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Abstract

Nucleate pool boiling experiments with constant wall temperature were performed using pure R113 for subcooled, sat-
urated, and superheated pool conditions. A microscale heater array and Wheatstone bridge circuits were used to maintain
the constant wall temperature and to measure the instantaneous heat flow rate accurately with high temporal and spatial
resolutions. Images of bubble growth were taken at 5000 frames per second using a high-speed CCD camera synchronized
with the heat flow rate measurements. The bubble geometry was obtained from the captured bubble images. The effect of
the pool conditions on the bubble growth behavior was analyzed using dimensionless parameters for the initial and thermal
growth regions. The effect of the pool conditions on the heat flow rate behavior was also examined. The bubble growth
behaviors during subcooled, saturated, and superheated pool boiling were analyzed using a modified Jakob number that
we newly defined. Dimensionless time and bubble radius parameters with the modified Jakob number characterized the
bubble growth behavior well. These phenomena require further analysis for various pool temperature conditions, and this
study will provide good experimental data with precise constant wall temperature boundary condition for such works.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Many experiments and analyses have been performed to clarify the heat transfer mechanism of boiling. The
overall characteristics of boiling are directly and indirectly influenced by the behavior of a single bubble on the
heating surface. The heat transfer mechanism for single bubble growth can be related to the thermal boundary
layer characteristics on the heating surface. These are controlled by the wall and pool temperatures during the
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waiting period, and by the interface temperature gradient, which is depended on wall, saturation, and pool
temperatures during the growth time. Consequently, the temperature scales closely connected to nucleate pool
boiling are the pool temperature (subcooled, saturated, and superheated), saturation temperature of the work-
ing fluid, and heating wall temperature.

Rayleigh (1917) proposed the momentum equation for a spherical bubble to be governed by the momentum
interaction between the two phases without considering the heat transfer through the interface between the
liquid and vapor bubble. Analytically, he showed that bubble radius was proportional to the growth time
based on a constant pressure difference assumption. Plesset and Zwick (1954) and Forster and Zuber
(1954) analyzed the extended Rayleigh equation considering the heat transfer through the bubble interface
in a uniformly superheated liquid, and then derived a bubble growth equation using heat conduction through
the thermal boundary layer. They assumed a thin thermal boundary layer and uniformly superheated liquid
surrounding the vapor bubble, and derived the temperature distribution at the interface. Their analysis
showed that the bubble radius increased proportionally with t1/2. For a vapor bubble larger than a critical
radius and surrounded by a uniformly superheated liquid, Mikic et al. (1970) analyzed the bubble growth
behavior using characteristic length and time scales in a dimensional analysis. They reported that the bubble
radius increased proportionally with t1 for dimensionless time values much less than 1 (t+ � 1), and with t1/2

for dimensionless time values much greater than 1 (t+ � 1). However, they did not categorize the bubble
growth regions.

Robinson and Judd (2001) performed a numerical simulation of bubble growth based on interface temper-
ature calculations using the extended Rayleigh and energy equations. They considered the inside vapor pres-
sure of a hemispherical bubble attached on the heating surface and demonstrated that heat transfer occurred
through the bubble interface due to the interface cooling effect previously proposed by Plesset and Zwick
(1954), Zuber (1961), and Mikic et al. (1970). They divided the bubble growth regions based on their numerical
results. When a bubble forms after a waiting period, the bubble growth is governed by the surface tension for a
short period of time (surface-tension controlled region). As the bubble increases in volume, the surface tension
is reduced while the inertia is increased (inertia controlled region). When the vapor pressure of the bubble is
balanced with the system pressure, the temperature distribution at the interface of the two phases becomes the
most important parameter for bubble growth (thermal growth region).

According to bubble radius results of Han and Griffith (1965) and Cole and Shulman (1966), performed at
a constant heat flux condition for saturated pool boiling, there are the large deviations even when tests are
performed under the same experimental conditions. These arise from the poor control capacity of the heating
surface. Our analysis showed that the control speed of the heating surface must be only a few microseconds to
maintain a constant heating condition from bubble inception to departure. Hooper and Abdelmessih (1966)
and Sernas and Hooper (1969) performed nucleate pool boiling experiments using water with a constant heat
flux condition and then studied the bubble growth behavior during the initial growth region. However, they
compared their experimental results with the growth rate of t1/2 obtained from the analytical results of Plesset
and Zwick (1954) and Forster and Zuber (1954).

And previously, Lee et al. (2003b) reported that the growth rate in the thermal growth region varied as t1/7

with the bubble growth result at only one wall superheat condition for saturated pool condition using R11, but
fixed in the initial growth rate like t1 as the propose of Rayleigh (1917). Then, Lee et al. (2003a) demonstrated
that the bubble growth rate in the thermal growth region followed as t1/5 with various wall superheats for just
saturated pool condition using R11 and R113, but fixed in the initial growth rate with t1 as proposed by Ray-
leigh (1917). They used a Jakob number (Ja) based on the wall superheat (the difference between the wall and
saturation temperatures) ranging from 14 to 21. Also reported that the thermal growth rate was regardless of
the working fluid and heating conditions. Lee et al. (2004) showed that the growth behavior of binary mixtures
in the thermal growth region for saturated pool condition was almost same as for pure substances.

In this study, we performed nucleate pool boiling experiments with fixed wall temperature using one fluid to
examine pool temperature effects on the bubble growth behavior. In previous studies, it was almost impossible
to maintain a constant fixed wall temperature for nucleate pool boiling under constant atmospheric pressure
condition. Even for saturated and subcooled pool boiling, the heating surface condition used in most previous
single bubble growth research was a constant heat flux that could be obtained by heating a metallic block
installed below the bubble. There were large deviations in the bubble radius results of Han and Griffith
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(1965), Cole and Shulman (1966), and Zuber (1961), even when the experiments were performed under the
same conditions. This resulted from the poor control capacity of the heating surface. A control speed of a
few microseconds is required to respond to the local heating conditions and a fixed temperature during bubble
formation.

Zuber (1961) proposed a growth and collapse equation using the maximum bubble radius and time under
non-uniform temperature fields based on subcooled nucleate boiling results of Ellion. Demiray and Kim
(2003) described the bubble growth behavior for subcooled boiling at 5 �C (low amount) and 15 �C (high
amount) of subcooling under constant temperature condition using FC-72 (Tsat = 56.7 �C). In addition,
Kim et al. (2002) published the effects of subcooling on the pool boiling heat transfer. However they did
not fully describe the effects of the pool temperature on the bubble growth behavior.

For superheated pool condition, previous studies usually performed at an infinite pool, so that during
growth, the bubble was not attached to the heating surface and there was no effect due to the waiting period
between series of bubbles from inception to departure. Forster and Zuber (1954), Dergarabedian (1960), and
Saddy and Jameson (1971) presented bubble growth rate and heat transfer results that considered the pool
superheat effect at an infinite pool of water at atmospheric pressure. Their experimental pool conditions from
1 to 5 �C of pool superheat. Lien (1969) performed a similar study to study the bubble growth rate for 9–16 �C
of superheat with a variable system pressure and an infinite pool. Van Stranlen et al. (1975) studied the growth
rate of a bubble attached to the heating surface until departure in a pool with 0.8–2.3 �C of superheat, also
with a variable system pressure.

The objective of this study was to investigate the effect of only pool temperature conditions (superheated,
saturated, and subcooled) on single bubble growth characteristics including bubble growth rates in initial and
thermal growth regions under constant wall temperature and atmospheric pressure. To do so, the wall tem-
perature was fixed using a microscale heater array with high temporal and spatial resolutions that was orig-
inally designed by Rule et al. (1998), Lee et al. (2003a,b) used the same microscale heater array.

To achieve our objective, nucleate pool boiling experiments were conducted for subcooled, saturated, and
superheated pool conditions using pure R113 (Tsat = 47.6 �C). The wall temperature was maintained at a
72 �C for all the pool temperature conditions. For subcooled conditions, the pool temperature was set to
30, 32, 34, 36, 38, 40, 42, 44, and 45 �C to consider and include the subcooled range of Demiray and Kim
(2003). For superheated conditions, the pool temperature was set to 48, 49, and 50 �C. A pool temperature
of 47 �C was considered as nearly saturated and used as the reference condition. When the pool temperature
exceeded 50 �C and was lower than 30 �C, regular single bubble events did not occur; therefore, we could not
obtain bubble images or measure the heat flow rate with a good degree of repeatability.

2. Experiments

2.1. Experimental apparatus

We used a microscale heater array to maintain a constant temperature at the heating surface and to mea-
sure the heat flow rate. The heater was fabricated on a transparent glass wafer using a very-large-scale-
integrated (VLSI) technique. The transparency provided a bottom view of the growing bubble, which was cap-
tured using a high speed CCD camera. First, a titanium and platinum layer for the heater line on the wafer was
installed using thermal evaporation. Then, a titanium and platinum layer for the power line was fabricated.
The roughness of the heating surface was approximately 0.4 lm, which was the height of the heating line with
respect to the base substrate. The static contact angle of the microscale heater array surface was 71� for dis-
tilled water and 11.4� for R113, which indicates the hydrophilic nature of R113. A total of 96 microscale heat-
ers comprised one microscale heater array. Each microscale heater measured 0.27 · 0.27 mm2, and the total
size of the microscale heater array was 2.7 · 2.7 mm2. For our experiments, the heater was manufactured
at the Samsung Advanced Institute of Technology based on the idea of Rule et al. (1998) and Rule and
Kim (1999). Most of the experimental devices that have been used previously to control the power of the heat-
ing block beneath the bubble, and thereby provide a constant heat flux, could not maintain a constant surface
temperature over very short time intervals. However, our microscale heater array was controlled with a
Wheatstone bridge circuit that provided a constant surface temperature with a high temporal resolution.
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The longest time delay in the circuit occurred at the OP amp, which had a time resolution of 10�7 s. Due to the
fast response of the circuitry, good repeatability was achieved in our experimental results.

To maintain and control the constant temperature condition, each heater was previously calibrated for tem-
peratures ranging from 20 to 80 �C. The temperature of the 96 heaters in the array was controlled by 96
electric Wheatstone bridge feedback circuits, which were operated in a manner similar to that used for
constant-temperature hot-wire anemometry. Each heater in the array could be represented as one resistor
in a Wheatstone bridge circuit. The calibration process for the wall temperature of the heater was described
in Lee et al. (2003a,b). A data acquisition system, which could measure and store data at 7.35 kHz with 12-bit
resolution, was used to measure the heat flow rate of each heater throughout the experiments. Therefore, the
voltage data for each heater was sampled every 0.136 ms, and 1000 voltage readings for each heater were
stored with the 12-bit resolution. All the tests performed in this study lasts 136 ms. These measurements were
synchronized with the images captured by the high speed CCD camera. A more detail description can be
found in Rule and Kim (1999) and Bae et al. (1999). Fig. 1 shows a schematic diagram of the experimental
apparatus. Ten thin film heaters with 15,500 W/m2 were used to control the liquid temperature inside the test
chamber as close to the saturation temperature as possible without providing another heat source for the bub-
ble. A 150 W cold light source was used for the CCD camera. The speed of CCD camera (Redlake Co., HG-
100K) was 5000 frames per second. A long distance microscopic lens was used to capture the small bubbles
during boiling (see Fig. 1).

2.2. Uncertainty analysis

The bubble growth behavior was analyzed using side-view images, while the heat flow rate measured using
the microscale heater during growth. Since most previous results for bubble growth have been for a spherical
bubble, the growth behavior in this study was analyzed using the equivalent radius of a sphere with the same
volume. The captured images showed reasonable bubble geometries, with an axi-symmetric shape about the
vertical axis and a non-symmetric shape about the horizontal axis, as shown like Fig. 2. (Kim et al. (2004a,b))
Based on the shape assumption, we calculated the volume of upper and lower parts of the bubble using
V U ¼ 2

3
pB2A ð1Þ

V L ¼ pB2 D� D3

3E2

� �
; E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

1� ðC=2Þ2
B2

vuut ð2Þ
Fig. 1. Schematic diagram of the experimental apparatus.



Fig. 2. Geometry of the spheroid used to determine the bubble volume.
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where, A, B, C, D and E are the dimensions indicated in Fig. 2. VU is the volume of the upper part of the
bubble, and VL is the volume of the lower part of the bubble. VL can also be calculated using B, D, and C

(see Fig. 2). The equivalent radius, Req, can then be defined as the radius for which the total volume (V) from
the measurements is balanced with that of a sphere with an equivalent radius
V ¼ V U þ V L ¼ 4

3
pR3

eq ð3Þ

Req ¼
1

2
B2Aþ 3

4
B2 D� D3

3E2

� �� �1
3

ð4Þ
The heat flow rate supplied to the bubble corresponds to that required for the total bubble volume change
based on the assumption that the volume change is induced by latent heat transfer. This can be calculated
from
_q ¼ _mhfg ¼ 4pqvhfgR
2 dR
dt

ð5Þ
Here, _q is the heat flow rate, _m is the evaporating mass flow rate, hfg is the latent heat for vaporization, qv is the
vapor density, R is the equivalent bubble radius, and t is time.

The equivalent radius can be calculated from the dimensions shown in Fig. 2; however, the errors in the
dimensional measurements will propagate into the calculation of the equivalent radius. The dimensions shown
in Fig. 2 were measured by counting the number of pixels in each captured image. A micrometer was placed in
the chamber at the same distance as the bubble nucleation to provide guidance for the size measurements.
From the captured micrometer images, a physical dimension of 1000 mm corresponded to 197 pixels in our
experiments. Therefore, one pixel in each image corresponded to 5.0761 lm. The clearly captured images
could be measured with an error of ±1 pixel. An uncertainty analysis was performed using the method
described by Coleman and Steele (1989). The maximum uncertainty in the first image, which contained the
smallest bubble, was 5.0%.

The bubble inception time was obtained from the time when the first image was recorded as indicated by the
CCD camera, and from the heat flow rate data. The images were recorded with a time resolution of 0.2 ms
(5000 frames/s). We defined the inception time was as the point immediately before the jump in the recorded
heat flow rate data; therefore, the inception time error was a maximum of 0.136 ms. A thermocouple with
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0.53 �C uncertainty was used to calibrate the temperature of the microscale heater array. The Wheatstone
bridge circuit was set to give a temperature displacement of 60 �C and the digital potentiometer in the Wheat-
stone bridge circuit had 512 digital positioning numbers. Therefore, one digit had a 0.12 �C temperature dis-
placement and an uncertainty of 0.06 �C. The maximum uncertainty of the calibrated temperature was
estimated to be 0.59 �C which was the sum of the errors of the thermocouple and digital potentiometer:
0.53 �C and 0.06 �C, respectively.

The voltage of each heater was measured using a 12-bit A/D system. The maximum voltage was 12 V.
Therefore, the digitizing bias error was estimated to be ±0.0015 V. All of the heater output voltages measured
while a bubble was generated were above 2 V and the maximum uncertainty of the voltage measurements was
±0.075%.

The temperature difference between the heating wall and pool was a maximum of 40 �C for the subcooled
case with a pool temperature of 32 �C. The difference in the refractive index of pure R113 is roughly 0.59% for
a temperature difference of 40 �C. The distortion or refraction error caused at the window or near the heating
surface liquid, whose density differs from that of the bulk liquid, will be negligible. The data on the refractive
index of pure R113 was obtained from page 18.3 of the 1997 Fundamentals of ASHRAE Handbook and page
1640 of the Handbook of Fine Chemicals and Laboratory Equipment of Aldrich (2001).

3. Results and discussion

3.1. Measured heat flow rate uncertainty and bubble geometry

One of our objectives was to analyze the growth behavior of a single bubble by measuring the heat flow rate
supplied from the heating wall under constant wall temperature condition for each pool temperature. There-
fore, the uncertainty of the measured heat flow rate at the microscale heater is important. To evaluate the
uncertainty of all the experiments conducted in this study, we examined the measured heat flow rate behavior
in Fig. 3. Fig. 3 shows the heat flow rate behavior of the measured cycles for 32, 42, 47, and 49 �C. The max-
imum error arises from the 0.136 ms in the bubble inception time measurements due to the time resolution of
the heat flow rate. After an initial peak and an abrupt decrease, the heat flow rates showed good repeatability
with deviations of 4%. This suggests that the bubble behavior will be similar for each period between inception
and departure.

In order to verify the assumed bubble geometry, which was used to obtain the equivalent bubble radius, we
inspected the bubble shapes during growth using captured image, such as those shown in Fig. 4. The images
showed bubbles that were almost axi-symmetric about the axis normal to the heating surface, but not symmet-
ric about the horizontal axis, regardless of the pool temperature conditions. These images were compared to
the bubble geometry illustrated in Fig. 2. A necking phenomenon occurred close to the departure time, result-
ing in a difference between the assumed shapes and the actual images. The maximum difference appeared right
at the departure time. To evaluate the equivalent radius of the actual bubble, the coordinates of the bubble
interface were measured and integrated to obtain the volume. The equivalent radius evaluated from the actual
volume at the departure time for a pool temperature of 47 �C pool temperature was 0.589 mm, and the equiv-
alent radius evaluated from the assumed shape at the same time was 0.612 mm. Therefore, the estimated max-
imum error in the assumed shape was 3.8%.

Fig. 5 gives values of the dimensions A, B, C, and D, which were illustrated in Fig. 2 for bubbles under
various pool conditions. Here, A is the height of the upper part, B is the maximum radius, C is the con-
tact diameter, and D is the height of the lower part. Except for a pool temperature of 32 �C, which was a
highly subcooled case, the characteristics of the bubble geometries for different pool conditions were very
similar.

The estimated equivalent bubble radius for each pool temperature is shown in Fig. 6. Fig. 6 indicates that
the larger bubble, the greater the pool temperature. For subcooled conditions ranging from 38 to 45 �C, the
bubble radius did not decrease until departure, although the pool temperature was less than the saturation
temperature. The bubble radius decreased for pool temperatures less than 36 �C, and a negative growth rate
was observed for pool temperatures of 32 and 34 �C. For superheated conditions ranging from 48 to 49 �C, the
bubble growth rate was greater than that of the almost saturated case at 47 �C.



Fig. 3. Repeatability of the measured heat flow rate: (a) Tb = 32 �C, (b) Tb = 42 �C, (c) Tb = 47 �C and (d) Tb = 49 �C.
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The equivalent radius of the saturated pool condition with a temperature of 47 �C is compared wirh pre-
vious analytical results in Fig. 7(a). Plesset and Zwick (1954) assumed a uniformly superheated thermal
boundary layer around the spherical bubble and predicted a t1/2 asymptotic growth rate. Other predictions
that modified using the effective heat transfer area (Van Stralen, 1966) and considered the non-uniform tem-
perature field around the bubble (Mikic and Rohsenow, 1969) still give that the bubble grows with an asymp-
totic growth rate of approximately t1/2. However, our results showed two different regions between bubble
inception and departure. Before 1 ms, the growth rate in the initial growth region was proportional to t2/3,
as proposed by Kim et al. (2004a,b); after 1 ms, the growth rate in the thermal growth region was much slower
and was proportional to t1/5, as described by Lee et al. (2003a,b).

The power of time for bubble growth is intimately related to the heat flow rate behavior. If the power of
time for bubble growth is less than one-third, the heat flow rate described by Eq. (5) will decrease. Therefore,
during the initial growth region, when the power of the growth rate was 2/3 (see Fig. 7(a)), the heat flow rate
increased with time (see Fig. 7(b)). By contrast, during the thermal growth region, when the power of the
growth rate was 1/5 (see Fig. 7(a)), the heat flow rate decreased with time (see Fig. 7(b)).

The equivalent radius obtained for pool temperatures of 32, 38, 42, and 49 �C is compared with the ana-
lytical results of Mikic and Rohsenow (1969) and Zuber (1961) in Fig. 8. In the initial growth region, the
growth rate was proportional to t2/3, as proposed by Kim et al. (2004a,b) for saturated pool condition. Nev-
ertheless, the growth rate in the thermal growth region was quite different from that obtained for saturated
condition.



Fig. 4. Side view images of bubble growth ((a) Tb = 32 �C and (b) Tb = 47 �C).
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3.2. Waiting and growth time

The waiting time was maximal for a pool temperature of 42 �C, and was affected by the amount of liquid
flowing into the vacant volume after departure and the temperature of that liquid flowed, as illustrated in
Fig. 8. The growth time was dependent on the departure mechanism, and the departure time depended on
the contact radius at departure. It was difficult to estimate the contact radius at departure because of the time
gap between the capturing bubble images. Therefore, it was difficult to explain the relationship between the
growth time and pool temperature. Nevertheless, as shown in Fig. 9, the growth time increased with the radius
at departure time.



Fig. 4 (continued)
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3.3. Dimensional analysis of the bubble growth

Suppose that the bubble growth can be characterized by the pressure difference (DP) between the vapor and
the bulk liquid pressures. Then, the characteristic velocity scale (vc) can be determined from the driving
potential,
vc ¼
Rc

tc
¼

ffiffiffiffiffiffiffiffiffiffiffi
2

3

DP
ql

s
ð6Þ
where Rc is the characteristics bubble radius scale, tc is the characteristics time scale, and ql is the liquid
density.

Here, the factor two-thirds is inserted to allow comparisons with the dimensionless parameter of Mikic
et al. (1970).

The bubble growth behavior shown in Fig. 6 is different for each pool temperatures. We performed a
dimensional analysis to compare the growth behavior with the same scales of the bubble growth, which
required the characteristic time and length scales.



Fig. 5. Bubble geometries for various pool conditions: (a) Tb = 32 �C, (b) Tb = 38 �C, (c) Tb = 42 �C, (d) Tb = 47 �C and (e) Tb = 49 �C.

J. Kim et al. / International Journal of Multiphase Flow 32 (2006) 208–231 217



Fig. 6. Equivalent bubble radius for different pool temperatures.
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The characteristic time scale can be determined from the ratio of the corresponding latent heat transfer and
the conduction heat transfer rate through the interface,
qlatent
_qconduction

¼
qvhfg

4
3
pR3

kl4pR2 oT
or

¼ 1

3

qvhfgR
3
c

klR2
c
T c

Rc

Rþ3

Rþ2 oTþ

orþ

¼ tc
Rþ

oTþ

orþ

ð7Þ

tc ¼
1

3

qvhfgR
2
c

klT c

¼ 1

3

qvhfgR
2
c

klDT
¼ 1

3

1

Jaa
R2
c ð8Þ
where kl is the thermal conductivity, T is the temperature, and a is the thermal diffusivity of the liquid. Since
the bulk liquid is saturated and bubble growth should be influenced by the wall superheat, the Jakob number
is defined by ðqlCP l

DT Þ=ðqvhfgÞ, where the wall superheat (DT = Twall � Tsat) is used as the characteristic tem-
perature scale (Tc). From Eqs. (6) and (8), the characteristic radius and time scales are
Rc ¼
ffiffiffiffiffi
27

2

r
Jaa

ffiffiffiffiffiffiffi
ql

DP

r
; tc ¼

9

2
Jaa

ql

DP
ð9Þ
Then, the dimensionless bubble radius and time can be expressed as
Rþ ¼ R
Rc

; tþ ¼ t
tc

ð10Þ
Mikic et al. (1970) assumed that bubble motion is governed by the extended Rayleigh equation
DP ¼ P v � P1 ¼ qlR
d2R
dt2

þ 3

2
ql

dR
dt

� �2

þ 2r
R

ð11Þ
By comparing the pressure difference and the second term on the right hand side of the equation, the same
characteristic velocity scale can be derived. Furthermore, Mikic et al. (1970) assumed that the pressure differ-
ence was constant, and can be replaced by the superheat using the Clausius–Clapeyron relation



Fig. 7. Comparison of bubble growth with previous predictions (Tb = 47 �C).
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vc ¼
Rc

tc
¼

ffiffiffiffiffiffiffiffiffiffiffi
2

3

DP
ql

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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qvhfgDT
qlT sat

s
ð12Þ



Fig. 8. Comparison of bubble growth with previous predictions (Tb = 32, 38, 42, and 49 �C).
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where the growth rate of Plesset and Zwick (1954) was also used for the characteristic scale. This suggests the
following parameters:
Rc ¼
12
p Ja

2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
7

qvhfgDT
qlT sat

q ; tc ¼
12
p Ja

2a
p
7

qvhfgDT
qlT sat

ð13Þ
It is of interest to note that almost the same relation as Mikic’s scaling parameters shown above can be ob-
tained when the critical bubble radius is used to determine the pressure difference in Eq. (12). The critical ra-
dius can be obtained using the Clausius–Clapeyron relation and the Laplace–Kelvin equation for static
equilibrium. Therefore, the scaling parameters in Eq. (13) adequately describe the initial growth behavior,
but not the asymptotic behavior (in the thermal controlled region).

We will use the departing radius as a scaling parameter to adjust for the thermal growth behavior. The pres-
sure difference can be related to the departing radius, Rd, using the static equilibrium since the radial acceler-
ation and velocity are negligible close to the bubble departure (see Eq. (11)).



Fig. 9. Waiting and growth times for different pool temperatures.
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Therefore
DP ¼ 2r
Rd

ð14Þ
Then, the characteristic scales from Eq. (9) can be rewritten as
Rc ¼
ffiffiffiffiffi
27

p

2
Jaa

ffiffiffiffiffiffiffiffiffi
qlRd

r

r
; tc ¼

9

4
Jaa

qlRd

r
ð15Þ
The characteristic scale of the heat flow rate was obtained from Eq. (5)
_qc ¼ 4pqvhfgR
2
c

Rc

tc
ð16Þ
3.4. Bubble growth and heat flow rate behavior

Since the wall temperature was fixed, the Jakob numbers based on the wall and saturation temperatures for
all pool temperatures were fixed at 32.4. The characteristic radius and time scales also remained constant for
different pool temperatures. These were estimated using Eqs. (13) and (15) for the initial and thermal growth
regions, respectively. For saturated condition of a pool temperature of 47 �C, the initial region corresponded
to the 1 ms from inception based on the definition proposed by Kim et al. (2004a,b). Fig. 10(a) and (b) showed
the dimensionless bubble radius characteristics as functions of the dimensionless time calculated using the esti-
mated characteristic scales using Eqs. (15) and (13), respectively.

The bubble growth rate remained similar for the initial growth region, regardless of the pool temperature.
The dimensionless bubble radius (R+) was proportional to the dimensionless time t+2/3, except for pool tem-
peratures less than 40 �C, for which the growth rate decreased from t+2/3 to t+1/2, as shown in Fig. 10(a). This



Fig. 10. Bubble growth behavior based on dimensionless scales.
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indicates that a characteristic temperature scale that considers the wall and saturation temperatures can
describe the initial growth behavior well. For the thermal growth region at a pool temperature of 47 �C,
the dimensionless radius R+ was proportional to dimensionless time t+0.216, as expected. The bubble growth
rates at pool temperatures of 48 and 49 �C were proportional to t+0.224 and t+0.263, respectively, as shown in
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Fig. 10(b). Nevertheless, these growth rates were still less than t+1/3, so the heat flow rate behavior will
decrease with growth time, as shown in Fig. 3.

We compared the bubble growth with previous saturated pool boiling experimental results during the initial
growth region like Fig. 11(a) because of the growth behavior different with the previous results. In the previous
Fig. 11. Comparison of initial bubble growth with previous saturated experimental results.
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experiments, water (Sernas and Hooper, 1969; Hooper and Abdelmessih, 1966) and n-pentane (Cole and Shul-
man, 1966) were used as the working fluids. A constant heat flux was applied at the heating surface. Both the
present and previous experiments were performed in a pool at saturation temperature under atmospheric pres-
sure. There appears to be a discernable difference between the working fluids. It is not clear how much the wall
conditions affect the initial growth rate, but there appears to be no discernable difference between the two dif-
ferent wall conditions. As shown in Fig. 11(b), for saturated nucleate pool boiling, the initial growth rate was
proportional to t2/3. The heat flow rate increased at first, and then decreased after about 1 ms (see Fig. 7(b))
for our constant wall temperature condition.

Fig. 12 compares our results with previous data scaled using the dimensionless parameters of Eq. (13). The
two growth rates described previously are distinguishable in the figure. There was good agreement between the
bubble growth in the initial growth region, which was proportional to tþ

2=3
, regardless of the working fluids,

heating surface conditions, or Jakob number under saturated and ambient pressure conditions. All the results
shown in the figure, except those from this study, were performed using a constant heat flux condition. The
small amount of initial data scatter might mainly due to the different heating surface conditions or experimen-
tal uncertainties near the inception time. The measured heat flow rate close to departure, which was similar to
the constant heat flux condition, did not vary significantly, while there were large variations during the initial
growth phase. In addition, there were many uncertainties near bubble inception, such as cavity size, inception
time, and heater control. The growth rate transition from the initial to thermal growth regions occurred at a
dimensionless time of 140.

The results showed that the bubble growth rate was proportional to tþ
2=3

in the initial growth region. This is
less than the analytical result of Rayleigh (1917). Rayleigh analyzed the bubble growth rate based on a con-
stant pressure difference between the liquid and vapor bubble. However, the vapor pressure of the bubble
decreased as the bubble radius increased with time, as shown in Fig. 13. Therefore, it is possible that the
growth rate is less than Rayleigh’s result for the initial region. In addition, Mikic et al. (1970) proposed that
the bubble radius increased linearly with time for dimensionless time scales much less than 1 (t+ � 1). If the
same dimensional analyses were applied to the numerical results of Robinson and Judd (2001), the region of t+

from inception to 0.014 would correspond to the surface tension controlled region, and the region from
0.014 < t+ < 140 would correspond to the inertia controlled region, as shown in Fig. 12. Mikic’s range for
Fig. 12. Initial bubble growth behavior based on dimensionless scales at saturated.
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t+ � 1 is also an estimate of the surface tension controlled region. Based on the dimensionless time scale of
our results, however, our camera frame rate would have to be increased by 1000 times in order to measure the
bubble geometry for R113 in the surface tension controlled region.

We calculated values for each term of the extended Rayleigh equation given in Eq. (11) using the equivalent
bubble radius obtained from the captured bubble images. If the growth rate is proportional to tþ

2=3
in the ini-

tial growth region, as shown in Fig. 12, the pressure difference will also be proportional to tþ
2=3ðDP / t�2=3Þ.

Fig. 13 shows the characteristics of the total pressure difference between the vapor and the system during the
bubble growth as dimensionless scales. The growth rate estimated in the initial region described the growth
behavior well. From the results of Fig. 13, we defined the initial growth region as the period of time from
inception until the vapor pressure was almost same as the system pressure, following the proposal by Robin-
son and Judd (2001). Therefore, the length of time required for the initial bubble growth region from inception
was approximately 140 dimensionless time units, or about 1.0 ms as dimensional time for R113.

We calculated the required heat flow rate for bubble growth using Eq. (5), and fitted the growth equations
for each pool conditions. Then, we integrated the required and measured heat flow rates from inception to
departure. The difference between the required and measured heat is shown in Fig. 14. The measured heat
was defined as that which was measured using the microscale heater array to maintain the heating surface tem-
perature at a fixed value. When the required heat was less than the measured heat, heat transfer (condensation)
loss to the surrounding liquid through the bubble interface occurred at the bubble interface. This decreased
bubble size and the required heat flow rate could be much less than the measured heat flow rate for low pool
temperatures. When the required heat was greater than the measured heat, heat transfer from the surrounding
liquid to the bubble occurred at the bubble interface, providing an interface cooling effect, as proposed by
Robinson and Judd (2001). In our experiments, the required and measured heat was balanced when the pool
temperature was 40 �C.

We normalized the heat supplied from the heating wall using the total required heat flow rate. As shown in
Fig. 15, the heat supplied from the heating wall was roughly 100, 50, and 44% of the required heat for bubble
growth for pool temperatures of 40, 47, and 49 �C, respectively. Therefore, when the pool temperature was



Fig. 14. Heat comparison between measured at wall and required.

Fig. 15. Comparison of normalized heat between the measured at wall and the required.
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increased, the contribution of the instantaneous heat supply from the wall decreased due to more heat supply
(or less heat loss) from the surrounding liquid to the bubble. For the saturation temperature, the result was
similar with that of Lee et al. (2003a,b).

Koffman and Plesset (1983) reported that a maximum of 50% of the heat flow during bubble growth was
transferred due to microlayer evaporation at saturated pool condition. From the bottom view image and heat
Fig. 16. Dimensionless bubble radius for different pool temperatures using the modified Jakob number.
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flow rate data, we observed that the instantaneous heat was transferred through a narrow region near the con-
tact line. Therefore, if a microlayer exists underneath the bubble, most of the measured heat flow rate supplied
from the wall will be transferred by microlayer evaporation and Lee et al. (2003a,b) also presented similar
results. Additional information about the heat transfer characteristics during single bubble growth presented
here can be found in Lee et al. (2003a,b).

The Jakob number remained at 32.4 for all pool temperatures. In order to well consider the effects of the
subcooled and superheated pool temperatures in the thermal growth region, we performed a dimensional ana-
lysis using a modified Jakob number, Ja� ¼ ðqlCP l

DT �Þ=ðqvhfgÞ, based on a new characteristic temperature
rather than, Tc = DT = Twall � Tsat
T �
c ¼ f ðT wall; T b; T satÞ ¼ bðT wall � T satÞ þ ð1� bÞðT b � T satÞ ð17Þ
where b is the constant. If b = 1, the characteristic temperature is the same as the original characteristic tem-
perature, and if b = 0, the characteristic temperature is the temperature difference between the pool and sat-
uration temperatures. Therefore, the characteristic length and time scales (R* and t*) were estimated using Eq.
(15) and Ja*.

We performed a dimensional analysis using modified Jakob numbers ranging from 16.5 (Tb = 32 �C) to
23.2 (Tb = 49 �C) for various b ranging from 0 to 1. The bubble growth behavior obtained for b = 0.7 is
shown in Fig. 16(b). All thermal growth behaviors were well matched for b = 0.7 for all pool temperatures.
The growth rate in the initial growth region was proportional to t*2/3, except when below Ja* < 20
(Tb < 40 �C) and the growth rate in the thermal growth region was proportional to t*1/5 for all pool temper-
atures. These results suggest that the wall temperature effect contributed 70% to bubble growth and the pool
temperature effect contributed 30%. Additionally, the bubble growth behavior obtained for b = 0.5 is shown
in Fig. 16(a). All thermal growth behaviors were not well matched for b = 0.5 for all pool temperatures.

Previously, Van Stralen (1966) has extended bubble growth theory to a bubble growing on a heated wall
with an exponential radial temperature profile in the liquid. He also assumed that a part of the bubble inter-
face was in the superheated thermal boundary layer as shown in Fig. 17, which he calls the relaxation micro-
layer. The ratio of the height of the superheated thermal boundary layer thickness (HT) to the height of the
bubble (H*) is the new parameter (b). Then he performed an experiment with water at atmospheric pressure
and calculated the parameter (b) from the bubble growth data. Finally, he showed that the values of b were
about 0.7 for water almost same with the result of this study.

Lee et al. (2003a,b) showed that the dimensionless departure radius (Rþ
d ) was approximately 25, and the

dimensionless departure time (tþd ) was approximately 60, regardless of the boundary conditions or working
fluids used for saturated nucleate pool boiling experiments. The results illustrated in Fig. 16(b) show the same
characteristics. Using modified values of the dimensionless departure radius and time (R�

d; t
�
d), the following

predictions are obtained:
R�
d ¼

Rdffiffiffiffi
27

p

2
Ja�a

ffiffiffiffiffiffiffi
qlRd

r

q ¼ 25;

t�d ¼
Rd

9
4
Ja�a qlRd

r

¼ 60;

ð18Þ
Fig. 17. Relaxation microlayer of Van Stralen (1966).



Fig. 18. Comparison of the predicted and experimental departure radius and time.
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qlRd

r
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ð19Þ
Fig. 18 compares the predicted departure radius and time with the experimental results. The departure radius
and time were predicted with less than a 30% error.
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4. Conclusions

A quantitative analysis of single bubble growth during subcooled, saturated, and superheated nucleate pool
boiling was performed with a constant wall temperature. The wall temperature was controlled precisely using
a microscale heater array, and the local heat flow rate was measured at a high temporal resolution. Time-trig-
gered high-speed CCD images were captured at a sampling rate of 5000 Hz to analyze bubble motion.

The captured images showed a spheroidal bubble during growth. The equivalent radius of a sphere with the
same volume produced a small error for the shape assumption. Using our measured results, we quantified
showed the bubble growth rate and geometry using bubble images for subcooled, saturated, and superheated
pool conditions with fixed wall temperature. We also showed the required and measured heat flow rate char-
acteristics for all pool temperature conditions.

The bubble growth behavior during subcooled, saturated, and superheated pool boiling was analyzed using
a modified Jakob number that we defined. The dimensionless parameters of time and bubble radius charac-
terized the bubble growth behavior well using a modified Jakob number with b = 0.7. In the initial growth
region, the growth rate was proportional to (t*)2/3 for all pool temperatures except when Ja* < 20 (Tb <
40 �C). In the thermal growth region, the growth rate was proportional to (t*)1/5 for all pool temperatures.
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