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We experimentally study high-pressure pool-boiling heat transfer enhancement using
a copper sintered-particle wick structure in water. The wicks are fabricated using the
multi-step sintering process using 200 um sintered copper powder. Thermophysical
properties of water change at elevated pressure, therefore changing the bubble
dynamics. For the single-layer wick, Critical Heat Fluxes (CHF) of 179.63, 182.42, and
198.16 W/cm? are found at 0, 103.4, and 206.8 kPa, respectively. The maximum CHF
is found at 206.8 kPa with the wick superheat of 9.9K. A 110% enhancement is
found in the CHF for 206.8 kPa, compared to 0 kPa. We observed a CHF 1.8 times
higher compared to the plain surface at 0 kPa. The maximum Heat Transfer Coefficient
(HTC) of 252.46 W/cm? K is found at a heat flux of 100 W/cm? and a pressure of
206.8 kPa. The high-pressure pool-boiling result for the single-layer wick shows that
the heat transfer coefficient is enhanced by 100% compared to 0 kPa. We suggest
the reasons for enhancement of the pool-boiling performance is primarily due to high
rate of bubble generation, high bubble release frequency, and reduced thermal-hydraulic
length modulation, and enhanced thermal conductivity due to the sintered wick layer.
Our analysis suggests that the Rayleigh-critical wavelength decreases by 4.67% with
varying pressure, which may cause the bubble pinning between the sintered particles and
prevents bubble coalescence. Similarly, the role of pressure in enhancing heat transfer
compared to the effect of the wicking layer is also analyzed and found that the critical
flow length, Ay reduces by three times for 200 wum diameter particles. We suggest that
the porous wick layer provides a capillary-assist to liquid flow effect, and delays the
surface dry out. The pressure and surface modification amplify the boiling heat transfer
performance. All these reasons may contribute to the CHF and HTC enhancement in the
wicking layer at high-pressure.

Keywords: pool-boiling, wick structure, sintering, critical heat flux, heat transfer coefficient, Rayleigh-critical wave
length, thermal-hydraulic

HIGHLIGHTS

- Mechanisms of heat transfer enhancement at high-pressure pool-boiling on the wick surface.

- The surface modification at elevated pressure improves the boiling heat transfer performance by
a factor of four compared to a plain surface.

- The critical heat flux at elevated pressure is found to be 1.8 times higher than one at 0 kPa.
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- Pinning mechanism and capillary-driven flow effects explain
the CHF enhancement mechanism.
- Pressure reduces the modulation wavelength by three times.

INTRODUCTION

There is a need to improve advanced thermal management
systems reliability and prevent premature failure in space
applications, including efficient electricity production, water
desalination, smart buildings, and food production. Due to
the excessive generation of heat in electronic devices, two-
phase liquid-vapor phase-change heat transfer has been received
considerable interest in electronics cooling to transfer a large
amount of heat in a small thermal resistance. Nucleate pool-
boiling is a simple, efficient, and reliable cooling approach.
However, the real technical challenges lie in the reduced heat
transfer performance, i.e., Heat Transfer Coeflicient (HTC), and
limited Critical Heat Flux (CHF).

Zuber initially developed the theory for the Critical Heat Flux
using hydrodynamic instability model for an infinite plain surface
(Zuber, 1959). The Zuber q” -y is,

I7
q cur = ﬂpgl/zhlg [go (Pl - pg)]1/4 1)

And the modulation wavelength 1, is,

o 1/2
Am =9 [7} (2)
glpr — pg)

where, o is the surface tension, hy is the enthalpy of vaporization,
g is the gravitational acceleration, p; and pg are the densities of
the liquid and vapor, respectively.

The CHE, expressed in Equation (1), shows that the maximum
limit of pool-boiling heat transfer depends on the properties of
the water and the modulation wavelength. The thermo-physical
properties of water i.e., the specific volume, surface tension, and
the latent heat of vaporization change at high-pressure, which can
have a significant impact on the boiling performance. The latent
heat of vaporization and the specific volume of water change
with increasing pressure as shown in Figure 1. In the literature,
many experimental studies have reported enhancement in the
pool-boiling performance at elevated pressures (Semeria, 1963;
Bobrovich and Mamontova, 1965; Nishikawa et al., 1982;
Sakashita and Ono, 2009). The pool-boiling behavior has been
studied at high-pressures (up to 7 MPa) on a horizontal surface
(normal direction of the surface is aligned with the direction
of the gravitational acceleration). The results showed that the
pressure affects the size of the nucleating bubbles, whereas
the bubble departure frequency of the coalesced bubbles does
not change (Sakashita, 2011). In the following year, a direct
correlation between pressure and the nucleation site densities
was found (Sakashita, 2011). A significant enhancement in the
performance of pool-boiling has also been reported at low
pressure for the microporous surfaces (Rainey et al., 2003a)
and the square pin-finned surfaces (Rainey et al., 2003b). The
bubble detachment frequency was noticed at high-pressure and
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FIGURE 1 | The effect of pressure on the thermophysical properties of water.
(A) The latent heat of vaporization. (B) The specific volume of water.

found a negligible effect at high heat fluxes on a rectangular
horizontal heating surface. However, a small variation has been
observed in the averaged values of data at elevated pressures
(Bobrovich and Mamontova, 1965). Similar observations have
been made in the high -pressure pool-boiling experiment on
the horizontal upward facing surface (Sakashita and Ono,
2009). A systematic study was carried out for the nucleation
site densities at a high-pressure pool-boiling experiment and
reported that the nucleation site density increases in proportion
of 1.5th of the pressure. Many surface modification methods
have been employed to enhance the performance of the
pool-boiling heat transfer and understand CHF enhancement
mechanism including surface roughness (Jones et al., 2009),
micro/nanostructured surfaces (Jo et al, 2012), wettability
(Takata et al., 2003, 2006; Nam and Ju, 2008; Betz et al.,
2010, 2011, 2013; Jo et al., 2016; Marcel et al., 2017), addition
of nanoparticles (Trisaksri and Wongwises, 2009), extended
surfaces like microchannels (Jaikumar and Kandlikar, 2015a,b),
porous coatings (Hwang and Kaviany, 2006), and modulated
wick surface (Nasersharifi et al., 2018).

The surface roughness improved the performance of the
pool-boiling heat transfer with the increased number of active
nucleation site densities and the decreased size of cavities
(Jones et al., 2009). The varied wettability surface featured with
combining hydrophilic (gives an advantage in supplying liquid
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to the heated surface) and hydrophobic (activates nucleation
at lower wall superheat) surfaces, enhanced the CHF and
the HTC during the pool-boiling (Betz et al., 2013). The
Graphene Oxide (GO) coated surface was tested in the high-
pressure pool-boiling experimental arrangement and found
51.5% enhancement at 412 kPa compared to the plain surface.
The bubble size on the GO coated surface was found significantly
smaller than the bubble size on the plain surface. The non-
homogenous nanostructure (mixed wettability) was attributed
with the pinning effect, enhanced the HTC (Li and Betz, 2017).
The pool-boiling performance on the microporous coating has
been examined due to the increased active nucleation site density
from the direct visualizations (Chang and You, 1997). The
enhancement in the nucleate boiling behavior has been studied
for the square fin array and microporous coatings. The CHF
enhancement has featured to the surface area enhancement, fin
efficiency, increased number of nucleation site density, vapor
bubble departure resistance, and re-wetting liquid flow resistance
(Rainey and You, 2000). The modulated porous-layer coatings
were investigated and found an enhancement in the pool-
boiling CHF nearly three times over that of a plain surface,
mainly decreasing hydrodynamic-instability wavelength (Liter
and Kaviany, 2001). The nucleate pool-boiling behavior was
examined by studying the various boiling parameters including
increased active nucleation site density, decreased bubble
size and increased departure frequency on the microporous

surfaces (Kim etal., 2002). The pool-boiling performance has
been investigated on thin uniform porous coatings of different
copper particle diameters and wick layers. They found that a
thin uniform coating significantly influences the hydrodynamic
instabilities by decreasing the critical Rayleigh-Taylor wavelength
(Hwang and Kaviany, 2006; Hwang et al., 2015). The heat transfer
enhancement by evaporation momentum force was studied by
directing the bubble interface motion over the heated surface
(Kandlikar, 2013). The enhancement in the CHF has reported
for the bi-porous sintered copper coatings in FC-72 (Byon et al.,
2013). They found that the CHF is primarily a function of
the particle size to cluster size ratio (d/D) and independent of
the coating thickness. The saturated pool-boiling heat transfer
performance has performed on the multilevel modulated wicks,
i.e., single-layer, columnar, and mushroom post wicks structure
for n-pentane (Nasersharifi et al., 2018). In the mushroom wick,
the critical heat flux has determined for a pitch distance of
3.5 mm. Further reduction of the pitch distance, 1 mm, a 250%
of enhancement in the critical heat flux was found. The capillary
performance of 3D printed wick structures for the sintered
powder, screen mesh, and composites wick structures was studied
in the two-phase heat transfer process (Jafari et al., 2018).

In this work, we explore the impact of pressure on the
performance of 200 um copper sintered particle wick structures
in a pool-boiling system. The objective of the present study is
to understand the coupled effect of high-pressure and the wick
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ambient condition. (E) The end product of the single-layer wick structure.

FIGURE 2 | The process flow chart of the sintering process for the wick structure using the copper sintered particles. (A) An assembly of the machined smoothed
polished copper surface with a stainless steel mold. (B) Poured and uniformly distributed sintered copper particles in the pocket of mold and the copper substrate. (C)
The entire assembly kept in the furnace filled with Argon gas, 50 sccm (cubic centimeter per minute) for 2 h at 950°C. (D) Finally, the surface is allowed to cool at
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structure in the pool-boiling performance. The dynamic bubble
behavior has also studied at elevated pressure with the wick
structure. We discuss the possible reasons for the enhancement
in the result and discussion section.

EXPERIMENTAL

Wick Structure Fabrications

We fabricated the single-layer wick structure using a sintering
process. The detailed sintering process is found in the previous
work (Nasersharifi et al., 2018), and the key approach is
shown in Figure 2. The commercially available 200 pum-diameter
copper powder was used in the sintering process (particle size
distribution is 177-250 pum). The wick was sintered on a polished
surface of 1cm diameter and 2.54cm long copper rod. The
copper surface was cleaned using isopropanol solution before
sintering. The fabrication was done in the stainless-steel mold
cavity. The cylindrical-shaped mold was machined 200 microns
deeper than the copper rod with a £50 pm tolerance. The copper
substrate was placed into the mold, and the copper particles
were spread uniformly into the mold cavity, controlling the
layers of the wick. The mold filled with the particles was kept
in the furnace filled with Argon gas flow with 50 sccm at
950°C for 2h. The fabricated wick layer was allowed to cool
naturally at the ambient condition with the cooling rate of 5-
10°C per minute. The fabricated wick layer on the copper rod

was released from the mold cavity and examined the surface
quality in the confocal microscope (Leica VZ700 C). The zoomed
top view of the single-layer wick is shown in Figure3. A
copper heating block of 1”7 (2.541cm) in diameter and 2"
(2.508 cm) long was machined to insert the Cartridge heater. A
thermally conductive paste, OMEGABONDTM 201 (Two-part
epoxy: very high thermal conductivity) from Omega Engineering,
Inc., was applied at the interface between the wick structure
and the copper heating block. The wick structure with the
copper heating block was kept in an oven at 125°C for 4h
to ensure the copper blocks get appropriately fixed. The cured
copper heating block was assembled with a cylindrical Teflon
block with the 500 W capacity of the Cartridge heating rod.
The heating block was insulated with the Polytetrafluoroethylene
(PTFE) surface. The heater block assembly was demonstrated in
research work (Dahariya and Betz, 2019). A high-temperature
copper sealant (ULTRA COPPER GASKET MAKER) was used
to avoid any water leakage from the gap between the copper
heating block and the insulated surface. The gap was carefully
filled with the sealant. Three holes were drilled at 3, 9, and
15mm from the tip of the copper surface to accommodate
thermocouples for measuring the surface temperature and heat
flux. A thermal paste was applied on the thermocouple tips to
ensure minimal thermal resistances between the thermocouples
and the copper rod. Three K-type thermocouples (0.3175cm
diameter) were used to measure the surface temperature. A

the bubble is also shown.

FIGURE 3 | The zoomed top view of copper substrates and the contact angle measurement using the Goniometer. (A) The smoothed polished copper surface of
diameter ~1 cm with contact angle 80.52° and (B) the mono layer wick structure of 200 um sintered copper particles with contact angle 100.96°. The base width of

Angle = 80.52 degrees
Base width = 2.7465 mm

Angle = 100.96 degrees
Base width = 2.0775 mm
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high-pressure pool-boiling is also shown at the top right.

FIGURE 4 | The schematic of high-pressure pool-boiling experimental setup chamber with the data acquisition system, back pressure regulator valve, nitrogen gas
cylinder, power supply, heater arrangement, and the sight window with the camera for bubble visualization during boiling. The image of the initial setup of

thermocouple was also placed inside the boiling chamber to
measure the temperature of the working fluid, i.e., water. The
contact angles of the plain and wick surfaces were measured using
a Goniometer, which were 80.52 and 100.96°, respectively as
shown in Figure 3, indicating that the wick increases the contact
angle by 25%. The wick surface was kept at 125°C for 48 h in the
oven to oxidize the surface and the contact angle was measured
again. After the surface treatment, the contact angle was 98.53°.
The detailed measurement procedure of the wick structure
is found in the previous work (Albu et al., 2019), and only
the measured thickness, pore size, porosity, and permeability
of the wick structure are given here. The wick thickness was
approximately the size of the sintered copper particle diameter,
i.e., 200 wm. The measured effective pore size and porosity were
109-117 pm and 0.25, respectively. The measured permeability
was 7.05 x 1071 m?.

Experimental Method and Procedure

A similar pool-boiling experimental setup was used for
the high-pressure pool-boiling heat transfer measurements
(Li and Betz, 2017). The schematic of the experimental setup
is shown in Figure 4. The wick surface with the PTFE block
was placed in a closed stainless-steel boiling vessel with a
capacity of 1.5L, filled with deionized water. The boiling tests

were performed at different gauge pressures. The pressure
inside the boiling vessel was maintained using the LF (Low
flow) low pressure, Precision Back Pressure Regulator valve
manufactured by Equilibar. The water was boiled for an hour
to remove any gas. The water was boiled until it the saturation
temperature of 100, 121, and 135°C at 0, 103.4, and 206.8 kPa,
respectively. A cartridge water heater of 250 W was immersed in
the vessel. A 1,500 W power supply (INPUT rating 100-240V,
~19 A, 50/60 Hz, manufactured by GDK Lambda) was used to
provide the required heat flux to the 1 cm? of surface area.
A data acquisition system (OMEGA OM-USB-TC-AI) was used
to record the surface and water temperatures, and monitor the
pressure inside the water pool during the boiling. The surface
temperature Ts, was extrapolated using three data points to
the specified locations. Fourier’s law of heat conduction was
used to calculate the heat flux. The superheat was determined
by calculating a difference of the surface temperature and the
saturated water temperature, AT = T - Tgy. During the high-
pressure pool-boiling experiments, initially, the pressure was
measured inside the chamber using a pressure transducer. The
boiling process was visualized using the SONY Cyber-shot DSC-
RX100M6 camera. The boiling data were taken at an interval
of 10-12min when the system reaches a steady-state. The
measurements for the surface temperature, T, and the saturated
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FIGURE 5 | The high-pressure pool-boiling curves for plain surface and 200 wm single-layer wick surface for three different gauge pressures; 0, 103.4, and 206.8
kPa. The critical heat flux for each condition is reported for the plain copper and the wick surface.

water temperature, T were recorded for a minute (60 data
points) for each heat flux with a scan rate of 1 Hz. The averages
of the measured temperatures were used to extrapolate the
surface temperature. The same test procedure was followed in
the previous work (Dahariya and Betz, 2019). The CHF was
determined as the maximum heat flux provided to the surface
corresponding to the last observed steady surface temperature.
Beyond the maximum heat flux, a dramatic increase in the
surface temperature was noticed. The HTC was determined from
the ratio of the heat flux q” and the degree of superheat (T - Tsat)
shown in Figure 6.

In the uncertainty analysis, the error in the thermocouples,
the pressure transducer, and losses in the heat flux measurement
were considered. The uncertainty in the measurements and the
error analysis were shown in Dahariya and Betz (2019). The
uncertainty was determined for the measured heat flux. The
uncertainty at the onset and 30 W/cm? was determined to
be 14.43 and 0.65%, respectively. The uncertainties were also
calculated for high-pressure experimental data. For the measured
heat flux of 45 W/cm?, the uncertainty was 18.62 and 16.45% at
103.4 and 206.8 kPa, respectively.

RESULTS

The high-pressure pool-boiling results are shown in Figure 5,
which compares the boiling performance of the plain surface to
the single-layer wick surface. The results are shown for the single-
layer wick surface at three different elevated pressures: 0, 103.4,
and 206.8 kPa. The boiling curve is drawn for the heat flux q”,

and degree of superheat AT = T — Ty as shown in Figure 5.
For the plain surface, gcyr = 102.14 W/cm? was found at AT =
22.87 K. The result agrees well to previous work, which found 85
W/cm? at 28 K (Li and Betz, 2017), within the uncertainty, +15
W/cm?. The difference in CHF can be related to the different
surface roughness. For the plain surface, the CHF are 118.23
and 130.24 W/cm? at 103.4 and 206.8 kPa, respectively. Li and
Betz (2017) reported pool-boiling results at high-pressure on the
Graphene Oxide (GO) coated surface with CHF of 80, 90, and
105 W/cm? at 0, 103.4, and 206.8 kPa, respectively. The enhanced
CHF at elevated pressure was reported due to change in the
bubble dynamics and pinning mechanisms. At high-pressure, the
thermophysical properties of water i.e., the specific volume and
the latent heat of vaporization, decrease. The effect of change in
the property of water was observed in the bubble departure size
and the bubble departure frequency, which influence the boiling
performance (Dahariya and Betz, 2019). A 46% of reduction in
the bubble size was found from 0 to 620.5 kPa with 10-12% of
an error margin. Further enhancement in the CHF is found in
the single-layer wick surface. The slope of the boiling curve for
the wick structure shown in Figure 5 is higher than the plain
surface. The measured CHF for the single-layer wick is 179.63,
182.42,and 198.16 W/cm? at 0, 103.4, and 206.8 kPa, respectively.
For the single-layer wick, the maximum heat flux, 198.16 W/cm?
is obtained at 9.89K of superheat for 206.8 kPa. At the gauge
pressure of 0 kPa, the CHF is 1.75 times higher for the wick
surface as compared to the plain surface at 0 kPa. A significant
reduction in the degree of superheat is also noticed for the single-
layer wick at the given heat flux compared to the plain surface.
For the wick surface, the maximum heat flux is obtained at AT
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FIGURE 6 | The performance of high-pressure pool-boiling data for three
different gauge pressures; 0, 103.4, and 206.8 kPa. Heat Transfer Coefficient
(HTC), kW/m? K. vs. Superheat T — Teat (K).

= 9.87 K for 206.8 kPa. Whereas, the maximum CHF is obtained
for the plain surface at 16.79 K. The degree of superheat value is
comparatively smaller than the plain surface, which enhances the
HTC. Twenty percent enhancement of the CHF was reported for
the wick structure (200 pm wick) with n-pentane as the working
fluid (Nasersharifi et al., 2018). The low wick superheat was
related to the increased effective thermal conductivity. In the
boiling curve, the boiling onset is as important as determining
the CHF. The HTC is determined with a ratio of heat flux and
the wick superheat. Figures 6, 7 show the HTC as a function
of the superheat and the heat flux, respectively. The coupled
effect of the surface modification of the wick layer and increasing
pressure enhances the HTC. For the plain surface, the heat
transfer performance curve exhibits enhancement of 75% at 206.8
kPa compared to 0 kPa. The maximum HTC is observed at a
degree of superheat around 6 and 16 K for the wick surface and
the plain surface, shown in Figure 6. The wick layer reduces the
degree of superheat by 2.5 times. The maximum HTC, 252.46
W/cm? K is observed for the heat flux at 100 W/cm? for 206.8
kPa shown in Figure 6. The heat transfer performance enhances
100% compared to 0 kPa. The enhancement is obtained due to the
low superheat and a different boiling behavior which is explained
in the next section. At high heat flux, the HTC further decreases.
For the other two pressures 0 and 130.4 kPa, the maximum HTC
has found ~145 and 195 kW/m? K at 150 W/cm? of heat flux
shown in Figure 7. The difference in the HTC can be related to a
change in the boiling behavior at higher pressure. Figure 8 shows
the boiling images of the wick surface at different heat fluxes
for the two pressures. Figures 8(1a-f) show the recorded boiling
images for 0 kPa and Figures 8(2a-f) show the boiling images
for 206.8 kPa.

The bubble nucleation begins at a heat flux of 5-10 W/cm?
and a degree of superheat of 0.5-1.0K, which is similar to the
plain surface (Dahariya and Betz, 2019). The bubble departure
size is ~3 mm as shown in Figure 8(1a). The nucleate boiling is
observed up to the heat flux of 100 W/cm?. The results suggest
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FIGURE 7 | The performance of high-pressure pool-boiling for three different
gauge pressures; 0, 103.4, and 206.8 kPa. Heat Transfer Coefficient (HTC) in
kW/m? K vs. Heat Flux (q”) in W/cm2.

that the boiling on the wick extends the nucleate boiling region
(supports nucleation) for a longer duration. At high heat flux
>100 W/cm?, the bubble starts merging to the neighboring
bubbles, leading to boiling in the form of slugs or columns which
can be seen in the boiling images shown in Figure 8. The effect
of pressure on the bubble size is observed at 206.8 kPa is shown
in Figures 8(2a-f). The bubble size reduces significantly from
3 to 1 mm, which is two times lower than at 0 kPa. At higher
heat fluxes, boiling occurs in the form of jets and generates more
vapor from the surface in the bulk fluid. The jets start forming at
a low heat flux of 21.72 W/cm?, which is shown in the boiling
pictures. The results show that the boiling occurs on the wick
surface through the liquid-vapor jets. As the heat flux increases,
the jets start merging and reaches to a maximum limit of the
nucleate boiling heat transfer.

DISCUSSION

During pool-boiling, nucleate boiling plays a vital role in the
heat transfer process, and the cavity size behavior at saturation
point is also essential to study. Hsu’s theory states that the size
of active cavities is dependent on the surface wettability, thermal
boundary layer, and the properties of the water is expressed in

Equation (3)
B 0 Ot \>  4AC
=—|1-223 J(1-2) - ===
2C O, O, 86,

where 8§ is the thickness of boundary layer in microns. C; =
(1 + cos @)/sin @, C3 = (1 + cos @), @ is the wetting angle, A =
20 Tsat/ ,oghlg, Ow = Ty — Tsz. Ty is the surface temperature,
Tsar is the saturation temperature of the water, p, is the density
of vapor, and g is the latent heat of vaporization.

From Hsu’s correlation, it was found that pressure affects the
active cavity size (Hsu, 1962). A detailed study was performed

{7max> "min}
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FIGURE 8 | The recorded nucleate pool-boiling images for the 200 um mono layer wick structure are shown in 1(a—f) at O kPa at different heat fluxes. The
high-pressure boiling images at 206.8 kPa for the single-layer wick are shown in 2(a=f) for different heat fluxes.
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for the performance of high-pressure pool-boiling heat transfer
and the pressure effect on the boiling parameters e.g., nucleation
size densities, bubble departure size, and bubble departure
frequency (Dahariya and Betz, 2019). The pressure effect on
the boiling performance for the plain surface was studied at
a micron level for saturated conditions. The pressure activates
nucleation sites for micron size cavities and helps increase
the range of active cavity sizes, resulting in a greater number
of nucleation sites. The experimental results also showed that
at a low wall superheat, the size range of active nucleation
sites is wider than at atmospheric pressure. A similar trend is
observed in the wick structure for the nucleation site density
shown in Figure 8. The active nucleation site density increases
significantly at high-pressure and can be compared with the
results at 0 kPa. The coupled effect of the pressure and
the surface features on the wick surface could be the main

reason for the increased number of nucleation sites on the
wick surface.

From the bubble visualization, it is also noticed that pressure
affects the bubble departure size. The size of the bubble departure
decreases. The change in the bubble departure size can be
quantified by the pressure effect using the Fritz correlation (Fritz
and Ende, 1936), expressed in Equation (4),

1/2
Dy = 0.0208¢ [7] (4)
8(p1 — pg)

where o is the surface tension of the water, g is the acceleration of
the gravity, ¢ is the wetting angle, o; and p, is the density of the
liquid and vapor, respectively.

For example, the bubble departure diameter decreases
from 4.5 to 4.00mm for the pressure ranging, 0-620.5 kPa,
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respectively, using Fritz’s correlation. Similarly, the bubble
departure diameter for the wick surface at 0 kPa, is comparatively
smaller than the plain surface that can be seen in the boiling
pictures. The cavity size could be the main reason for the small
bubble departure size. At high-pressure, the bubble departure
size reduces further due to the pressure effect which also affects
the bubble departure frequency. The smaller bubbles lift at a
faster rate and transport heat through bubbles from the surface
to the fluid. The higher bubble frequency rate can be related to
the change in the thermophysical properties of water at high-
pressure. For example, the surface tension of water is 0.0589 and
0.052 N/m at 0 and 206.8 kPa, respectively. At high-pressure,
11.7% of change has noticed in the surface tension of the water.
Similarly, a 2.6% change is seen in the difference in the density of
water and vapor—the total percentage of change in the property
of water could be the result of bubble departure size change.

The increased active nucleation site densities can explain
the heat transfer performance for the wick surface at high-
pressure. Based on the micro convection theory (Foster, 1959) the
HTC depends on the boiling parameters, i.e., bubble departure
diameter, bubble departure frequency, and the bubble nucleation
site density. The correlation for the HTC is expressed in
Equation (5),

HTC = 2 (ZUklplel )l/dezfl/zn/a (5)

where k; is the conductivity of the liquid, ¢y is the specific heat
of the liquid, p; is the density of the liquid, Dy is the bubble
departure diameter, f is detachment frequency, and n,’ is the
active nucleation site density.

The HTC is directly proportional to the nucleation site
density. The results shown in Figure 6, show that the high-
pressure pool-boiling has a different boiling behavior. The onset
point of wall superheat is smaller than at 0 kPa. It indicates that
the boiling starts at a low wall superheat, AT = T, - Tgy. As
already discussed in the previous section; the pressure activates
the nucleation sites at the micron size scale. The number of active
nucleation sites on the wick surface at 206.8 kPa is significantly
higher than at 0 kPa as shown in Figure 8. The enhanced heat

transfer performance with the surface modifications, and the
pressure is shown in Figure 7. The HTC is enhanced three times
compared to the plain surface by the surface modification. We
further increase the HTC four times compared to the plain
surface by varying the system pressure and with the surface
modification. This shows there is a coupled effect of surface
modification and system pressure. The possible reasons for
the boiling performance enhancement by pressure could be an
increased number of active nucleation sites and available surface
area for heat transfer due to the wick, which may support to
bubble nucleation. Also, the sintered wick increases the effective
thermal conductivity of the surface (Nasersharifi et al., 2018). The
increased effective thermal conductivity of the single-layer wick
increases the heat flux per unit square of the heating surface.
Therefore, the HTC is enhanced!

Explaining the dry out mechanism in the pool-boiling heat
transfer is still under discussion. However, Zuber’s was the first
to describe the dry out mechanism responsible for CHF for the
infinite plain surface (Zuber, 1959). He emphasized the roles of
the critical Rayleigh-Taylor wavelength in the CHF mechanisms.
According to the Rayleigh-Taylor theory of instabilities, the CHF
depends on (Arr) V2, where Agy is the wavelength, which is a
function of the property of water. The wavelength at the onset
of hydrodynamic instabilities can be reduced by varying two
parameters: changing the thermophysical properties of water
by varying pressure or employing porous-layer coatings on the
surface. The pool-boiling mechanisms on the plain surface and
the wick surface are shown in Figure 9. For the plain surface, the
CHF occurs at high heat flux when the bubbles start merging, and
the vapor columns of liquid-vapor jets start forming.

Further increase of the heat flux, resulting the increased
number of continuous jet columns. The process continues until
the two neighboring vapor column jets start interacting and
reaches to the critical velocity of the vapor. When the system
reaches to a critical point, the system becomes unstable and
the surface temperature drops. Due to the porous structure, the
bubbles start pinning between the wick and the nucleate boiling
begins at a low wall superheat. The bubble pinning prevents the
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merging of the jet columns with the neighboring jets and controls
the liquid-vapor phase separation. Pressure has more effect in
the liquid-vapor phase separation by decreasing the modulation
wavelength A,, and is seen in Figure 9.

Based on the classical theory of hydrodynamic liquid-choking
limit, the modulation in the porous layer coating separates the
liquid-vapor by pumping liquid through the capillary action from
the surface to an evaporation sites (Liter and Kaviany, 2001).
The theory also hypothesized that the counter motion of the
fluids causes a viscous-drag resistance in the liquid. Based on the
assumptions, the CHF is determined as a function of the fluid
properties, coating material properties, and the macro and pore-
scale geometries of the coating is expressed in Equation (6). For a
uniform thin porous-layer layer, the critical flux is,

1/4

3 __ o
qCHF,u _ [g(pz - pg)] 6)

1/4 — 1/2

I pg' 2 Ay [oglor — pg)] / s
And,
I 2

Ay = d 7
! (5.888”) @

where € is the porosity, and d is the diameter of the
copper particle.

The given correlation depends on the constant empirical
parameter n is shown in Equation (7). The critical heat flux
is calculated for the uniform thin porous-layer coating using
Equation (6), with € = 0.4 and n = 1.2, and diameter d = 200 pm.
The predicted critical heat flux for 0, 130.4, and 206.8 kPa is found
178.76, 230.05, and 255.94 kW/m?, respectively. The enhanced
CHEF is 1.5 times as high as the plain surface. The measured CHE,
179.63 KW/m? at 0 kPa agrees well with the predicted value.
However, the values at higher pressure are over predicted with the
measured CHE, 182.42, and 198.16 kW/m? for 130.4, and 206.8
kPa, respectively. The enhanced CHF suggests that the pressure
may have a significant effect on the modulation wavelength.
Calculating the modulation wavelength for pressure ranging 0-
206.8 kPa, A\, varies from 22.5 to 21.45mm. It reduces the
distance of the pinned liquid-vapor jets by 4.67%. The significant
change in the pitch distance has observed in the boiling pictures.
It indicates that there is a liquid-vapor phase separation that
occurs at the solid/liquid interface of the wick which impacts
the heat transfer performance significantly. If we calculate the
flow critical length scale for 200 wm particle diameter and the
porosity € ranging 0.4-0.5, ), lies between 8.6 and 2.5 mm. This
reduces Ay by three times. The analysis suggests that the porous
structure also play an important role in the CHF enhancement

1/2
by a factor of ())‘\—':) . Finally, an optimized wick design (pore

spacing and vapor departure sites) is needed to maximize the
CHF using different sizes of sintered particles.

CONCLUSIONS

High-pressure pool-boiling performance is studied for the single-
layer sintered copper powder wick surfaces using water as

a working fluid. The wick structures are fabricated using a
multi-step sintering process with 200 pm copper particles, and
it increases the contact angle by 25%. The performance of the
heat transfer is compared to a plain surface. The results found
that the critical heat flux for the single-layer wick surface is 1.75
times higher than that of a plain surface at 0 kPa. However, the
critical heat flux is only 1.1 times higher than at 206.8 kPa for
the wick surface. The heat transfer performance enhancement is
related to the possible decrease in the hydrodynamic instability
and the capillary effect in rewetting the surface. We also found
that pressure has an impact on the modulation wavelength. It
reduces by 4.67% for the pressure ranging 0-206.8 kPa and
controls the liquid-vapor phase separation at the solid-liquid
interface with a bubble pinning effect. The wick surface also
decreases the wall superheat by three-folds. The maximum heat
transfer coefficient, 252.46 W/cm? K is found at 100 W/cm? of
heat flux for 206.8 kPa. The high-pressure pool-boiling result
shows that the HTC is enhanced by 100% as compared to 0
kPa. The surface modification increases the HTC by three times
as compared to a plain surface. However, the pressure further
amplifies the performance by four times compared to a plain
surface demonstrating a coupled effect between pressure and
surface modification. The HTC enhancement is related to the
increased number of nucleation sites, enhanced effective thermal
conductivity, and increased evaporation surface area. Overall, the
surface modification and the pressure amplify the performance of
pool-boiling heat transfer and dissipates a large amount of heat
passively at a low wall superheat.
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NOMENCLATURE

A Area

q" Heat flux

f Bubble departure frequency
Ds Maximum cavity diameter
Dy Departure diameter

o1 Density of liquid

Pg Density of vapor

hig Enthalpy of vaporization
Ts Surface temperature

Tsat Saturation temperature

m Fluid viscosity

g Gravity

Cpl Specific heat of the liquid
Pr, Prandtl number of the liquid
Cst Surface fluid combination
K Conductivity of liquid

na’ Active nucleation site density
AT Degree of wall superheat
HTC  Heat Transfer Coefficient
Greek Symbols:

p Density

o Diffusivity of liquid

m Viscosity

o Surface Tension

%] Contact angle

3 Boundary layer thickness
n Nucleation site density
Subscripts:

d Departure

| Liquid

max Maximum

min Minimum

s Surface

sat Saturation

v vapor phase

Iv liquid/vapor

sf wall/fluid

w wall

m2
W/cm?
1/s

kg/m®
kg/m?®
J/kg

N-s/m?
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