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� Bubble dynamic analysis is carried for water ethanol mixture in the subcooled boiling region.
� The bubble departure diameter is measured and its relation with heat transfer coefficient is discussed.
� A new empirical correlation is developed to predict the heat transfer coefficient for water.
� The bubble lift-off and bubble sliding are determined.
� Force balance is carried out to determine the possible mechanisms governing the bubble dynamics.
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In this paper, bubble dynamics in subcooled flow boiling of water-ethanol mixture in horizontal rectan-
gular channels is investigated through visualization. The subcooled flow boiling heat transfer coefficient
of water ethanol mixtures are determined for various heat flux, mass flux and ethanol volume fraction. A
new empirical correlation is proposed to predict the heat transfer coefficient of pure water based on the
parameters like heat flux, bubble departure diameter, waiting period and the growth period. Two types of
bubble behaviours are observed after nucleation: (i) Sliding for a distance along the bottom wall of the
channel surface before lift-off and (ii) Lift-off from the bottom wall of the channel surface without sliding.
Force balance analysis is carried out to determine the reason for bubble lift-off and bubble sliding. The
bubble lift-off without sliding is observed at higher ethanol volume fraction, lower heat flux and higher
channel inlet temperature. The bubble sliding and lift-off are observed at higher heat flux and lower
channel inlet temperature for water and water-ethanol mixture of 25% ethanol volume fraction.
However, the effect of mass flux on the bubbles sliding or bubble lift-off is not significant.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The bubble dynamics is qualitative as well as quantitative
description of the bubble growth in the flow boiling conditions.
The bubble behaviour analysis during subcooled flow boiling is
very important in understanding the bubble dynamics and boiling
heat transfer [1–5]. Initially, a small bubble lies above the super-
heated wall which gradually grows in size. The bubble growth is
governed by the forces on the bubble-liquid-wall interfaces. This
stage is known as inertia controlled stage of the bubble growth.
In the later stage, as the bubble grows, it comes in contact with
the liquid at subcooled region. The bubble growth for this stage
is controlled by the rate of liquid evaporation into the bubble [6].
Bubble behaviour in subcooled flow boiling was studied by many
researchers. Gunther [7] observed that bubbles collapsed while
sliding along the heated surface of bottom wall of the channel.
Basu et al. [8] studied the effect of contact angle during the onset
of nucleate boiling (ONB). They found that some of the nucleation
sites were not active due to flooding and delay ONB. Bibeau and
Salcudean [9] conducted an experiment on subcooled flow boiling
of water. They found that the bubbles were sliding along the
heated surface of channel before being ejected into the bulk sub-
cooled liquid. Since the bubbles were collapsed due to condensa-
tion, they did not travel further after nucleation. Zeitoun and
Shoukri [10] observed that the bubbles detached from the channel
surface. They developed an empirical correlation for the mean bub-
ble departure diameter as a function of the Reynolds number,
Jakob number and the boiling number. Okawa et al. [11] studied
the bubble behaviour of water in the subcooled boiling region.
They observed that some of the bubbles slid along the vertical sur-
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Nomenclature

Cp specific heat (kJ/kg-K)
d bubble diameter (mm)
d+ dimensionless bubble diameter during departure
d⁄ dimensionless bubble diameter at instant time
Exp experimental
k thermal conductivity (kW/m-K)
Fb buoyancy force (N)
Fcp contact pressure force for the bubble (N)
Fdu unsteady drag force on the bubble (N)
Fh force due to the hydrodynamic pressure (N)
Fqs quasi steady-drag in the flow direction (N)
Fs surface tension force (N)
Fsl, shear lift force (N)
Fx force parallel to flow direction (N)
Fy force normal to flow direction (N)
h heat transfer coefficient (kW/m2-K)
hfg latent heat of vapourization (kJ/kg)
Ja Jakob number
q00 heat flux (kW/m2)
r bubble radius (mm)
r+ dimensionless bubble departure radius
t time (ms)
t⁄ dimensionless growth period
T temperature (K)
DT temperature difference (K)
X position (m)

Greek letters
a thermal diffusivity (m2/s)
q density (kg/m3)

l dynamic viscosity (kg/m-s)
us friction velocity
rs surface tension (N/m)
x uncertainty
h contact angle

Subscript
b bubble point
cp calculated parameter
d dew point
dep departure
Exp experimental
f fluid
fr first row
fw wall and fluid
g growth
i first sample
i+1 first sample
IN inlet
ip independent parameter
l liquid phase
N total number of samples
Pred predicted
sub subcooled
sr second row
v vapour phase
r standard deviation
w waiting
W wall

Fig. 1. Schematic diagram of experimental setup. (1) Rectangular aluminium block
consisting of two rectangular channels. (2) Condenser coil dipped in ice water bath.
(3) Reservoir. (4) Pump having variable flow rate. (5) Preheater. (6) Cartridge
heaters. (7) Thermocouples to measure wall temperature. (8) Channel inlet fluid
temperature measuring thermocouple. (9) Channel outlet fluid temperature
measuring thermocouple. (10) Temperature indicator panel. (11) High speed
camera. (12) Light source. (13) Data Acquisition system for flow visualization.
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face and never lifted-off. But few of them lifted off the surface after
sliding along the surface. Thorncroft et al. [12] observed the bubble
behaviour in subcooled vertical flow boiling using FC-87. They
found that the bubble slid along the heated surface but did not lift
off during upward flow. In contrast, in downward flow, bubbles
were lifted off from the nucleation site.

In flow boiling, force balance is carried out in both the direction,
i.e., flow direction parallel to the heating surface and normal to
heating surface. The theoretical bubble departure size can be
determined from force balance [13]. During flow boiling, it is
assumed that the bubble detaches if the combination of buoyancy
and drag force is able to overcome the force due to surface tension.
The drag force includes the quasi-steady drag in the bulk liquid
flow direction, the unsteady drag due to asymmetric growth of
the bubble inclined in the direction of the liquid flow and the shear
lift force [14]. Al-Hayes and Winterton [15] and Klausner et al. [16]
have developed expressions for surface tension force based on vari-
ation of contact angle along the periphery of the bubble. The sur-
face tension alone is unable to prevent the bubble departure. The
liquid drag on the bubble due to asymmetrical bubble growth act-
ing in the direction opposite to liquid flow is important in holding
the bubble to its nucleation site before departure. The literature
review presented in this paper is related to pure component. The
bubble dynamics and force balance analysis are not sufficiently
available for mixture subcooled boiling.

In the present work, the water-ethanol mixture is used and the
application is cooling HEV battery module. The present work is to
determine the effect of heat flux, mass flux, ethanol volume frac-
tion and channel inlet temperature on bubble departure radius,
growth period and waiting period. Force balance is carried out to
determine the reason for bubble lift-off and bubble sliding along
the heated surface of the channel.
2. Methodology

2.1. Experimental setup and procedure

The schematic diagram of experimental test set up is shown in
Fig. 1. The experimental test set up is a closed loop having a rect-
angular aluminium block consisting of two rectangular channels,
condenser coil dipped in ice water bath, reservoir, preheater and
pump having variable flow rate. The aluminium block consisting
of two channels of 10 mm (width) � 10 mm (height) � 150 mm



Fig. 2. Aluminium block with rectangular channels.

Table 1
Equipments used in the present experiment.

Equipments Specifications

k-type thermocouples for wall
temperature measurements (10
no’s)

Range: �20 �C to 400 �C, sheath
length: 20 mm, sheath diameter:
1.2 mm

Cartridge heater (2 no’s) Diameter: 12.7 mm, length: 180 mm,
capacity: 750 W

Peristaltic pump Capacity: 100 L per hour, operating
pressure: atmospheric

Preheater Chamber capacity: 4 L, heater
capacity: 3 kW

Table 2
Specifications of high speed camera and source light.

Processor AOS Promon 501

Lens 50 mm
Aperture setting f/1.4 D
Shutter speed 1/15
Frames per second 1459
Resolution 480 � 240 pixels
LED PAR light Slim die cast body, power 120 W, beam 25 degree,

CRI > 85, DMX 512 Auto, sound active, 3 section
light weight aluminium stand
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(Length) is shown in Fig. 2. The two cartridge heaters are inserted
inside the aluminium block. Heat loss is prevented by providing
mineral wool as insulating material. The wall temperatures, the
fluid inlet and outlet temperatures of the channel are measured
by thermocouples. The temperature reading is obtained in the tem-
perature indicator panel. The high speed camera is used for flow
visualization. Table 1 shows the equipments used in the present
experiment. Fig. 3 shows the thermocouples arrangement in the
cold plate to measure wall temperature and to calculate heat flux.
The first set of five thermocouples (T11, T12, T13, T14 and T15) are
placed 2 mm below the channel in a row. The second set of five
thermocouples (T21, T22, T23, T24 and T25) are placed 20 mm below
the first row of thermocouples. The distance between each thermo-
couple in a row is 25 mm. Two cylindrical cartridge heaters are
placed 40 mm below the channels.

Due to the possibility of solubility of air in water and ethanol,
degassing is done for about thirty minutes before commencing
the experiment. The liquid is preheated and pumped through the
test set up. The heat is supplied to the channel to boil the liquid.
The liquid after getting cooled in the condenser coil enters the
Fig. 3. Thermocouple arrang
reservoir. The experiment is conducted after the degassing
procedure.

The steps followed during the experiment are listed below:

1. Fill the water in the reservoir.
2. Set the mass flow rate of the liquid and fix the channel inlet

temperature by temperature controller in the preheater.
3. Set a heat input value to the channel such that it must maintain

the wall temperature of the channel above the inlet tempera-
ture of the liquid.

4. Note down the bottom wall temperature of the channel and
outlet temperature of the fluid when the bottom wall tempera-
ture of the channel reaches steady state and simultaneously
capture the flow by means of high speed camera.

5. Change the volume flow rate and repeat step 4. Increase the vol-
ume flow rate so that the laminar flow is maintained.

6. Change the heat input value and repeat step 5. These steps are
repeated up to subcooled boiling region (before attaining satu-
ration state).

7. Repeat step 3 to step 6 for two different values of inlet temper-
atures of the fluid.

8. Repeat step 2 to step 7 for 25%, 50%, 75% and 100% ethanol vol-
ume fractions.

Flow visualization is carried out using high speed camera to
understand the phenomena of heat transfer during the subcooled
flow boiling of the mixture. The LED PAR light is used as light
source for proper visibility of the channel. The specifications of
high speed camera and LED light are given in Table 2. The camera
speed is set for 1459 frames per second and video is recorded for
2 s. The video is converted to images. From the images, the bubble
departure diameter and contact angle are measured. The block dia-
gram in Fig. 4 gives the steps which are followed to measure the
bubble departure diameter and contact angle by image processing
tool in Lab view vision builder software. A tangent is drawn along
the bubble as shown in Fig. 5a. The intersection of the tangent and
the channel surface is considered as contact angle. The channel
width is considered as the Ref. length to measure the departure
diameter. The camera is placed at the top of channel and the cam-
ement in the cold plate.
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Fig. 4. Image processing.
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era is focused as shown in Fig. 5b. Therefore, trigonometric rela-
tions are considered to calculate the actual contact angle. However,
there is no significant variation in measuring the bubble departure
diameters because the bubbles are assumed to be spherical in
shape.

From the trigonometric relation:

AB
BC

¼ tanðA�Þ

AB is the distance from the camera lens to the point on the cam-
era stand which is parallel to the bottom wall of channel. BC is the
distance from the bottom wall of the channel to the point on the
camera stand which is parallel to the bottom wall of channel.

A� ¼ tan�1 AB
BC

� �

Measured contact angle
Actual contact angle

¼ AC
BC

¼ AC
AC cosðA�Þ

Actual contact angle ¼ Measured contact angle� cosðA�Þ
2.2. Data reduction

Bottom wall temperature of the channel is calculated by tem-
perature gradient between the first row and second row of thermo-
couples in aluminium block. Fourier’s law of heat conduction is
applied to calculate the heat flux from the measured values of tem-
perature gradient and known value of thermal conductivity.

q00 ¼ �k
dT
dx

ð1Þ

The heat flux is calculated by substituting the values of thermal
conductivity of aluminium, temperature gradient in Eq. (1) as
shown by Eq. (2).

q00 ¼ �k
ðTsr � TfrÞ
ðXsr � XfrÞ ð2Þ

The heat flux is assumed to be the same for the bottom wall of
the channel as the first row, since it is very near to the first rows of
thermocouples (i.e. 2 mm). The wall temperature is calculated by
Eq. (3).

TW ¼ �q00

k
ðXw � XfrÞ þ Tfr ð3Þ

The heat transfer coefficient is calculated by Eq. (4) from the
calculated values of heat flux, calculated values of wall tempera-
ture and measured values of outlet temperature. The average of
five readings of wall temperature is considered to determine the
difference between the wall and fluid temperature. Fluid tempera-
ture is the average fluid temperature of the channel inlet and the
outlet.

h ¼ q00

ðTw � Tf Þ ð4Þ
It is observed that the heat flux value is higher at the inlet of the
channel and decreases along length of the channel. It is also
observed that the wall temperature is lower at the entrance and
marginally increases along the channel length. Therefore the aver-
age of five heat fluxes and wall temperatures which are obtained
from five different points along the length of the channel are con-
sidered to calculate the heat transfer coefficient.

2.3. Uncertainties

According to International Bureau of weights and measures
(IBWM) and International organization of standards, (ISO) random
independent variables may be calculated using root-sum-square
(RSS) of standard deviation [17].

xip ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

iresolution þx2
iconversion þx2

icalibration þ s22ri

q
ð5Þ

After determining the uncertainty of independent variables, the
uncertainties of calculated parameters are determined by McClin-
tock and Kline method [18].

x2
cp ¼

Xn
i¼1

@f
@xi

� �2

x2
xi

ð6Þ

Table 3 shows the uncertainties of independent and measured
parameters.

3. Results and discussions

The experiments are conducted to determine the subcooled
flow boiling heat transfer coefficient for various values of heat flux
(61.33–133.47 kW/m2), mass flux (76.67–228.33 kg/m2-s), fluid
inlet temperature (303 K, 313 K and 323 K) and ethanol volume
fraction (0%, 25%, 50%, 75% and 100%). About 478 experimental
runs are carried out in the present study which includes 122 data
for pure water, 288 data for three different compositions of binary
mixtures, and 68 data for pure ethanol. But the comparison of bub-
ble departure diameter, growth period, waiting period of bubbles
in the mixture is carried out at heat flux = 90.4 kW/m2. This partic-
ular value of heat flux is chosen in such a way that the subcooled
boiling takes place for both water and ethanol. If the heat flux is
lower than 90.4 kW/m2, subcooled boiling of water will not com-
mence, instead it will be in forced convective region. If the heat
flux is higher than 90.4 kW/m2, saturated boiling of ethanol will
be initiated.

3.1. Validation of experimental data of heat transfer coefficient

The experimental values of heat transfer coefficient obtained for
water are compared with available subcooled boiling literature
correlations. Chen redeveloped the Rohsenow correlation for sub-
cooled boiling heat transfer coefficient [19]:

htp ¼ Fhfc þ Shpb ð7Þ



Fig. 5a. Contact angle.

Fig. 5b. High speed camera and the channel.

Table 3
Uncertainties of measured and calculated parameters.

Parameters Uncertainties

Thermocouple ±0.35 �C(RSS)/±0.1 �C (resolution)
Preheater temperature ±0.1 �C (resolution)
Mass flow rate ±2.32%
Mass flux ±0.77%
Heat flux ±13.3%
Heat transfer coefficient ±9.11%
Bubble departure diameter ±13.02%
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hfc ¼ 0:023Re0:8Pr0:4
kl
Dh

ð8Þ

hpb ¼ 0:00122
k0:79C0:45

P q0:49
l

r0:5l0:29
l h0:24

fg q0:24
g

DT0:24
Sat Dp

0:75
Sat ð9Þ

S ¼ 1

1þ 2:53� 10�6Re1:17
ð10Þ

F is the constant which depends on the fluid used. F can be cho-
sen as 1 of water.

Gungor and Winterton modified the Chen correlation by intro-
ducing the dependence on the boiling number (Bo) in the enhance-
ment factor E and proposed the Cooper correlation for pool boiling
heat transfer [19].

hpb ¼ 55
P
Pcr

� �0:12

�log10
P
Pcr

� �� ��0:55

M�0:5q000:67 ð11Þ

S ¼ 1
1þ 1:15� 10�6E2Re1:17

ð12Þ
E ¼ 1þ 24000Bo1:16 þ 1:37
1
vtt

� �0:86

ð13Þ

vtt ¼
1� x
x

� �0:9 qg

ql

� �
ll

lg

 !0:1

ð14Þ

The present experiment is conducted for subcooled region;
hence the Martinelli parameter can be neglected. htp and hfc are cal-
culated by Eqs. (13) and (12) respectively. Liu and Winterton [19]
proposed a power-type addition model for the prediction of sub-
cooled flow boiling heat transfer. Their experiments were carried
out in tubes and annuli and covered a range of G = 12.4–8180 kg/
(m2-s), P = 0.05–20 MPa, and Tsub = 0–173 �C. The correlation for
subcooled flow boiling heat transfer coefficient is expressed as:

htp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fh2

fc þ Shpb
TWall � TSat

TWall � TSat

� �2
s

ð15Þ

S ¼ 1
1þ 0:0055F0:1Re0:16l

ð16Þ

hpb is calculated by Eq. (11).
Kandlikar [20] proposed subcooled boiling correlations for

water and is by Eq. (22):

htp

hfc
¼ 1058Bo0:7F ð17Þ

hfc is calculated by the Eq. (18) and the value of F depends upon
the type of fluid used. For water the value can be chosen as 1.

Nu ¼ 7:55þ 0:024ðz�Þ�1:14

1þ 0:035Pr0:17z��0:64
ð18Þ

For a parallel rectangular channel, Stephan correlated numerical
results for Nusselt number as shown in Eq. (18). This equation is
valid for Prandtl numbers varying from 0.1 to 1000 and for laminar
flows. z� is dimensionless channel length and can be assumed to be
0.5 [21]. In the present experiment the flow is maintained at lam-
inar condition i.e., average Reynolds number 500–2500.

Fig. 6 shows the comparison of subcooled boiling heat transfer
coefficient data of water with those predicted using available liter-
ature correlations. Gungour and Winterton correlation predicts the
experimental data with mean absolute error (MAE) of 8.82%. Kan-
dlikar correlation predicts the experimental data with MAE of
11.46%. Liu and Winterton correlation predicts the experimental
data with MAE of 13.31%. Chen correlation under predicts the
experimental data with MAE of 21.37%. The correlations predicted
the values of the experimental data reasonably well. The deviation
is attributed to non uniform temperature distribution in cold plate,
assumption of one dimensional temperature distribution to calcu-
late heat flux.

3.2. Bubble departure diameter

3.2.1. Size distribution of bubble departure diameter
The bubble departure diameter is one of the important param-

eters to understand boiling phenomenon. The bubble departure
diameter is measured and its relation with heat transfer coefficient
is discussed. The bubble departs from the nucleation sites. The
departure diameters, growth periods and waiting period are
dependent on nucleation sites [22,23]. However, only few bubbles
departed from a site. Therefore average of 20–30 bubbles is consid-
ered during departure from the 3–4 sites to measure the bubble
departure diameter. The size distribution of these bubbles follows
the Gaussian distribution curve as shown in Fig. 7. The size distri-
bution is given in Eq. (19).



Fig. 6. Comparison of subcooled flow boiling heat transfer coefficient values of
water with correlations.
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f ðsizeÞ ¼ NðdiÞP1
i¼1 NðdiÞðdiþ1 � diÞ½ � ð19Þ
3.2.2. Validation
Despite several efforts over many years, there are only a few

correlations of bubble departure diameter. Fritz [24] first derived
a simple correlation for bubble departure diameter which was a
balance between surface tension and buoyancy force. Few correla-
tions were proposed with considerations of pressure, superheat
and wettability effects. Cole and Rohsenow [25] correlated bubble
departure diameter for various fluids at low pressure which is
given by Eq. (20).

ddep ¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rs

qðqf � qvÞ

s
qf Cpf TSat

qghfg

 !5=4

ð20Þ

A different approach to determine the bubble departure diame-
ter has been developed by researchers based on heat transfer
mechanisms. Kurul and Podowski [26] derived the correlation for
bubble departure diameter by balancing the heat supplied to the
wall with the heat used to grow a bubble by evaporating underly-
ing micro layers which is represented by Eq. (21).
Fig. 7. Size distribution for bubble departure diameter at heat flux = 90 kW/m2 and
mass flux = 76.67 kg/m2-s.
ddep ¼ 0:00014þ 10�4Tsub ð21Þ
Zuber [27] included the effect of non-uniform temperature field

and gave the bubble radius as represented by Eq. (22).

ddep ¼ 4bffiffiffiffi
p

p Ja
ffiffiffiffiffiffi
alt

p
ð22Þ

Mikic and Roshsenow [28] equations are used to nondimen-
sionalise the bubble departure radius in the present work. These
equations are applicable for both inertia controlled and diffusion
controlled stages.

1

A2

dr
dt

� �2

þ 2
ffiffi
t

p

B
dr
dt

� 1 ¼ 0 ð23Þ

where constant A and B are defined as,

A ¼ bDThfgqV
Tsatql

� �0:5
B ¼ 12

p Ja2al

� �0:5
b ¼ p

7 for bubble growth on the

surface of channel wall. The dimensionless bubble departure
radius is given by:

rþ ¼ rdep
B2=A

and dþ ¼ 2rþ

Fig. 8 shows the comparison of measured bubble departure
diameter in dimensionless form with the available literature corre-
lations. Cole-Roshnew Correlation predicts the experimental data
with mean absolute error (MAE) of 31.4% and 85% of experimental
data are under predicted by the correlation. Kurul-Podowski corre-
lation under predicts the experimental data with MAE of 38.1%.
Zuber correlation predicts the experimental data with MAE of
32.9% and out of which 65% of experimental data are over pre-
dicted by Zuber correlation. Cole-Roshnew correlation is based
on force balance approach and Kurul-Podowski and Zuber correla-
tions are based on heat balance approach. The force balance
approach predicts the present experimental data better when com-
pared to that of heat balance approach.

3.2.3. Effect of heat flux and mass flux
Fig. 9 shows the variation of dimensionless bubble departure

diameter with mass flux at different heat flux. It is observed that
the bubble radius and bubble departure radius decreases with
increase in mass flux and decreases with increase in heat flux.
Sugrue et al. [29] had conducted subcooled flow boiling experi-
ment for water in a vertical channel. They found that bubble depar-
ture decreased with increase in mass flow flux and heat flux. When
the bubble is formed in the active nucleation sites, it coheres at the
Fig. 8. Validation of bubble departure diameter in dimensionless form.
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channel wall due to surface tension between the channel wall-
vapour interfaces. Surface energy of channel wall tends to pull
the molecules of local vapour causing wetting of the channel sur-
face known as wettability. The wetting of surface is dependent
on the contact angle between the channel wall surface (solid-
vapour interface) and the bubble. When contact angle increases,
the wettability decreases and bubble departs from the surface. At
higher heat flux, mass flux and at lower inlet temperature of the
fluid, the surface tension between the channel wall and the vapour
decreases due to decrease in surface energy. The surface energy
decreases at higher heat flux, mass flux and at lower inlet temper-
ature of water because (i) Buoyancy force, inertia and pressure
force increase due to increase in evaporation at higher heat flux.
This pulls the bubble away from the channel wall surface and
decreases the surface tension between the solid-vapour interfaces.
(ii) At higher mass flux, the bulk liquid pushes the bubble down-
stream and this also causes to decrease in surface tension between
the solid-vapour interfaces.

Surface tension in the vapour-liquid interface increases in order
to overcome the loss of surface tension between channel wall-
vapour interfaces. This attracts the surface of the bubble towards
the liquid causing an increase in vapour-liquid interface pressure
and buoyancy of the bubble. Initially, the formation of bubbles
reduces the overall heat transfer due to the thin vapour layer of
bubbles providing thermal resistance. But the surface tension of
the vapour-liquid interface will be higher than the inertial force
of the liquid and the bubbles departure at faster rate. This reduces
the bubble departure diameter and thus increases the heat transfer
coefficient. Departed bubble acts as an energy carrier and increases
the overall heat transfer coefficient of the liquid. This phenomenon
is observed at higher heat flux and higher mass flux. At higher heat
flux, an increase in heat transfer coefficient increases due to early
bubble departure and formation of more number of active nucle-
ation sites, i.e. bubble formation. But at higher mass flux, the bub-
ble departs at earlier stage, but active nucleation site formation is
reduced due to decrease in wall temperature. Therefore, effect of
increase in heat flux on heat transfer coefficient is more significant
when compared with that of mass flux. Fig. 10 shows the variation
of heat transfer coefficient with heat flux for water at different
mass fluxes. It can be seen that at the subcooled boiling stage
the curve almost merges when mass flux increases.

3.2.4. Effect of channel inlet temperature
Fig. 11 shows the variation of dimensionless departure diame-

ter with mass flux at different inlet temperature. It is seen that
Fig. 9. Variation of dimensionless bubble departure diameter with mass flux for
different heat flux at inlet water temperature of 303 K.
bubble departure diameter increases with increase in inlet temper-
ature, because at higher inlet temperature the bubbles adhere to
wall due to decrease in surface tension between the liquid-
vapour interfaces. Su et al. [30] conducted numerical investigation
on bubble dynamics during flow boiling of water. In their research
it was found that the bubble departure diameter decreased with
increase in subcooling, i.e. decrease in inlet fluid temperature.

3.3. Bubble growth period and waiting period

The time period from bubble nucleation to departure is called
growth period. The time period from the bubble departure to the
next bubble nucleation is called waiting period. Figs. 12–15 show
the photographic image of bubble growth of water at different heat
flux, mass flux and inlet temperature. In the images, some of the
bubbles are larger in size. They are the coalesced bubbles and are
not considered for measuring the bubble departure diameter. Lar-
ger and smaller bubbles can also be observed. Hence 20–30 bub-
bles are identified from 3 to 4 sites to measure the average
bubble departure diameter.

3.3.1. Effect of heat flux and mass flux on bubble growth period
Fig. 16 shows the variation of dimensionless bubble growth per-

iod with the mass flux for different heat flux. The dimensionless
bubble growth period is obtained by dividing the bubble growth
period with the total period. The total period is the sum of growth
period and waiting period. It can be seen that the growth period
decreases with increase in heat flux and mass flux. But the influ-
ence of heat flux is observed to be more significant than mass flux.
Because at higher heat flux and mass flux sufficient amount of
energy will be acquired by the fluid and overcomes intermolecular
force of the molecules causing change in phase of liquid locally.
This causes bubbles to depart from the surface and thus reduces
the bubble growth period.

3.3.2. Effect of channel inlet temperature on bubble growth period
Variation of dimensionless bubble growth period with mass

flux for various inlet temperature is shown in Fig. 17. It can be
observed that the bubble growth period increases with an increase
in inlet temperature. Higher inlet temperature reduces the heat
transfer coefficient due to increase in thermal boundary layer
thickness and thus causing an increase in growth period. At higher
Fig. 10. Variation of heat transfer coefficient with heat flux for water at different
mass flux.



Fig. 11. Variation of dimensionless bubble departure diameter with mass flux for
different inlet temperatures of water at 90.4 kW/m2.
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inlet temperature the bubbles adhere to wall because of decrease
in surface tension between the liquid-vapour interfaces and thus
increases the bubble growth period.
Fig. 12. Bubble growth and waiting periods for water at heat flux = 90.4 kW/m2, inlet tem
bubble in growth stage at 6.23 ms, (c) bubble departure at 12.45 ms, (d) next bubble nu

Fig. 13. Bubble growth and waiting periods for water at heat flux = 133.47 kW/m2, inlet te
bubble in growth stage at 3.24 ms, (c) bubble departure at 6.48 ms, (d) next bubble nuc
3.3.3. Relation between bubble growth period and bubble waiting
period

Fig. 18 shows the variation of dimensionless bubble diameter
with dimensionless growth period of bubble for different mass
flux. Dimensionless bubble diameter is obtained by dividing
the instantaneous bubble diameter during the growth stage to
bubble departure diameter. Dimensionless growth period is
obtained by dividing the instantaneous time during the growth
stage to time taken for bubble to depart. The dimensionless
bubble diameter increases with increase in dimensionless time.
During the bubble growth period a high rate of energy is
extracted from the heater surface, which leads to significant
temperature drop beneath the bubble [31]. The clusters of water
molecules escape as vapour in the form of bubbles at faster
rate. This reduces the size of bubble due to early growth and
departure.

The early bubble departure decreases the bubble growth period
and bubble departure diameter size and thus increases the heat
transfer coefficient. After the departure of the bubble, the molar
latent heat of vapourization increases and more heat is available
to break the intermolecular force of liquid in the same site and
decreases the waiting period and heat transfer coefficient. There-
fore the bubble growth period increases with increase in waiting
period as shown in Fig. 19.
perature = 303 K and mass flux of 228.3 kg/m2-s (a) Bubble nucleation at 0 ms, (b)
cleation after 28.9 ms after the departure.

mperature = 303 K and mass flux of 76.67 kg/m2-s (a) Bubble nucleation at 0 ms, (b)
leation after 18.54 ms after the departure.



Fig. 14. Bubble growth and waiting periods for water at heat flux = 133.47 kW/m2, inlet temperature = 303 K and mass flux of 228.33 kg/m2-s (a) Bubble nucleation at 0 ms,
(b) bubble in growth stage at 2.39 ms, (c) bubble departure at 4.78 ms, (d) next bubble nucleation after 13.97 ms after the departure.

Fig. 15. Bubble growth and waiting period for water at heat flux = 133.47 kW/m2, inlet temperature = 313 K and mass flux of 76.67 kg/m2-s (a) Bubble nucleation at 0 ms, (b)
bubble in growth stage at 5.45 ms, (c) bubble departure at 10.89 ms, (d) next bubble nucleation after 26.57 ms after the departure.

Fig. 16. Variation of dimensionless bubble growth period of water with mass flux
for different heat fluxes.

Fig. 17. Variation of dimensionless bubble growth period of water with mass flux
for different inlet temperature.
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3.4. Proposed correlation

A new empirical correlation for the heat transfer coefficient of
pure water based on parameters like heat flux, bubble departure
diameter, waiting period and growth period is developed. The pro-
posed new empirical correlation is given by Eq. (24). The empirical
correlation is applicable at heat flux varying from 90.4 kW/m2 to
133.47 kW/m2, mass flux varying from 76.67 kg/m2-k to
228.33 kg/m2-K, inlet temperature varying from 303 K to 323 K.



Fig. 18. Variation of dimensionless bubble departure diameter with dimensionless
time for water. Fig. 20. Variation of predicted values of heat transfer coefficient with the

experimental values of heat transfer coefficient.
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h ¼ 4:298q000:377

d0:178
dep t0:09g t0:148w

ð24Þ

The present empirical correlation is validated with the experi-
mental values of heat transfer coefficient. The correlation under
predicts the experimental data with MAE of 22.47% as shown in
Fig. 20.
Fig. 21. Variation of bubble departure diameter with ethanol volume fraction.
3.5. Effect of ethanol volume fraction on bubble departure diameter

The variation of dimensionless bubble departure diameter with
ethanol volume fraction is shown in Fig. 21. The bubble departure
diameter and growth period is highest for mixture with 75% etha-
nol volume fraction and lowest for mixture with 25% ethanol vol-
ume fraction. This is the reason for highest values of heat transfer
coefficient for mixture with 25% ethanol volume fraction and low-
est for mixture with 75% ethanol volume fraction as shown in
Fig. 22. The thermal conductivity and thermal capacity of ethanol
is lower than that of water. Molar entropy of vapourization of etha-
nol is marginally above water. The entropy is due to the molecules
that are held together in liquid by polar attractions and hydrogen
bonding. Hence more energy is required to pull these molecules
Fig. 19. Variation of waiting period of bubbles with growth period of bubbles for
water.

Fig. 22. Variation of heat transfer coefficient with mixture of ethanol volume
fraction.



Fig. 23. Bubble formation for at heat flux = 90.4 kW/m2, inlet temperature = 303 K and mass flux = 76.67 kW/m2. (a) Water, (b) 25% ethanol volume fraction, (c) 50% ethanol
volume fraction, (d) 75% ethanol volume fraction, (e) ethanol.
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of liquid. The molar latent heat of vapourization is slightly greater
which actually results in higher heat transfer coefficient of ethanol
[32]. But Trouton’s rule states that due to lower boiling point of
ethanol, it has lower molar enthalpy of vapourization when com-
pared with that of water [33]. Hence the addition of ethanol to
water delays the departure of bubbles, thus decreasing the heat
transfer coefficient from the site causing an increase in bubble
departure diameter. Delay in departure increases the time gap
between departure of first bubble and nucleation of next bubble
resulting in decrease of active nucleation sites. But in contrast
the active nucleation sites are highest for 25% and lowest for 75%
ethanol volume fraction as shown in Fig. 23(a)–(e). The reason
for such phenomena can be explained by force balance approach.
During bubble departure for mixture with 25% ethanol volume
fraction the surface tension force dominates the force developed
due to unsteady bubble growth and quasi-static drag force which
are parallel to flow direction. The surface tension force between
the liquid-vapour interface is larger when compared to other vol-
ume fractions. This leads to earlier departure of the bubble. Early
departure leads to decrease in bubble departure diameter size
and thus increases the bubble formation and heat transfer coeffi-
cient. The mixture has lower heat transfer coefficient than that of
pure component is due to presence of local vapour of the lower
boiling component in the mixture [34]. Therefore, the ethanol is
having higher heat transfer coefficient and lower departure diam-
eter than that of mixture with 75% ethanol volume fraction as
shown in Figs. 21 and 22.

3.6. Force balance approach

Klausner et al. [35] and Zeng et al. [36] conducted studies on
force balance approach. They concluded that during flow, the influ-
ence of various forces acting on a bubble caused bubble departure
and bubble lift-off. In the present work, their approach is used to
calculate various forces acting on the bubble. The forces acting
on the bubble in the parallel and normal directions to flow are:X

Fx ¼ Fsx þ Fqs þ Fdu sin h ð25Þ

X
Fy ¼ Fsy þ FsL þ Fb þ Fh þ Fcp þ Fdu cos h ð26Þ
Force balance in parallel direction ðFxÞ:

Fsx ¼ �1:25ddeprs
pðaa � brÞ

p2 � ðaa � brÞ2
ð27Þ

aa and br are advancing and receding angles. These angles can
be estimated through aa ¼ hþ 10 and br ¼ h� 10 [37].

Fqs ¼ 1
2
CDqLDV

2r2dep ð28Þ

CD is drag coefficient and is determined by Ishii and Zuber cor-
relation [38].

CD ¼ 2
3

gðql � qgÞ
rs

� �0:5

ð29Þ

Fdu ¼ �qlpr
2
dep

3
2
Cs

dr
dt

þ rdep
d2r

dt2

 !
ð30Þ

where rdep is the bubble departure radius, DV is the relative velocity
between the bubble and flowing liquid. In the present work, the
average of 30 sliding bubbles is noted down with respect to time.
The pixels/frames are converted into velocity (metre per second).
The bubbles included are (i) departed and sliding and (ii) departed,
sliding and lift-off bubbles.

Force balance in normal direction ðFyÞ:

Fsy ¼ �ddeprs
p

a� b
ðcos br � cosaaÞ ð31Þ

The dynamic actions on the vapour-liquid interface within the
quasi-static regime permit the application of the Young-Laplace
equation for a departing bubble yielding upward force due to con-
tact pressure [39] as given by the Eq. (32).

Fcp ¼
pd2

dep

4
2r
rr

ð32Þ
rr is radius of curvature of the bubble at the Ref. point on the

surface, i.e., radius of curvature at the base of the bubble. The
radius of curvature is considered as rr = 5 rdep [40]. The radius that
is in contact with the surface quantifies capillary force.

Fb ¼ 4
3
pr3depðql � qgÞg ð33Þ
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Spherical bubble assumption is used for the calculation of force
due to buoyancy. It is well known that this is an approximation
since the contact with the surface truncates the bubble [41].

Fh ¼ 9
8
qlDv2 pd

2
dep

4
ð34Þ
Fsl ¼ 1
2
CLqLDV

2r2dep ð35Þ

where CL ¼ 0:8 Gs.

Gs ¼ dv
dy

rd
Dv ð36Þ

Gs is the dimensionless shear rate given by the gradient dv/dy.
It can be calculated from the universal velocity profile for turbulent
flow which is given by Eq. (37).

v
us

¼ 2:5lnyþ þ 2:5 ð37Þ

The velocity profile in Eq. (37) is assumed to be the time aver-
aged velocity distribution at channel surface of the wall. yþ in the
present experiment is found to be more than 30, which lies in the
logarithmic layer. The friction velocities are then substituted in Eq.
(24) to find the gradient dv/dy.

The growth of a bubble is influenced by forces acting in parallel
and normal directions to the horizontal heating surface. For hori-
zontal subcooled flow boiling, forces acting on the bubble in the
parallel direction influence the bubble sliding on the heated wall,
whereas, the forces acting in the normal direction causes the bub-
ble lift-off. The force balance can be studied by Jakob number
which is the ratio of sensible heat absorbed to latent heat transfer.
The sensible heat transfer is related to forced convection and latent
heat is related to heat transfer during phase change. During sub-
cooled flow boiling the forced convection is dominated by evapora-
tion and agitation. Hence higher heat transfer coefficient during
subcooled flow boiling has lower Jakob number. Fig. 24 shows
the variation of (Fy � Fx) with Jakob number. It is seen that at Jakob
number lower than 20 the difference between (Fy � Fx) is negative
and at Jakob number above 20 the difference between (Fy � Fx) is
positive. When the difference is positive it is observed that bubble
departed and lifted off from the heated surface of channel wall but
did not slid. When the difference is negative it is observed that the
bubble departed from the surface of the channel wall and also slid
along the heated surface. But some of the bubbles lifted-off after
Fig. 24. Variation of ðFY � FXÞ with Jakob number.
sliding for small distance. This is similar to the result obtained in
the literature [42].

The bubble causes the change in the flow field which resulted in
the variation of quasi-steady drag force (Fqd) and surface tension
force acting on it. These forces are balanced by unsteady growth
rate (Fdu). Due to the initial immobility and the very small growth
rate of the bubble in subcooled liquid, change in Fqs is not much
significant. The breaking of the force balance in flow direction is
caused by the sudden variation of the surface tension force
between the wall and the liquid interface. The bubble contact
diameter and the contact angles change due to the evaporation
in the triple-phase line region at the bubble root during bubble
growth. The force balance in flow direction is broken by the distur-
bance from the main flow which alters the contact diameter and
the contact angles, leading to the change of the surface tension
force [43]. This is achieved at higher mass flux and therefore the
bubble departs earlier at higher mass flux.

The bubble begins to slide along the heated wall. Even though
the force balance acting on the bubble in flow direction suddenly
brakes, it could recover soon due to the adaptive surface tension
force caused by the flexibility of the bubble-liquid interface which
causes the bubble to slide. The bubble lift-off after departure with-
out sliding does not cause significant increase in heat transfer
because the bubble gets condensed into the subcooled liquid in
the outer region of boundary layer. But during sliding the bubble
movement causes the micro layer evaporation beneath the bubble
and carries as energy carrier. This increases the temperature gradi-
ent beneath the bubble to cause an increase in heat transfer. Dur-
ing bubble lift-off the sum of hydrodynamic pressure and surface
tension force will be lower than contact pressure force, shear lift
force, unsteady growth force and buoyancy force [44].

The Jakob number increases with increase in volume fraction.
The heat transfer coefficient should have reduced with increase
in Jakob number, but in contrast, for mixture with 25% ethanol vol-
ume fraction bubble sliding is observed for slightly higher Jakob
number when compared to water. Thus marginal increase in heat
transfer coefficient is observed at this mixture composition. How-
ever, the bubble lift-off occurred without sliding for 75% ethanol
volume fraction and ethanol for all mass fluxes.

3.7. Hydrodynamic instability

Flow instabilities are undesirable in flow boiling. Flow oscilla-
tions affect the local heat transfer coefficient. The two kinds of flow
instabilities which are identified in subcooled flow boiling are
nucleation instability and oscillatory instability.

3.7.1. Nucleation instability
The nucleation instability is caused by vapourization of the local

liquid which results in increase in the specific volume of the local
liquid. The finite amount of wall superheat is required to initiate
bubble nucleation at the heated surface. Under this condition,
the bubbles grow and eject into the subcooled portion of the flow.
This process will cool the remaining liquid and the heated surface
of channel wall, until the required degree of super heat is reestab-
lished for further nucleation. It depends mainly on the geometry of
the system and fluid properties. Therefore it may be observed that
nucleation instability increases at higher ethanol volume fraction
resulting in obtaining lower heat transfer coefficient.

3.7.2. Oscillatory instability
When a bubble is formed and departed from the heated surface,

disturbance occurs in the flow. In the mixture, ethanol which is the
higher volatile component evaporates earlier. Bubble formed due
to evaporation of this volatile component compresses the sur-
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rounding liquid while growing and leaves the wall surface. The
incoming flow is driven to the compressible volume from the bub-
ble which has departed. The inertia of the flow from the compress-
ible volume will cause reduction in local pressure at the heated
inlet of the channel. This causes to and fro motion in the channel
surface leading to the compression of vapour boundary layer. The
rarefaction wave also passes through the surface, thus expanding
and decreasing the thermal boundary layer. Usually, this phe-
nomenon is observed at higher volume fractions and higher inlet
temperatures.
4. Conclusions

Bubble dynamics in water ethanol mixture subcooled flow boil-
ing is investigated through visualization using a high speed camera
for various experimental parameters like heat flux, mass flux, fluid
inlet temperature and ethanol volume fraction. Following are the
conclusions drawn from the present experiment.

� The two types of bubble behaviour observed after nucleation
were: (1) Lift-off from the bottom wall of the channel surface
followed by rapid collapse in subcooled bulk liquid at lower
heat flux, and at addition of higher ethanol volume fraction.
(2) Sliding along the bottom wall of the channel surface for a
distance and lifting off from the channel wall surface. These
are observed at higher heat flux for water. The effect of mass
flux on the bubbles sliding or bubble lift-off are not significant.

� The bubble growth period increases with decrease in heat flux
and mass flux. It also increases with increase in channel inlet
temperature. The bubble growth period increases with increase
in waiting period.

� The bubble departure diameter should have increased with
increase in ethanol addition. But the size of the bubble depar-
ture diameter is highest for mixture with 75% ethanol volume
fraction and smallest for mixture with 25% ethanol volume
fraction.

� At 25% volume fraction the bubble slides for longer distance and
lifts off when compared to pure water.

� The bubble lift-off is highest for mixture with 75% ethanol vol-
ume fraction and pure ethanol. The bubbles lifted-off without
sliding for this mixture and pure ethanol.

� During subcooled flow boiling the forced convection is domi-
nated by evaporation and agitation. Hence the higher heat
transfer coefficient has the lower Jakob number. It is seen that
at Jakob number lesser than 20 the difference between
(Fy � Fx) is negative and above 20 the difference between
(Fy � Fx) is positive.

� The nucleation and oscillatory instabilities is observed during
the flow at higher ethanol volume fraction addition.
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