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Abstract

Experiments were performed to investigate the effect that the presence of a gap has on the heat transfer between a heated finned sur-
face and a saturated porous plate with an average pore radius of 200 lm. There was evidence that the vapour generated beneath the
heated surface can escape to the vapour grooves more easily when a gap distance is introduced. This seemed to decrease the vapour pen-
etration into the porous plate. The heat transfer performance of the heated finned surface initially increased as the gap distance was
increased from 0 to 500 lm, but remained relatively unchanged for gap distances of 500–900 lm.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There is an increasing demand for highly effective heat
transport systems due to increasing heat flux requirements
and thermal constraints in many applications, including
electronics cooling and heat transport systems in space
applications [1–3]. There has been interest in using passive
two phase heat transport devices, such as heat pipes and
capillary pumped loops (CPLs), to meet this demand
because they can provide relatively isothermal heat
removal even at high heat fluxes. Many of the passive
two phase heat transfer devices use the capillary force
developed in a porous wick to circulate a working fluid,
and thus do not rely on mechanical components. The heat
is transferred to the working fluid in the porous wick at the
evaporator, so at high heat fluxes the boiling process in the
evaporator can limit the wicking of the fluid in the porous
media, and lead to failure of the device.
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In capillary pumped loops, the heat is transferred to the
liquid in the porous wick through a series of heated fins.
The vapour generated from the evaporated liquid must
then escape to vapour grooves between the heated fins that
lead to the vapour line exiting the evaporator section [4]. A
number of numerical models have been developed to esti-
mate both the heat transfer from a heated fin to a saturated
porous structure and the liquid vapour interface within the
porous structure by solving the momentum and energy
equations. The most basic of these models assumed that
any vapour penetration into the wick would have a detri-
mental effect on evaporator performance [5,6], while other
models assumed that the evaporator could maintain stable
operation with vapour present within the porous structure.
The vapour penetration in these models is typically treated
as a one dimensional [7,8] or two dimensional [9] single
phase vapour region, or a two phase flow regime. Most
of these models predicted that the vapour penetration into
the wick would increase with heat flux, leading to a
decrease in the heat transfer performance. Indeed, experi-
mental measurements of capillary evaporators suggest that
the heat transfer coefficient remains constant at low to
moderate heat fluxes, but decreases at high heat fluxes [10].
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Nomenclature

CP specific heat (J/kg K)
d depth beneath the upper surface of the porous

plate (m)
G gap distance between the heated surface and the

porous plate (m)
h average heat transfer coefficient (W/m2 K)
hfg enthalpy of evaporation (J/kg)
I current through the resistive foil (A)
kv effective thermal conductivity of the porous

plate (W/m K)
_m mass flow rate pumped by the wick (kg/s)
q00 heat flux (W/m2)
Q heat transfer rate (W)
t time (s)
T temperature (K)

V total voltage drop across copper electrodes (V)
w spanwise position from the centre of the heated

foil (m)
a thermal diffusivity (m2/s)
e emissivity of the heating surface
U porosity of the porous plate

Subscripts

Elec electrical heating
Loss heat lost to the ambient
W wick
Sur heated surface
Sat saturation
Sub subcooled

Fig. 1. Schematic of the experimental facility.
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The formation of a two phase liquid–vapour region has
been observed experimentally in porous structures of stag-
gered copper cylinders [11] and packed glass beads [12,13]
heated from above using a finned copper block. The heat
transfer coefficient in these cases initially increased with
heat flux to a maximum before decreasing as the heat flux
was increased further. The initial increase in the heat trans-
fer performance was attributed to a decrease in the contact
angle of the liquid menisci in the porous media as the heat
flux increases, while the decrease in the heat transfer coef-
ficient was attributed to the vapour phase locally penetrat-
ing into the porous structure, reducing the area available
for heat transfer [13].

Figus et al. [14] proposed that introducing a gap
between the heated fin and the porous structure would
allow the vapour to pass to the channels in the finned sur-
face more easily, reducing the vapour penetration into the
wick. Model predictions suggested that gaps as small as
10 lm should improve the heat transfer performance,
though measurements for a capillary evaporator with a
mean pore size of 20 lm indicated a larger gap of 100 lm
yielded the best heat transfer performance [15]. This study
also suggested that the optimum gap distance should be
greater than the mean pore radius of the porous structure.
A poor wick fit, with gap distances of up to 1400 lm, can
cause a large decrease in the performance of the evaporator
[16], indicating again that there is an optimal gap distance.

The objective of this investigation was to characterize
the effect that introducing a gap between a heated finned
surface and a porous plate saturated with water has on
the heat transfer between the surfaces. The porous plate
was heated by a thin resistive stainless steel foil heater
attached to a finned block. The heat transfer performance
of this system was characterized by examining the temper-
ature on the heated surface, and the temperature distribu-
tion within the porous plate. The experimental facility
and methodology is described in the next section. The
results of the experiments are then presented, and finally
the conclusions of the study are outlined.

2. Experimental facility

A schematic of the experimental facility used in this
investigation is shown in Fig. 1. The facility consists of a
main test section that contained the porous plate and the
heated finned surface, a constant head tank that supplies
preheated working fluid to the test section, and a system
reservoir. The water from the system reservoir was contin-
ually pumped into the constant head tank, and allowed to
overflow back into the reservoir in a controlled manner to
maintain the height of the fluid in the constant head tank.
The height was adjusted so that the water level was at the
same height as the top of the porous plate in the main test
section in the experiments reported here. The water in the
constant head tank was preheated to 60 �C using a 1 kW
plug heater turned on and off using a proportional-inte-
gral-derivative (PID) controller with input from a T-type
thermocouple located in the tank. The water from the con-
stant head tank entered a small reservoir on the bottom of
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the main test section, where it was heated to 75 �C using
two 100 W plug heaters turned on and off using a PID
controller. The input in this case was the average from five
T-type thermocouples placed at various heights in the res-
ervoir. The change in the volume of the working fluid
within the system was measured using a graduated cylinder
mounted on the system reservoir that was accurate to
within ± 2 mL.

The experiments were performed for a 12 mm thick por-
ous alumina plate (Al2O3) with a reported porosity (U) and
mean pore radius (RP) of 50% and 200 lm, respectively.
This material does not conduct electricity and therefore
does not affect the current passing through the resistance
heater. The porous plate was positioned on two ledges
150 mm above the bottom of the reservoir in the main test
section. The plate was heated from above using a 25 lm
thick stainless steel resistive foil that was attached to a
machined Teflon block with five 80 mm long fins as shown
in Fig. 2. The stainless steel foil had a nominal width of
60 mm, but much of the central portion of the foil was
cut away leaving three narrow strips that matched the three
central fins of the Teflon block. The middle strip of the foil
had a width of 10.0 mm, while the two adjacent strips had
widths of 10.5 mm so that the largest heat flux occurred in
the central strip. The foil was adhered to the Teflon block
using silicon adhesive sealant. The two outermost fins of
the Teflon block acted to contain the vapour flow from
beneath the two outer heated fins. The 60 mm wide end sec-
tions of the stainless steel foil were attached to large copper
electrodes that were mounted on rails using Teflon bearings
so that the foil could be tensioned after it was heated using
adjustable screws. The entire heated finned assembly was
mounted on a separate set of rails that could be used to
adjust the vertical height of the assembly relative to the
porous plate. This distance was measured on either end
of the evaporator section using dial gauges with an accu-
racy of ±12 lm. The uncertainty in the gap distance
between the heated foil and the porous plate was less than
30 lm.

The foil was heated using a DC power supply with a
maximum current output of 200 A. At steady state, the
Fig. 2. Sketch showing how the Teflon block is mounted onto the stainless
steel foil heater.
Joule heating generated within the stainless steel foil is
transferred to the working fluid (latent and sensible heat-
ing) or lost to the ambient by convection or radiation, so
that

Qelec ¼ V T � I ¼ _mCPðT Sat � T SubÞ þ _mhfg þ QLoss; ð1Þ
where VT is the total voltage drop across the two copper
electrodes, QLoss is the heat lost to the ambient from the
heated finned assembly, and _m is the mass flow rate of
water. The voltage drop across the two copper electrodes
was measured using an RMS multimeter, while the current
was measured with a 50 mV–200 A shunt resistor and a
second multimeter. The temperature of the wide sections
of the heated foil attached to the copper electrodes was
consistently below the saturation temperature of water.
Thus, the Joule heating in these sections of the foil was
either transferred to the copper electrode, lost to the envi-
ronment or transferred to the sensible heat of the fluid. The
sensible heating of the fluid was however negligible relative
to the latent heating of the liquid so the electrical heating in
this section was lost to the ambient. Thus, it was assumed
that the electrical heating in the thin strips of the foil be-
neath the fins balanced the latent heating of the water.
The heating in the thin strips was estimated using a resis-
tance network, while the latent heating of the water was
determined using the mass flow rate from the main reser-
voir. The heat transfer rate from the latent heating and
the electrical heaters agreed to within ±5% in all
experiments.

The effect of introducing a gap on the heat transfer
between the heated surface and the porous plate was exam-
ined in two sets of experiments. In the first set of experi-
ments, the temperature within the porous plate was
measured using 0.5 mm diameter T-type thermocouples
embedded at different depths spaced 12 mm apart along
the length of the porous plate as shown in Fig. 3, and a
thermocouple fixed to the underside of the porous plate.
The two outermost thermocouples were 15 mm from the
ends of the narrow sections of the stainless steel foil. The
thermocouples were located within 0.75 mm diameter holes
Fig. 3. Sectioned and detailed view of the thermocouple locations within
the porous plate. All dimensions in mm.
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drilled from the underside of the plate, and fixed in place
with silicon rubber adhesive. Care was taken to ensure that
the sealant did not coat the tip of the thermocouple or the
porous plate. The thermocouples were connected differen-
tially to a 16-channel National Instruments SCB-68 data
acquisition board so the bias error in the measurements
should be less than 0.2 �C. The six thermocouples were cal-
ibrated against a precision RTD with a reported accuracy
of 0.014 �C in an oil bath before they were embedded in
the porous plate. The temperature profile at different lat-
eral positions below the heated fin were measured by mov-
ing the position of the entire instrumented plate laterally
using a series of 0.5 mm thick machined stainless steel
shims between the edge of the porous plate and the wall
of the tank. The uncertainty in the spanwise position due
to the uncertainty in the thickness of the shims, and the ini-
tial positioning of the plate was approximately 0.7 mm.

The temperature within the porous plate was recorded
after the average temperatures within the porous plate
remained constant for 5 min. The temperature measure-
ments were recorded at a frequency of 1000 Hz for 30 s.
The estimate of the uncertainty in the mean temperature
due to the sample size was less than 0.2 �C. The time con-
stants of the thermocouples were evaluated experimentally
by immersing a thermocouple in heated water and then
removing it. The time constant was approximately 50 ms
when it was immersed in the water, but 500 ms when it
was removed. Thus, these results suggest that the thermo-
couple would respond to transients in the liquid tempera-
ture but not likely to transients in the vapour
temperature on the time scale expected here. The noise in
the temperature signal was filtered using a Holt exponential
smoothing filter with a coefficient of 0.4 and a characteris-
tic time scale of approximately 4 ms [17].

For the second set of experiments, 5 mm wide grooves
were machined through the Teflon block along the centre
of the three fins attached to the heated foil. This allowed
optical access to the top of the foil so the temperature dis-
tribution on the upper surface of the foil heater could be
measured using a high-speed infrared camera with a
reported accuracy of 1.0 �C and a spatial resolution of
approximately 0.5 mm/pixel. The visible portion of the foil
was painted with flat black paint that had an emissivity (e)
of 0.96 ± 0.01 [18]. The sum of the radiation and convec-
tion losses from the exposed portion of the foil were esti-
mated to be approximately 1.2 kW/m2, and it was found
the energy balances in these experiments remained within
±5%. In each case, 220 thermal images were recorded at
both 2 and 60 frames per second after a minimum of
10 min of operation. The uncertainty in the time and space
averaged temperature of the foil due to the sample size was
less than 0.1 �C. The thermocouples embedded in the por-
ous plate were positioned beneath the centre of the vapour
groove in these experiments. An average heat transfer coef-
ficient for the heated fin was determined from the difference
between the average foil temperature and the temperature
of the liquid below the porous plate. The uncertainty in
these heat transfer coefficients was less than 10% at the
low heat fluxes, and reduced to less than 6.5% at the high
heat fluxes.

The working fluid used in the experiments was distilled
water that was degassed by boiling in the constant head
tank for 10 min before adding into the test section reser-
voir. Once the water level was even with the upper surface
of the porous plate, it was further degassed by operating
the finned heater for 2 h at a heat flux of 30 kW/m2 and
a gap distance of 300 lm. The gap distance was then set
to zero and the experiments were initiated.
3. Results and discussion

Experiments were initially performed with the heated
finned surface in contact with the porous plate. The distri-
bution of the time averaged temperature within the porous
plate for a heat flux of 15 kW/m2 is presented in Fig. 4. The
average temperature in the region beneath the heated fin
(w < 5.0 mm) is relatively uniform for depths of 0–4 mm.
The temperature in the porous plate beneath the vapour
groove (w > 5.0 mm), however, was much lower. The aver-
age temperature beneath the heated surface increased when
the heat flux was increased to 25 kW/m2. The change in the
temperature with depth in these two cases is compared in
Fig. 5. The largest change occurred beneath the centre of
the foil (w = 0) where the temperatures near the upper sur-
face of the porous plate became relatively independent of
depth, suggesting there was vapour present within the por-
ous plate at this location. The average temperature is below
the saturation temperature of water, indicating that any
vapour present is in a two phase flow, rather than a stable
vapour region. The temperature within the porous plate
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decreases monotonically with the depth for all heat fluxes,
indicating that heat was conducted into the porous plate.

The average temperature of the foil for the zero gap case
shown in Fig. 6 remained relatively constant for heat fluxes
of 15–20 kW/m2. The temperature increased significantly
at a heat flux of 25 kW/m2 due to the presence of persistent
high temperature regions on the heated surface. The tem-
perature of the heated foil increased rapidly at higher heat
fluxes and did not appear to reach a stable operation. The
results for gap distances between 100 and 900 lm, also pre-
sented in Fig. 6, show that the introduction of a gap
between the heated fin and the porous plate had a signifi-
cant impact on the heat transfer to the porous media.
The change in the average foil temperature with heat flux
for the gap distances of 100–300 lm was similar to that
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Fig. 6. Change in the time and space averaged foil temperature with heat
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G = 300 lm, m G = 500 lm, n G = 700 lm and d G = 900 lm.
when there was no gap. The average temperature of the
finned surface with heat flux is non-monotonic for a gap
distance of 100 lm, which was smaller than the mean pore
size. This may be due to a transition in the boiling dynam-
ics beneath the heated surface. The average temperature of
the foil was lower at low heat fluxes when the gap distance
was 200 or 300 lm. The maximum heat flux with a stable
temperature also increased to 110 kW/m2 when the gap dis-
tance was 300 lm. The change in the average foil tempera-
ture with heat flux was different when the gap distance was
between 500 and 900 lm. In these cases, the average tem-
perature increased gradually with heat flux until a sharp
rise in the foil temperature at approximately 210 kW/m2,
nearly an order of magnitude higher than the result for
the case with no gap. This maximum heat flux seemed inde-
pendent of gap distance for this range of gap distances. The
average foil temperature at heat fluxes higher than this was
initially stable but increased rapidly after approximately
90 s suggesting there was a sudden failure in the heat trans-
fer mechanism.

The change in the average heat transfer coefficient for
the different gap distances are shown in Fig. 7. In all cases,
the heat transfer coefficients increased approximately line-
arly before reaching a maximum when the average temper-
ature of the foil began to increase. The maximum heat
transfer coefficient increased from 0.7 to 7.3 kW/m2 K
when the gap was increased from 0 to 500 lm, but was
approximately independent of gap distance at the larger
gap distances. In CPL applications, the operation of the
evaporator is affected by the system pressure drop that
was not considered here. This would affect the maximum
heat transfer rate and the maximum heat transfer coeffi-
cient that could be achieved with stable operation, but
likely not the observation that the presence of the gap
has a significant impact on the performance of the device.
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The profiles of the time averaged temperature measured
in the porous plate at different heat fluxes when the gap dis-
tance was 200 and 500 lm are presented in Fig. 8. The tem-
perature within the porous plate decreases monotonically
with depth, similar to the zero gap case. The heat fluxes
here are much higher than for the zero gap case, indicating
that the presence of the gap did affect the vapour penetra-
tion into the porous plate. The temperature beneath the
centre of the fin is initially independent of depth when
the gap distance is 200 lm, similar to the case with zero
gap; however, the temperature is initially more uniform
with depth near the edge of the heated foil when the gap
was 500 lm. This suggests that there may be more vapour
in the porous plate near the edge of the heated fin when the
gap is larger. The temperature near the upper surface of
the porous plate did not change at these heat fluxes at both
the centre and the edge of the heated fin for the 500 lm
case, indicating that vapour penetration may be occurring
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Fig. 8. Variation in the average temperature with depth (a) for gap
distance of 200 lm and j q00 = 40 kW/m2, m q00 = 80 kW/m2, and (b) for
gap distance of 500 lm and d q00 = 120 kW/m2, � q00 = 160 kW/m2. Solid
symbols are for w = 0 mm and open symbols are for w = 4.5 mm.
throughout the porous media near the maximum stable
heat flux.

3.1. Boiling dynamics beneath the heated finned surface

The time averaged measurements suggested that the
boiling dynamics beneath the heated surface and the
vapour penetration into the porous plate changed when a
gap was introduced between the heated finned surface
and the porous plate. This was examined using the instan-
taneous measurements of the temperature on the heated
surface and within the porous plate. A time sequence of
the instantaneous temperature distribution on the heated
surface for a heat flux of 15 kW/m2 when no gap was pres-
ent is shown in Fig. 9. The distributions show spanwise
positions between �2 and +2 mm visible to the thermal
camera. The temperature on the heated surface was not
uniform with regions of temperatures exceeding 110 �C
appearing along the centre of the heated surface. These
high temperature regions expand and contract with a per-
iod of approximately 60 ms, and seem to be the result of
vapour regions beneath the heated surface that increase
in size until the vapour can travel to the vapour channels.
This cyclic behaviour allows stable operation of the heated
surface despite the elevated temperatures on the heated sur-
face. The period of the variation of these high temperature
regions decreased and the maximum temperature increased
when the heat flux was increased to 25 kW/m2, indicating
vapour was being trapped under the foil. The growth of
these regions likely led to the rapid rise in the temperature
of the heated surface when the heat flux was increased
further.

Transients of the temperature on the upper surface of
the porous plate from the thermocouple measurements at
w = 0 and 4.5 mm for this case are presented in Fig. 10.
Fig. 9. Transients of the instantaneous temperature distribution (�C) on
the heated foil for zero gap distance and a heat flux of 15 kW/m2. These
images were recorded 17 ms apart.
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Fig. 10. Transients of the temperature at d = 0 mm (the upper surface) of
the porous plate at (a) w = 0 mm and (b) w = 4.5 mm for the zero gap
distance and a heat flux of 15 kW/m2.
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These time traces were measured in different experiments
from each other, so the times in the figures do not corre-
spond. The transients have been filtered but there is still
evidence of noise in the signals. The results show though
that the temperature fluctuations were more frequent and
larger near the center of the foil which is consistent with
the suggestion that the vapour periodically built up
beneath the centre of the fin before escaping to the vapour
groove. The time scale of the fluctuations seemed to be rea-
sonably consistent with those observed in the foil measure-
ments. The frequency and magnitude of the fluctuations
increased with heat flux consistent with the measurements
of the temperature distributions on the foil. The time traces
of the temperature 1 mm beneath the surface of the porous
plate for a heat flux of 15 kW/m2 such as that in Fig. 11
showed little variation and the mean temperature was well
below saturation. This suggests that there was little or no
vapour present at or below this depth.

A typical time series of the instantaneous temperature
distributions on the heated foil when the gap distance
was 500 lm is shown in Fig. 12. The temperature distribu-
tion on the heated foil at the heat flux of 160 kW/m2 (and
essentially all heat fluxes for the large gaps), is much more
uniform than the temperature distribution when no gap
was present. There was also no evidence of high tempera-
ture regions on the foil, indicating that the vapour easily
escapes to the grooves in the finned surface rather than
being trapped beneath the surface. Time traces of the tem-
perature measured at the top of the porous plate for this
case are presented in Fig. 13. The temperature fluctuations
in this case appear to be more frequent but smaller in mag-
nitude than those observed when no gap was present. The
temperature fluctuations are also more frequent and larger
towards the edge of the heated fin, suggesting that the void
fraction between the heated fin and the porous plate
increased along the gap, similar to flow boiling in the chan-
nel. There were again few, if any, temperature fluctuations
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Fig. 13. Transients of the temperature at d = 0 mm (the upper surface) at
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at the depth of 1 mm below the surface, suggesting that
there was little vapour penetration at this depth in the por-
ous media.

The instantaneous temperature distributions on the foil
heater for a gap distance of 200 lm at a heat flux of 60 kW/
m2 are presented in Fig. 14. The temperature over most of
the foil is relatively uniform even at this heat flux that
approaches the largest value for stable operation. This
behaviour is similar to the cases with large gap distances.
However, there are also high temperature regions, with a
maximum temperature exceeding 130 �C, more characteris-
tic of the zero gap case. Thus, this gap distance, which is
similar to the mean pore radius of the porous plate, does
seem to represent a transition between the smaller and lar-
ger gap distance cases.

4. Conclusions

An experimental investigation was performed to exam-
ine the effect that the presence of a gap between a heated
finned surface and a saturated porous plate has on the heat
transfer between these surfaces. The maximum heat flux
that could be achieved before there was a dramatic increase
in the average surface temperature of the heated fin
increased significantly as the gap distance was increased
from 0 to 500 lm. The heat transfer performance remained
relatively independent of the gap distance for distances
between 500 and 900 lm.

Measurements of the instantaneous temperature on the
heated surface and within the porous plate indicate that
there was a change in the boiling dynamics when the gap
distance between the heated surface and the porous plate
exceeded approximately 200 lm. When the gap distance
was smaller than this distance, the vapour appeared to peri-
odically build up beneath the heated surface before being
exhausted to the vapour grooves. This cyclic behaviour
allowed for the stable operation of the evaporator despite
the occurrence of local high temperature regions on the
heated surface. For larger gap distances, the vapour did
not appear to build up below the fin, but instead seemed
to escape to the vapour grooves relatively easily. This
seems to be responsible for the dramatic increase in the
heat transfer performance of the finned heated surface
when the gap was introduced between the heated surface
and the porous plate. The transition gap distance was sim-
ilar to the mean pore size suggesting that the optimal gap
distance should be larger than the pore size as suggested
by Platel et al. [15].
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