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Experiments were performed to study the effects of subatmospheric pressures on the boiling of water from
enhanced structures. The experiments were conducted at 9.7, 15, and 21 kPa. The boiling enhancement structure was
integrated within the evaporator of a compact thermosyphon and had stacked-layer geometry. Each layer of the
porous structure had dimensions of 12.7 x 12.7 x 1 mm (length x breadth x thickness). Four different
geometries of the structure were used, each having 1 layer, 2 layers, 4 layers, and 6 layers, respectively. The boiling
curves from the enhancement structures were compared with subatmospheric pressure boiling from a plain surface.
Subatmospheric pressure boiling achieved heat fluxes in excess of 100 W/cm? with negligible incipient superheat,
while keeping boiling surface temperatures below 85°C. Reduced pressures also resulted in reduction of the heat
transfer coefficient with a decrease in saturation pressure. The boiling enhancement structure showed considerable
heat transfer enhancement compared with boiling from a plain surface and also increased the critical heat flux limit.
Increased height of the structure decreased the heat transfer coefficient and suggested the existence of an optimum

structure height for a particular saturation pressure.

Nomenclature
A = external surface area of heater, m?
h = heat transfer coefficient, W/m? - K
k = thermal conductivity, W/m - K
0 = heat input, W
g’ = heatflux, W/cm?
T = temperature, °C
AT = wall superheat, T, — T, °C
¢ = diameter, mm
Subscripts
c = copper
h = heater
s = exposed surface
sat = saturation condition
w = wall

L

NE of the most efficient ways of employing liquid cooling of

microelectronics is through successive evaporation and
condensation of the working fluid in a two-phase thermosyphon
loop, which consists of the evaporator and the condenser chambers
connected to each other in a closed loop. Heat is transferred from the
source to the evaporator often through an interface, vaporizing the
working fluid in the evaporator. The vapor is driven to the condenser
due to buoyancy. The condensed liquid returns to the evaporator
through the connecting tube. With the condenser placed above the
evaporator, the buoyant pressure head generated due to the difference
in density between the liquid-rich and the vapor-rich tubes drives the
flow through the loop; as such, no external driving force is required.
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Previous research [1-11] has shown the prospect of a
thermosyphon as a compact, high-performance thermal management
device, both in terms of flexibility afforded through the independent
placement of the evaporator and the condenser, and the cooling
capacity range. Recently, Pal et al. [12] demonstrated an
implementation of a thermosyphon in a commercial desktop
computer using water as the working fluid and incorporating boiling
enhancement structure in the evaporator. Their study showed that
water at reduced pressures performed as a better working fluid than
PF5060, a dielectric liquid. Reduced pressures lower the saturation
temperature, resulting in boiling initiation at lower temperatures,
necessary for electronic cooling applications. Apart from that, the use
of boiling enhancement structures has been shown to aid in bubble
nucleation during boiling, reduce incipience excursion, and also
induce a considerable size reduction of the evaporator. However,
detailed studies on the boiling of water at subatmospheric pressures
with enhancement structures are absent, and the operational
characteristics of thermosyphon at reduced pressures are poorly
understood.

A. Boiling at Subatmospheric Pressures

Boiling of water at subatmospheric pressures has been done
mostly on plain surfaces or wires and, in some cases, on machine
roughened surfaces. One of the early works on boiling at
subatmospheric pressures was by Van Stralen [13], who studied
boiling of water and a mixture of methylethylketone on an
electrically heated platinum wire within a pressure range of 13—101-
kPa. A decrease in pressure delayed the onset of nucleate boiling and
led to increase in the bubble sizes, while reducing the maximum heat
flux attained. Ponter and Haigh [14] visualized boiling of water for
the pressure range of 13—101 kPa with a tubular stainless steel heater
in a stainless steel cylinder. Similar to Van Stralen [13], they also
observed a reduction in potentially active bubble nucleation sites.
Further, they also observed that the increase in pressure led to an
increase in the critical heat flux. Another notable study on the
mechanism of nucleate boiling at atmospheric and subatmospheric
pressures was by Miyauchi and Yokura [15], who suggested that a
rapidly growing bubble would accelerate the liquid surrounding the
bubble, which will increase the pressure inside the bubble with
respect to the outside pressure. They believed that the process would
induce a higher saturation pressure inside the bubble, leading to a
higher wall superheat, which will suppress the bubble growth rate.
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Later, Van Stralen et al. [16] experimentally investigated the growth
rate of vapor bubbles in water using a nickel-plated copper heating
surface for a pressure range of 2-26.7 kPa. They observed that the
bubble departure time and departure radius increased substantially
with a decrease in operating pressure.

Joudi and James [17] focused on a pressure range of 25-101.3 kPa
for boiling in water, R-113, and methanol and observed fluctuations
in the surface temperature during incipience. They noted that
decreasing pressure lowered the incipient superheat. Fath and Judd
[18] investigated microlayer evaporation and found higher wall
superheats with a decrease in operating pressure. With an increase in
surface heat flux, they found an increase in the bubble generation site
density, which facilitated the transfer of additional heat. Tewary et al.
[19] observed that the heat transfer coefficient decreases with a
decrease in saturation pressure in the nucleate boiling regime within a
pressure range of 60—100 kPa. They studied nucleate boiling on a
horizontal tube at atmospheric and subatmospheric pressure with
water and NaCl solution. McGillis et al. [20] investigated the boiling
of water in a thermosyphon configuration at subatmospheric
pressures using a plain surface with surface enhancements. They
observed that lower pressure generated larger nucleation bubbles,
which impeded the growth of active nucleation sites, resulting in
larger wall superheats. However, surface enhancements improved
the heat transfer with lower wall superheat and increased the critical
heat flux. More recently, Rainey et al. [21] did experiments with FC-
72 at reduced pressures from microporous structures in the pressure
range of 30-150 kPa for a liquid subcooling range of 0-50°C and
observed that an increase in pressure brings an increase in critical
heat flux (CHF) with a decrease in boiling incipience.

B. Boiling with Enhancement Structures

The high heat flux capability of enhanced structures for boiling
with dielectric liquids and refrigerants makes them excellent
candidates for integrating in the evaporator of compact
thermosyphons. However, the heat flux capability of enhanced
structures for boiling with water is not fully understood. Existing
literature on boiling with enhancement structures shows that the
enhancement varied from machine-induced roughness to a more
complex structure of interconnected pores and channels. Most of
these studies were done at atmospheric pressure. Nakayama et al.
[22] studied boiling from enhanced structures at atmospheric
pressures with R-11, water, and liquid nitrogen. The boiling
enhancement structure was made of interconnected internal cavities
in the form of tunnels and small pores, connecting the pool liquid and
the tunnels. They did their experiments at decreasing heat fluxes and
found that hysteretic behavior was less pronounced than that
observed in boiling from plain surfaces. For enhanced surfaces, the
wall superheat remained much lower than for plain surfaces for the
range of heat flux applied for the experiments. Bergles and Chyu [23]
investigated pool boiling of water and R-113 from surfaces with
porous metallic coatings. Their observations revealed hysteresis in
the boiling process; however, surface enhancements improved the
heat transfer. Experiments on boiling with commercial enhanced
surfaces, Gewa-T and Thermoexcel-E, were done by Marto and
Lepere [24]. The enhanced surfaces always produced higher heat
transfer coefficients than plain surfaces, though they noticed some
variation in the level of the performance among the various surfaces
atlow and high heat fluxes. Later, Nakayama et al. [25] experimented
on the enhancement of boiling heat transfer using a stud, which has
fine surface structures and was attached to the back of the heat-
dissipating device. Their experiments were done at atmospheric
pressure with both flourinert (FC-72) and refrigerant (R-11). They
observed that the boiling curve has a steeper slope before established
nucleation than is expected in natural convection. Anderson and
Mudawar [26] used FC-72 as a working fluid and found that boiling
incipience increased with more nonboiling time (idle time between
successive boiling experiments). They found that their micro-
structures significantly shifted the boiling curves toward lower
superheats, while increasing the incipience excursion. However,

increasing roughness of the boiling surface initiated incipience
earlier and reduced the excursion.

The previous studies on enhanced structures were mainly
performed at atmospheric pressures, however, the effect of
subatmospheric pressures on enhanced structures is not properly
understood. Moreover, there is also a lack of understanding on the
effects of enhanced structure and subatmospheric pressures in a
compact system like a dual-chamber thermosyphon. The current
study explores the results of a recent investigation of Pal and Joshi
[27] and performs a comprehensive characterization of the boiling of
water at reduced pressures in a compact thermosyphon loop using
boiling enhancement structures and compares the results with
existing correlations and previous observations. The thermal
performance of a thermosyphon using water as a working fluid is
explored experimentally for various system pressures, enhancement
structure geometries, and external heat loads. The performance of the
system is also compared with boiling from a plain surface.

II. Experimental Apparatus

The test setup (similar to Pal and Joshi [27]), seen in Fig. 1,
consisted of the evaporator and the condenser connected through
flexible copper tubing (external diameter 6.35 mm). This
arrangement created a thermosyphon loop with the condenser
placed at a higher elevation than the evaporator, which helped in
gravity-assisted draining of the condensed liquid from the condenser
to the evaporator. The experimental setup was designed to monitor
and control the various process parameters through a data acquisition
system.

A detailed sketch of the evaporator along with the heat-generating
unit is shown in Fig. 2. The evaporator was an annular cylindrical
chamber, 65 mm in height (height of the cavity inside was ~42 mm)
and a 38 mm inner diameter, made of translucent polycarbonate,
which allowed the viewing of the liquid level inside the chamber and
the initiation of bubble generation. The top and bottom of the
evaporator chamber were enclosed by two polycarbonate caps, each
one press-fitted with two Buna-N O-rings. The top cap allowed the
passing of the vapor to the condenser, while the bottom cap was
press-fitted to the heat input block and allowed the introduction of the
enhancement structure into the evaporator chamber. The heat input
block was a cylindrical copper rod, 20 mm in diameter and 82 mm in
length, press-fitted to the bottom cap with double O-rings. One end of
the block was machined to a 12.7 mm square cross section of around
2 mm in height. After fitting the copper rod in the bottom cap
(through a square shaped hole ~12.7 mm), the square surface was
flush with the top surface of the bottom cap. The exposed square
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Fig. 2 Detailed sketch of the evaporator assembly.

surface was used as the boiling surface in the baseline study. Boiling
enhancement structures were soldered to the square surface for the
rest of the experiments. The other end of the block had a drilled hole
for accommodating the heat source. A cartridge heater (maximum
power of 200 W) was used as the heat source. A high-temperature-
resistant (up to 200°C) and high-thermal-conductivity paste
(k=2.3 W/m-k) was used between the cartridge heater surface
and the drilled-hole surface to reduce thermal contact resistance
between them.

For the present study, deionized water was chosen as the working
fluid, and for all the experimental runs the evaporator was charged
almost to its full capacity with approximately 0.06 kg of water. The
power to the cartridge heater was supplied from a variac (0-140 V),
connected in series to a 1 €2 precision resistor. The voltage drops
across the cartridge heater and the precision resistor were measured
separately to obtain the power input to the heater. Temperatures at
various points in the system were measured with type T (copper-
constantan) sheathed thermocouples (diameter ~0.08 mm). The
temperature gradient along the copper block was calculated from the
temperatures measured by eight thermocouples, which were fitted
inside small grooves along the length of the copper block at varying
distances from the boiling surface. Grounded type T thermocouple
probes were placed at the following points inside the system: the
evaporator chamber, in the flow path between the evaporator and the
condenser, the condenser entry, and the condenser exit. The pressure
inside the system was measured by a high precision current output
(4-20 mA) pressure transducer (0-200 kPa absolute), which was
accurate up to 0.13% of the full scale.

A principal focus of the study was to investigate the effect of
enhancement structure on boiling at subatmospheric pressures. The
structure used in the present study is similar in construction to those
used by Nakayama et al. [25], Ramaswamy et al. [28], Launay et al.
[29], and Pal and Joshi [27]. A detailed sketch of the enhancement
structure used in the present study is shown in Fig. 3. The basic
component of the structure was a single layer of copper
(12.7 x 12.7 x 1 mm), in which an array of rectangular channels
(0.35 mm wide) was cut in mutually perpendicular directions on both
sides. The depth of each channel is more than half the thickness of the
copper layer, resulting in the intersection of channels from both
sides, forming an array of square pores.

The copper structure layers were fabricated using the wire
electrodischarge machining (EDM) method. The individual copper
layers were stacked on the square surface of the copper block with a
layer of 63Pb-37Sn ribbon solder in between them. The stacked
structure was bonded to the copper block by achieving a junction
temperature greater than 200°C. The enhancement structure formed
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Fig. 3 Detailed sketch of the enhanced structure with stacked multiple
layers (six layers shown).

(Fig. 3), resulted in geometrical features that are different from the
geometries of surface enhancements used in previous studies on
subatmospheric pressure boiling. For the present study, four different
geometries of the structure were considered: 1 layer, 2 layers,
4 layers, and 6 layers.

III. Experimental Procedure

Leakage testing (allowable leakage ~0.1-0.2 kPa/day) was done
by evacuating the thermosyphon to 2 kPa and leaving the setup atidle
conditions at room temperature for a 24 h period. Every experimental
run was preceded by a degassing operation of the working fluid in a
separate setup. The evaporator chamber for the degassing operation
was connected to a spiral tube reflux condenser through a quick
coupling (valved) connection. Vigorous boiling was continued in the
degassing chamber for an hour, and then the liquid was allowed to
reach room temperature. After the degassing procedure, the
thermosyphon was charged for a liquid column height of 39 mm (full
fill) from the base of the evaporator chamber (as shown in Fig. 2).
After charging, the thermosyphon was evacuated to a pressure of
2.5 kPa. Foam insulation was applied over the evaporator, the
condenser, and the tubing before starting the heat input to the system.
The desired saturation temperature in the evaporator was maintained
by compensating for the heat loss in the evaporator with the help of a
thermofoil heater, wrapped around the evaporator chamber. The
existence of saturation conditions inside the system was checked
with the correspondence between the temperature and pressure
measured at a particular point in the loop (Fig. 1). After the saturation
temperature was reached in the evaporator, the experiments were
started with an initial heat input of 2 W and increasing in steps of 2 W
until reaching 10 W; then 10-20 W in steps of 5 W; 20-50 W in steps
of 10 W; 50-150 W in steps of 20 W; and beyond 150 W in steps of
10 W to a maximum of 180 W. Around 15-17 runs were performed
during boiling at each system pressure, unless CHF was encountered
or the highest temperature measured in the copper block reached
140°C. The CHF condition was defined by a temperature rise of 20°C
in 20 s of the top-most thermocouple in the heater block. The choice
of 140°C was dictated by the structural integrity of the polycarbonate
in the heater block housing, parts of which began to melt around
140°C. After reaching the limiting condition, the power input to the
system was slowly decreased to 0 V, and the system was allowed to
cool down and attain an equilibrium condition with the ambient
temperature.

Temperatures were recorded every 3 s throughout the running time
of each experimental run. Steady state at a particular heat flux was
defined by a variation of less than £0.3°C of the heater block
temperatures about a steady mean value. After the system had
reached steady state, the parameters were recorded and the analysis
was done with the data recorded in the last 120 s.

Data acquisition consisted of monitoring the temperature and
pressure inside the thermosyphon and power input to the heater. The
sampling rate for the temperature readings was 300-per-second, per
channel, and 900 samples were averaged per channel for one
temperature reading. This resulted in one averaged temperature
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reading every 3 s per thermocouple. A 20 Hz filter was applied on the
channels measuring the AC voltage to optimize the AC measurement
accuracy corresponding to the frequency of the supplied voltage. The
voltage and current input to the system were measured with the data
acquisition system. The current input to the heater was obtained by
measuring the voltage drop across a precision resistor (1 & 0.01 €2)
placed in series with the heater. The output from the pressure gauge
was in mA, which was converted to absolute pressure using a linear
scale for the full range of the gauge output.

IV. Uncertainty Analysis

The thermocouples and the data acquisition system were
calibrated with respect to a resistance temperature device (RTD)
probe calibration system at five different temperatures (20, 40, 60,
80, and 100°C) to a maximum uncertainty of 0.1°C. Heat flux
through the test surface was determined through a combination of
electrical and thermal measurements. Eight type T thermocouples
were spaced at distances of 7, 9.9, 13, 16, 19.5, 23, 27, and 31 mm
from the test surface to measure the temperatures and help in
calculating the heat flux through the surface. A numerical two-
dimensional heat conduction model considering the copper rod,
foam insulation, and the polycarbonate housing showed that the heat
flow through the copper rod could be assumed to be linear (axial
temperature profiles obtained from the numerical simulation and the
linear assumption had a maximum variation in the range of 1-2°C
from two test cases). So, the heat flux at the test surface was obtained
by calculating the slope of a fitted line through the thermocouple
measurements. The power input to the system was obtained by the
product of the voltage drop across the cartridge heater and the current
flow through the precision resistor. The voltage measurement
uncertainty is specified by the manufacturer as 0.045% of the
reading. The precision resistor used to measure the current in the
circuit was accurate to 1%. The maximum uncertainty in the surface
heat flux from electrical power input was +1.4%. The difference
between the heat flux calculated from temperature measurements and
the electrical power input was less than 5% at higher heat fluxes
(greater than 20 W/cm?). The measurements at very low heat fluxes
(less than 5 W/cm?) showed a larger scatter (maximum of 20%).
The corresponding uncertainty in the wall temperature measurement
was about 0.5°C. The vapor pressure in the evaporator was obtained
from the National Institute of Standards and Technology (NIST) [30]
data, corresponding to the temperature in the vapor zone. The
variation in the temperature of the vapor zone was less than 0.5°C,
whereas the pressure measured by the transducer showed a variation
of less than 10%, based on the theoretically predicted saturation
temperature compared with the measured temperature at that
location.

V. Results and Discussion
A. Baseline Study

Boiling at subatmospheric pressures was first studied with an
emery polished plain copper surface of dimensions 12.7 x 12.7 mm
at pressures of 9.7, 15, and 21 kPa, with a full-fill (liquid
height = 39 mm) condition. From visual observation, it was found
that intermittent bubbles were generating from the surface at long
intervals during the initial stages of power input (2-6 W/cm?),
which changed to fully developed boiling at approximately
12 W/cm?. By that time, the liquid pool was fully agitated from large
sized bubbles generating from the plain surface. Beyond 55 W /cm?,
the power input was gradually increased in steps of 3 W /cm?, until it
reached the desired power, at which temperatures were recorded.
This was done to closely monitor the point at which CHF was
initiated.

Figure 4 shows the resulting boiling curves at the pressures of 9.7,
15, and 21 kPa. Data from McGillis et al. [20] and Latsch et al. [31],
as well as the boiling curve of FC-72 (nucleate boiling zone only)
derived from the correlation developed by Rainey et al. [21] are also
shown for comparison. The improvement in heat transfer obtained
with boiling of water with respect to FC-72 is clearly evident. At
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Fig. 4 Boiling curve for water on a plain surface at full-fill level in the
evaporator.

80 W /cm? the wall superheat for water was around 20°C compared
with 55°C for FC-72. Existence of incipient superheat is a common
phenomenon in boiling of dielectric liquids (Rainey et al. [21],
Anderson and Mudawar [26], Ramaswamy et al. [28]), and is found
to depend on the saturation pressure. However, the present study
shows that saturation pressure has negligible effect on the incipient
superheat in boiling of water. Gebhart and Wright [32,33] noticed a
similar absence of incipience in boiling of water with micro-
configured surfaces and suggested the existence of early incipience
and microboiling from the observations. However, McGillis et al.
[20] noticed wall superheats in excess of 5°C in their study on boiling
of water from a plain surface of dimensions 12.7 x 12.7 mm (the
results at 9 kPa are shown in Fig. 4). They noticed fewer active
nucleation sites for boiling with plain surface, which was responsible
for higher wall superheats. It is to be noted that the evaporator
chamber of McGillis et al. [20] was not insulated. Because of heat
loss from the evaporator wall, a large wall superheat was required to
reach saturated conditions at 9 kPa. This is markedly different from
the present study, in which the heat loss from the evaporator wall was
compensated for with a guard heater, which kept the bulk liquid
temperature close to the saturation temperature. As a result, the wall
superheat was very low during the initial stages of boiling (compared
with McGillis et al. [20]).

The effect of pressure is clearly evident, as the heat flux capability
is considerably decreased with a reduction in saturation pressure.
However, the effect of pressure is not noticed below 20 W/cm?.
Beyond 20 W/cm?, the boiling curves show linear behavior until
CHF is reached. Van Stralen [13] observed a similar decrease in the
maximum heat flux with a decrease in pressure, which was attributed
to the larger size of bubbles generating from the heating surface.
Joudi and James [17] observed a reduction in the number of bubbles
generated from the boiling surface at reduced pressures. Fath and
Judd [18] observed a similar increase in heat flux with increase in
system pressure, though their experiments were with dichloro-
methane. Bubble generation frequency increased with increase in
pressure. Other studies, which corroborate the preceding
observations, are by Tewari et al. [19], Latsch et al. [31] and
Gorodov etal. [34]. However, the decrease in the heat flux is offset by
the reduction in saturation temperature inside the evaporator
chamber with decrease in saturation pressure. This is particularly
interesting for electronic cooling applications, as very low surface
temperature can be obtained under these conditions. The maximum
wall temperatures recorded for the pressures of 9.7, 15, and 21 kPa
were 68, 76, and 83°C, respectively.

CHF was reached for all the cases under consideration. For
9.7 kPa, the CHF was 62 W /cm?, whereas for 15 and 21 kPa it was
78 W/cm? and 87 W /cm?, respectively. However, McGillis et al.
[20] obtained a higher CHF (greater than 80 W /cm?) at 9 kPa from a
plain copper surface. As discussed in the preceding paragraphs, the
absence of insulation in the evaporator chamber can explain the high
CHF obtained with respect to the present study. Because of heat
transfer through the evaporator wall, the effective heat transfer
coefficient in the evaporator was much higher in their case, which
resulted in higher CHF than that observed in the present study. In this
respect, it is believed that the current study documents a more
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Fig. 5 Comparison of CHF values for boiling with plain surface.

controlled investigation of boiling at subatmospheric pressures. A
recent study by Pal and Joshi [35] has shown that the CHF can be
increased in subatmospheric pressure boiling of water by lowering
the effective liquid level in the evaporator. The liquid level in the case
of McGillis et al. [20] was much lower than the present study, which
might also explain the higher CHF obtained by them.

In Fig. 5 a comparison of the CHF values with respect to existing
correlations is shown. The experimental results of Ponter and Haigh
[14] match the predictions of the Zuber [37] correlation reasonably
well. Ponter and Haigh [14] used a tubular stainless steel heater,
which was immersed under 76 mm of liquid column. The present
CHEF values are higher by a factor in the range of 1.3—1.5 with respect
to the preceding observations. As pointed out by Carey [36], Zuber’s
model [37] did not account for the possible effects of surface
condition and wetting characteristics of the heater surface, which
might explain the discrepancy in the CHF values with respect to the
present results. Moreover, the high liquid column height used by
Ponter and Haigh [14] might also lead to lower CHF values,
following the observations of Pal and Joshi [35].

With a decrease in the operating pressure, the density of the vapor
decreases. As aresult, the bubble sizes during boiling at low pressure
are larger compared with boiling at atmospheric pressures. Visual
observation during degassing showed that the bubbles are dislodged
from the surface at a slower rate than boiling from a plain surface at
atmospheric pressure. Miyauchi and Yokura [15] observed similar
suppressed bubble growth rates at subatmospheric pressures.
According to them, a rapidly growing bubble will accelerate the
liquid surrounding it, which will induce a pressure increase inside the
bubble. It was hypothesized that the increase in pressure will increase
the saturation temperature and lead to higher wall superheats, leading
to suppressed bubble growth rates. Moreover, the larger size of the
bubbles might also inhibit the growth of bubbles from neighboring
sites, leading to bubble generation from some preferred sites. This
might lead to fluctuations in temperature in the boiling surface. An
interesting finding in this respect was by Joudi and James [17], which
focused on the surface temperature during the initial boiling stages.
They found that the surface temperature was not uniform across the
boiling surface or steady at a particular location. In the current
experiments, surface temperature fluctuations were not recorded,
instead average surface temperatures obtained from the linear fit of
the copper block temperature measurements were used to report the
boiling data.

B. Effect of Pressure

The present section will describe the study on various
enhancement structures at the pressures of 9.7, 15, and 21 kPa and
compare the results with the baseline study reported earlier. Four
boiling enhancement structures were used, which have different
numbers of stacked layers (1, 2, 4, and 6) with geometries as
described earlier. The experiments described in this section were
done at full-fill level for all the pressures and the different
enhancement structure geometries.
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Fig. 6 Effect of pressure on enhanced single-layer structure and plain
surface.

In Fig. 6, the effect of pressure on the saturated nucleate boiling
curves is compared between the single-layer enhanced structure and
the plain surface. The results from McGillis et al. [20] at 9 kPa are
also shown for comparison. Both the studies employed the footprint
area of the surface enhancement as the base area in obtaining the heat
flux. McGillis et al. performed their experiments with finned
structures in which the lowest gap between the fins was kept at
0.3 mm. This result is included for comparison, as the fin gap of
0.3 mm closely resembles the gap (0.35 mm) of the channels in the
enhancement structure used in the present study. They found better
performance with the lowest fin gap. As noticed in case of the plain
surface, incipient superheat is not noted for the enhanced structure in
the present study. This observation corroborates the results of
Gebhart and Wright [32] mentioned earlier. The wall superheat of
4°Cat9 W/cm? observed by McGillis et al. [20] agrees roughly with
the wall superheat of 6.2°C at 9.3 W/cm? observed in the present
study. However, a significant difference is noted in the wall
superheat at higher heat fluxes. Although CHF was not reached in
both of the studies, a difference of approximately 13°C was noted in
the wall superheat at around 90 W/cm?, with McGillis et al. showing
the lowest wall superheat. A possible explanation can be the
configuration of the thermosyphon used in the two studies. McGillis
et al. used a single-chamber thermosyphon, or wickless heat pipe
configuration, in which the condenser was placed directly above the
evaporator and was an integral part with the evaporator cylinder. This
allowed easy draining of the condensed liquid directly to the
evaporator. In the present study, a dual-chamber configuration of the
thermosyphon was used, in which the condenser tube was inclined
with respect to the horizontal. Condensed liquid drained from the
condenser only when enough pressure gradient was generated in the
condenser. As a result, the condenser was lined with liquid most of
the time, which reduced the condensation heat transfer coefficient.
Though a vertically oriented condenser will aid in draining the liquid
quickly, its added size may be undesirable in compact microsystems.

The nucleate boiling curves for the 2-, 4-, and 6-layer
enhancement structures are shown in Figs. 7-9, respectively. Similar
to the single-layer case, incipient superheat was absent in the cases of
2-, 4-, and 6-layer structures. Moreover, similar to the single-layer
case, an increase in the saturation pressure led to a corresponding
increase in the saturation temperature, which was responsible for an
increase in the wall temperature. A common trend for all the
structures (1, 2, 4, and 6 layers) was that the wall temperature
increased at a greater rate for 9.7 kPa, compared with 21 kPa, with an
increase in the wall heat flux. This behavior is more apparent at
higher heat fluxes (greater than 60 W/cm?). For the single-layer
structure at 9.7 kPa, the wall temperature increased by 15°C (24%) as
the heat flux increased from 60 to 100 W /cm?, whereas the increase
was 8°C (12%) and 6°C (8%) for 15 kPa and 21 kPa, respectively.
The effect of pressure at a particular heat flux is also apparent. For the
single-layer structure at 60 W /cm?, the wall temperature increased
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by 11°C (24% increase) from 9.7 to 21 kPa. With an increase in heat
flux to 80 W/cm?, the difference dropped slightly to 10°C (15%
increase), whereas for 100 W/cm?, the difference dropped sharply
to 4°C (8% increase). This shows that increasing the saturation
pressure at a particular heat flux will result in a smaller change of the
wall temperature. Similar trends were seen for the other structures
too. This behavior can be better understood by observing the
variation of the heat transfer coefficient with the wall superheat for a
single-layer structure as shown in Fig. 10. A significant trend of a
decrease in the heat transfer coefficient with a decrease in pressure is
noticed. For 9.7 kPa, the heat transfer coefficient increases
monotonically until a wall superheat of 15°C is reached, then
slowing until 20°C and reducing beyond that. It is interesting to note
the existence of the maximum heat transfer coefficient for the 9.7 kPa
and 15 kPa cases. However, the heat transfer coefficient for 21 kPa
increases rapidly until 10°C and, subsequently, with a slightly slower
rate. The bubble generation process may provide an explanation for
worse thermal performance at 9.7 kPa. Atlower pressures, the bubble
sizes are large, preventing the liquid from coming in contact with the
boiling surface and resulting in a decrease in the heat transfer
coefficient. The current configuration of the boiling enhancement
structure also generates bubbles from the vertical sidewalls, which
add to the turbulence in the pool. So the reduction in boiling surface
temperatures obtained by operating the thermosyphon at low
pressures is offset by the deteriorating heat transfer coefficient.

C. Effect of Enhancement Structure

We can see clearly from Tables 1 and 2, that the enhancement
structures were able to dissipate high heat fluxes while keeping
surface temperatures very close to the threshold value of 85°C

Table 1 Wall temperatures recorded at 80 W/cm?

Pressure 1 layer 2 layers 4 layers 6 layers
(kPa) T, AT T, AT T, AT T, AT
9.7 68 217 72 257 72 257 72 257
15 73 18 78 23 78 23 78 23
21 78 155 84 215 84 215 84 215

AT =T, — Tg. T, and Ty, are in °C.

Table 2 Wall temperatures recorded at 100 W/cm?

Pressure 1 layer 2 layers 4 layers 6 layers
(kPa) T, AT T, AT T, AT T, AT
9.7 77 307 79 327 82 357 83 367
15 71 22 82 27 83 28 85 30
21 81 185 87 245 89 265 90 275

AT =T, — Ty, T, and T, are in °C.
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(desired in electronic cooling applications). However, the perform-
ance became worse at 100 W/cm? for structures having more than
two layers. The CHF was not reached for the enhancement structure
geometries until the end of the experimental steps (usually
100 W/cm?). It is observed that the wall superheat increases with an
increase in the number of layers of the structures, which implies a
decrease in the heat transfer coefficient. This trend can be seen in
Fig. 11, in which the effect of the stack height on the heat transfer
coefficient, &, at 9.7 kPa is shown, where

Q

- AT

have = 14J

¢

where Q is the heat dissipation, A, is the surface area of the structure
exposed to liquid, and AT is the wall superheat (T, — T,). The
superior performance of the single-layer structure is evident from the
comparison. For the single-layer structure, the heat transfer
coefficient increases monotonically at low wall superheat, then
slowing down from 10°C-20°C, and finally decreasing monotoni-
cally at higher wall superheats. Visual observation showed that at
low wall superheats, the bubbles emerged from some preferred spots,
however, at higher wall superheats, the bubble generation resembled
that of fully developed boiling. The generation of bubbles affected
the liquid movement close to the boiling structure. So at higher heat
fluxes, vigorous bubble generation decreased the liquid supply close
to the structure, which decreased the heat transfer coefficient.
Ramaswamy [38] observed similar behavior for boiling with a
single-layer structure of similar geometry, using PF5060 as the
working fluid. Compared with the single-layer structure, the 2-, 4-,
and 6-layer structures show a weaker change in the heat transfer
coefficient with wall superheat and achieve lower values of the heat
transfer coefficient. An increase in the stack height is also seen to
limit the maximum value of the heat transfer coefficient. This implies
that there exists a certain stack height, which will produce the
maximum heat transfer coefficient for a particular saturation
pressure. McGillis et al. [20] also observed similar optimum height
with finned structures and found that the heat transfer was insensitive
to fin height beyond a certain fin height. In the current study,
however, the heat transfer was influenced by the height of the
structure. Following from the preceding discussion, this behavior
can be attributed to the bubble generation dynamics from the
enhancement structure used in the present study.

Increasing the number of layers increases the convection heat
transfer area; however, due to the conduction thermal resistance
encountered in the stack, the temperature of the top layer will be less
than the base temperature, potentially resulting in a decrease in heat
transfer coefficient. A similar observation was also noted by
Ramaswamy [38] in his study with dielectric fluids. Nakayama et al.
[39] noted that for higher heat fluxes (greater than 15 W /cm?), the
boiling curves of porous structures closely resembled that of plain
surfaces. They attributed the deterioration in heat transfer coefficient
with an increase in the stack height of the porous structures to the
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Fig. 11 Heat transfer coefficient vs wall superheat at 9.7 kPa for all
layers.

“dried-up” mode of boiling. In a recent study with PF5060, Ghiu and
Joshi [40] did not observe any decrease in performance due to the
dried-up mode, however, the maximum heat flux for their study was
35 W/cm?. In the present study, experiments were performed
beyond 100 W/cm?, where vigorous bubble generation was
observed. Because of increased bubble generation from the sidewalls
(with an increasing stack height) and the top surface of the structure,
there will be less liquid coming in contact with the porous structure,
which would decrease the overall heat transfer from the structure. In
this regard, the current results corroborate with the previous
observations of Nakayama et al. [39].

D. Fin Model

The enhanced structure was modeled as a fin with a specified heat
transfer coefficient. The following additional assumptions were
made:

1) Heat losses from the sides of the chamber were considered
negligible.

2) Uniform heat flux was assumed from the heater surface.

3) The heat transfer coefficient was obtained by considering the
exposed surface of the structure to be at the wall temperature.

4) The uniform heat transfer coefficient was assumed over the
entire exposed surface of the boiling structure.

Three-dimensional steady heat conduction was employed for the
configuration shown in Fig. 12, using the following boundary
conditions:

Input heat flux:

0
e 2
qn A 2)
Convective heat transfer:
oT
k(- o :have(Tsat - T:) (3)
0z |,

where Q is the input power to the system; A is the heater surface area,
which was in contact with the copper block; 4, is the average heat
transfer coefficient at the exposed surfaces of the enhanced structure
(obtained from the experimental results); 7, is the saturation
temperature of the working fluid; and 7 is the temperature at the
surfaces of the enhanced structure. The solution procedure involved
solving for the temperature profile throughout the assembly and then
obtaining the heat flux from the base of the structure. The ¢” vs T
curves for layers 1, 4, and 6 obtained from the numerical simulation
are shown in Fig. 13, alongside experimental data. The trends of the
predicted ¢” vs T curves match closely with those of the experimental
results, which shows that the numerical simulation predicted the
enhancement obtained from the structures. However, the numerical
simulation overpredicted the surface heat flux by approximately 5%

Tsat have

Polycarbonate\ \
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¥ | —Insulated
Copper / /
block
41’/
v
/’ Input heat
Insulation 4/’// flux
P

Fig. 12 Model configuration for calculation of wall heat flux with
enhanced structures.
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(comparison between experimental and numerically predicted results).

at the higher heat fluxes. One of the reasons for this overprediction
might be the assumption of the uniform heat transfer coefficient
throughout the exposed surface of the enhancement structure.
Moreover, adiabatic conditions were assumed for all the sidewalls
and the bottom walls of the assembled structure shown in Fig. 12. In
reality, some heat loss will occur through the sidewalls, which will
reduce the actual heat flux through the boiling surface. Ramaswamy
[38] performed a two-dimensional analysis of the heat transfer
through the enhanced structures using a finite volume approach.
Their predicted surface heat flux values had a minimum of 10%
variation with respect to their experimental results. A more realistic
three-dimensional analysis in this study might be responsible for the
better agreement between predicted and experimental results. This
study shows that the fin effect of the enhancement structures cannot
be neglected. The combined effect of the finlike structures and the
boiling phenomenon from stacked porous structures might be
responsible for the observed reduction in heat transfer coefficient
with an increase in the layers of the enhancement structure.
Increasing the layers of the structures also affects the flowfield
inside the evaporator, which might also explain the deterioration of
heat transfer for higher stack heights. A tall structure would create a
barrier to the flow coming from the inlet. During boiling, such a
structure would also generate more bubbles from the sides, which
would create both a sweeping motion and resistance to the incoming
liquid from coming in contact with the structure. Structures with
lower heights would provide smaller resistance to the incoming flow.
The top side of the structure would be the main contributor to heat
dissipation. Haider et al. [11] performed a numerical study of the flow
and heat transfer of a closed-loop thermosyphon and observed that
the heat transfer in a thermosyphon configuration as used in the
present study would be similar to the heat transfer in flow boiling.

VI. Conclusions

The boiling of water at subatmospheric pressures from an
enhanced structure in a thermosyphon was studied. The enhance-
ment structure had a stacked-layer geometry, and four different
numbers of layers were used (1, 2, 4, and 6) at pressures of 9.7, 15,
and 21 kPa. The results were also compared with boiling from a plain
surface. The following conclusions can be drawn from the
experimental results:

1) Boiling at subatmospheric pressures results in a lowering of the
saturation temperature, which leads to lower wall temperatures. Heat
fluxes greater than 100 W/cm? can be achieved through boiling at
subatmospheric pressures, while keeping the surface temperatures
below the threshold temperature of 85°C.

2) Incipient superheat was found to be negligible for boiling at
subatmospheric pressures with enhanced structures.

3) The heat transfer coefficient increased with an increase in the
operating pressure. With an increase in heat flux, the performance at
lower pressure was worse compared with higher pressure.

4) The lowering of surface temperature with a decrease in pressure
is offset by the deterioration of heat flux with the lowering of

pressure. Bubble generation physics plays an important part in this
scenario. In this respect, the current results corroborate previous
investigations on boiling of water at low pressures, which
concentrated on visualization of bubble generation at low pressures.

5) The enhancement structure is found to increase the heat flux
with respect to boiling from a plain surface at subatmospheric
pressures. However, as the height of the structure was increased
beyond a single layer, the heat transfer coefficient was reduced. This
implies the existence of an optimum height of the structure, which
will achieve the maximum heat transfer corresponding to a particular
saturation pressure.

6) The enhanced structure achieved improved performance with
respect to the plain surface and also increased the CHF.

7) With an increase in the operating pressure, the enhancement in
heat transfer achieved by the porous structure over the plain surface
tends to decrease.
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