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This paper is the second part of a two-part study concerning the dynamics of heat transfer during the
nucleation process of FC-72 liquid. The experimental findings on the nature of different heat transfer
mechanisms involved in the nucleation process were discussed in part I. In this paper, the experimental
results are compared with the existing boiling models. The boiling models based on dominance of a single
mechanism of heat transfer did not match the experimental results. However, the Rohsenow model was
found to closely predict the heat transfer through the microconvection mechanism that is primarily
active outside the bubble/surface contact area. An existing transient conduction model was modified
to predict the surface heat transfer during the rewetting process (i.e. transient conduction mechanism).
This model takes into account the gradual rewetting of the surface during the transient conduction pro-
cess rather than a simple sudden surface coverage assumption commonly used in the boiling literature.
The initial superheat energy of the microlayer (i.e. microlayer sensible energy) was accurately calculated
and found to significantly contribute in microlayer evaporation. This even exceeded the direct wall heat
transfer to microlayer at high surface superheat temperatures. A composite model was introduced that
closely matches our experimental results. It incorporates models for three mechanisms of heat transfer
including microlayer evaporation, transient conduction, microconvection, as well as their influence area
and activation time. The significance of this development is that, for the first time, all submodels of the
composite correlation were independently verified using experimental results.

Published by Elsevier Ltd.
1. Introduction In this study, we use the experimental results presented in part
Over the past 50 years, several mechanistic models (i.e. based
on the physics of a process) have been developed to predict the
surface heat transfer during the nucleate boiling process. These
models have been commonly used to predict the surface heat
transfer on large boiling surfaces which simultaneously generate
numerous bubbles. On a large boiling surface, interactions between
the bubbles would likely trigger a more complex regime of heat
transfer than in the case of a single bubble boiling (conditions dis-
cussed in part I of this study). Although the existing mechanistic
boiling models were often applied to such regimes, they do not
have built-in mechanisms to model the heat transfer processes
resulting from interactions between the bubbles. In fact, quite to
the contrary, they have frequently been developed solely based
on assumptions concerning the heat transfer processes involved
in single bubble boiling. In addition, empirical coefficients were of-
ten used to accommodate for differences between the models and
the experimental results, but without any clear a priori indication
as to the cause of the discrepancy.
Ltd.

: +1 217 244 6534.
m).
I to examine the fundamental assumptions of several representa-
tive mechanistic models available in the boiling literature and dis-
cuss the strength and weaknesses of the models. One can readily
appreciate that the most accurate way to test the underlying phys-
ics of these models is to compare them with experimental single
bubble boiling results (i.e. eliminate the effect of multiple bubbles)
in which all the parameters used to construct the models are accu-
rately measured. Due to the difficult nature of the experiments re-
quired in such a task, historically this has rarely been done. Rather,
the models are usually tested through comparison to some bulk
measured value, such as average heat flux, leaving the soundness
of the original physical assumptions open to speculation. To set
the stage for this analysis/comparison, a survey of the most popu-
lar boiling models is provided in the following. The existing models
have been divided into three different categories, each with a fun-
damentally different modeling approach.

The first category of models have attempted to simplify the es-
sence of the boiling heat transfer process to mechanisms normally
attributed to steady single phase heat transfer. In these models, the
role of phase-change processes is relegated to the role of secondary
parameters, which indirectly influence the resulting heat transfer.
Jakob and Linke [1] were probably the first to suggest that the

mailto:saeedmog@uiuc.edu
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

Ac contact area [m2]
Am microlayer area [m2]
AT total heat transfer surface area [m2]
C specific heat [J/kg K]
C1 coefficient in Eq. (3)
Cd coefficient in Eq. (4)
Cq coefficient in Eq. (6)
Csf coefficient in Eq. (2)
Db bubble diameter [m]
Dc diameter of contact area [m]
f bubble departure frequency [1/s]
Ja Jacob number
hlv heat of vaporization [J/kg]
k thermal conductivity [W/m K]
K coefficient in Eq. (23)
m mass [kg]
n nucleation site density [1/m2]
N number of nucleation sites
Nu Nusselt number
NuNC natural convection Nusselt number
NuRoh Rohsenow Nusselt number (Eq. (7))
Pr Prandtel number
q
00
(t) heat flux [W/m2]

q
00

average heat flux [W/m2]
q00ME microlayer evaporation heat flux [W/m2]
q00MC microconvection heat flux [W/m2]
q00NC natural convection heat flux [W/m2]
q00TC transient conduction heat flux [W/m2]
QME microlayer evaporation energy [J]
QTC energy transferred through transient conduction [J]
r1 larger radius of a sensor [m]
r2 smaller radius of a sensor [m]
rc radius of contact area [m]
r0, r0 0 radial position [m]
Ra Rayleigh number
Rb bubble radius [m]
Re Reynolds number

t time [s]
t
0
,t
00

time [s]
t0 initial bubble formation time [s]
tg bubble growth time period [s]
tm microlayer evaporation time [s]
tr duration of the surface rewetting event [s]
tME,i beginning of microlayer evaporation [s]
tME,e end of microlayer evaporation [s]
tw bubble waiting time [s]
Tm average microlayer temperature [�C]
Ts surface temperature [�C]
Tsat liquid saturation temperature [�C]
Ub bubble/liquid interface velocity during bubble growth

[m/s]
v contact line velocity [m/s]
Vd0 microlayer initial volume [m3]

Greek symbols
DT surface superheat temperature [�C]
DTTC surface and rewetting liquid temperature difference [�C]
Dx thickness of BCB film [m]
q density [kg/m3]
d0 microlayer initial thickness [m]
�d0 average microlayer thickness, Vd0=/pR2

b [m]
a thermal diffusivity [m2/s]
b expansion coefficient [K�1]
r surface tension [N/m]
h contact angle [degree]
/ ratio of contact area and bubble projected area, (Dc/Db)2

l dynamic viscosity [N s/m2]
m kinematic viscosity [m2/s]

Subscripts
b bubble
l liquid
m vapor
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primary mechanism of heat transfer from a boiling surface is sen-
sible heat transfer to the liquid, and therefore should follow a con-
vective scaling. The most popular model developed on this basis is
that of Rohsenow [2], in which he adapted a single-phase convec-
tive heat transfer correlation (i.e. Nu = CRemPrn), using the bubble
diameter and vapor superficial velocity as the relevant characteris-
tic length and velocity scale to determine the Re number. In a sim-
ilar analogy, Tien [3] noted that the wake generated behind a rising
bubble resembles the velocity distribution of a reversed axisym-
metric stagnation flow. He then used the heat transfer correlation
for a stagnation flow [4] to develop a correlation for the boiling heat
transfer coefficient. In another effort, Zuber [5] assumed a similarity
between boiling and turbulent natural convection flow to develop a
correlation based on a single phase heat transfer analogy.

In the second category of models, researchers strived to provide
a more explicit connection between the transient bubble dynamics
and the resulting convective environment. Along these lines, For-
ster and Greif [6] postulated that bubbles act as micropumps that
transport superheated liquid into the bulk as they grow and depart
from the surface. The total heat transferred through subsequent
pumping action was calculated using the volume of the bubble
and its frequency. They used the difference between the wall and
bulk liquid temperatures to define the energy transported in the
pumping action. Mikic and Rohsenow [7] postulated that heat
transfer during boiling mainly occurs in a transient conduction
heat transfer process. They assumed that a departing bubble
pumps away the hot liquid adjacent to the surface from an area
twice the bubble diameter. They approximated the transient heat
transfer into the near-wall entrained liquid using the transient
conduction solution through a semi-infinite body (the liquid),
while simultaneously excluding heat transfer from areas outside
the bubble influence region. Haider and Webb [8] extended the
Mikic and Rohsenow [7] model by including the effect of another
mechanism of heat transfer that they called transient convection.
This mechanism of heat transfer was suggested to arise as a result
of convection in the wake of the departing bubbles. In order to
evaluate their model using the existing data on large surfaces,
Haider and Webb [8] used an existing model for nucleation site
density. Then, they tried to fit their model to experimental data
by changing the weight factors considered for each mechanism
of heat transfer. Their analysis suggested that transient convection
is the dominant heat transfer mode.

The third group of models assumed that different mechanisms
of heat transfer are active during the boiling process. These models
[9–15] accounted for latent heat transfer in addition to the sensible
heat transfer to the liquid. For example, Judd and Hwang [12] and
more recently Dhir [15] envisaged that by combining the contribu-
tions of microlayer evaporation, transient conduction, and natural
convection one can determine a more comprehensive boiling heat
transfer correlation. Dhir [15] further elaborated that for this
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Fig. 2. Comparison of the experimental Nusselt number corresponding to total
surface heat flux and microconvection heat flux with theory.

Table 1
Thermophysical properties of FC-72 liquid at saturation conditions [27]

Parameter Values

ql 1619.7 [kg/m3]
qv 13.4 [kg/m3]
kl 0.052 [W/m K]
al 2.93 � 10�8 [m2/s]
ll 4.54 � 10�4 [N s/m2]
Cl 1098.4 [J/kg K]
hfg 84510.9 [J/kg]
Prl 9.56
r 8.27 � 10�3 [N/m]
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correlation to be verified as a predictive tool, one needs to have clo-
sure models for several parameters: bubble diameter, bubble
departure frequency, diameter of the area influenced by the bub-
ble, the average heat transfer coefficients for natural convection
and microlayer evaporation. Although models exist in the litera-
ture for some of these parameters, there is no consensus on how
well they function, or even over what general region of parametric
space they should be used.

The experimental results presented in part I of this study sug-
gested that all mechanisms of heat transfer can have a significant
contribution in total surface heat flux, even when focusing on a re-
stricted region of the parametric space (highly wetting fluid on a
conductive substrate at saturation conditions). Therefore, none of
the models that assume dominance of a single mode of heat trans-
fer represents the actual physics of the heat transfer process. So, it
is clear that a composite model should better fit our experimental
results. In the following section, we first evaluate the ability of the
single mode models to predict their corresponding mechanism of
heat transfer measured in our tests and then discuss the composite
models. Furthermore, using the high-resolution data from part I
concerning the details of the heat transfer mechanisms (magni-
tude, area of influence, time period of activation, etc.), the existing
models will be fine tuned and eventually combined into a single
composite model.

2. Experimental Nu number

The experimental results reported in a companion paper [16]
are used to provide a detailed data set to test the models. Tests
were conducted over a range of superheat values in which the
time- and space-resolved surface temperature, heat flux, and bub-
ble size were determined. Using the experimental bubble depar-
ture diameter as the characteristic length, the time- and space-
averaged surface temperature, and the average surface heat flux,
the surface Nu number was determined as follows

Nu ¼ hDb

kl
¼ q00Db

ðDTÞkl
ð1Þ

Fig. 1 shows the experimental values of the average surface heat
flux (q00) and bubble diameter and Fig. 2 shows the calculated Nu
number. Thermophysical properties of the FC-72 liquid are pro-
vided in Table 1. As can be seen in Fig. 2, the Nu number increases
with the surface temperature.
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Fig. 1. Total surface heat flux and bubble departure diameter at different tests.
3. Convection models

3.1. Rohsenow [2] model

Rohsenow [2] suggested the following equation for nucleate
boiling heat transfer (note that the exponent of 1.7 for Pr is appli-
cable for any liquid except water [2]):

ClðDTÞ
hlv

¼ Csf
q00

llhlv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðql � qÞ

r� �0:33

Pr1:7
l ð2Þ

The value of Csf depends on the combination of the surface and
liquid properties that should be determined experimentally. For
different combinations of liquid and surface material, Rohsenow
[2] suggested a range of 0.0027–0.0154 for Csf. A value of 0.013
was recommended for Csf as a first approximation when no exper-
imental data is available. The theoretical heat flux was calculated
using Eq. (2) and Csf = 0.013. The corresponding Nu was then calcu-
lated using Eq. (1) and reported in Fig. 2. Overall, the Rohsenow [2]
model underpredicted the experimental results, especially at low
surface temperature. Its prediction is only 36.3% of the experimen-
tal value at low surface temperature (80.5 �C) and 84.3% of the
experimental value at high surface temperature (97.2 �C). The
Rohsenow [2] model particularly failed to distinguish any differ-
ence between the test results with and without waiting time (tests
No. 5 and No. 1 in [16]) at low surface temperature. This is due to
the fact that heat flux in Eq. (2) is only a function of DT and liquid
properties.

Since the fundamental assumption of the Rohsenow [2] model
is bubble induced convection and we have seen such an effect
(i.e. microconvection observed outside the contact area), the
experimental Nu number has been calculated using the microcon-
vection heat flux values (cf. Fig. 2). Overall, the results were close
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to the Rohsenow [2] Nu number, except for test case with waiting
time due to the reason mentioned above. Failure of the Rohsenow
[2] model to distinguish any difference in heat flux resulted from
differences in nucleation dynamics at a similar surface tempera-
ture is certainly a fundamental issue. Since the Rohsenow [2] mod-
el is developed based on convection induced by bubbles, one might
suggests that it should take into account differences in bubbling
dynamics. In order to explore this issue, we started with the origi-
nal convection equation used by Rohsenow [2]

Nu ¼ C1RemPrn
l ð3Þ

and reverted it to the original elements used in derivation of Eq. (2).
Rohsenow [2] used the following equations for the bubble diameter
and Re number

Db ¼ Cdh
2r

gðql � qvÞ

� �0:5

ð4Þ

Reb ¼
GbDb

ll
ð5Þ

where Cdh is a function of liquid and surface properties and Gb is re-
lated to the surface heat flux through the following equation.

q00 ¼ CqhlvGb ¼ Cqhlv qv
p
6

D3
bfn

� �
ð6Þ

Using Eqs. (4)–(6) and (1) for the Nu number, Eq. (2) can be written
as follow

Nu ¼ Cq

Csf
Cqffiffi
2
p

Cdh

� �0:33 Re0:67
b Pr�0:7

l ð7Þ

Using the experimental data for the bubble diameter and liquid
properties, the coefficient Cdh that represents the liquid and surface
combination properties was determined. Since the area of interest
for heat transfer calculation is Db, the following equation for n was
used to determine Cq using Eq. (6).

n ¼ N
AT
¼ 1

pD2
b=4

ð8Þ

Note that the values of factors Cd and Cq change at different test
conditions. Eventually, using a value of 0.013 for Csf and Eq. (5) for
Reb, Nu was determined using Eq. (7). Results are presented in Fig. 2.

Results suggested a close agreement between theory and exper-
iment over the entire temperature range. The main highlight of this
comparison is that the open form of Rohsenow [2] model (i.e. Eq.
(7)) allowed differentiating between Nu numbers of two different
nucleation (tests No. 5 and No. 1 [16]) regimes at a similar surface
and liquid temperature. This was mainly due the difference in C1

coefficient that was 33.6 for test No. 5 versus 15.9 for test No. 1.
The difference in Re number between the two was small (1.4 and
1.3 for test No. 5 and 1, respectively).

Although the Rohsenow [2] model predicted the test results for
microconvection heat transfer closely, this agreement does not
corroborate Rohsenow’s [2] idea as a basis for microconvection
heat transfer. Obviously, using other values of Csf determined for
other surface/liquid combinations changes the results. It is not
clear whether Rohsenow [2] had any other reason for recommend-
ing 0.013 as a starting point for modeling/prediction other than the
fact that this coefficient corresponded to water (boiled on polished
platinum) that has been a popular boiling liquid (especially during
the 1950s in boiling water nuclear reactors and power plants).
3.2. Forster and Zuber [17] model

Forster and Zuber [17] followed the Rohsenow’s analogy [2] for
the mechanism of heat transfer, but modified the expression for
the bubble radius and velocity (Rb = Ja(palt)1/2 and Ub = dRb/dt) to
calculate Rebð¼ qvUbDb

ll
Þ. Using these modified expressions, they ar-

rived at the following equation for Reb.

Reb ¼
ql

ll

DTClql
ffiffiffiffiffiffiffiffi
pal
p

hlvqv

� �2

ð9Þ

and recommended the following correlation for Nu after fitting their
model to experimental data.

Nu ¼ 0:0015Re0:62
b Pr0:33

l ð10Þ

Eq. (10) determines a Nu of 0.14–0.27 for the surface tempera-
ture range of 80.5–97.2 �C. The results are significantly lower than
the experimental values as well as the predictions of the Rohsenow
[2] model. It is interesting that even though Forster and Zuber [16]
used a similar analogy to that of Rohsenow [2] their end result is
quite different. Aside from the more obvious difference that is be-
tween the Pr exponent in the two correlations (0.33 in Forster and
Zuber’s versus �0.7 in Rohsenow’s), the values of C1 (see Eq. (3))
and Reb are also significantly different. C1 is 0.0015 in the Forster
and Zuber’s correlation and between 36.7 (at 80.5 �C) and 73.9
(at 97.4 �C) in the Rohsenow’s correlation. Eq. (9) determines a
Reb of 461.5–1335.2 for low to high surface temperatures, respec-
tively, versus the much smaller values of 1.3–2.01 determined
from Eq. (5).

4. Transient conduction models

4.1. Mikic and Rohsenow [7] model

Mikic and Rohsenow [7] suggested that a departing bubble con-
tinuously pumps the hot liquid away from the surface and heat is
transferred via transient conduction into the liquid that replaces
the displaced fluid. They considered this mechanism to be the sole
mechanism of heat transfer from the surface. They used the gov-
erning equation for heat transfer to a semi-infinite body [18] and
derived the following equation for surface heat flux.

q00 ¼ f
Z 1

f

0

klDTffiffiffiffiffiffiffiffiffiffi
palt
p dt ¼ 2

klDTffiffiffiffiffiffiffiffi
pal
p

ffiffiffi
f

p
ð11Þ

Eq. (11) can be written in Nu form as follows,

Nu ¼ 2ffiffiffiffi
p
p f :D2

b

al

 !0:5

ð12Þ

Using Eq. (12) and the experimental values of bubble departure
frequency (f) and diameter (Db), Nu at different surface tempera-
tures were calculated. The transient conduction model of Mikic
and Rohsenow [7] predicted Nu values that were a few times great-
er than the experimental results. In order to find out whether the
Mikic and Rohsenow [7] model matches the transient conduction
part of the test results, Nu values were calculated using the average
transient conduction heat flux at the contact area. As can be seen in
Fig. 3, the results are still lower than the Mikic and Rohsenow [7]
predictions. The main reason for this difference could be found
by examining the experimental results presented in the first part
of this study. The test results suggested that unlike what is as-
sumed in the Mikic and Rohsenow [7] model (i.e. sudden coverage
of the entire surface with bulk liquid), the process of surface rew-
etting is gradual. During this process, the contact line rewets the
surface with a finite velocity. So, the overall surface heat transfer
is small before a significant part of the surface is covered with
liquid.

In order to better understand the physics of this process, heat
transfer results of the individual sensors have been analyzed.
Fig. 4 shows typical experimental data for the cumulative heat



0

10

20

30

40

50

60

70

78 82 86 90 94 98
T(°C) 

N
u

Mikic and Rohsenow, Eq. (12)
Transient conduction (Exp.) 
Eq. (19)  

Fig. 3. Comparison of the Nusselt number corresponding to transient conduction
heat flux with theory.

0

20

40

60

80

100

8          9 10 11 12 13 14 15
t (ms)

En
er

gy
 T

ra
ns

fe
r (

m
J/

cm
2 )

S-1_Exp.
S-2_Exp.
S-3_Exp.
S-4_Exp.
S-5_Exp.
S-1_M&R
S-2_M&R
S-3_M&R
S-4_M&R
S-5_M&R
S-1_Eq. (18)
S-2_Eq. (18)
S-3_Eq. (18)
S-4_Eq. (18)
S-5_Eq. (18)

Fig. 4. Comparison between experimental and theoretical values of transient
conduction heat transfer of different sensors (at surface temperature of 91.4 �C).

S. Moghaddam, K. Kiger / International Journal of Heat and Mass Transfer 52 (2009) 1295–1303 1299
transfer of the individual sensors and their comparison with the
Mikic and Rohsenow [7] model. Clearly, the model does not follow
the experimental results. Demiray and Kim [19] modified the tran-
sient conduction model to account for the gradual surface cover-
age. They determined an expression for surface heat flux by
integrating the governing equation for heat flux at an arbitrary
point r0 (cf. Fig. 5) when it is covered with the liquid front at t0.

qTCðtÞ ¼
Z r1

r

kDTTCffiffiffiffiffiffiffi
pa
p 2pr0dr0ffiffiffiffiffiffiffiffiffiffiffi

t � t0
p ð13Þ
0 r2 r1
rr

Advancing 

liquid front 

`

Fig. 5. Schematic of the advancing liquid front on the heat transfer surface.
After substituting t and t0 with t = (r1 � r)/v and t0 = (r1 � r0)/v the
following equation is determined.

qTCðtÞ ¼
2pkDTTC

ffiffiffi
v
pffiffiffiffiffiffiffi

pa
p

Z r1

r

r0dr0ffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r
p ð14Þ

qTCðtÞ ¼
4pkDTTC

ffiffiffi
v
pffiffiffiffiffiffiffi

pa
p r1t1=2 � 2

3
vt3=2

� �
ð15Þ

Eq. (15) is only valid until the surface is completely rewetted by
the liquid front. But, as can be seen in Fig. 4, heat transfer continues
long after the liquid front passes over a sensor. So, an expression
for heat flux should be developed after the contact line reaches
r2 at tr = (r1 � r2)/. This was achieved by integrating the governing
equation for heat flux at an arbitrary point r00 that has been in con-
tact with liquid for t � t00 = t � (r1 � r00)/.

qTCðtÞ ¼
Z r1

r2

kDTTCffiffiffiffiffiffiffi
pa
p 2pr00dr00ffiffiffiffiffiffiffiffiffiffiffiffi

t � t00
p ð16Þ

qTCðtÞ ¼
4pkDTTC

ffiffiffi
v
pffiffiffiffiffiffiffi

pa
p ðr1 � vtÞðt1=2 � ðt � trÞ1=2Þ

�
þ v

3
t3=2 � ðt � trÞ3=2
� ��

ð17Þ

Eqs. (15) should be used before and (17) after, respectively,
complete surface coverage at tr to determine surface heat flux on
a gradually covered surface. Both equations can be integrated
and combined to determine the cumulative surface heat transfer.

Q TC ¼

8pkDTTC v
3
ffiffiffiffi
pa
p r1t3=2 � 2

5 vt5=2
	 


for t < tr

8pkDTTC v
3
ffiffiffiffi
pa
p r1t3=2

r � 2
5 vt5=2

r þ r1ðt3=2 � t3=2
r Þ

	
for t P tr

�ðr1 � vtrÞðt � trÞ3=2 � 2v
5 ðt

5=2 � t5=2
r Þ þ 2v

5 ðt � trÞ5=2
�

8>>><
>>>:

ð18Þ

Fig. 4 compares the cumulative heat transfer results (divided by
surface area of each sensor) determined using Eq. (18). Results
show a relatively close match to experiment with DTTC = 0.65DT.
This agreement suggests that transient conduction heat transfer
correlates well with the transient conduction theory when gradual
surface coverage is taken into account. The results also suggest that
the temperature difference between the rewetting liquid and sur-
face is lower than the surface superheat temperature. The ratio
of DTTC/DT was between 0.55 and 0.65 at different surface
temperatures.

The second part of Eq. (18) is used (r1 is substituted by rc) to
determine the equivalent average surface heat flux due to the tran-
sient conduction process:

q00TC ¼
Q TC

Act
¼ 8kDTTCv

3
ffiffiffiffiffiffiffi
pa
p

r2
c t

rct3=2
r � 2

5
vt5=2

r þ rcðt3=2 � t3=2
r Þ

�

�ðrc � vtrÞðt � trÞ3=2�2v
5
ðt5=2 � t5=2

r Þ þ
2v
5
ðt � trÞ5=2

�
ð19Þ

The contact area heat flux and the corresponding Nu were cal-
culated using Eq. (19). An average value of DTTC/DT = 0.6 was used
and a close agreement (better than 9%) between the theory and the
experiment was found. When the waiting time is almost zero (i.e.
t = tr), only the 1st and 2nd terms in Eq. (19) remain. As a result, a
simplified expression for transient conduction heat transfer can be
determined (note that v = rc/tr).

q00TC ¼
8
5

klDTTCffiffiffiffiffiffiffiffiffiffiffi
paltr
p ð20Þ

Note that one can also replace tr in Eq. (20) using its relation
with bubble departure frequency (f). The experimental values of
tr and f are reported in Table 2. Comparison between the test
results at different surface temperatures, when no waiting time



Table 2
Experimental data on transient conduction time, bubble departure frequency, and
ratio of contact area to bubble diameters

Test No. Surface temperature (�C) tr [ms] f [1/s] 1/trf Dc/Db

1 80.5 4.75 125 1.7 0.52
2 86.4 4.7 112 1.9 0.55
3 91.4 5.9 92 1.8 0.53
4 97.2 6.65 83 1.8 0.54
5 80.2 3.7 112 2.4 0.58
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Fig. 6. Schematic of temperature profile within the liquid before the microlayer
formation.
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exists between the bubbles suggest that 1/trf is relatively
constant (=1.8). So, we replace tr in Eq. (20) with 1/1.8f to
determine

q00TC ¼ 2:15
klDTTCffiffiffiffiffiffiffiffi

pal
p

ffiffiffi
f

p
ð21Þ

and the following expression for Nu number

Nu ¼ 1:29ffiffiffiffi
p
p f :D2

b

al

 !0:5

ð22Þ

Note that constant 1.29 only applies to the test results of this study
and that q00TC is not active during the entire bubbling cycle.

5. Composite models

5.1. Judd and Hwang [12] model

Judd and Hwang [12] envisaged that heat flux is comprised of
three components: a microlayer evaporation component q00ME, a
transient conduction component q00TC , and a natural convection
component q00NC . They assumed that the area of the surface involved
in transient conduction heat transfer process is KpR2

bðN=ATÞ and
that of the natural convection process is 1� KpR2

bðN=ATÞ. Thus,
they proposed the following correlation:

q00 ¼ AmðN=ATÞq00ME þ KpR2
bðN=ATÞq00TC þ ð1� KpR2

bðN=ATÞÞq00NC ð23Þ

It was assumed that q00ME is the average heat flux for evaporation of
the entire microlayer volume. The Mikic and Rohsenow [7] model
was used to calculate the transient conduction component. They
used NuNC ¼ 0:18Ra1=3

Db
to determine the natural convection heat

flux. Their final correlation is as follow

q00 ¼qlhlvnfVd0
þ 2

klffiffiffiffiffiffiffiffi
pal
p

ffiffiffi
f

p
ðKpR2

bnÞDT þ 0:18kl
gbl

mlal

� �1=3

� ð1� KpR2
bnÞDT4=3 ð24Þ

Judd and Hwang [12] used Voutsinos and Judd [20] experimen-
tal results (on dichloromethane) for the initial microlayer thickness
(1–6 lm depending on the surface heat flux) to calculate the total
microlayer volume. Also, they determined the nucleation site den-
sity (n = N/AT) experimentally.

To test their model against experimental data, Judd and Hwang
[12] substituted K = 4 in Eq. (24). The value of K = 4 used by Judd
and Hwang [12] was inspired by the Mikic and Rohsenow [7]
hypothesis that suggested a transient conduction influence area
of twice the bubble diameter (i.e. four times the bubble projected
area). The results, however, was significantly greater than the
experimental data. Judd and Hwang [12] found the best fit to their
experimental data using K = 1.8.

The first term in Eq. (24) requires calculation of the microlayer
thickness. In addition, it suggests that the microlayer acquires its
entire evaporation energy directly from the wall. Using the exper-
imental data presented in part I of this study, the initial thickness
of the microlayer as well as the ratio between its evaporation
energy and the energy directly transferred to the microlayer from
the wall can be calculated. The details are provided in the following
section.

5.1.1. Microlayer thickness and its evaporation energy
The initial microlayer thickness can be calculated using the total

energy required for its evaporation (i.e. latent heat of vaporiza-
tion). The microlayer evaporation energy can be broken into two
parts: (1) direct heat transfer from the heated wall ð

R tME;e
tME;i

q00MEAdtÞ
during the microlayer evaporation and (2) the initial sensible en-
ergy of the microlayer ðmClðTm � TsatÞÞ. The sum of these two com-
ponents is equal to the microlayer evaporation energy (mhlv).
Therefore, the microlayer thickness can be determined [21] using
the following equation.

d0 ¼
Z tME;e

tME;i

q00MEdt=ðqlhlv � qlClDTmÞ ð25Þ

Before one could use Eq. (25) to calculate the initial microlayer
thickness, the initial average superheat temperature of the micro-
layer ðDTmÞ should be determined. Since the surface temperature
and heat flux at the time of microlayer formation are known, the
initial temperature profile in the vicinity of the wall can be directly
calculated. Fig. 6 shows a schematic of the liquid temperature pro-
file during the transient conduction heat transfer process. Knowing
the surface heat flux, the slope of the temperature profile at the li-
quid and surface interface, dT/dy = q00/kl, can be determined. Since
the microlayer is only a few microns thick, the temperature profile
within the microlayer can reasonably be approximated as linear.
Furthermore, since the temperature of the bottom of the microlay-
er film is equal to the wall temperature, and the temperature gra-
dient within the liquid is determined, the average temperature of
the microlayer and thereby DTm can be calculated. Using Eq. (25),
the initial thickness of the microlayer on each sensor was deter-
mined. Results are presented in Fig. 7a. Also, Fig. 7b shows the var-
iation of the initial contact-area average microlayer thickness for
the different test conditions. The total microlayer evaporation en-
ergy can then be determined using the following expression.

QME ¼ qlVd0 hlv ð26Þ

The ratio of the microlayer evaporation energy and the energy di-
rectly transferred to the microlayer from the wall, as can be seen in
Fig. 8, suggests that using only the initial microlayer thickness to cal-
culate the wall heat transfer would lead to a significant overestima-
tion (about 40% to 120% from low to high surface temperature) of the
total surface heat flux via microlayer evaporation mechanism.

The second term of the Judd and Hwang [12] model represents
heat transfer through transient conduction process. This term also
significantly overpredicts the transient component of the surface
heat flux for the following three reasons:
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1. As discussed earlier, Mikic and Rohsenow [7] (Eq. (11)) does
not properly predict the transient conduction process. The
current work indicated that this mode of heat transfer can
be accurately modeled using the correlation derived in this
study (Eq. (19)).
2. Our experimental results suggest that transient conduction
heat flux is not active during the entire nucleation period.
So, when different modes of heat transfer are added up,
the activation period of this mechanism should be taken into
account.

3. In all test conditions, it was found that the influence area of
the transient conduction process is strictly limited to the
contact area. Since the diameter of the contact area was
found to be around 0.5Db, the activation area of the transient
conduction process is therefore 0:25pR2

b (i.e. K = 0.25).

The third term of the Judd and Hwang [12] correlation has also
been separately compared with the convection heat transfer re-
sults outside the contact area (see Fig. 2). The fact that the natural
convection model does not follow the trend observed in the exper-
iment is more significant than the difference between the absolute
values. This suggests that the natural convection model does not
represent the physics of the heat transfer process in the region of
interest. The results clearly suggest a convection effect triggered
by the continuous departure of the bubbles, a net upward flow of
liquid that is closely predicted by the Rohsenow [2] convection
model.
5.2. Benjamin and Balakrishnan [13] model

Similar to the Judd and Hwang [12] analogy, Benjamin and
Balakrishnan [13] assumed that microlayer evaporation, transient
conduction, and natural convection heat transfer modes constitute
the total surface heat flux. However, they made different assump-
tions concerning the activation time period and magnitude of these
mechanisms. Their correlation is as follow:

q00 ¼ /pR2
bnq00ME

tg

tg þ tw
þ 4pR2

bnq00TC
tw

tg þ tw
þ ð1� 4pR2

bnÞq00NC ð27Þ

As can be seen in Eq. (27), Benjamin and Balakrishnan [13] as-
sumed that the transient conduction mechanism is active over
4pR2

b area. They also incorporated a factor to account for the acti-
vation period of different modes of heat transfer. They assumed
that microlayer evaporation and transient conduction modes are
active during the growth and waiting periods, respectively, and
used Van Stralen et al. [22] who suggested the following relation
between growth and waiting times (for pure liquids).

tw ¼ 3tg ð28Þ

Therefore, the time factors for microlayer evaporation term (1st
term in Eq. (27)) and transient conduction term (2nd term in Eq.
(27)) are 0.25 and 0.75, respectively. Benjamin and Balakrishnan
[13] used Sernas and Hooper’s [23] correlation for microlayer heat
transfer to a growing bubble and Siegel and Keshock’s [24] correla-
tion for instantaneous diameter of the bubble to derive an
expression for total microlayer volume. They divided the total evap-
oration energy of microlayer by tg to determine q00ME. To determine
the transient conduction heat flux, they integrated the semi-infinite
transient conduction correlation [18] over the waiting time,

q00TC ¼ 2
klDTffiffiffiffiffiffiffiffiffiffiffiffi
paltw
p ; ð29Þ

and used turbulent natural convection NuNC = 0.14Ra1/3 to deter-
mine q00NC .

The closure of Eq. (29) was then completed through use of Tor-
ikai et al. [25] results for /(=(Dc/Db)2), Stephan’s [26] correlation for
Db, and their own correlation for n(=N/AT). They found a close
match between their correlation and experimental data on various
surface and liquid combinations. Eventually, their model suggested
that microlayer evaporation and transient conduction heat flux
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together accounts for 90% of surface heat flux for water and 75–
80% for organic fluids. Microlayer evaporation alone was suggested
to be responsible for 50% of the total surface heat transfer for water
and 45% for organic liquids.

Benjamin and Balakrishnan [13] have made a series of assump-
tions concerning different aspects of the heat transfer processes
that do not apply to our experimental results. The differences are
detailed as follow:

1. Our test results suggested that the transient conduction
mechanism is only active over the contact area (approxi-
mately 0:25pR2

bÞ as oppose to 4pR2
b .

2. The activation time period of the microlayer evaporation
mechanism is about half of tg. Transient conduction heat
transfer mainly takes place during the second half of tg,
when the contact line recedes and liquid rewets the contact
area. This mode of heat transfer lasts for only a few millisec-
onds and diminishes on most of the surface before the bub-
ble departure.

3. Benjamin and Balakrishnan [13] results suggested that wall
heat transfer due to microlayer evaporation is greater than
transient conduction. Since the ratio between the assumed
activation areas of these two mechanisms is 16 (4pR2

b versus
0:25pR2

bÞ, the magnitude of heat flux through microlayer
evaporation should be more than 16 times greater than
the transient conduction heat flux. The experimental results
presented in part I of this study shows that heat flux through
these mechanisms are in the same order.

4. As discussed in Section 4.1, surface rewetting during the
transient conduction process is gradual. This factor should
be taken into account when semi-infinite body transient
conduction model [18] is adapted. An improved form of
the transient conduction model for simulating heat transfer
during the rewetting process is Eq. (19).

5. The natural convection correlation used by Benjamin and
Balakrishnan [13] is similar to the one used by Judd and
Hwang [12] with a slightly smaller constant coefficient (i.e.
0.14 versus 0.18). As discussed in the previous section, nat-
ural convection theory does not represent the physics of
heat transfer observed outside the contact area.

6. Proposed model

In the previous sections, we analyzed/developed correlations
that can accurately predict heat transfer through various mecha-
nisms. In modeling the wall heat transfer through microlayer evap-
oration, the initial microlayer sensible energy is taken into account
as follow

q00ME ¼ qlðhfg � ClDTÞ�d0=tm ð30Þ

Heat flux through transient conduction ðq00TCÞ and microconvection
ðq00MCÞ mechanisms are determined using Eq. (19) and Rohsenow
[2] model (Eq. (7) with Csf = 0.013), respectively.

In order to combine heat transfer through different mecha-
nisms, the activation time and influence area of different heat
transfer mechanisms should be incorporated. Considering that
microlayer and transient conduction mechanisms are active
within and near the contact area and microconvection predom-
inates outside this region, the following composite correlation is
proposed as a logical evolution to previous models discussed
above:

q00 ¼ /pR2
bn q00ME

tm

tg þ tw
þ q00TC

tr

tg þ tw

� �
þ ð1� /pR2

bnÞq00MC ð31Þ
Knowing that f = 1/(tg + tw) and n ¼ N=AT ¼ 1=pR2
b , Eq. (31) can be

written in the following format.

q00 ¼ / qlðhlv � ClDTÞ�d0f þ q00TCtrf
	 


þ ð1� /Þq00MC ð32Þ

The total surface heat flux was calculated using Eq. (32) at dif-
ferent surface temperatures (see Table 2 for different parameters).
The results are compared with the experimental heat flux values in
Fig. 9. As can be seen in the figure, results of Eq. (32) closely match
the experimental values. This is not surprising in light of the fact
that different mechanisms of heat flux were properly modeled in
the previous sections. And, time period of activation and influence
area of each mechanism were accurately factored into Eq. (32).

7. Closure

At this stage, we do not recommend using this model for fitting
experimental data on large surfaces. As mentioned in the introduc-
tion section, bubble–bubble and bubble–liquid interactions result
in secondary effects that need to be understood and then worked
out into the developed model. We encourage more experimental
and theoretical studies on these aspects over a wide parametric
range. In our opinion, to build better boiling models, a bottom up
approach should be taken to first develop a good understanding
of the microscale physics of the nucleate boiling process and then
sort out the existing models and develop new models based on the
actual physics of the boiling processes. As we have shown in this
study, combining unsubstantiated models and fitting them to inte-
gral experimental data often results in misrepresentation of the
true nature of some of the boiling subprocesses. For example,
one can readily fit a composite model to experimental data by
varying parameters such as influence area of different mechanisms
and their time period of activation and find wrong values for each
parameter. Instead, efforts to relate these parameters to explicitly
known boiling conditions (i.e. surface and liquid conditions) might
be more fruitful.

8. Conclusions

The experimental results on FC-72 liquid in saturation condi-
tions presented in the first part of this study were theoretically
analyzed. The test data were compared with some of the typical
boiling models. None of the existing models was found to accu-
rately represent the actual physics of the heat transfer process ob-
served in the tests. Deficiencies of the existing models as it relates
to their fundamental assumptions were clearly identified. How-



S. Moghaddam, K. Kiger / International Journal of Heat and Mass Transfer 52 (2009) 1295–1303 1303
ever, it was found that some of the models can predict the individ-
ual components of the surface heat transfer. The Rohsenow [2]
model was found to accurately predict the microconvection por-
tion of the surface heat transfer that is active outside the bubble/
surface contact area and within the bubble projected area. Heat
transfer in this region was not found to follow the natural convec-
tion theory.

Mikic and Rohsenow [7] transient conduction model was found
to significantly overpredict the surface heat flux. A transient con-
duction model suggested by Demiray and Kim [19] was then mod-
ified to account for the gradual surface coverage by the liquid front
during the rewetting process. When combined with incorporation
of the consistent activation time, the new model was found to
accurately predict the transient conduction heat flux.

Using the surface heat transfer during microlayer evaporation,
the initial thickness and temperature of the microlayer was found.
The initial temperature of the microlayer was found to be close to
the heated wall temperature. Contribution of the microlayer initial
sensible energy to the total energy required for its evaporation was
found to be significant. It even exceeded the surface heat transfer
at high surface superheat temperatures.

Through incorporation of the right models for the individual
mechanisms of heat transfer, their activation time, and their influ-
ence area, a composite model was developed. The developed model
closely matched the experimental heat transfer results.
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