted at pressures
above atmospheric to eliminate the possibility of non-
condensible gases entering the system. When the pres-
sure reached the desired level cooling fluid was
pumped to the condenser. Once the adiabatic and
evaporator sections were flooded with condensate the
evaporator was started by turning on the power to the
heater. The heat pipe was then brought to steady
state operation by adjusting the power input to the
evaporator heater and/or the temperature of the con-
denser coolant.

All reported temperatures and heat fluxes were mea-
sured directly. The temperature and heat flux
measurements have an estimated accuracy of +0.5°C
and +1 W m™?, respectively. The saturation tem-
perature was determined indirectly from the measured
vapor pressure in the system. The maximum baro-
metric pressure change during an experiment was
0.005 bar which leads to a 0.15°C in the calculation
of the saturation temperature. The pressure gauge was
accurate to 4.014 bar which leads to +0.4°C in the
calculation of saturation temp. Experiments were
repeated on different days. Heat fluxes were repeatable
to within 4+ 10%.

HEAT PIPE MODEL

As indicated in the introduction, one of the goals
was to examine evaporator performance, thus, it was
important to establish the conditions for which the
heat pipe would be evaporator limited as opposed to
condenser or wick limited. A simple model for the
wick was developed to assist in estimating the con-
ditions for which this would be the case. For the
experimental heat pipe, which has a very large vapor
flow path, it is expected that the vapor phase pressure
drop is negligible. Thus, the capillary pressure and the
liquid phase pressure in the wick can be equated.
Using Darcy’s law the liquid phase pressure drop in
the wick can be estimated
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In equation (2) the effective path length for the wick
is taken to be the length of the adiabatic section plus
one half of each of the condenser length and the evap-
orator length. The difference in capillary pressure
along the length of the wick can be approximated as

AP, = 20, <_°°S 9. _cosg ¢> 3)

e e

If it is assumed that the condenser is saturated so that
cos ¢./r. = 0 then these results can be equated leading
to an expression for the maximum mass flow rate that
can be delivered by the wick:
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The maximum possible heat transport can then be
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The first group of parameters in equation (5) charac-
terizes the working fluid and is known as the figure of
merit. The second group characterizes the physical
properties of the wick. In this case it has been assumed
that the working fluid wets the wick material com-
pletely (cos ¢, = 1). For the experimental heat pipe
the figure of merit is approximately 10'° W m~* and
the second group is estimated to be 10~7 m? (taking
K, = 1.0). Thus, the wick has the capability to deliver
0 ~ 1000 W (~207 000 W m~?).

In order to completely understand the limitations
of the experimental heat pipe, the condenser must also
be considered. The heat flux at the condenser can be
approximated as follows:

_ Hinfie, _ keirAT qup

go= "= ©

where § is the average liquid film thickness on the
condenser neglecting capillary effects which result in
a two-phase capillary fringe. The effective thermal
conductivity, k., of the wick is estimated using the
geometric mean [11]. Combining equations (5) and
(6) while approximating the flow area in the wick, 4,
as - w results in
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As indicated previously the merit number is approxi-
mately 10", The second group is approximately
3x107* (taking K, = 1). At steady state operation
Q/A, = q., therefore,

q~27x10°AT}} (8)

for the 4.762 mm thick wick. For the 3.175 mm thick
wick the constant in equation (8) becomes 2.2 x 10°.
The effective thermal conductivities were taken to be
0.151 W m K ! for the 4.762 mm wick and 0.165 W
m K~ for the 3.175 mm wick in computing the con-
stant in equation (8).

RESULTS AND DISCUSSION

Four wick configurations were examined in this
study. All were fabricated from copper foametal
(Hogen Industries, Inc., Mentor, Ohio). Three wick
configurations used a 4.762 mm thick wick and one
used a 3.175 mm thick wick. The properties of the
wick materials are listed in Table 1.

Figure 3 shows the heat flux vs excess temperature
for a 4.762 mm thick wick. These results imply that
boiling is initiated at an excess temperature less than
1°C. The heat flux increased with excess temperature
up to an excess temperature of approximately 6°C. At
this point an increase in the heat flux resulted in a
decrease in the excess temperature. This phenomenon
has been observed by previous investigators [12, 13].
The explanation is that initially nucleation begins on
the solid copper surface and in the smaller pores of
the wick. The surface temperature is relatively high
during these early stages of the nucleation process. As
soon as nucleation is initiated over the entire wick the
surface temperature drops. This drop in temperature
is referred to as the overshoot temperature. There is a
local peak in the heat flux in the overshoot region.
Beyond this point further increases in excess tem-
perature resulted in a decrease in heat flux. This con-
tinued until the excess temperature reached approxi-
mately 25°C. We speculate that in this range of excess
temperatures a transition is occurring that is similar
to the transition from nucleate pool boiling to film
boiling although less spectacular. At the peak heat
flux it is presumed that the surface is still primarily in

Table 1. Properties of foametal wicks

Thickness No. of channels Porosity Permeability re w
[mm] on evaporator [%] [m?] {mm]  [mm}
1. 4.762 0 95 5x107° 0.23 76.2
2. 4.762 7 95 5x107° 0.23 65.1
3. 4.762 15 95 5x107° 0.23 533
4. 3.175 15 94 3Ix107° 0.23 53.3
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Fig. 3. Heat flux vs excess temperature for the 4.76 mm thick
wick.

contact with liquid. However, beyond this point larger
and larger portions of the surface are covered with a
vapor film. At the minimum heat flux (AT ~ 25°C)
the transition is complete resulting in a film boiling
regime. In this regime the heat flux increase is approxi-
mately linear with excess temperature. Film thickness
can be estimated from the experimental data by
assuming heat transfer by conduction across a region
where the foametal contains vapor only. The solid line
shown in Fig. 3 is the calculated heat flux assuming a
vapor film of the order of one pore diameter next to
the evaporator surface. Experiments were run up to
an excess temperature of approximately 80°C. The
surface temperature remained uniform indicating that
dry out was not experienced at the downstream end of
the evaporator. Equation (8) estimates a performance
limit of ~10000 W m~2 at a typical AT, of 14°C.
Thus, we conclude that for these experiments the heat
pipe was evaporator limited.

For the next experiment, seven equally spaced chan-
nels 1.6 mm wide were cut in the wick at the evap-
orator end. The results are shown in Fig. 4. The
maximum excess temperature, prior to overshoot,
occurred at approximately 3.7°C. In this case the heat
flux rose to above 2000 W m~2 at excess temperature
below 5°C. This is a significant increase compared to
the peak at approximately 1250 W m~2 for the surface
without the channels. For this surface there was a less
pronounced decrease in heat flux vs excess tem-
perature in the transitional region. The linear increase
in heat flux with excess temperature was again
observed at large excess temperatures. For this surface
hysteresis was examined as indicated in the figure. For
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Fig. 4. Heat flux vs excess temperature for the 4.76 mm thick
wick with seven channels.
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Fig. 5. Heat flux vs excess temperature for the 4.76 mm thick
wick with 15 channels.

decreasing heat flux the heat flux was slightly lower at
the same excess temperature. In addition, a minimum
excess temperature of 2°C as opposed to 3.7°C was
observed. All observations indicate that this wick also
resulted in a evaporator limited heat pipe. For this
case equation (8) yields a limit of approximately 4600
W m~? at AT,,;, ~ 4°C (accounting for the fact that
85% of the surface is covered with the wick).

Figure 5 shows results for a 4.762 mm thick wick
with 15 equally spaced channels 1.6 mm wide. In this
case 70% of the evaporator surface is covered with
the wick. Hence, the portion of the surface effective
for boiling is considerably reduced but the vapor
escape path offers considerably less resistance com-
pared to a surface covered with a solid wick. The
results are similar to those for the seven channel sur-
face except that heat fluxes are typically higher at the
same excess temperature. For this surface a heat flux
of 2230 W m~? was attained at an excess temperature
of 2.5°C. A heat flux of 3500 W m~2 was observed at
an excess temperature of 16°C. In the case of the seven
channel surface an excess temperature of 35°C was
necessary to achieve this same heat flux. The hysteresis
was more pronounced for this surface. At maximum
flux the measured temperatures on the evaporator
surface differed by as much as 13°C from upstream to
the downstream side indicating dry out of the wick.
The maximum heat flux predicted at the wicking limit
for this case was ~ 3800 W m~2, which is within 8%
of the actual operating condition. It is believed that
the large hysteresis may be a result of the necessity to
rewet the wick as the heat flux was decreased.

The performance of all three surfaces (for increas-
ing heat flux) is shown in Fig. 6 for comparative pur-
poses. Itis clear from this figure that the channels have
a significant effect on the evaporator performance. A
nucleate boiling curve predicted using the Rohsenow
correlation [14] is plotted on the figure for reference.
In the overshoot region the channeled surfaces exhibit
a much higher heat flux than that for nucleate pool
boiling at the same value of excess temperature.

A final series of experiments was conducted on a
3.175 mm thick wick with 15 channels. In this case
dryout was expected to occur since equation (8) pre-
dicts a maximum heat flux of 2700 W m~?
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(AT, ~ 3°C and 70% of surface wicked). This
appears to be the case. A drop from the maximum
heat flux which was in excess of 2600 W m ™2 occurred
as the excess temperature was increased beyond 20°C.
This was accompanied by a considerable degree of
hysteresis on the decreasing heat flux portion of the
boiling curve. The dryout phenomenon can be further
examined through the local temperature on the evap-
orator surface. These temperatures are plotted as a
function of time in Fig. 8. Thermocouple locations
are indicated in Fig. 1. The actual measured heat flux
at several times is also indicated on the figure. At small
values of the excess temperatures all three thermo-
couples read the same temperature. The thermocouple
located farthest downstream (No. 7) began to deviate
from the other two before the peak heat flux was
reached. After the peak heat flux it increased very
rapidly. Eventually the two upstream thermocouples
exhibited a similar increase. The downstream thermo-
couple remained at a temperature significantly above
the other two for an extended period during which the
heat flux was being decreased. This indicated that it
took considerable time for the wick to completely
rewet. These observations are consistent with the
statements made earlier with regard to hysteresis.

It is worth noting that R-11 is a poor choice of
working fluid for this application. It was selected for
these experiments because of its low saturation tem-
perature and relatively low latent heat. However, the
figure of merit for R-11 is in excess of three orders of
magnitude less than that for water. This means that
the wicking limit for R-11 is much smaller than water
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Fig. 7. Heat flux vs excess temperature for the 3.12 mm thick
wick with 15 channels.
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and that water would rewet the wick much more
rapidly.

CONCLUSIONS

The heat and mass transfer in a horizontal heat
pipe, with emphasis on the evaporator, were studied
experimentally. The working fluid for all experiments
was R-11. The performance of porous metal wicks
with and without channels cut in the evaporator sec-
tion was examined. The particular heat pipe geometry
studied was evaporator limited when a wick with no
channels in the evaporator section was used. It is
illustrated that the performance of the evaporator can
be improved significantly by cutting channels in the
wick. It is postulated that this is because the channels
provide a low resistance path for the vapor to escape
thus delaying the onset of a film boiling regime in
which a vapor film blankets the evaporator surface.

Experiments were conducted with seven and 15 1.6
mm wide channels cut in a foametal wick covering an
evaporator surface which was 63.5 mm long x 76 mm
wide. The evaporator performance, as measured by
the heat flux above which the transition from nucleate
to film boiling began, increased by as much as 125%
for the surface with seven channels and 200% for the
surface with 15 channels as compared to the surface
with no channels.

The experimental parameters allowed the dryout
conditions to be explored for some of the channeled
wicks. These are the conditions for which the wicking
limit is approached and the wick can no longer deliver
sufficient liquid to all areas of the evaporator. In this
case surface temperatures on the evaporator increase
dramatically and the boiling curves which plot heat
flux as a function of excess temperature show con-
siderable hysteresis. This hysteresis appears to be a
result of the rewetting process.

These results indicate that considerable improve-
ment in heat pipe performance may be possible if
the wick is carefully designed to provide optimum
performance for all three functions : condensing, boil-
ing and wicking.
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