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In the present study, the influence of surface roughness (Ra) on critical heat flux (CHF) of water at pressure of 1, 5,

and 10 bar is investigated. The desired value ofRa is achieved by making unidirectional scratches on the flat copper

surface. Surface roughnessRa varies from 0.106 to 4.03 μm. The high-speed camera of 1000 fps is used for the boiling

visualization study. The effect of surface roughness on bubble departure diameter and bubble frequency at different

pressure is reported.Kim’s CHFmodel ismodified to include the contact angle as a function of surface roughness and

temperature, which predicts the experimental CHF with mean absolute error (MAE) of 10.50% at pressure up to

10 bar. The correlation developed for bubble departure diameter predicts the experimental values with MAE of

17.09%.The relation between bubble departure diameter and bubble frequency is also developed, which predicts the

corresponding experimental values with MAE of 25.26%.

Nomenclature

A = amplitude of oscillation
Ar = Archimedes number
Bo = Bond number
C = constant
Cd = bubble drag coefficient
CL = lift coefficient
Cp = specific heat, J∕�kg ⋅ K�
Cs = empirical constant in force term
Ct = the proportionality factor
c1 = a parameter
Db = bubble departure diameter, mm
d = instantaneous bubble diameter, mm
F = force, N
f = bubble frequency, s−1

g = gravity, m∕s2
h = heat transfer coefficient,W∕�m2 ⋅ K�
hfg = latent heat, J/kg
Ja = Jakob number
Jac = modified Jakob number
K = term in the CHF model
kcu = thermal conductivity of copper,W∕�m ⋅ K�
N = exponent in the correlation
P = pressure, bar
Pr = Prandtl number
q 0 0 = heat flux, W∕m2

Ra = average roughness, μm
Rq = root mean squared roughness, μm
Rz = 10-point average roughness, μm
r = radius, mm
S = accommodation factor
Sm = mean spacing, μm
T = temperature, °C

tg = growth period, ms
tw = waiting period, ms
x = distance, mm
ΔT = wall superheat, °C
θ = contact angle, deg
Φ = angle of inclination, deg
μ = viscosity, �N ⋅ s�∕m2

ρ = density, kg∕m3

σ = surface tension, N/m
α = thermal diffusivity, m2∕s
ω = fitting parameter

Subscripts

bi = bubble inertia
buy = buoyancy
CHF = critical heat flux
duy = unsteady growth
g = gravity
L = lift
l = liquid
st = surface tension
v = vapor
w = wall

I. Introduction

T HERMAL management of high-power-density compact devices
in the space application is a challenge [1–3]. Pool boiling is amode

of heat transfer that can efficiently transfer the heat generated in such
compact devices. Critical heat flux (CHF) occurs when the liquid layer
adjacent to the boiling surface completely evaporates and vapor layer
occupies the entire boiling surface. It is a critical parameter in the pool
boiling studyas the suddendrop in theheat transfer coefficient afterCHF
may lead to the failure of compact devices. The overheating problems in
the compact devices can be resolved by the CHF enhancement. It will
also increase the thermal efficiency of the system. Passive techniques of
CHF enhancement, which do not require the external power during their
operation, are the most suitable for space applications. The CHF
enhancement by various types of passive techniques, such as rough
surface, nanofluid, structured surface, and surface coating, have been
reported in the literature [4–10]. Themechanism of the pool boiling that
leads to the CHF should be understood to avoid the thermal breakdown
in the space applications.Hydrodynamic instability ormacro/microlayer
evaporation theory was proposed two decades before and thereafter
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modified by many investigators to justify the cause of CHF. Various
semi-empirical correlations for CHF are proposed in the form of Eq. (1).
The value of K proposed by researchers is given in Table 1.

qCHF � Khfgρ
1∕2
v �σg�ρl − ρv��1∕4 (1)

Kutateladze [11]proposed the correlationbasedon thehydrodynamic
consideration that causes the instability in the liquid-vapor flow near
the boiling surface. Hydrodynamic instability model was proposed
by Zuber [12] considering the Helmholtz instability at liquid-vapor
interface that leads to theCHF.Lienhard andDhir [13]modifiedZuber’s
model for the large and upward facing surface. Kandlikar [14] for the
first time developed a model by considering the role of contact angle
followed by force balance approach having compatibility with different
fluids. The CHF model was developed by the force balance among
growth forces, gravity, and surface tension.Moreover, the effect of angle
of inclinationof the surfaceon theCHFhas also been incorporated in the
model, as given in Table 1. Kim et al. [15] modified Kandlikar’s model
by adding surface roughness (Ra) parameter. They assumed that the
single scratch acts as a capillary tube. Therefore, they considered that a
number of capillary tubes lie underneath the bubble and thus estimated
the capillary force acting on the growing bubble. Along with the CHF
prediction, it is vital to study the bubble dynamics to understand the
mechanism of pool boiling. Measurement of bubble diameter and
bubble frequency also helps to predict the CHF. Bubble departure
diameter and bubble frequency are influenced by the unsteady growth
force, surface tension force, and buoyancy force. Few well-known
correlations for prediction of bubble departure diameter and bubble
frequency at high pressure are presented in Table 2. The correlations for
bubble departure diameter presented by Cole [16], Cole and Rohsenow
[17], and Cole and Shulman [18] are found to be the function of surface
temperature, surface tension, and properties of liquid and vapor. The

correlation of Cole and Rohsenow [17] includes the modified Jakob
number (Jac) as a function of saturation temperature, whereas the
correlation of Cole and Shulman [18] considers the inverse relation
betweenbubbledeparturediameter and systempressure.Thecorrelation
for the relationship between bubble departure diameter and bubble
departure frequency is found in the form of fDn

b. Chen et al. [19]
recently developed the correlation for fD2

b at pressure up to 4 bar,
considering the unsteady bubble growth under the influence of various
forces. The empirical constant of the correlation is obtained by the best
fit of their experimental values.
In the present work, the effect of surface roughness on pool boiling

of water at pressure up to 10 bar is studied. The CHF is predicted by
considering the effect of temperature and Ra on contact angle. The
high-speed visualization is carried to monitor the bubble growth at a
different pressure, and thus bubble departure diameter and bubble
frequency are measured for various experimental conditions. The
influence ofRa on bubble departure diameter and bubble frequency at
a different Jakob number (Ja) is studied. The correlation for Db

and fD2
b is presented at high-pressure boiling condition of the

distilled water.

II. Experimentation

A. Preparation and Characterization of Test Samples

The top surface of six samples is polished by the 2000-grit
sandpaper to remove the contamination and to obtain uniform surface
finishing. The smooth and flat surface of copper sample is used to form
unidirectional scratches by 1200-, 800-, 600-, 120-, 80-, and 60-grit
SiC sandpapers. The number of strokes is gradually increased with the
increase in grit size of the sandpaper. Uniformpressure and continuous
distilled water supply on the polishing surface are maintained
during each turn. After polishing, all samples are sequentially cleaned
in acetone, ethanol, and distilled water. Thereafter samples are
characterized by wettability and roughness measurement. The static
contact angle of the 10 μl water droplet for each sample is measured
using goniometer (GBX Digidrop). The roughness parameter is
measured using roughness tester (Mitutoyo). Each sample is tested
at six different locations where unidirectional scratches are
perpendicular to the direction of the testing probe. The evaluation
length is 4 mm. The uniformity of the roughness values is ensured
over the entire surface by permitting �0.1 μm variation in the
readings of six different locations.

B. Experimental Setup

The experimental setup, as shown in Fig. 1, mainly includes a
boiling chamber, test section, condenser unit, and CCD camera. The
rectangular chamber has removable top and bottom flanges. The top
flange is integrated with condenser coil, whereas the test section is
fitted to bottom flange. K-type thermocouple and pressure transducer
are inserted into the boiling chamber to measure the bulk fluid
temperature (Tl) and chamber pressure, respectively. Transparent
borosilicate glass is provided to the wall of boiling chamber for the
visualization study. Auxiliary heaters of 2000W capacity are used to
maintain the saturation condition of the distilled water. The setup is
integratedwith theNI-9213 temperaturemodule to acquire temperature
readings.

Table 1 Value of K in the correlation given in Eq. (1)

Reference K

Kutateladze [11] 0.13–0.19
Zuber [12] 0.131
Lienhard and Dhir [13] 0.149

Kandlikar [14]
�
1�cosθ

16

��
2

π
�π

4
�1�cosθ�cos∅

�
1∕2

Kim et al. [15]
S

�
1�cosθ

16

��
2

π
�π

4
�1�cosθ�� 4Ccosθ

1�cosθ

�
Ra

Sm

��
1∕2

Table 2 Correlations for bubbledeparturediameter and for
the relationship between bubble departure diameter and bubble

departure frequency

Reference Correlation

Cole [16]
Db � 0.04Ja

�
σ

g�ρl − ρv�
�
1∕2

Cole and Rohsenow [17]
Db � c1

�
σ

g�ρl − ρv�
�
1∕2

Jac�5∕4�

Cole and Shulman [18]
Db � P−1

�
σ

g�ρl − ρv�
�
1∕2

Cole [25]
fD

1∕2
b �

�
4g�ρl − ρv�

3Cdρl

�
1∕2

Zuber [26]
fDb � 0.59

�
σg�ρl − ρv�

ρ2l

�
1∕4

Jakob and Fritz [27] fDb � 0.078
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C. Test Section

Copper samples of 20mmdiameter and 20mm length are prepared
and characterized. The high-density cartridge heaters are inserted in
the heating block. The sample is fixed on the heating block with
perfect surface contact. The assembly of sample and heating block is
perfectly insulated with glass wool bed as shown in Fig. 2. An O-ring
and high-temperature noncorrosive RTV silicone gasket are used
between the test sample and insulation block to prevent leakage
and to avoid edge effect during the boiling test. K-type sheathed
thermocouples of 1mmdiameter are used tomeasure the temperature
of the test sample at different locations. The thermocouples are
implanted at 2, 6, and 10 mm in the test sample from the top surface
and the temperatures Tm−1, Tm, and Tm�1 correspond to these
thermocouple readings, respectively.

D. Experimental Procedure

The characterized sample is sequentially cleaned by acetone,

ethanol, and distilled water before each trial. The quantity of

water used is fixed for all trials. Before each trial, the pool of

water is rigorously boiled to remove the dissolved gases.

Experiments are performed by supplying incremental heat

through wattmeter. Steady state of the system is recognized

after certain time interval, and corresponding temperature is

recorded through data acquisition system. The pressure in the

chamber is maintained by a proportional integral derivative

(PID) pressure controller system.
The main heater and test sample are considered as the

axisymmetric system. Because of uniform surface roughness, the

heat flux from the surface is considered as uniform. The heat flux

dissipated to the boiling fluid and the surface temperature can be

estimated by the thermocouple readings.
The heat flux from the top surface of the sample is calculated by

Eq. (2).

q 0 0 � −kCu
Tm−1 − Tm�1

2Δx
(2)

where Δx is the distance between two thermocouples.
The surface temperature of the sample is calculated by using

Eq. (3).

Tw � Tm−1 − q 0 0
�
xm−1

kCu

�
(3)

where xm−1 is the distance between the surface of a sample and

a top thermocouple (Tm−1) and is equal to 2 mm, as shown

in Fig. 2.
Heat transfer coefficient (HTC) between the surface and water is

estimated by Eq. (4).

h � q 0 0

�Tw − Tl�
(4)

Fig. 1 Experimental setup.

Fig. 2 Test section.
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E. Visualization of Boiling

A high-speed visualization is conducted by AOS Promon 501
camera of 1000 frames/s with resolution of 480 × 240 pixel. AF
NIKKOR 50 mm F/1.4D lens is installed. The camera and diffused
light source are kept opposite as shown in Fig. 1. The camera is
positioned in-line with the flat surface. The computer is coupled
with the camera through Promon software. The software provides
interface to video recording and frame conversion. Selected images at
the bubble departure are loaded into theMATLAB image-processing
tool to measure the horizontal and vertical dimensions of the bubble
meniscus in terms of pixels. The mean of both the dimensions is
considered as the bubble departure diameter.

F. Uncertainty

The uncertainty calculations are done by the propagation of error
method, as discussed in [20]. The uncertainty in temperature and
distance measurement is �0.1°C and �0.0001 m, respectively.
The uncertainty in pressure measurement is �0.2% (full span is
0–27.4 bar). At high temperature, the uncertainty in the heat flux is
found to be 8.07%, whereas the uncertainty in the surface temperature
lies between 0.14 to 0.17°C throughout the experiments. The
uncertainty in the HTC is found to be 8.19% at the higher operating
temperature. The uncertainty in the measurement of bubble departure
diameter is 0.05 mm. The maximum uncertainty in the bubble
frequency is estimated to be 10.45%.

III. Results and Discussion

The roughness parameters of each sample obtained during
roughness measurement are given in Table 3. The average value of
contact angle measured before and after the boiling test for eachRa is
plotted in Fig. 3. The relation between contact angle and Ra obtained
by the best fitting curve is given in Fig. 3. It is observed that the contact
angle decreased at higher surface roughness value (Ra ≥ 3.17 μm).
Each unidirectional scratch acts as a capillary tube. The radius of the
capillary tube increases with the increase in Ra. Thus, capillary
wicking through the unidirectional scratches becomes dominant for
the sample of higher surface roughness. Hence, the surface of higher
roughness turns into hydrophilic, which results in the drop in the
contact angle.

A. Boiling Curve

Pool boiling experiments are conducted with the copper sample of
Ra ranging from 0.103 to 4.03 μm at pressure 1, 5, and 10 bar.
Representative boiling curves for different values ofRa atP � 10 bar
are shown in Fig. 4, which clearly shows that the boiling curve shifts
toward left with the increase in Ra. This demonstrates the enhanced
nucleate boiling heat transfer performance due to the increase in Ra.
The onset of boiling temperature is also found to be reduced with the
increase inRa. Thevariation inHTCofwater for different values ofRa

with heat flux is shown in Fig. 5 at P � 10 bar. The curve shifts
upward with the increase in Ra, which justifies the augmentation in
HTC due to increase in the Ra.

B. Critical Heat Flux

The various boiling phases are identified during the visualization
study that is conducted using a high-speed camera. Table 4 illustrates
the boiling phases observed forRa � 4.03 μm at different pressures.

It is observed that the discrete bubble forms at the onset of boiling and
the number of such discrete bubbles increases with the increase in the
wall superheat. The moment at which the entire surface is covered
by discrete bubbles is termed as “fully developed nucleate boiling
phase.”Thereafter, vertical bubble coalescence is observed that forms

Table 3 Roughness parameters in μm

Ra Rz Rq Sm
0.106 1.20 0.14 13.2
0.83 7.05 1.07 26.8
1.87 13.30 2.40 35.7
3.17 22.91 4.12 42.2
3.59 27.55 4.09 44.8
4.03 26.50 4.95 45.2

0 1 2 3 4
40

60

80

100

Fig. 3 Variation in static contact angle with Ra.

0 5 10 15 20 25
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1000

1500
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2500
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3500
 Ra=0.106 m

 Ra=0.83 m

 R
a
= 1.87 m
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 Ra=4.03 m
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Fig. 4 Boiling curves of the sample ofRa ranging from 0.103 to 4.03 μm
at 10 bar.
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0
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Fig. 5 Variation in HTC with q 0 0 at different Ra at 10 bar.

4 Article in Advance / WALUNJ AND SATHYABHAMA

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

E
X

A
S 

A
T

 E
L

 P
A

SO
 o

n 
O

ct
ob

er
 1

6,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.T
54

95
 



a vapor column over the nucleation site. The horizontal bubble
coalescence is retarded due to the capillary action in the unidirectional
scratches as shown in Fig. 6. This ensures the continuous liquid
supply to the nucleation sites that retard the vapor from spreading
over the entire surface. Thus heat flux enhances due to the increase
in the Ra.
At high heat flux, bubble spreads horizontally to form vapor

blanket over the entire surface. At this moment a large vapor bubble
occupies the complete surface. This vapor blanket acts as a barrier for
the heat transfer from the surface to the liquid, which results in the
reduction of HTC. The phase that has a upper limit of heat transfer is
recognized as CHF. The HTC of water at CHF is found to be
maximum and thereafter it dropped with the increase in the heat flux.
The heat flux corresponding to the upper limit of HTC value for each
Ra is identified and CHF is plotted in Fig. 7. It is found that CHF
increases with the increase in system pressure. At P � 1 bar, the
CHF of Ra � 0.106 μm is 876.72 kW∕m2, whereas at P � 10 bar,
CHF of Ra � 0.106 μm is 2189.45 kW∕m2. The CHF of Ra �
4.03 μm at 1, 5, and 10 bar is found to be 92.85, 47.11, and 32.38%
higher than that of Ra � 0.106 μm, respectively.

C. Critical Heat Flux Model

The present experimental CHF and CHF values predicted by the
model of Zuber [12], Lienhard and Dhir [13], Kandlikar [14], and
Kim et al. [15] for Ra � 0.106 μm are plotted in Fig. 8. The contact
angle measured in the present study is used in Kandlikar’s and Kim’s
models. The value of S andC is taken as 0.811 and 87.8, respectively,
as suggested by Kim et al. [15]. The CHF value predicted by Zuber
[12] and Lienhard and Dhir [13] is higher than the experimental CHF
value. The effect of contact angle is considered by Kandlikar [14],
whereas the effects of both surface roughness and contact angle are
considered by Kim et al. [15] in their model. The capillary effect due
to surface roughness is included inKim’smodel. TheCHFs predicted
by the models of Kandlikar [14] and Kim et al. [15] agree well with
the present experimental CHF value at 1 bar. However, at high
pressure, experimental values of CHF for Ra � 0.106 μm are higher
than the predicted values. Figure 9 shows the variation of
experimental and predicted CHF by Kim’s model for the sample of
Ra ranging from 0.106 to 4.03 μm at pressure up to 10 bar. It is found
that the predicted values of CHF by Kim’s model are higher than
the experimental CHF for the sample of higher surface roughness

Fig. 6 Liquid supply through unidirectional scratches.

Table 4 Boiling phases for Ra � 4.03 μm at different pressures

Pressure Onset of boiling Nucleate boiling Fully developed nucleate boiling Vapor blanket (CHF)

P � 1 bar

q 0 0 � 270.82 kW∕m2 q 0 0 � 553.50 kW∕m2 q 0 0 � 787.02 kW∕m2 q 0 0 � 1690.78 kW∕m2

P � 5 bar

q 0 0 � 257.02 kW∕m2 q 0 0 � 551.81 kW∕m2 q 0 0 � 1194.99 kW∕m2 q 0 0 � 2025.78 kW∕m2

P � 10 bar

q 0 0 � 287.35 kW∕m2 q 0 0 � 694.29 kW∕m2 q 0 0 � 1458.03 kW∕m2 q 0 0 � 2543.40 kW∕m2
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(Ra ≥ 3.17 μm). This variation between experimental and predicted
CHF values is obvious because the θ and C used for the CHF
prediction at high pressure are measured at the atmospheric pressure.
Kim et al. [15] conducted experiments at the atmospheric pressure
and developed aCHFmodel that predicts their experimental values in

good agreement. To predict the CHF at high pressure, the parameters
θ and C need to be determined at corresponding saturation
temperature and system pressure. Bernardin et al. [21] studied the
effect of temperature and pressure on the contact angle of water on a
polished aluminum surface. They concluded that the contact angle is
independent of pressure and is the function of saturation temperature.
Recently, Sakashita [22] and Hazuku et al. [23] also reported the
variation in the contact angle of thewater droplet with the temperature.
The contact angle of water on stainless steel and aluminum surfaces
obtained in their study at different temperatures is shown in Fig. 10.
The surface energy of copper and stainless steel is in the same range
(1000–1100 mJ∕m2). Moreover the contact angle measured in the
present study on the smooth surface of copper at the atmospheric
temperature closely matches with the one measured on the smooth
surface of stainless steel, reported byHazuku et al. [23].Hence, contact
angle values reported by Hazuku et al. [23] at high temperatures are
considered in the present study. They found that the contact angle
decreases linearly with the gradient dθ∕dT � −0.43 beyond 120°C
temperature, as shown in Fig. 10. The empirical relation is also
developed between contact angle and surface roughness from the
present contact angle measurement data, as shown in Fig. 3. Thus,
considering both the relations given in Figs. 3 and 10, the combined
effect of surface roughness and temperature on the contact angle (θ α
Ra Tsat) is estimated and incorporated in the Kim’s model. In the
present study, the value of C in the Kim’s model is determined at
different pressures by substituting measured data of θ, Ra, Sm, and
experimental CHF value. Thus thevalue ofC obtained for each sample
at different pressure is tabulated in Table 5. Similar procedure was
followedbyKimet al. [15] to estimate thevalue ofC at the atmospheric
pressure. As the proportionality constant C in the model implies the
number of capillary tubes that lie underneath the bubble, the value ofC
found to be decreased with the increase in the pressure and with the
increase inmean spacing between the scratches. Kim’smodel, given in
Table 1, with modified S, C, and θ is used to predict the CHF.
Thus predicted CHF is compared with present experimental data
and presented in Fig. 11. The predicted CHF is found to be in good

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0

500

1000

1500

2000

2500

3000

3500

4000
P=1 bar
P= 5 bar
P= 10 bar

Fig. 7 Variation in CHF with Ra at different pressures.
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1500
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Zuber  [12]
 Lienhard and Dhir [13]
 Kandlikar  [14]
 Kim et al.  [15]
 Present Experiment
 Modified Kim's Model

Fig. 8 Variation in CHF with pressure.
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1500

2000

2500
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4000

Fig. 9 ComparisonofCHFpredictedby themodel ofKimet al. [15]with
present experimental CHF.

0 50 100 150 200 250
0

20

40

60

80

100

120

Bernardin et al. [21]
Sakashita [22]
Hazuku et al. (stainless steel) [23] 
Hazuku et al. (aluminum) [23]

Fig. 10 Contact angle of water droplet at different temperatures.

Table 5 Value of C for each sample

Ra P � 1 bar P � 5 bar P � 10 bar

0.106 70.90 65.25 64.12
0.83 34.31 26.91 25.83
1.87 28.54 21.50 20.52
3.17 26.17 18.45 18.20
3.59 25.84 18.15 18.08
4.03 25.33 18.06 17.90
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agreement with the experimental CHF with a mean absolute error
(MAE), obtained by Eq. (5), of 10.50%.

MAE � 1

N

X jDbpred −Db expj
Db exp

× 100 (5)

D. Bubble Departure Diameter

At each steady-state condition, the corresponding temperature and
boiling video are recorded at 1, 5, and 10 bar system pressure for the
samples of a wide range of Ra. The video is recorded up to the
moment of bubble coalescence. Frames of isolated bubbles are
selected from the recorded video tomeasure the instantaneous bubble
diameter (d). Instantaneous bubble diameter is the diameter of the
bubble measured during the bubble growth, that is, from its nucleation
till the bubble departure. The variation in the instantaneous bubble
diameter with the time period for all the samples at P � 10 bar is
shown inFig. 12.As evaporation takes place through the unidirectional
scratches, bubblegrowth is inertia-controlled.Hence it is found that the
instantaneous bubble diameter increases linearly with the time for all
the samples. Ramaswamy et al. [24] also commented that during the
inertia-controlled bubble growth, bubble grows linearly with the time
period. The bubble departure diameter measured for the sample of
different Ra is plotted as a function of Ja at different pressures as
shown in Fig. 13. It illustrates that the bubble departure diameter
increases linearlywith the increase inJa at all pressures. It is found that

the wall superheat temperature is reduced with the increase inRa. The
bubble departure diameter is found to be increasedwith the increase in
Ra at given Ja. In the present study, unidirectional scratches, which
act as a liquid supply passage to the nucleated bubble, are made from
different grits of SiC sandpaper.The spacingbetween twounidirectional
scratches and Ra increased with the decrease in the grit of SiC
sandpaper,which resulted in the higher cavity size of the nucleation site.
This enlarges the bubble during its initial growth period. The combined
effect of cavity size and unidirectional scratches resulted in the increase
in the bubble departure diameter. It is also found that the bubble
departure diameter decreases with the increase in the system pressure.
The forces acting on the growing bubble need to be considered to justify
this phenomenon. The bubble nucleated on the upward-facing surface
experiences upward-acting forces, namely, buoyancy and lift force,
whereas hydrostatic and surface tension forces act against the bubble
growth. The surface tension force decreases with the increase in the
temperature. The bubble detaches from the surface immediately after its
initial growth phase. Hence the bubble departure diameter decreased
with the increase in pressure, resulting in tiny bubbles departing from
the surface.
The correlation for the bubble departure diameter available in the

literature is in the form of �σ∕�g�ρl − ρv���0.5. The measured bubble
departure diameter is compared with that predicted by the correlation
of Cole [16], Cole and Rohsenow [17], and Cole and Shulman [18].
The variation in the predicted bubble departure diameter with the
experimental one for the smooth surface of Ra � 0.106 μm at 1, 5,
and 10 bar system pressure is shown in Fig. 14. The MAE and
percentage deviation are considered for the statistical evaluation.
MAEs between predicted and experimental bubble departure
diameter are given in Table 6. The overall MAE of the predicted
values by correlation of Cole [16] is below 20% for all experimental
conditions considered in the present work. It is found in Fig. 14 that
the correlation of Cole and Rohsenow [17] and Cole and Shulman
[18] overpredicts the bubble departure diameter at P � 1 bar,
whereas experimental values are higher than that of the predicted
values at P � 5 bar and P � 10 bar. The bubble departure diameter
predicted by Cole [16] is a function of Ja, whereas the correlation of
Cole and Rohsenow [17] and Cole and Shulman [18] predicts the
bubble departure diameter as a function of saturation temperature and
pressure, respectively. As it is found in the present study that the
bubble departure diameter is the function of Ja and pressure, the
variation in the predicted andexperimental values is considerably high.

E. Correlation for Bubble Departure Diameter

Forces in bubble dynamics classified as the unsteady growth force,
buoyancy force, surface tension, lift force, and bubble inertia as
discussed in [20] are considered to develop the form of correlation as
given in Eq. (6). Bubble departs from the surface as upward-acting
assisting forces on the bubble exceed the downward-acting forces.
The bubble departure diameter is measured at the detachment of
the bubble from the surface. Considering the force balance, the
correlation for the bubble departure diameter is developed in the
present work as described below.

Fduy � Fst � Fbi � Fbuy � FL (6)

π

6
D3

bg�ρl − ρv� � 2πρlD
2
bCL

�
dr

dt

�
2

� 2πrdσ sinθ

� 3π

8
CsρlD

2
b

�
dr

dt

�
2

� π

8
ρlD

3
b

d2r

dt2
� π

6
ρvD

3
b

d2r

dt2
� πρvD

2
b

�
dr

dt

�
2

(7)

Rearranging the above terms,

π

6
D3

bg�ρl − ρv� � 2πrdσ sin θ�
�
3Csρl
8

− 2CLρl � ρv

�
πD2

b

�
dr

dt

�
2

� π

2

�
ρl
4
� ρv

3

�
D3

b

d2r

dt2
(8)
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Fig. 11 Comparison of CHF predicted by modified Kim’s model with
present experimental CHF.
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Fig. 12 Bubble growth curve for the sample of different Ra at
P � 10 bar.
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As ρl ≫ ρv the summation of ρl and ρv is approximated to ρl.

π

6
D3

bg�ρl − ρv� � 2πrdσ sin θ�
�
3Cs

8
− 2CL

�
πρlD

2
b

�
dr

dt

�
2

� π

8
ρlD

3
b

d2r

dt2
(9)

Dividing Eq. (9) by πσDb∕6

D2
bg�ρl − ρv�

σ
� 12rd sin θ

Db

�
�
3Cs

8
− 2CL

�
6ρlDb

σ

�
dr

dt

�
2

� 3ρlD
2
b

4σ

�
d2r

dt2

�
(10)

The bubble growth can be formulated from the heat balance

between conduction heat transfer through the microlayer and latent

heat transfer by the bubble. It is observed in Fig. 12 that bubble

growth is a linear function of time. Hence the bubble growth rate can

be expressed as given in Eq. (11).

dr

dt
� Ct

kΔT
Rρvhfg

(11)

d2r

dt2
�

�
−2
Db

��
dr

dt

�
2

(12)

Equation (13) is derived from Eqs. (10–12).

D2
bg�ρl − ρv�

σ
� 12rd sin θ

Db

�
�
3Cs

8
− 2CL

��
6ρlDb

σ

�
C2
t k

2ΔT2

R2ρ2vh
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fg

� 3ρlD
2
b

4σ

�
−2
Db

�
C2
t k

2ΔT2

R2ρ2vh
2
fg

(13)

B3∕2
o � 12rd sin θ

Db

�
B
1∕2
o

�
� �9CsC

2
t − 48CLC

2
t − 6C2

t �Kl (14)

where Bo � D2
bg�ρl − ρv�∕σ, Kl � �Ja∕Prl�2Ar−1, Ar �

�gρl�ρl − ρv�∕μ2l ��σ∕g�ρl − ρv��3∕2.
The dry-out radius of the bubble at departure is very small

compared with the bubble departure diameter; hence, the value of
rd∕Db will be close to zero, and thus the first term in Eq. (14) is
neglected. The proportional relation of Bo with Kl is expressed in
Eq. (15).

B3∕2
o ∼ �9CsC

2
t − 48CLC

2
t − 6C2

t �Kl (15)

To fit the experimental data, the linear dependence can be written
as given in Eq. (16).

B1∕2
o � �ω1 � ω2Kl�1∕3 (16)

Based on the experimental data, the fitting parameters ω1 and ω2

are obtained. The relationship between Bo and Kl is presented in
Eq. (17).

B1∕2
o � �0.02� 1018.5�1∕3 (17)
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Fig. 13 Variation in the bubble departure diameter with Ja at a) P � 1 bar, b) P � 5 bar, and c) P � 10 bar.
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The final expression of the present correlation for the bubble
departure diameter of the sample of Ra ranging from 0.106 to
4.03 μm at 1, 5, and 10 bar system pressure is given in Eq. (18).

Db � �0.02� 1018.5Kl�1∕3
�

σ

g�ρl − ρv�
�
1∕2

(18)

Similar form of correlation is derived by Chen et al. [19] for the
prediction of the bubble departure diameter of methane. Figure 15
shows the comparison between the predicted and experimental
values of the bubble departure diameter. The predicted bubble
departure diameter is within �30% deviation. The MAE between
predicted and experimental values of the bubble diameter is 17.83%.
It illustrates that the values predicted by the present correlation are in
good agreement with the experimental values.

F. Bubble Frequency

Bubble frequency is the reciprocal of sum of waiting period and
growth period of the bubble. Bubble frequency is estimated by 30
consecutive bubbles. The bubble frequency for the sample of

different Ra is plotted as a function of Ja at different pressures in

Fig. 16. It is observed that the bubble frequency increases with the
increase in Ja. It is also observed that the bubble frequency increases
with the increase in Ra at constant Ja at all the pressures. The bubble
growth is classified into two phases: initial growth stage and final
growth stage. The initial stage is dominated by the heat transfer,
whereas the kinetic effect plays a significant role during the final

stage of the bubble growth. The enhanced heat transfer due to the
increase in Ra stimulates the initial stage of bubble growth wherein
hemispherical bubble grows over the nucleation cavity. Thus the
bubble growth period substantially dropped with the increase in heat
flux and Ja. The bubble dynamics plays a vital role in the final stage
of bubble growth. Buoyancy force becomes dominant as the bubble

grows larger in diameter in its initial stage of growth. This leads to the
early bubble departure. Thus the overall growth period decreases
with the increase in Ja. The unidirectional scratches offer intense
liquid supply through capillary action. The liquid rushes toward the
bubble base, which causes the vapor to get entrapped at the bubble
neck. Thus the waiting period between two consecutive bubble

nucleations decreased with the increase in wall superheat. At high
heat flux, the waiting period is found to be negligible. The combined
reduction in growth period andwaiting period resulted in the increase
in bubble frequency.
The correlations used in the present study to compare the

experimental data are in the form of fDn
b. The values of fD

1∕2
b and

fDb at different pressures are obtained from the experimental data for
Ra � 0.106 μm and compared with the value predicted from
correlations of Cole [25], Zuber [26], and Jakob and Fritz [27] as

shown in Figs. 17a, 17b, and 17c, respectively. At 5 and 10 bar
pressure, the correlation of Cole [25] predicted the experimental
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Fig. 14 Variation in the predicted bubble departure diameter with the corresponding experimental values at a) P � 1 bar, b) P � 5 bar, and
c) P � 10 bar.

Table 6 MAE between predicted and measured bubble
departure diameter

Correlation P � 1 bar P � 5 bar P � 10 bar

Cole [16] 25.95% 5.42% 21.75%
Cole and Rohsenow [17] 88.09% 42.66% 13.64%
Cole and Shulman [18] 76.96% 44.97% 58.29%
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value of fD
1∕2
b within �40% deviation with the MAE of 28.71%,

whereas it predicts the experimental value at 1 bar beyond �40%
deviation. The correlation ofZuber [26] is basedon the thermophysical

properties of the liquid, and thus the predicted fDb varies with

pressure, as shown in Fig. 17b. It predicts the experimental fDb within

�40% deviation for 1 and 5 bar pressure, whereas the predicted fDb

found to beyond �40% deviation from the experimental values

at 10 bar. The correlation of Jakob and Fritz [27] predicts the

experimental fDb similar to that of Zuber [26].

The correlations considered in the present study cannot predict the

experimental data at different Ra. In this study, pool boiling of water

with the sample of different Ra at pressure up to 10 bar is carried.

The correlation is developed in the form of fD2
b by fitting the

experimental data of the present study. The form of correlation is

developed by considering the bubble waiting period, bubble growth

period, and bubble growth rate. Bubble frequency (f), as given in

Eq. (19), is the reciprocal of sum of growth period and waiting period

of the bubble.

f � 1

tg � tw
(19)

Bubble growth rate as suggested by Chen et al. [19] can be

expressed as given in Eq. (20).

dr

dt
� CtkΔT

Rρvhfg
� CtJa ∝l

R
(20)

where Ct is proportionality constant.
Bubble growth period (tg) is the transient bubble growth from its

nucleation till the departure. R is the bubble radius at its departure.

Integrating Eq. (21)

Z
R

0

R dr � CtJa ∝l

Z
tg

0

dt (21)

tg � R2

2CtJa ∝l

(22)
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Fig. 16 Variation in bubble frequency with Ja at a) P � 1 bar, b) P � 5 bar, and c) P � 10 bar.

0.0 0.4 0.8 1.2 1.6 2.0 2.4
0.0

0.4

0.8

1.2

1.6

2.0

2.4

+30 %
P=1 bar
P=5 bar
P=10 bar

-30 %

MAE=17.09%

Db,experimenta(mm) 

D
b,

pr
ed

ic
te

d(
m

m
) 

Fig. 15 Comparison between predicted bubble departure diameter
from present correlation and present experimental value.

10 Article in Advance / WALUNJ AND SATHYABHAMA

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

E
X

A
S 

A
T

 E
L

 P
A

SO
 o

n 
O

ct
ob

er
 1

6,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.T
54

95
 



The waiting period (tw) is defined as the time interval from the

detachment of a preceding bubble to the nucleation of a following

bubble. Liquid replenishment toward the nucleation site takes place

immediately after the bubble departure. Thermal layer develops over

the nucleation site during the waiting period of the bubble cycle. The

thickness of thermal layer developed during this period is given by

Cooper [28] and is expressed in Eq. (23).

δ � �π ∝l tw�1∕2 (23)

tw � δ2

π ∝l

(24)

Kutateladze andGogonin [29] suggested that the radius of the bubble

is proportional to the thermal layer developed. Thus considering

δ � xR, Eq. (24) becomes

tw � x2R2

π ∝l

(25)

Combining Eqs. (19), (22), and (25), bubble frequency is expressed

as given in Eq. (26).

f � 8πCtJa ∝l

D2
b�π � 2x2CJa� (26)

The form of the correlation is expressed in terms of fD2
b in Eq. (27),

where ω3 and ω4 are the fitting parameters.

fD2
b

Ja ∝l

� 8πCt

�π � 2x2CtJa�
� ω3

π � ω4Ja
(27)

Considering experimental data, the fitting parameters are obtained.

Thus the correlation for the relation between bubble departure diameter

and bubble frequency is developed as given in Eq. (28).

fD2
b �

�
43.07

1� 3.18 × 10−4Ja

�
Ja ∝l (28)
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Fig. 17 Comparison of predicted fDn
b by a) Cole [25], b) Zuber [26], and c) Jakob and Fritz [27] with the corresponding experimental value.
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Figure 18 shows thevariation in thepredictedfD2
bwith experimental

values at pressure of 1, 5, and 10 bar. The deviation between predicted
and experimental fD2

b is found within �30 for all the pressures. The
correlation developed in the present study can predict the experimental
value with MAE of 25.26%. Thus it is commented that the present
correlation is in good agreement with the experimental values in the
investigated range ofRa varying from0.106 to4.03 μm at pressures up
to 10 bar.

IV. Conclusions

Investigation of pool boiling heat transfer was conducted with
samples of Ra ranging from 0.106 to 4.03 μm at pressures 1, 5, and
10 bar. Desired surface roughness was achieved by the formation of
unidirectional scratches using different grit SiC sandpapers. The
effect of Ra on CHF was studied. The effect of Ra on the bubble
departure diameter and bubble frequency was reported at different
pressures. CHF was predicted by incorporating the temperature and
roughness effects on the contact angle. The correlation for the bubble
departure diameter and fD2

b was developed considering the present
bubble dynamics study. Following comments are drawn based on the
present investigation:
1) CHF increased with the increase in Ra as well as pressure. The

CHF of Ra � 4.03 μm at 1, 5, and 10 bar was found to be 92.85,
47.11, and 32.38% higher than that of Ra � 0.106 μm, respectively.
2) The effect of temperature and Ra on the contact angle was

considered in the modified CHF model, which predicts the present
CHF values with MAE of 10.50%.
3) Bubble departure diameter and bubble frequency increasedwith

the increase in Ja as well as Ra for investigated range of parameters.
The increased cavity size and enhanced capillary-induced liquid
supply due to unidirectional scratches played an important role in
bubble dynamics.
4) The correlation developed for bubble departure diameter was

found to be in good agreement with the measured bubble departure
diameter where it predicts the experimental values with MAE
of 17.83%.
5) The deviation between predicted and experimental fD2

b
was found to be within �30, whereas MAE was found to
be 25.26%.
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