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Pool boiling heat transfer experiments were performed using acetone as the working fluid at atmospheric
pressure on seven heater surfaces, which can be divided into three types. The first, second and third types
refer to the plain surface with poor heat transfer, the open channel surface and uniform porous coating
surface with moderate heat transfer enhancement, and the 2-D/3-D porous coating surfaces with signif-
icant heat transfer enhancement. The open channel surface and uniform porous coating surface had inter-
crossed boiling curves, with better performance for the uniform porous coating surface due to the
enhanced nucleation heat transfer at small or moderate wall superheats, and better performance for
the open channel surface at large wall superheats due to the vapor channel provided. The 2-D porous
coating surface with the pitch width of 1.6 mm yields the best heat transfer performance and the largest
critical heat fluxes among the three 2-D surfaces. The 3-D porous coating surface (TS#7) significantly
increases the critical heat flux, which can be 3.7 times of that for the plain surface. Boiling curves were
shifted to smaller wall superheat region and critical heat fluxes were increased with increases in liquid
subcoolings. Two distinct bubble patterns existed for 2-D/3-D porous coating surfaces: continuously-iso-
lated-bubble-escape pattern at small or moderate heat fluxes, and periodically-large-bubble-escape pat-
tern at large heat fluxes. The hollow well at the heater center and/or the porous stacks exposed in liquid
are acted as the liquid supply duct at high heat fluxes. This explains the reason that the porous coating
surfaces with periodically varied particle layer thicknesses had larger critical heat fluxes than other hea-
ter surfaces.
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1. Introduction

Pool boiling is a well-recognized means for passively removing
high heat loads from a heater surface while maintains relatively
low material temperatures. Various surface modifications, includ-
ing integrated surface structures (e.g. channels and fins) and utili-
zation of a uniform porous coating on the heater surface, have
shown to effectively enhance the pool boiling heat transfer [1-3].
The enhancement is attributed to the combinations of the follow-
ing effects: an extended surface area effect, an increased nucleation
site effect, a capillary assisted liquid supply towards the heater sur-
face effect, and the vapor escape from the porous-layer to the pool
liquid effect [4]. These effects are dependent on the solid and liquid
thermophysical properties and porous parameters such as poros-
ity, pore size, its distribution and porous-layer thickness. The exact
relationship among these effects is not known yet.
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In a general sense, the pool boiling heat transfer on plain and
porous coating surface involves the counterflow of vapor release
and liquid supply. Considering boiling heat transfer on a uniform
porous-layer coating surface, the liquid supply is strongly related
to the capillary pressure written as Ap = 4a/d,. Here o is the sur-
face tension and d, is the pore diameter. A small pore size yields
a large capillary pressure to result in a large liquid supply capabil-
ity. Now we turn to consider the vapor release into the pool liquid.
Meléndez and Reyes [5] gave the vapor mass flow rate from the
porous media as

3
m =155 (%9) @) (1
128\ u, 0
where p, and u, are the vapor density and viscosity respectively, &
is the porous porosity, J is the porous thickness. It is seen from Eq.
(1) that a larger pore size achieves a larger vapor mass flow rate.
The above analysis gave the strong indication that the liquid
supply and vapor release require different pore sizes. A small pore
size is helpful for the liquid supply towards the phase change sur-
face but hinders the vapor escape into the pool liquid. When heat
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Nomenclature

A area (m?)

ap and a; empirically determined constants for temperature dis-
tribution in copper block

Cot specific heat of saturated liquid (J/kg K)

Cov specific heat of saturated vapor (J/kg K)

dp pore diameter (m)

g gravity acceleration (m/s)

h heat transfer coefficient with foam structure (W/m? K)

hyy latent heat of evaporation (J/kg)

ks thermal conductivity of solid copper (W/m K)

m mass flux of vapor phase (kg/m?s)

Ap capillary pressure (Pa)

q heat flux (W/m?)

qcHF critical heat flux (W/m?)

R base radius (m)

T temperature (K or °C)

ATgqr wall superheat (K or °C)

%hme surface tEMPperature gradient at the base surface (K/m)
time (s)

w pitch width (m)

z coordinate perpendicular to the base surface m
Greek symbols

1 porous coating thickness (m)
€ porosity of porous coating

b length scale

Jm wavelength (m)

u viscosity (kg/m s)

P density (kg/m?)

o surface tension (N/m)
Subscripts

b base of porous surface

bulk pool bulk condition

l liquid phase

s solid

sat saturation condition

v vapor phase

w wall surface condition

flux is increased, the generated vapor may be trapped within the
porous pores to yield the hot spot dryout [6]. On the other hand,
a large pore size possesses small flow resistance of the vapor re-
lease into the pool liquid, but the liquid supply towards the phase
change surface may be insufficient at high heat fluxes, under which
critical heat flux (CHF) encounters.

Multiscale porous surfaces are surfaces with varied particle
layer thicknesses. The modulation is imposed to generate alternat-
ing regions of low resistance to vapor escape and high capillary-
assisted liquid draw [7]. The multiscale porous surface consists of
periodical porous stacks and valleys. The liquid suction is fulfilled
within the pores of porous stacks, and vapor is released via the
valley. The periodically arranged porous stacks satisfy the require-
ments of large valley size for vapor escape and small pore size for
liquid suction. The modulation separates the flow paths of liquid
and vapor phases to decrease the counterflow resistance adjacent
to the surface.

Theories were proposed by Liter and Kaviany [8] for two inde-
pendent mechanisms capable of causing the liquid choking that
leads to CHF. The Zuber’s hydrodynamic theory was modified to
consider the coating modulation-wavelength on the vapor layer
development above the coating surface, which effectively hinders
the liquid downflow towards the coatings. The second liquid-chok-
ing limit occurs when the viscous drag suppresses the capillary
pumping capability. The lower of liquid choking limits is theorized
to predict the CHF.

Min et al. [9] developed a new fabrication method to readily
make 2-D and 3-D modulated coatings for enhanced pool boiling
performance. The coated stacks had different height, width, and
pitch (modulation wavelength), particle diameter and porosity.
The 2-D and 3-D coatings were found to have similar CHFs, indicat-
ing the strong effect of modulation wavelength and weak effect of
particle size and porosity.

The separation of flow paths of liquid and vapor phases can also
be fulfilled using the biporous wicks. Semenic and Catton [10]
investigated biporous wicks, having two distinguished characteris-
tic pore sizes. For comparison, monoporous wicks had a single
characteristic pore size. Thin biporous wicks reached higher CHFs
than monoporous wicks because they develop the evaporating me-
nisci not only on the top of the wick surface but also inside the
wick. Thick biporous wicks had better performance on CHFs than
thin biporous wicks. This is possible because liquid can be supplied

at the top layer of the wick towards the evaporating menisci above
the vapor blanket region.

Recent, Lin et al. [11] developed an evaporative heat transfer
model for a loop heat pipe with biporous wick structure. The effect
of wick pore size distribution on heat transfer was considered. The
evaporator wick was assumed to have three regions at the heating
condition: a vapor blanket, a two-phase region and a saturated li-
quid region. The evaporator wall temperature and the total ther-
mal resistance at different heat loads were predicted with
ammonia as the working fluid. The predictions showed distinct
heat transfer characteristics and higher performance for the bidis-
perse wick compared to monoporous wick. A bidisperse wick de-
creases the vapor blanket thickness, which behaves a thermal
resistance and causes lower heat transfer capacity of the
evaporator.

We investigated the pool boiling heat transfer of acetone at
atmosphere pressure. The objective of this paper is to examine
the effects of porous structure for liquid suction and valley channel
for vapor escape. In order to do so, we prepared seven heater sur-
faces, including the reference plain surface, thick porous coating
surface with uniform particle layer thickness, and 2-D and 3-D por-
ous coating surfaces with periodically varied particle layer thick-
nesses. The boiling curves, heat transfer coefficients and boiling
patterns were obtained. It is found that the 2-D and 3-D porous
surfaces significantly enhance the pool boiling heat transfer. The
temporarily existed hollow well at the heater center and exposed
porous stacks in liquid are the reason for the non-uniform porous
surfaces to have significantly large critical heat fluxes.

2. The heater surfaces and experimental setup
2.1. The heater surfaces with and without porous coatings

Table 1 shows the seven heater surfaces, which were made with
copper substrate and can be divided into four types: (1) the 2000
mesh sandpaper polished plain surface (TS#1); (2) open channel
surface with w (pitch width) = 1.0 mm and ¢ (fin height) = 2.5 mm
(TS#2); (3) uniform porous coating surface (TS#3, 6 =2.5 mm,
£=0.32 and d,=130-170 pm); (4) 2-D and 3-D porous coating
surfaces (TS#4-7). We Note that d, is the particle diameter.

TS#2 was a machined groove-channel surface without particles
sintered and polished by 2000 mesh sandpaper after its fabrication.
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Table 1
Heater surfaces used in this study.
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Heater surface Name Configuration

Parameters

TS#1 Plain surface

V
TS#2 Microchannel surface w=1.0mm, § =2.5mm
TS#3 Uniform porous coating surface 4; 6=2.5mm, £¢=0.32, d,=130-170 pm

WL L L 8L L, OIS

IS
TS#4 2-D porous coating surface w=1.0mm, §=2.5mm, £¢=0.3 2, d,=130-170 pm
TS#5 w=1.6mm; d=2.5mm, £=03 2, d, =130-170 um
TS#6 w=2.0mm; é=2.5mm, ¢=0.32, d, =130-170 um
TS#7 3-D porous coating surface w=2.0mm; é=2.5mm, =03 2, d,=130-170 um

Note: TS means test surface.

The use of this surface was for comparison purpose. Thus the SEM
image file for TS#2 was not provided. Fig. 1 gave the SEM pictures
for 2-D and 3-D porous coating surfaces, having the porosity of
0.32 and particle diameter of 130-170 pm. TS#3 had a uniform
porous coating thickness of 2.5 mm (see Fig. 1a). Three pitch
widths were prepared to yield three 2-D porous coating surfaces,
with w=1.0 mm for TS#4, w = 1.6 mm for TS#5 and w =2.0 mm
for TS#6. Other parameters except w were identical for TS#4-6.
TS#7 was the 3-D porous coating surface with w = 2.0 mm. In the
modified Zuber’s hydrodynamic stability theory, the pitch width
was assumed to be the modulation wavelength [12].

The porous coating thickness is an important parameter to
influence the pool boiling heat transfer. Min et al. [9] used the
thickness in the range of 0.7-2.0 mm for the 2-D and 3-D modu-
lated porous coatings to enhance the pool boiling heat transfer.
Semenic and Catton [10] used the porous coating thicknesses of
0.8-3.0 mm and noted that thick biporous wicks could reach high-
er CHF than thin biporous wicks because they continue to operate
although the vapor blanket (film boiling) exists on the heated sur-
face. This is possible because the top layer of the wick continues to
supply liquid to the evaporating menisci above the vapor blanket
region and vapor jets form between large pores of the wick and
vent the vapor out of the wick. It was also found that for thick
biporous wicks operating at very high heat fluxes, the heat con-
ducts radially into the wick. We used the porous coating thickness
of 2.5 mm in this study.

We note that there was a particle substrate with its layer thick-
ness of about 0.5 mm for 2-D and 3-D porous coating surfaces.
Thus the 2-D and 3-D porous stacks had the height of about
2.0 mm. Fig. 1 shows that 2-D porous coating surfaces had 2-D por-
ous stacks for liquid suction and valley grooves for vapor release.
The 3-D porous coating surface had periodically arranged conical
stacks for liquid suction and valley part for vapor release. The mul-
ticsale porous surfaces smartly apply the flow path separation

concept. The liquid downflow towards the evaporating menisci
was completed via the 2-D/3-D porous stacks while vapor was
escaping through the valley part of the configuration (see Fig. 2).

2.2. The experimental setup

Fig. 3 shows the copper block test section. Five cartridge heaters
were inserted in 6.0 mm diameter holes at the copper block bot-
tom, providing heating power to the copper block. Each cartridge
heater had a maximum power of 100 W at an AC voltage of
220 V. The middle part of the copper block had three 1.0 mm diam-
eter holes. Three K-type thermocouples were inserted in the min-
iature holes.

The top of the copper block was a rectangular plate with a thick-
ness of 3.0 mm. The sand polished copper surface was treated as
the reference surface (called TS#1 in Table 1). The plate surface
area was 12.0 mm by 12.0 mm. The TS#2 surface was an open
channel surface. The microchannels were directly machined on
the top of the copper block. TS#3-7 are 2-D and 3-D porous coating
surfaces, which were sintered on the top of the copper block with
periodically varied thicknesses of the deposition layer.

Fig. 4 illustrates the experimental setup. The test heater surface
and liquid were enclosed in a transparent glass chamber. The bot-
tom of the glass chamber was a stainless steel plate. A rectangular
hole was at the center of the stainless steel plate to fit the copper
block. Teflon was adapted between the stainless steel plate and
copper block. Epoxy glue was filled for seal. There was no liquid
leakage for such hardware arrangement. The heater surface was
immersed in the pool liquid. The main body of the copper block
outside of the glass chamber was insulated by the thermal insula-
tion material.

During the boiling experiment, the glass chamber was kept at
the atmospheric pressure. Fig. 4 also shows the power supply sys-
tem, consisting of a 220 V voltage stabilizer, a voltage transformer
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Fig. 1. The SEM photos for uniform and non-uniform porous coating surfaces.

and a powermeter. The powermeter gave the power reading. All
the temperature signals were recorded by a Hewlett-Packard data
acquisition system. A high speed camera collected the boiling pat-
terns with millisecond time scale.

The pool liquid temperature should be well controlled during
the experiment. This can be fulfilled by a vapor condenser out of
the glass chamber (component 1 in Fig. 4), a cooper coiled tube
with tap water flowing inside and an auxiliary heater in the glass
chamber (components 2 and 3 in Fig. 4). The pool liquid tempera-
ture was measured by a jacket thermocouple. The major heat was
dissipated to the environment by the vapor condenser. The copper
coiled tube and the auxiliary heater precisely modulate the pool li-
quid temperature with an uncertainty of 0.5 °C. The experiment
procedures are as follows:

e Charge acetone in the glass chamber and turn on the cartridge
heaters to vigorously boil the liquid for our hour to remove
the condensable gas in liquid and porous structure.

o The formal experiment starts from a small heat flux on the hea-
ter surface such as g =1 W/cm?2.

e Setup a desired pool liquid temperature.

o If the measured pool liquid temperature was smaller than the
desired value, the auxiliary heater was automatically turned
on until the desired temperature was reached.

e Alternatively, if the measured pool liquid temperature was
higher than the desired value, the auxiliary heater was auto-
matically turned off while the tap water flow rate was manually
adjusted until the desired temperature was reached.

e Collect the data when the system was operating stably.

e Increase the heat flux on the heater surface and repeat the
above procedures.

e The experiment was stopped until the critical heat flux was
reached.

2.3. The data reduction

One-dimensional thermal conduction heat transfer within the
middle part containing T;, T, and Ts (see Fig. 3) was assumed. Such
assumption was also used in Ref. [13]. The heat flux was defined as
q =K%, .o cumacer Where kg is the copper thermal conductivity,
A b ase surface 1S the temperature gradient at the base surface below
the sintered particle layer, z is the coordinate perpendicular to
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Fig. 3. The heating block (all dimensions are in mm).

the base surface. A least square correlation of temperatures versus
z was written as T = ag + a;z, where ag, and a; are constants corre-
lated based on Ty, To, and T3 (see Fig. 3). The heat flux uncertainty
was estimated to be smaller than 6.0%. The surface superheat ATy,
was defined as the surface temperature (T,,) subtracting T, where
T, is the temperature at the base surface, Ty, is the saturation tem-
perature of acetone at atmospheric pressure. Heat transfer coeffi-
cient was calculated as

h = q/(TW — Tbulk) (2)

where T,y is the pool liquid temperature. The surface temperature,
surface superheat, and pool liquid temperature had the maximum
uncertainties of 0.3 °C.

We estimated the uncertainty of the heat transfer coefficient,
which is a function of three independent parameters of g, T,, and
Tpui- The uncertainty of h was calculated as

on\? . . (Oh\?, oh \? .,
o) s () o (o om0

Thus the relative uncertainty can be computed by substituting
Eq. (2) into Eq. (3), yielding

Ah Aq>2 < AT, )2 ATppe \°

—=1/[=) Ag*>+ + ( ) 4
h \/( q a Ty — Thui Tw — Tou @
where Aq, AT,, and ATy, are the uncertainties of heat flux, wall
surface temperature and pool liquid temperature. The maximum
uncertainty of h was obtained by a smaller surface temperature
and a larger pool liquid temperature. Thus we achieved the maxi-

mum relative error of 8.52% for h. Table 2 shows the major physical
properties of acetone at atmospheric pressure [14].

3. Results and discussion
3.1. Boiling heat transfer performance on various heater surfaces

Fig. 5 shows the boiling curves on the seven heater surfaces at
three pool liquid temperatures of 38, 48 and 55 °C. According to
Fig. 5, the seven heater surfaces can be divided into three types.
The first type refers to the plain surface (TS#1) holding poorest
heat transfer performance. The second type refers to the moderate
enhanced heat transfer surfaces (TS#2 for open channel surface
and TS#3 for thick uniform porous coating surface), and the third
type is the significantly enhanced heat transfer surfaces which
have 2-D and 3-D porous coatings with varied particle layer thick-
nesses (TS#4-7).

The boiling curves are intercrossed for the second type surfaces
(TS#2 and 3). Fig. 5 marked the junction points. At the wall super-
heats smaller than those at the junction points, TS#3 (uniform por-
ous coating surface) behaves better heat transfer performance than
TS#2. This is because the porous surface provides a large amount of
nucleation sites to enhance the nucleation heat transfer at small or
moderate wall superheats (or heat fluxes). Inversely, when the wall
superheats (or heat fluxes) are larger than those at the junction
points, the open channel surface (TS#2) provides specific vapor es-
cape channels to decrease the counterflow resistance between va-
por and liquid phases, yielding better heat transfer performance.
The junction points are shifted with varied pool liquid tempera-
tures. For instance, the junction point occurred at AT, = 13 K with
Tpuik = 38 °C, but appears at ATy, = 18 K with Ty, = 55 °C. The two
heater surfaces had similar CHF values, but the wall superheats at
CHFs are slightly different.

The third type heater surfaces (2-D surface of TS#4-6 and 3-D
surface of TS#7) significantly enhance the pool boiling heat trans-
fer. An important parameter influencing the performance is the
pitch width for the 2-D porous coating surfaces. TS#4-6 have the
pitch widths of 1.0, 1.6 and 2.0 mm respectively. The TS#5 surface,
having the largest slope of the boiling curve, provides the best heat
transfer performance among the three surfaces of TS#4, 5 and 6,
indicating an optimal pitch width existed. This is because a small
pitch width (w) generates sufficient capillary assisted liquid suc-
tion capability, but the flow path for vapor escape may be insuffi-
cient. On the other hand, a large pitch width supplies enough vapor
escape but the liquid suction may be insufficient. Generally, the
optimal pitch width depends on the balance between the liquid
suction and vapor escape, yielding an optimal pitch width. The 3-
D porous coating surface (TS#7) shows small difference of heat
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Fig. 4. The experimental setup.

Table 2

Physical properties of acetone at the atmosphere pressure.
Tsar (°C) pi (kg/m?) Cot (J/kg K) Cov (J/kg K) hyy (kJ/kg) o (N/m) w (Pas) K (W/mK)
56.29 761.18 2302.5 1380.6 512.94 0.0192 0.000237 0518

Where T is the saturation temperature, p; is the liquid density, G, and G, are the specific heat of liquid and vapor, hy, is the latent heat of evaporation, ¢ is the surface

tension, g is the liquid viscosity, k; is the thermal conductivity of liquid.

transfer performance with TS#4 (2-D surface with w=1.0 mm),
but TS#7 has much larger CHFs than TS#4.

3.2. Effect of pool liquid subcoolings on the heat transfer

Fig. 6a shows the heat transfer coefficients for the 3-D porous
coating surface. The h-q curve can be divided into three regions.
Region I refers to the nucleation heat transfer mechanism, with sig-
nificantly steep slope of h—q curve. At a specific heat flux, a transi-
tion point clearly appears, beyond which the slope of the h—q curve
significantly decreases until the maximum heat transfer coeffi-
cient. Region II refers to the region between the transition point
of the h—q curve and the maximum h (see Fig. 6a with Ty, = 55 °C).
Region II is the region with the heat transfer process controlled by
the balance between the liquid suction towards the porous surface
and vapor escape into the pool liquid. At the maximum heat trans-
fer coefficient, the liquid-vapor counterflow attains the best match
between liquid suction and vapor release. At heat flux larger than
that at the maximum point, the vapor release is so violent that the
mass flow rate of liquid suction is not sufficient to compensate the
consumed liquid by the vapor generation. Therefore, region IIl is a
deteriorated heat transfer region until CHF was reached. There are
no apparent transition points of h—-q curve for subcooled boiling.

Fig. 6b shows the boiling curves for TS#7 with three pool liquid
temperatures. It is seen that boiling curves were shifted to left
(smaller wall superheat region) when liquid subcooling was intro-
duced. Fig. 6b was used for comparison with other studies regard-
ing the liquid subcooling effect. Another finding is that lower pool
liquid temperatures also raise the critical heat fluxes, which will be
discussed in Section 3.3.

It is well known that the main mechanism causing boiling heat
transfer to have a much higher heat flux than free or forced convec-
tive heat transfer is due to an intense microconvection adjacent to

the heater surface induced by the growing, departure, or collapsing
of bubbles. The heat flux produced by the subcooling is dependent
on ATy, and bubble lifetime and average maximum bubble diam-
eters, where ATy, = Tsqr — Thur. Therefore, when the subcooling is
introduced, the increase of subcooling produces two opposing ef-
fects. It increases the microconvection heat flux due to the increase
of ATy, and the decrease of bubble time. On the other hand, it re-
duces the average maximum bubble diameter and, therefore, de-
creases the microconvection heat flux. The net effect of
subcooling on heat transfer depends on the relative influence of
these opposing effects.

The Marangoni effect also appears during the pool boiling heat
transfer. The liquid motion induced by surface tension variation,
termed the Marangoni effect, and its contribution to boiling heat
transfer has been an issue of much controversy. The classical boil-
ing heat transfer theory considers its contribution to heat transfer
to be insignificant in comparison with buoyancy induced convec-
tion. However, recent microgravity experiments have shown that
although the boiling mechanism in a reduced gravity environment
is different, the corresponding heat transfer rates are similar to
those obtained under normal gravity conditions, raising questions
about the validity of the assumption [15]. Petrovic et al. [15] per-
formed an experimental investigation in which distilled water
was gradually heated to boiling conditions on a copper heater sur-
face at four different levels of subcooling. Photographic investiga-
tion of the bubbles appearing on the surface was carried out in
support of the measurements. The results obtained indicate that
Marangoni convection associated with the bubbles formed by the
air dissolved in the water which emerged from solution when
the water was heated sufficiently, significantly influenced the heat
transfer rate in subcooled nucleate pool boiling. The authors devel-
oped a heat transfer model to explain the phenomena observed
[15].
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Fig. 5. Boiling curves for various heater surfaces.

Due to the opposing effects of liquid subcooling on the pool
boiling, there are two major types of experimental findings existed
in the literature. The first type refers to that boiling curves were
shifted to smaller wall superheat region when liquid subcooling
was introduced. Earlier studies by Lee and Singh [16] experimen-
tally found that boiling curves were shifted to left (small wall
superheat region) for pool boiling on stainless steel tube and plat-
inum wire with increases in liquid subcoolings. Parker and EI-Genk
[17] and El-Genk and Parker [18] found that the nucleate pool
boiling heat transfer could be enhanced with subcooling and CHF
increased linearly with AT,

Our experimental study of the pool boiling on varied-
porous-coating-thickness surfaces belongs to the first type, i.e.,
boiling curves were shifted to smaller wall superheat region and
CHF was increased with AT, In addition to the available analysis
on the opposing effects of subcooling above the heater surface,
pool boiling with porous coating surface becomes more compli-
cated. This is because the subcooled liquid may condense the
vapor-liquid interface and increase the liquid suction capability
within the porous structure.

The second type of pooling boiling states that the liquid subco-
oling level deteriorates the heat transfer, i.e., boiling curves were

shifted to larger wall superheat region. An example case was dem-
onstrated by Kim et al. [19], in which pool boiling on treated sur-
faces was investigated experimentally. Surface treatments were
performed with sandpapers, building microstructures by etching,
and micro-porous coating. The effect of liquid subcooling (0, 5,
10 K) on treated surfaces was reported.

3.3. Critical heat fluxes on various porous heater surfaces

The critical heat flux is a heat flux at which a small increment
will yield a fast wall temperature rise until the heater surface is
burned out. For this application, we monitor the wall temperature
change rate. The heat flux is believed to appear when the wall tem-
perature change rate attains 2 K/s. Table 3 shows the CHFs on var-
ious heater surfaces at the three pool liquid temperatures. The
fourth column lists the ratios of CHF on the modified heater surface
to that on the plain surface. Fig. 7 plotted the CHF values. The mod-
ified heater surfaces had larger CHFs than those on the plain sur-
face. The open channel surface (TS#2) and the thick porous
coating surface (TS#3) had similar CHF values, which are 1.5-1.7
times of those on the plain surface (TS#1). It is noted that the
enhancement mechanisms of CHFs on two surfaces (TS#2 and 3)
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Fig. 6. Heat transfer coefficients and boiling curves on the 3-D porous coating surface (TS#7) and plain surface (TS#1).

are different. The open channel surface (TS#2) provides periodical
vapor escape channel but the uniform porous coating surface
(TS#3) provides strong capillary assisted liquid suction capability.

The CHFs on the 2-D and 3-D porous coating surfaces (TS#4-7)
are 2.3-3.7 times of those on the plain surface (TS#1). The largest
CHF ratio of 3.7 appears for the 3-D porous coating surface at the
pool liquid temperature of 38 °C. The 3-D porous coating surface
(TS#7) creates the largest CHFs among all of the modified heater
surfaces. But the difference between the 3-D surface (TS#7) and
2-D surface with w=1.6 mm (TS#5) is not too much. Besides, the
effect of pool liquid temperatures on CHFs cannot be ignored (Ta-
ble 3 and Fig. 7). For TS#7, CHF was 174.69 W/cm? at Ty, = 38 °C,
but decreased to 126.87 W/cm? at Ty = 55 °C. Other heater sur-
faces had similar trend with TS#7 regarding the pool liquid tem-
perature effect.

Liter and Kaviany [8] developed the critical heat flux as a func-
tion of /,, (modulation wavelength) based on the Zuber’s hydrody-
namic stability theory. Zuber developed a theoretical model for
qcur based on the idealized hydrodynamics of a liquid-vapor inter-
face system above the surface in pool boiling considering the abil-
ity to supply liquid to the surface where the vapor escapes. Based
on the Zuber’s hydrodynamic stability theory, the portion of the
cross-section flow area for vapor escape on the heated area and
the critical Rayleigh-Taylor wavelength are crucial to determine
qcnr- It was hypothesized that the heated area is divided into A, =
A, + A, where A, is the area where the vapor escapes and A; is the
area for liquid covers. The cylindrical vapor channel area of
A, = an, , where the radius R, = ai,, a is ratio of R,//, and /, is
the length scale, i.e., A, = Aﬁ. The final relation of qcyr with other
parameters is
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Table 3
The measured critical heat fluxes (CHF) on various heater surfaces at three pool liquid
temperatures.

Heater surface Tpuie (°C) CHF (W/cm?) CHF/CHF,jqin
TS#1 38 56.94 1.0
48 41.66 1.0
55 37.50 1.0
TS#2 38 93.49 1.6
48 71.96 1.7
55 62.82 1.7
TS#3 38 88.19 1.5
48 69.86 1.7
55 55.88 1.5
TS#4 38 136.76 24
48 111.89 2.7
55 87.03 2.3
TS#5 38 161.67 2.8
48 142.52 34
55 124.32 33
TS#6 38 135.27 2.4
48 126.87 3.0
55 109.50 29
TS#7 38 174.69 3.1
48 155.77 3.7
55 126.87 34
200
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Fig. 7. Critical heat fluxes (CHFs) on various heater surfaces.
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Eq. (5) indicates that gcyr is inversely proportional to the mod-
ulation wavelength /Y/2. Eq. (5) does not relate qcyr to any porous
structure parameter such as particle diameter (d,) and porosity ().
Min et al. [9] compared their own data as well as data of Liter and
Kaviany [8] with predictions by Eq. (5). It was found that Eq. (5)
matched the experimental data. However, the 3-D modulated sur-
face (#262 with /,; = 0.93 mm in Min et al. [9]) was against the pre-
dicted trend of CHF given by Eq. (5).

Comparing TS#4, 5 and 6 with pitch widths of 1.0, 1.6 and
2.0 mm respectively in this study, CHFs for TS#5 are largest among
the three heater surfaces, indicating an optimal modulation

wavelength of 1.6 mm for TS#5. This experimental finding did
not support the predicted trend by Eq. (5). Physically, a non-
uniform porous coating surface with very small modulation wave-
length, should approach the CHF of a uniform porous coating
surface, which had much smaller CHFs. This trend cannot be pre-
dicted by Eq. (5). The Zuber’s hydrodynamic stability theory should
be further modified to consider the modulation wavelength effect
and other porous parameters.

3.4. High speed visualization of boiling patterns on various heater
surfaces

Fig. 8 shows the boiling patterns for the 2-D porous coating sur-
face (TS#5) at Ty = 38 °C. The photos are provided for different
heat fluxes. Very tiny bubbles are escaping from the valley groove
at g, =6.67 W/cm?, which can be identified as the ONB (onset of
boiling). When heat flux is increased beyond that at ONB, tiny bub-
bles are coalescence to form large bubbles, which are continuously
escaping to the pool liquid (see photos at g, =32.96 W/cm? and
gc=59.21 W/cm? in Fig. 8). The merged bubbles, however, are
smaller than the entire heater size. At these small or moderate heat
fluxes, liquid supply towards the porous surface is sufficient due to
the existed gaps among isolated bubbles. This bubble pattern is
called the continuously-isolated-bubble-escape pattern.

With further increases of heat fluxes such as at gy = 106.56 W/
cm? and q.=147.01 W/cm?, the merged bubble size is almost
equivalent to the plain heater size. The large bubble escape dis-
plays the periodic behavior. For instance, for qq=106.56 W/cm?
at t=36.0 ms, the large bubble is separating from the vapor blan-
ket on the heater surface and releasing into the pool liquid. Shortly
after the merged bubble separated from the heater surface, the
bubbles on the heater surface are quickly growing, coalescence
and departure again. This process is repeated periodically. The li-
quid supply towards the porous heater surface can be performed
during the short stage of large bubble separating and releasing.
Increasing the heat flux yields the longer cycle period to cause
more difficulty for liquid supply. This bubble pattern at larger heat
fluxes is called the periodically-large-bubble-escape pattern.

Saturated pool boiling heat transfer on the 3-D porous surface
(TS#7) behaves three regions: region I for the nucleation heat
transfer, region Il for the balance of liquid supply and vapor escape,
and region III for the deteriorated heat transfer. Fig. 9 illustrates
the boiling patterns for the three regions. Corresponding to the re-
gion I heat transfer, miniature bubbles departure from the porous
surface into the pool liquid, liquid supply is sufficient. At small heat
flux of g, = 1.24 W/cm?, miniature bubbles are escaping from spe-
cific location of the valley of the porous stacks, forming a miniature
bubble train. With increase of heat fluxes, many bubbles appear
and continuously escape into the pool liquid. The bubble size and
population density are increased when heat flux is raised. The re-
gion I (nucleation heat transfer) corresponds to the continuously-
isolated-bubble-escape pattern (see images at ¢,=3.33 and
dc=6.14 W/cm?).

The region Il heat transfer obeys the periodically-large-
bubble-escape pattern (see photos of g at point d-f, and g in
Fig. 9). Large merged bubble, whose size is equivalent to the whole
plain heater size, is periodically escaping into the pool liquid. After
the large bubble successfully departures from the heater surface,
the growing vapor bubble on the heater surface forms a hollow
area at the heater center. This hollow region provides the opportu-
nity for the liquid supply. The escaping vapor is more likely
foam-type bubbles.

Fig. 10 compares different boiling patterns on various heater
surfaces at a same heat flux of g = 37.49 W/cm?. The plain heater
surface (TS#1) shows the mushroom bubble departure pattern
(see photo a). There is a vapor blanket layer underneath the
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Fig. 8. Boiling visualization on the 2-D porous coating surface (TS#5, image (a) for boiling incipience pattern, images (b) and (c) for continuous-bubble-escape pattern, images

(d) and (e) for periodical-large-bubble-escape patterns at different time).

mushroom bubble, hindering the liquid supply towards the heater
surface. This condition approaches the critical heat flux. The thick
uniform porous coating surface (TS#3) does not have significant
difference with the plain surface (TS#1) regarding the bubble

pattern at q=37.49 W/cm? (see photo b). For the 3-D surface
(TS#7) and 2-D surface (TS#5), even though the bubbles are cov-
ered on the heater surface, these bubbles are fragmented to pro-
vide the chance for liquid supply (see photos ¢ and d). This
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Fig. 9. Boiling visualization on the 3-D coating surface (TS#7, Tpu = 55 °C, image (a) for boiling incipience pattern, images (b-f) for continuous-bubble-escape patterns, image
(g) for high heat flux pattern at different time).

explains the reason why the 2-D and 3-D surfaces had better heat Fig. 11 shows the bubble patterns at the ONB on various heater
transfer performance than the plain surface (TS#1) and thick uni- surfaces. The boiling incipience for the plain heater surface (TS#1)
form porous coating surface (TS#3). appears at the wall superheat of about 10 K and wall heat flux of
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Fig. 10. Boiling visualization on various heater surfaces at a same heat flux (Tpux = 55 °C).

4.79 W/cm? (see photo a). The open channel surface (TS#2) de-
creased the wall superheat to 3 K due to the extended fin area
(see photo b). The 2-D and 3-D porous surfaces have the wall
superheats of about 1K at the ONB due to the significantly in-
creased nucleation sites, in which TS#3 and 7 have large amount
of miniature bubbles continuously escaping into the pool liquid
(see images at d-f in Fig. 11).

Finally, we demonstrate the bubble patterns at extremely high
heat fluxes, approaching CHFs. The bubble patterns on all the hea-
ter surfaces display the periodic behavior. However, they are quite
different due to different heater surface structures. Fig. 12a shows
the bubble patterns on the uniform coating surface (TS#3). The
whole heater surface is covered by a vapor blanket. The escape of
large mushroom bubble still ensures the completeness of the vapor
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Fig. 11. Boiling visualization at the ONB (onset of boiling) with Ty, = 48 °C.

blanket. Such condition is dangerous because there is almost no li-
quid supply towards the porous heater surface, approaching CHF.
For the 2-D and 3-D surfaces (TS#5 and 7, see Fig. 12b and c), a hol-
low well is found after the large bubble separated from the heater
surface, leaving a hollow region for the liquid supply towards the
porous heater surface. In addition to the hollow well, the 3-D por-
ous stacks can be found to be temporarily exposed in the liquid.
The existence of hollow well at the heater center is the reason to
have higher critical heat fluxes for the 2-D porous heater surface
(TS#5). The existence of hollow well and the porous stacks exposed
in liquid are the reason to have significantly high critical heat
fluxes for the 3-D porous coating surface (TS#7).

4. Conclusions

We performed the pool boiling heat transfer experiments on se-
ven heater surfaces using acetone as the working fluid at atmo-
spheric pressure. The following conclusions can be made.

e The heater surfaces can be divided into three types. The first,
second and third types refer to the poor heat transfer surface
for plain surface, the moderate enhanced heat transfer surfaces
for open channel surface and uniform porous coating surface,
and the significantly enhanced heat transfer surfaces having
2-D and 3-D porous coatings.

e The boiling curves are intercrossed for the open channel surface
and uniform porous coating surface. With heat fluxes smaller
than that at the junction point, the uniform porous coating

surface behaves better heat transfer performance due to the
enhanced nucleation heat transfer. When heat fluxes are
beyond that at the junction point, the open channel surface
shows the better heat transfer performance due to the vapor
escape channels provided.

e The 2-D porous coating surface with the pitch width of 1.6 mm
(TS#5) yields the best heat transfer performance and largest
critical heat fluxes among the three 2-D surfaces. The Zuber’s
hydrodynamic stability theory should be further improved to
consider the flow and heat transfer process within the porous
stacks and vapor channels.

e The 3-D porous coating surface (TS#7) had the largest critical
heat fluxes among the seven heater surfaces. The CHF for
TS#7 can be 3.7 times of that for the plain surface.

e Boiling curves are shifted to smaller wall superheat region and
critical heat fluxes are increased with increases in pool liquid
subcoolings on porous coating surfaces. This finding is consis-
tent with those reported in Refs. [16-18], but against that
reported in Ref. [19].

e The 2-D and 3-D porous coating surfaces had two distinct bub-
ble patterns: continuously-isolated-bubble-escape pattern at
small or moderate heat fluxes, and the periodically-large-bub-
ble-escape pattern at large heat fluxes. The bubbles are more
likely foam-type, accounting for the improved heat transfer
due to the liquid supply.

e The hollow well at the heater center after the large bubble
escape is used as the liquid supply duct, being responsible for
the increased critical heat fluxes for 2-D surfaces. The hollow
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Fig. 12. Boiling visualization on various heater surfaces at high heat fluxes approaching CHF (T, = 38 °C).

well and the porous stacks exposed in liquid are helpful for the
liquid supply, explaining the largest critical heat fluxes for 3-D
porous coating surface.
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