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a b s t r a c t

Pool boiling is experimentally studied on a relatively large downward-facing surface with heated stain-
less steel disk diameters of D = 100 and 300 mm in confined space at atmospheric pressure using water as
the working fluid. The bulk working fluid is subcooled. The gap size s can be adjusted to 10, 15 and 20 mm
for D = 100 mm and 0.9–77 mm for D = 300 mm. We found that pool boiling under the present condition
is far weaker than that occurring on an upward-facing surface. Furthermore, we found that the larger the
diameter of the stainless steel plate, the weaker the pool boiling heat transfer. The heat transfer rate may
be predicted by the Kutateladze correlation for s > 20 mm and by its modified form for s < 20 mm for both
D = 100 and D = 300 mm. Two different typical bubble circulation motions are found. Type I motion
occurs with a probability of 90.9% and type II occurs with a probability of 9.1% according to the statistical
calculations. Most coalesced bubble diameters are from 90 to 100 mm for D = 100 mm and from 100 to
200 mm for D = 300 mm.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The confined boiling heat transfer on downward-facing surfaces
has been investigated since the TMI-2 accident. Many studies indi-
cated that a gap between the lower pressure vessel head and debris
formed and cooled the lower pressure vessel head via an unknown
mechanism according to a justified scenario (Wolf et al., 1994). The
design of the advanced light water reactor, and its proper manage-
ment to prevent melt through of the reactor vessel in the event of a
core meltdown accident, require clarification of the boiling heat
transfer on the outer surface of the lower head to remove decay
heat from the molten core. The boiling heat transfer on the down-
ward-facing surfaces becomes important in these cases.

Due to buoyancy, convective heat transfer occurs with increas-
ing heat flux on a surface initially in thermal equilibrium with the
host working fluid in a subcooled pool. Nucleate boiling starts by
further increasing the surface temperature or heat flux and bubbles
appear randomly on the heated surface. A number of experimental,
theoretical, and numerical studies on boiling heat transfer have
been performed since the incident (Phanikumar and Mahajan,
1998; Bonjour and Lallemand, 1998, 2001; Radziemska and
Lewandowski, 2001; Yoon et al., 2001; Hetsroni et al., 2002;
Nomura et al., 2002; Su et al., 2002a,b, Su and Sugiyama, 2007;
Kim and Jeong, 2006; Kim and Kim, 2006; Lee et al., 2007; Prakash
ll rights reserved.

.
k-sugi@eng.hokudai.ac.jp (K.
Narayan et al., 2008). Many experiments (Yao and Chang, 1983;
Nishigawa et al., 1984; Carrica et al., 1995; El-genk and Glebov,
1995, 1996; El-genk and Gao, 1999; Yang et al., 1997; Kim and
Suh, 2003; Lee et al., 2003; Kim et al., 2005, 2006) have demon-
strated the differences in boiling heat transfer for vertical, inclined,
and horizontal heated surfaces. The characteristics of heat transfer
for upward-facing and downward-facing pool boiling on a horizon-
tal heated surface are different because the vapor generated in
boiling cannot readily move from the hot surface to depart from
the edge of the downward-facing heated surface. Thus, it is easy
to form a coalescence bubble on a downward-facing surface. The
coalesced bubbles grow on the heated surface before their depar-
ture from the edge.

Haddad and Cheung (1998) studied the steady-state subcooled
nucleate boiling on a downward-facing hemispherical aluminum
surface and found that subcooling had very little effect on the
nucleate boiling curve in the high heat flux regime dominated by
latent heat transport. On the other hand, a relatively large effect
of subcooling was observed in the low heat flux regime where sen-
sible heat transport was important. This effect of subcooling is the
same as that observed on an upward-facing surface. In the high
heat flux region, boiling in the bottom center region of a vessel
with a curved downward-facing surface was cyclic and consisted
of four phases, i.e., a liquid heating phase, a bubble nucleation
and growth phase, a bubble coalescence phase, and a large vapor
mass ejection phase.

Katto et al. (1977) investigated the nucleate boiling of water in a
confined space between two horizontal parallel disks with differ-
ent gaps from 0.1 to 2 mm, where one disk was an upward-facing
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heated surface and the other was unheated. A marked decrease in
the heat transfer coefficient was observed when the gap size was
reduced to s = 0.1 mm, corresponding to a Bond number of 0.04.

Bond number, Bo, is used to express the confinement level for
several geometrical chambers, and is defined by

Bo ¼ s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðqf � qgÞ=r

q
ð1Þ

where s is the gap size and is the characteristic dimension of the
confined space. r represents the surface tension, qf and qg are the
saturated liquid density and saturated vapor density, respectively,
and g is the acceleration of gravity.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=ðqf � qgÞg

q
is the departure

diameter of the isolated bubble, which is assumed to be the capil-
lary length as denoted by

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=ðqf � qgÞg

q
ð2Þ

Under an atmospheric pressure condition, the capillary length is
about 2.5 mm.

Thus, the Bond number is a ratio of the gap size to the capillary
length, and may also be expressed as

Bo ¼ s=L ð3Þ

Chu et al. (1997) observed the quenching of either flat or curved
downward facing aluminum surfaces with 61 cm diameters to sim-
ulate and assess the ex-vessel boiling process for in-vessel core
retention. The experimental masses were heated to an elevated
temperature between 160 and 330 �C, and then plunged into a pool
of water at saturation. The boiling curves were obtained where the
critical heat flux was found to be approximately 0.5 MW/m2.

Passos et al. (2004) studied the confined boiling of FC72 and
FC87 on a downward-facing heating copper disk (diameter of
12 mm and thickness of 2 mm) at atmospheric pressure. At satu-
rated boiling and low heat flux (645 kW/m2), a decrease in the dis-
tance between plates enhances boiling. The results for subcooled
boiling show that the heat transfer coefficient decreases with a
reduction in the distance between the plates.

El-genk and Glebov (1995) performed quenching experiments
to investigate the effects of wall thickness on pool boiling from
downward curved surfaces using water as the working fluid. Local
and average pool boiling curves were obtained under saturation
and subcooling conditions.

The previous studies on boiling heat transfers on downward-
facing surfaces are summarized in Table 1.
Table 1
State-of-the-art of the boiling heat transfer on a downward-facing surface

References Experimental method Type of sur

El-genk and Glebov (1995) Quenching water Curved cop
El-genk and Glebov (1996) Quenching water Curved cop

Yang et al. (1997) Direct joule heating water
(slightly subcooled)

Plate stainl

Haddad and Cheung (1998) Steady-state heating water Aluminum

Cheung et al. (1999)
Ahmed and Carey (1999) Heating water/2-propanol

mixture
Upward-fac
downward-
surface

El-genk and Bostanci (2003) HFE-7100 Plate coppe

Yang et al. (2005) Steady-state boiling Coated hem
downward-

Present study Steady-state water boiling Plate in a g
As described above, most previous studies on pool boiling heat
transfer on downward-facing surfaces have been done for curved
surfaces. Although there is limited open literature on pool boiling
heat transfer on the horizontal downward-facing surfaces, there
is a lack of data for understanding the mechanisms for and differ-
ences between upward- and downward-facing pool boiling. In par-
ticular, data are required to derive the empirical relationship for
pool boiling heat transfer for horizontal downward-facing surfaces.

In the present study, pool boiling experiments have been con-
ducted to examine the boiling process on a downward facing
heated surface using stainless steel flat blocks with 100 and
300 mm diameters under different gap size conditions.

2. Experiments

2.1. Experimental apparatus

Tests are performed in a thin pool using water as working fluid
at atmospheric pressure. The experimental apparatus (Fig. 1) con-
sists of a test section, data acquisition system, and an auxiliary sys-
tem that is used to control the level of the working fluid. The test
section has two stainless steel blocks, one with a diameter of
100 mm and thickness of 30 mm and the other with a diameter
of 300 mm and a thickness of 30 mm. The blocks are placed in turn
at the center of an acrylic box with a height of 150 mm, length of
900 mm and width of 750 mm. The acrylic box is significantly lar-
ger than each heated block. If a heated block has a diameter almost
equal to the length of the box, the difference between the water
temperatures under and around the heated block are very small
and the wave on the water surface due to the escape and decom-
position of bubbles very strong. To ensure boiling heat transfer oc-
curs on the downward-facing bottom surface, thermal insulation is
used on the top surface and around the sides of the heated block.
The thermal insulator is then isolated from the water by a thin
stainless steel plate to keep the thermal insulator dry.

The gap size between the bottom surface of the stainless steel
plate and the base of the acrylic vessel is adjustable by lifting the
test section. In this study, the gap sizes are 10, 15 and 20 mm for
the test section with a 100 mm diameter and 0.9, 2.2, 2.6, 3.0,
3.2, 5.0, 7.0, 10.0, 13.0, 15.6, 19.5, 25.0, 36.0, 51.0 and 77 mm for
the test section with a 300 mm diameter. When the gap size is less
than 7 mm, the bottom surface of the acrylic vessel is easily de-
formed by the impact of the saturated fluid. Thus, there is an addi-
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Fig. 1. Experimental apparatus.
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tional error in the gap size measurement. To eliminate this error,
an additional stainless steel plate is installed between the heated
surface and base of the acrylic vessel to produce the required gap
size. This means the gap is the space between the heated block
and the stainless steel plate when the gap size is smaller than
7 mm. To record the bubble behavior using a digital video camera
under the acrylic vessel, no additional stainless steel plate is em-
ployed when the gap size is larger than 7 mm.

The test section is heated by three electric heaters. Each heater
has a maximum power of 3.12 kW, diameter of 4.8 mm and length
of 2.0 m. K-type NiCr–NiSi thermocouples with diameters of
1.6 mm are employed to measure the temperature. Their maxi-
mum uncertainty is ±0.5 �C. There are a total of 37 thermocouples
that measure the temperature at different locations (Fig. 1) of the
test section, with 28 located near the heated surface. There are
three sets of three vertically aligned thermocouples, with the ther-
mocouples at immersion depths of 21.8, 24.8 and 28.2 mm as
shown in Fig. 1, for the evaluation of heat flux in the vertical direc-
tion. Water temperatures below the center and edge of the block,
TC1 and TC2, and near the edge of the acrylic box, TC3, are also
measured by three thermocouples. All data are recorded by the
acquisition system.

2.2. Data reduction

In the present study, it is very difficult to determine the subco-
oling. It is known that when pool boiling occurs on a surface facing
upward, micro-natural circulation occurs. The subcooling is deter-
mined by the inlet temperature of this flow, which can be mea-
sured by a thermocouple TC. When the pool boiling occurs on
the heated surface facing downward in the confined space, mi-
cro-natural circulation may not easily form in the limited space.
Thus, there is no obvious inlet for the micro-circulation. The heat
mainly transfers by liquid conduction from the center of the gap
to the peripheral liquid except for the escape of bubbles. The tem-
perature measured by thermocouple TC2, as shown in Fig. 1, can of
course be used to determine the subcooling. However, when the
gap size is less than 7 mm, the fluid is saturated although the tem-
perature measured by TC3 is for a subcooled state. Thus, to con-
sider the effect of subcooling on pool boiling in this study, the
temperature measured by thermocouple TC3 is used to determine
the subcooling.

For pool boiling on a downward-facing surface in a gap there
are two important physical parameters that could significantly af-
fect the nucleate boiling heat transfer and the critical heat flux.
These two parameters are the diameter of the downward-facing
surface and the gap size, s. While the gap size is varied in the pres-
ent experiments, the size of the heating surface is not. That is, this
paper employs a downward-facing surface with a fixed diameter,
D, of 100 or 300 mm for all boiling experiments.

For downward-facing boiling in a gap, the shape of the vapor
bubbles could be substantially different from spherical. Depending
on the gap size, diameter of the heating surface, and heat flux level,
the vapor bubbles could be highly elongated, similar to a pancake.
For elongated bubbles, there are two characteristic length scales,
i.e., the bubble width (horizontal direction) and the bubble height
(vertical direction). The bubble width may be strongly influenced
by the diameter of the heated surface, and could be of the order
of the diameter of the heating surface if the nucleation site is at
the center of the surface. Conversely, the bubble height may be
limited to the gap size when the gap size is small. In our experi-
ments, we used a high-speed digital camera to try to obtain the
maximum height of the flattened bubble as shown in Fig. 1, but
the videos were not clear enough to distinguish the bubble because
of the distance between the heated plate and edge of the acrylic
box and the disturbance of bubbles. Thus, we adopted a method
of visual observation. According to our observation, the maximum
height of the flattened bubble is approximately 5 mm if the gap
size is larger than 5 mm. That is to say, the bubble height will be
same as the gap size when the gap size is smaller than 5 mm;
otherwise, it will be 5 mm. The width of the bubble is more impor-
tant than the height because it directly affects the area of the
heated surface covered by the bubble. Therefore, the characteristic
length of the bubbles is selected as the width or diameter of the
bubbles.

The bottom wall surface temperatures may be calculated
according to the three temperatures measured in the vertical direc-
tion as shown in Fig. 1 by quadratic interpolation. The heat flux
may then be obtained using the conduction law according to the
temperature difference in the heated block. After the heat flux
and wall temperature are found, the boiling curve can be plotted
to initially show the experimental data.

Repeatability experiments were conducted on different days
under the same experimental conditions to test the reliability of
the experimental data. The data demonstrate good repeatability
of the experimental results with almost the same boiling curves.
3. Results and discussion

3.1. The effect of the gap size on subcooled pool boiling

Fig. 2 shows the effect of the gap size on the boiling curves
when D = 300 mm. For gap sizes s = 0.9 and 3.0 mm, when the heat
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flux is smaller than 0.16 MW/m2, the wall superheat,
DTsat = TW � Tsat, in which TW is the wall temperature and Tsat is
the saturated temperature, is less than that for s = 7 mm because
the boiling curves for s = 0.9 and 3.0 mm are much steeper than
that for s = 7 mm. That is to say, for the same heat flux, the results
of s = 0.9 and 3 mm show enhanced boiling. As discussed above,
the maximum height of the flattened bubble is approximately
5 mm, which is twice the capillary length of about 2.5 mm. When
the gap size is smaller than 5 mm, the squeezing effect of the bub-
bles in the gap becomes more important due to the gap being nar-
rower than the thickness of the bubble. Therefore, the heat
transfers for s = 0.9 and 3 mm are confined while that for
s = 7 mm tends to be unconfined. When the heat flux is larger than
0.16 MW/m2, the boiling curves for s = 0.9 and 3.0 mm tend to be
flatter than those in relative lower heat flux, and the increase in
the wall superheat or the increase in the wall temperature reduces
the enhancement of the boiling. This phenomenon may be ex-
plained by the evaporation and conduction of liquid film between
the flat bubble and the heating wall. When the heat flux is smaller
than 0.16 MW/m2, the influence of the evaporation is dominant
while the conduction of the liquid film is secondary. When the
gap size is smaller than 5 mm, the deformation of the bubble in-
creases the area of the liquid film and the evaporation effect in-
creases. This effect pushes the efficient heat transfer from the
heated wall to the liquid in the boiling process. In the relatively
higher heat flux region, that is, where the heat flux is larger than
0.16 MW/m2, the effect of evaporation becomes weak because
more bubbles are generated and coalesce to form a huge bubble
because the bubbles cannot immediately escape to the liquid pool.
Thus, the residence time of the bubbles or huge bubble in the gap
increases.

In the region where the gap size is larger than 5 mm but smaller
than 20 mm, there are some differences between the boiling curves
for different gap sizes. When the heat flux is low (less than approx-
imately 0.2 MW/m2), due to the strong disturbance in the larger
gap size, the wall superheat for s = 19 mm is smaller than that
for s = 7 mm for the same heat flux. When the heat flux is larger
than 0.2 MW/m2, the bubbles coalesce. The effect of the distur-
bance region tends to be weak, thus, the boiling curves for s = 7
and 19.6 mm are identical.

When the gap size is larger than 20 mm, the nucleate boiling
curves for s = 25 and 77 mm are identical. According to our obser-
vation, the strong disturbance caused by the escaping bubbles may
reach a depth of approximately 20 mm. When the depth is even
deeper, although there is still a disturbance, it is far weaker and
there is no confinement effect in this case.

Therefore, there is a transition region from the confined space to
the unconfined space. The gap size of the transition region is from
5 to 20 mm. The boiling curve is close to that of the unconfined
case, but there are also partial effects of confinement. Thus, this re-
gion should strictly be referred to as a semi-confined region.

In the unconfined region, the heat transfers for s = 25 and
77 mm are stronger than those for the confined or semi-confined
gaps. This means that for the same heat flux, the wall superheat
or wall temperature is smaller for unconfined space than for the
confined gap. Thus, the gap size has no influence on the nucleate
boiling curve. The fact that the nucleate boiling curves for s = 25
and 77 mm are identical indicate that the subcooling has no effect
on the boiling curve because the subcooling for s = 25 mm is not
the same as that for s = 77 mm.

It is worth noting that the above clarification of the confined,
semi-confined and unconfined gaps is only suitable for the heated
plate with a diameter of 300 mm. The experimental study for the
heated circular plate with a diameter of 100 mm is only carried
out for gap sizes of 10, 15 and 20 mm. Thus there are insufficient
experimental data to strictly identify the confined, semi-confined
and unconfined regions.

3.2. Developed empirical correlation

Fig. 3(a) and (b) presents the comparisons between the pres-
ent experimental pool boiling data and the results of typical well
known correlations (Kutateladze, 1952; Nishigawa and Fujita,
1977; Rohsenow, 1952; Stephan and Abdelsalam, 1980) and
experimental data for an upward-facing surface (Ono and Sakash-
ita, 2004) for an unconfined space. It is known that empirical or
semi-empirical correlations for upward pool boiling do not agree
well because they were developed based on different databases.
Furthermore, they are not consistent with other experimental
data. There are great differences between our experimental data
and the Rohsenow and Stephan correlations and Ono’s experi-
mental data. However, it is clear that the present experimental
data agree with the results of the Kutateladze or Nishigawa cor-
relation when the gap is larger than 20 mm for the heated plate
with a diameter of 300 mm. The Kutateladze correlation agrees
very well with the experimental data rather than with the Nishig-
awa correlation. Therefore, we can say that under the present
conditions, pool boiling may be predicted by the Kutateladze cor-
relation when the gap size is larger than 20 mm for a heated plate
diameter of 300 mm. On the other hand, as clearly shown in
Fig. 3(a) and (b), the heat flux for the downward case is far smal-
ler than that for the upward case presented by Ono et al. in the
same superheat condition. Therefore, the pool nucleate boiling
on the downward-facing surface is weaker than that on the up-
ward-facing surface because in the downward-facing surface case,
the bubble movement may be prevented due to buoyancy and the
bubbles stagnate in the gap sufficiently long that the process in
which the heat is mainly transferred by latent heat transportation
becomes weak.

Fig. 4 shows comparisons of the boiling curves with the heated
plate diameters of 100 and 300 mm for the same approximate gap
size. For the same heat flux, the results for s = 10 and 20 mm show
the wall superheat, DTsat, for D = 100 mm is smaller than that for
D = 300 mm. That is, the larger the diameter of the stainless steel
plate, the weaker the pool boiling heat transfer. This phenomenon
may be explained by the bubbles under the heated plate escaping
more easily to the liquid pool and churning the fluid under the
heated plate more intensively. Thus, the pool boiling heat transfer
with a heated plate diameter of 100 mm is stronger than that with
a heated plate diameter of 300 mm under the same condition.
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From Fig. 3(a) and (b), when the gap size is smaller than 20 mm,
for either heated plate diameter, the pool boiling predicted by the
correlations for an upward-facing surface is stronger than that
indicated by the present experimental data. Even the results ob-
tained by the Kutateladze correlation are larger than our experi-
mental data. Thus, the correlations may not be used to predict
pool boiling. So far there is no correlation developed to predict pool
boiling on a downward-facing surface in a confined space in the
open literature. In this paper, we develop a relationship as follows.

In general, the nucleate boiling for the unconfined case may be
expressed by

q ¼ ADTn
sat ð4Þ
where n = 2–5 and A is a function of system parameters such as
pressure and the properties of the working fluid.

To predict pool nucleate boiling under this condition, the con-
fined effect should be considered. Thus, the correlation used to pre-
dict downward nucleate boiling in a confined space may be
expressed by

q ¼ f DTn
sat; Bom� �

ð5Þ

As discussed above, when s > 20 mm, the Kutateladze correlation
may be directly used for the heated plate diameter of 300 mm.
However, it does not fit the experimental data when s < 20 mm be-
cause the confined effect has not been considered. To easily obtain a
new correlation, we use the experimental data from the heated
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plates and then consider the effect of confinement. The Kutateladze
correlation is

a
kf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðqf � qgÞ

s
¼ 7:0� 10�4Pr0:35

f

� qKU

qghfgmf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðqf � qgÞ

s" #0:7
P
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðqf � qgÞ

s" #0:7

ð6Þ

where Prf represents the Prandtl number of saturated liquid, kf is
the thermal conductivity of saturated liquid, W/m �C, tf is the kine-
matic viscosity of saturated liquid, m2/s, hfg is the latent heat of
evaporation, J/kg, and P is the system pressure, Pa.

For each condition, the heat flux q is experimentally obtained
and the heat flux qKU is given by Eq. (6). Introducing the ratio of
heat flux q/qKU and analyzing the relationship between q/qKU and
the wall superheat DTsat by the least squares method, we obtain

q
qKU
¼ C1DT�2:62

sat for D ¼ 100 mm and D ¼ 300 mm ð7Þ

Eq. (6) gives

qKU / DT3:33
sat ð8Þ

Thus, we have

q / DT0:71
sat for D ¼ 100 mm and D ¼ 300 mm ð9Þ

According to experimental data and using the least squares method
to analyze the effect of confinement on heat transfer, we get

q / Bo0:1 for D ¼ 100 mm and D ¼ 300 mm ð10Þ
where Bo is the Bond number used to express the confinement level
for several geometrical chambers and is defined by Eq. (1).

The bubble growth depends on not only the gap size but also
the disk diameter. Therefore, another geometric scaling criterion,
namely the effects of the disk diameter with respect to the bubble
size, is considered in this paper. Borrowing the idea of analyzing
the effect of confinement on heat transfer, a dimensionless param-
eter, D/L, is defined, where L is the capillary length defined by Eq.
(2), to analyze the effect of the disk diameter on heat transfer.
Therefore, considering the influences of wall superheat DTsat, Bo,
D/L and the properties of the working fluid kf, Prf, qghfgmf and P

r
and comparing the experimental data for the heated plates with
the Kutateladze correlation, one can obtain a correlation by the
least squares method
q� 95673:2Bo0:1 þ 98241:4
DT0:71

sat k3:33
f

¼ 1:907� 10�12 D
L

� �0:505

Pr1:167
f ðqghfgmfÞ�2:333 P

r

� �2:333

ð11Þ

The relative error in Eq. (11) is defined by

e ¼ qEXP � qCAL

qEXP
� 100%

where qEXP is the experimental heat flux and qCAL is the heat flux ob-
tained by Eq. (11). Fig. 5 shows the relative error of ±20% in Eq. (11).

3.3. Visualization

3.3.1. Bubble periodic motions
The bubble cyclic motions, shapes of coalesced bubbles, bubble

sizes, and bubble period are strong functions of three important
parameters. The parameters are the gap size, diameter of the heat-
ing surface, and heat flux. Even though the size of the heating sur-
face is fixed, that is, at 100 and 300 mm for the present study, the
bubble behavior can still change with gap size and heat flux. In the
results mentioned previously, the maximum height of the flattened
bubble is approximately 5 mm if the gap size is larger than 5 mm.
That is, the bubble height will not change with the gap size
changes under this condition. Furthermore, the bubble height will
be same for gap sizes smaller than 5 mm. Therefore, the width of
the bubbles is employed to indicate bubble size. The shapes of
the bubbles likewise pertain to the width, not the height.

The boiling processes for different gap sizes are record by digital
video camera from the base of the boiling surface. As an example,
Fig. 6 shows a sequence of pictures taken for s = 10 mm with the
heat flux increasing for D = 300 mm. From the visualization of
the pool boiling phenomenon on the horizontal downward-facing
surface, there are five phases for boiling that are summarized as
follows:

(1) Initial phase (phase 1, Fig. 6(a)): the liquid near the heating
surface is heated to a certain superheat, and the liquid
directly comes into contact with the heating surface.

(2) Bubble nucleation phase (phase 2, Fig. 6(b)): if the superheat
of the water near the heated surface reaches a critical value,
nucleation occurs. There may be a number of very small



Fig. 6. Bubble circulation for s = 10 mm under different heat flux conditions
(D = 300 mm).
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bubbles that adhere to the boiling surface because the
heated surface has a large area. Bubbles appear randomly
on the heated surface.

(3) Growth phase (phase 3, Fig. 6(c)): with the continuous
absorption of heat, very small bubbles grow rapidly.

(4) Bubble coalescence phase (phase 4, Fig. 6(f)): in one case,
two or more neighboring bubbles come into contact with
each other when their diameters reach certain values so that
one or more large bubbles form. In the other case, one grow-
ing bubble coalesces with small nearby bubbles. Sometimes,
the vapor mass is so large that it almost covers the entire
heating surface.

(5) One or more large bubble ejection phase (phase 5, Fig. 6(h)):
when one or more large bubbles reach a certain diameter,
they escape from the gap to the outside. In the process of
ejection, the subcooled water fills the space that was occu-
pied by the bubble so rapidly that there is a shock effect of
water on the bubble. Therefore, the coalesced bubble may
be broken into vapor slugs that escape along the heated sur-
face to the outside. If the diameter of the coalesced bubble is
near that of the heated surface, the bubble motions toward
the circular edge and thus it may also be broken into sepa-
rate parts due to the diverging path on the heated surface
and then ejected almost symmetrically to the outside. Some
parts may be obstructed underneath the heated surface and
then cooled by the effect of head on flowing subcooled
water. In some cases, the edge of the large bubble may arrive
at the edge of the heating surface in a certain direction so
that it is ejected rapidly in this direction.

There are also five phases in the process of boiling for
D = 100 mm, as for D = 300 mm.

Two different typical periodic bubble motions were observed in
the experiments denoted as type I and type II. In general, the bub-
bles have the same growth process as described above for both
types of periodic motion. In other words, types I and II have the
same phases 1 and 2. The differences between them are in the last
three phases. In phase 3, the minute bubbles simultaneously or
sequentially start to grow at two or more points in the type I pro-
cess; however, only one small bubble starts to grow at a certain
point in the type II process. Therefore, two or more large bubbles
may form in the type I process. If the large bubbles are near the
periphery of the heated surface and far enough apart, two or more
coalesced bubbles form; otherwise, if they are nearby, they may
form one large coalesced bubble. Thus, in phase 5, one or more coa-
lesced bubbles are ejected in the type I process, and of course only
one coalesced bubble is ejected in the type II process.

This difference leads to the difference in the detail of the growing
processes. The process of type II periodic motion may be clearly di-
vided into the above five phases. However, the process of type I peri-
odic motion is more complex. In phase 3, there are always two or
more bubbles growing simultaneously. The bubble near the edge
of the heated surface escapes to the outside when its edge arrives
at the edge of the heated surface during its growth, while the bub-
bles at other locations continue to grow. Therefore, before one or
more large bubbles are formed there is always a relatively small
bubble that is very circular and gets ejected (Fig. 6(d) and (e)). When
one or more assassinate bubbles form (phase 4), the process goes
into phase 5. In the ejection process, there is always a small bubble
growing (Fig. 6(h) and (i)) because the bubbles grow not only simul-
taneously but also continuously. Thus, after a large coalesced bubble
escapes, there is another relatively small and circular bubble to be
ejected. After the relatively small bubble’s ejection, the process re-
turns to phase 1 because energy accumulation is necessary to rees-
tablish the thermal boundary layer and reheat the surface to the
temperature required for the nucleation of the next bubble.
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On the whole, the type I process occurs with a probability of
90.9% and the type II process occurs with a probability of 9.1%
according to statistical calculations.

3.3.2. Coalesced bubble shapes
The coalesced bubbles have three kinds of shapes: circular,

dumbbell-shaped and elliptical. However, most bubbles are circu-
lar. In the growth phase, the bubble remains circular. If the neigh-
boring bubbles are very close, they may coalesce and then form a
large circular bubble. If two growing bubbles are relatively far
apart yet still come into contact, a dumbbell-shaped or elliptical
coalesced bubble may form. When a bubble of relatively large size
grows, another bubble relatively small in size may start to grow at
a certain point. When the former bubble reaches its critical size,
while the later bubble is still growing, it ejects in the direction of
the closest point on the edge of the heated surface and there
may be a suction effect on the latter bubble in the ejection direc-
tion. Therefore, the latter bubble becomes elliptical. If there are
two bubbles growing simultaneously at different points, the dis-
turbance from one bubble’s growth may affect the other bubble,
which would then grow into a dumbbell-shape. When one bubble
moves in the ejection phase, the bubble of circular shape trans-
forms into a dumbbell or elliptic shape due to the effect of sub-
cooled water. The coalesced dumbbell-shaped or elliptical bubble
may become circular in its growing phase.

3.3.3. Bubble size
The diameter of a coalesced bubble is relative to its position. In

the process of bubble growth, if the bubble is near the edge of the
heated surface, when its edge arrives at that of the heated surface,
it escapes to the outside before it reaches its maximum diameter. If
it is in the center of the heated surface, it may reach its maximum
size and almost completely cover the heated surface. In the coales-
cence process for two or more large bubbles, the liquid droplets or
slugs may be entrained into the large coalesced bubble. It should
be noted that there may be some differences between the shapes
of the bubbles in the cases of upward-facing and downward-facing
boiling. In the case of horizontal upward-facing boiling, the bubble
may be a sphere. In the case of horizontal downward-facing boil-
ing, the isolated bubble may be a slightly flattened sphere if its
diameter is smaller than the thickness of the gap; otherwise, it will
be flat and similar to the shape of a cake with a circular arc of
periphery. A coalesced bubble is always flat irrespective of whether
its thickness is less than the gap size. According to our observation,
the maximum thickness (height of the bubble in the vertical direc-
tion) of the coalesced bubble is approximately 5 mm. Therefore,
the diameter of a bubble is defined as the maximum size in the
horizontal direction that is parallel to the heating surface. Most
coalesced bubble diameters are from 90 to 100 mm, that is to
say, close to the diameter of the heated surface, when
D = 100 mm, and from 100 to 200 mm, or close to the radius of
heated surface, when D = 300 mm. Thus, the bubble diameter in-
creases with increasing size of the heated surface. However, the
increasing rate of the bubble diameter is less than that of the
heated surface. That is, the increase in bubble diameter is not di-
rectly proportional to that of the heated surface.

3.3.4. Bubble ejection direction
When the relatively small coalesced bubble ejects, it always

moves in one direction because the bubble is formed near the edge
of the heated surface. When a large coalesced bubble ejects, there
are two cases: (1) the bubble is broken into vapor slugs that are
ejected in a random direction; (2) the bubble ejects in the direction
of its initial motion toward the edge of the heated surface.

Underneath the heated surface, there may be from two to five
bubbles that simultaneously grow and eject in a random direction
because these bubbles may not coalesce trouble-free due to the ef-
fect of the liquid slugs.

3.3.5. Bubble period
In general, the bubble period is defined as the time difference

for two sequential bubbles to form. However, in the present exper-
iments, there is a new concept of period with different meaning,
which may be defined as the necessary time for all the above de-
scribed phases to complete. This period may be divided into two
parts: the waiting time (phase 1), and the growing and escaping
time (phases 2, 3, 4 and 5). According to our observation and math-
ematical statistics, most bubble circulation is completed within 2–
10 s and the average bubble circulation period is 7 s.

4. Conclusions

From the experimental results of pool boiling on a downward-
facing horizontal surface in a confined space, the main findings
are as follows.

For a gap where D = 300 mm, pool boiling on a downward-fac-
ing surface is confined if s < 5 mm. The maximum confined gap size
is 5 mm, which is twice the capillary length. It is semi-confined
when 5 mm < s < 20 mm and unconfined when s > 20 mm.

The pool boiling under the present condition is far weaker than
that occurring on an upward-facing surface and the larger the
diameter of the stainless steel plate, the weaker the pool boiling
heat transfer. These results are predicted from the Kutateladze cor-
relation for s > 20 mm, and from Eq. (11) for s < 20 mm.

Two kinds of bubble circulation motions were found. The typical
type I motion occurs with a probability of 90.9% and the typical type
II motion occurs with a probability of 9.1% according to statistical
calculations. The type II bubble motion has typical five phases: (1)
initial phase, (2) bubble nucleation phase, (3) growth phase, (4)
bubble coalescence phase, and (5) bubble ejection phase. In type I
bubble motion, phase 3 is ongoing with the escape of one mid-sized
bubble; the bubble coalescence phase is more complex; and phase 5
is ongoing with the growth of a small bubble. Thus large coalesced
bubbles continuously escape with the latter bubble in phase 5.

Most of the coalesced bubble diameters are from 90 to 100 mm
for D = 100 mm and from 100 to 200 mm for D = 300 mm.
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