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Nucleate Pool Boiling Heat
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Visualization for
Ammonia-Water Mixture
Visualization of bubble nucleation during nucleate pool boiling outside a vertical cylin-
drical heated surface was done for ammonia-water binary mixture in order to obtain a
descriptive behavior of the boiling, which was directly compared with the measured heat
transfer coefficient data at low pressure of 4–8 bar and at low mass fraction of
0< x< 0.3 and at different heat flux. Still images taken with high speed camera are used
to demonstrate the decrease in boiling heat transfer coefficient with increase in ammonia
mass fraction. Jensen and Memmel model has better agreement with experimental bubble
diameter. Further work is required to obtain quantitative information about bubble
nucleation parameters. It is found that both Calus and Rice and Stephan–Koorner corre-
lation can predict the experimental heat transfer coefficient values with a maximum devi-
ation of 6 20%. [DOI: 10.1115/1.4004258]
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Introduction

Ammonia/water absorption refrigerating systems are receiving
an increasing attention as an environmentally safe replacement for
the CFC-based compression cycles. This has created increasing
research activities in pool boiling heat transfer of this mixture.
However, detailed literature review shows that experimental data
on boiling heat transfer coefficients of ammonia/water mixture are
scarce. Mixture boiling heat transfer correlations with acceptable
level of accuracy have been reported and validated extensively.
However, in the case of ammonia-water mixture there is still an
important lack of fundamental and empirical information.

Boiling of mixtures is distinct from boiling of pure liquids in
that the driving force for heat transfer is in turn governed by mass
transfer. Therefore, the evaporation rate can be severely reduced
for the mixtures because the rate of mass diffusion in the liquid
phase is usually much slower than that of heat diffusion. Van
Wijk et al. [1] presented the physical explanation for the observed
reduction of the mixture boiling heat transfer coefficient. They
suggested that preferential evaporation of the more volatile com-
ponent takes places at the heated surface such that the local boil-
ing point rises. Sternling and Tichacek [2] provided three possible
explanations:

(1) the change in the mixture physical properties, notably vis-
cosity with composition.

(2) the change in the rate of bubble growth caused by the resist-
ance to the mass transfer of the more volatile component in
diffusing into the growing bubble, and

(3) changes in the rate of nucleation of new boiling sites on the
surface.

According to the work of Thome [3,4], the decrease in the boil-
ing heat transfer coefficient is a combined result of mixture effects
on bubble growth rate, bubble departure diameter and boiling site

density, and nonlinear variation of the pertinent physical
properties.

The primary objective of this work is to obtain experimental
data for saturated pool boiling of ammonia-water mixture at vary-
ing mass fraction of ammonia. The experimental data obtained
also include the influence of pressure and heat flux on heat trans-
fer rate. The present investigation also aims at obtaining a visual
record of nucleation to demonstrate the degradation of boiling
heat transfer with increase in ammonia mass fraction.

Experimental Setup

The schematic diagram of experimental setup is shown in
Fig. 1. The unit consists of boiling vessel, water pump, vacuum
pump, condenser coil, and test section. Boiling vessel 80 mm di-
ameter and 200 mm long made up of SS 316 is fitted with SS 316
flanges at the top and at the bottom as shown in Fig. 1. The vessel
is fitted with two sight glasses to observe and record the boiling
phenomena. The top flange has provisions for liquid charging,
condenser cooling water inlet and outlet, vacuum pump, pressure
transducer, and thermocouples to measure liquid and vapor tem-
peratures. Bottom flange has provisions for test section and drain.
The test section is a rod heater mounted vertically within the boil-
ing vessel. Boiling takes place at the outer surface of a cylindrical
alloy steel rod with a diameter of 6 mm and a heating length of 20
mm. The test section is heated by an electrical heating element of
1 kW capacity. The heating element is connected to a wattmeter
through a dimmer stat to read the power supplied to it. The details
of the test heater are given in Fig. 2.

A high speed camera (Nikon D3) was used to take the photo-
graphs of the pool boiling on the outer surface of vertical heater
inside the boiling vessel. The camera was positioned infront of the
sight glass. A concentrated light source was placed infront of
another sight glass opposite to the camera to give uniform illumi-
nation of the test heater.

All temperatures of the system are measured using chrome alu-
mel K type thermocouples. Two thermocouples are set in the liquid
pool and vapor, respectively. These liquid and vapor temperatures
confirm the system being maintained at the saturation state during
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the experiments. Two thermocouples are embedded along the cir-
cumference of the heater close to the heating surface. The surface
temperature is calculated by correcting the minor temperature drop
due to the small distance between the heating surface and the ther-
mocouple location using Fourier heat conduction equation. The in-
ternal pressure of boiling vessel is measured by a pressure
transducer. The power input to the test heater is measured using a
wattmeter. The boiling vessel is well insulated. Electrical signals
from the thermocouples, pressure transducer, and wattmeter are
processed by a data acquisition system.

Experimental Procedure

In order to start the boiling tests, the boiling vessel should be
filled with the ammonia-water mixture. Before filling the chamber
with the mixture, it was evacuated using a vacuum pump. The
pressure of the boiling vessel was read on the logger display.
Once the evacuation process was completed, the boiling vessel
was filled with ammonia-water mixture. Commercially available
ammonia-water mixture is used in this work. Concentration is
measured by titration and the repeatability in the concentration
measurement is 6 0.3%. The amount of mixture was chosen so as

to maintain a fixed level in all experiments. The test pressure was
set in the logger and the mixture was heated to corresponding sat-
uration temperature. When the system reached steady state, the
tests were started by varying heat input to the test heater. The
magnitude of the heat input was known from the wattmeter. All
experimental runs were carried out with decreasing heat flux to
avoid the hysteresis effect. Some runs were repeated twice and
even thrice to ensure the reproducibility of the experiments. To
demonstrate the reproducibility of the experimental data, several
tests for pure components and mixtures were repeated on the same
surface throughout the testing life of the heaters. These tests con-
firmed that the heat transfer coefficient values were repeatable
within 7.2%. A high speed camera was used to film the boiling
process simultaneously with the heat transfer measurements.

Calculations. Heat input Q is a known quantity as there can be
no losses because the test heater is completely immersed in the
liquid. Then heat flux, q ¼ Q=A, where A is the surface area of the
test section. A¼ pdL, where d is the diameter of the heater rod
and L is the heating length of the heater rod. Heat transfer coeffi-
cient between the surface and the liquid is calculated by applying
Newton’s law of cooling

Fig. 1 Schematic diagram of experimental setup

Fig. 2 Details of test heater
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h ¼ q

Tw � Ts
(1)

where Ts is the saturation temperature of the liquid at the corre-
sponding pressure and Tw is the surface temperature of the test.

Experimental Uncertainty

All chrome alumel K type thermocouples used in this study
have an accuracy of 60.5% full scale. The internal pressure of
boiling vessel is measured by a pressure transducer with an uncer-
tainty of 60.01 bar. The power input to the heater is measured by
an accurate digital power meter with 61 W uncertainty. The
uncertainty in temperature measurement was 61.25 �C. Uncer-
tainty in length and diameter measurement was 60.1 mm. The
resulting uncertainty in the area of the heated surface was 1.74%.
The Kline and McClintock [5] technique was used to estimate the
uncertainty for the derived quantities. The resulting maximum
uncertainty in the heat flux was 1.94%. The maximum uncertainty
in the wall superheat values was 10.71%. The maximum uncer-
tainty in the heat transfer coefficient was 10.86%.

Experimental Results

Validation of the experimental setup for the pure water boiling
is discussed in Ref. [6]. Figure 3(a) shows the boiling curve at 4
bar pressure. Boiling curve shifts to the right with increase in am-
monia mass fraction. Figure 3(b) shows the effect of ammonia
mass fraction on heat transfer coefficient. For a constant heat flux,
heat transfer coefficient reduces with increase in ammonia mass
fraction in the investigated range. For a given pressure heat trans-
fer coefficient increases with increase in heat flux. For constant
mass fraction, heat transfer coefficient increases with increase in
both pressure and heat flux.

Comparison of Correlations With the Measured Data

The measured heat transfer coefficient data were compared
with correlations of Stephan–Koorner [7], Thome and Shakir [8],
Fujita–Tsutsui [9], and Calus and Rice [10]. These correlations
are listed in Table 1.

The ideal heat transfer coefficient in the above equations is
given by

hid ¼
1

x1

h1

þ x2

h2

(6)

Correlation of Mostinski [11] given by Eq. (7) is used to calculate
the ideal heat transfer coefficient in this work.

h ¼ 0:00417q0:7P0:69
c FPF (7)

where FPF is a nondimensional pressure correction factor that
characterizes pressure effects on nucleate boiling as

FPF ¼ 1:8p0:17
r þ 4p1:2

r þ 8p10
r (8)

The correlation of Stephan–Koorner is shown plotted in Fig. 4.
Stephan–Koorner correlation for mixtures contains the composi-
tion difference between the vapor and liquid phases, (yi�xi) to
account for the mixture effect. Stephan and Korner determined
the value of Ao, the empirical constant to range from 0.42 to 3.56,
for 17 mixtures by fitting Eq. (2) to the measured data. Their aver-
age value of 1.53 is recommended for mixtures whose data are not
available. Agreement between the measured heat transfer coeffi-
cient and Stephan–Koorner correlation is 620%. Thome and Sha-
kir combine the boiling range and the mass diffusion effects to
account for mixture effects. Bo, the scaling factor, is equated to
unity on the assumption that all the heat transfer from the heated

Fig. 3 (a) Boiling curve at 4 bar pressure and (b) effect of ammonia mass fraction on heat trans-
fer coefficient

Table 1 Nucleate boiling correlations for mixture

Stephan and
Koorner [7]

h

hid
¼ 1þAo 0:88þ0:12Pð Þ y1� x1ð Þ½ ��1 (2)

Thome and
Shakir [8]

h

hid
¼ 1þ hid

q
DTbp 1� exp

�Boq

qLhfgbL

� �� �� ��1
(3)

Fujita–Tsutsui [9]
h

hid
¼
�

1þDTbp

DTid

�
1�exp

�
�60q

qvhfg

q2
v

rg qL�qvð Þ

� �1=4����1

(4)

Calus and Rice [10] h

hid
¼ 1þ y1 � x1ð Þ aL

D

� 	0:5
� �0:7
" #�1

(5)
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surface in nucleate boiling passes into the bubble in the form of
latent heat. They assigned a fixed value of 0.0003 m/s for bL, the
liquid side mass transfer coefficient. The correlation of Thome
and Shakir underpredicts the experimental values and the devia-
tion is not systematic as can be seen from Fig. 5. A plot is drawn
in Fig. 6 between the experimental data and the predictions from
Fujita–Tsutsui correlation that is based on a model that the drop
of effective temperature difference is a main reason for heat trans-
fer reduction in mixtures. Good agreement is achieved between
the measured heat transfer coefficient and Fujita–Tsutsui correla-
tion at very low mass fraction of ammonia but the deviation
increases with increase in ammonia mass fraction. One of the few
correlations to attempt to quantitatively relate the reduction in
heat transfer coefficient to the reduction in bubble growth rate is
that of Calus and Rice. Their correlation involves the diffusion
coefficient D and as can be seen from Fig. 7 the correlation can
predict the present experimental data within 620%.

Nucleation. Even though nucleation behavior has been studied
for pool boiling, there is no generally accepted model to explain
bubble growth behavior due to the complexity of boiling heat

transfer. Zhao and Tsuruta [12] studied bubble growth behavior
and developed the micro layer theory. The cycle of a bubble con-
sists of two parts, one being the lifetime and other is the waiting
time of nucleus activity. As reported by Zhao and Tsuruta, the
lifetime of the individual bubble consist of three durations: initial
growth duration, final growth duration, and the condensation dura-
tion before the individual bubble collapses. To understand the
phases of the bubble growth at the nucleation sites, a high speed
camera was used. Because the bubbles rise and collapse very
quickly, it is a tough task to identify the exact growth process of
bubbles rising from the heater surface.

The experiments conducted in this study are at high heat flux
and at relatively high pressure. At these pressures and heat flux
isolation of single bubble on the surface could not be done for
study due to vigorous interaction with other bubbles. Conse-
quently, the comparison of bubble nucleation at different pressure,
heat flux, and ammonia mass fraction is mostly visual and subjec-
tive. Bubble nucleation parameters were not clearly measurable,
due to the much greater density of nucleation sites on the heater
surface considered in this work. The exact timing of bubble depar-
ture events could not be marked, as the growing bubbles moved
from their nucleation sites while still being attached to the surface,

Fig. 6 Comparison of Fujita–Tsutsui correlation with experi-
mental data

Fig. 7 Comparison of Calus and Rice correlation with experi-
mental data

Fig. 4 Comparison of Stephan–Koorner correlation with exper-
imental data

Fig. 5 Comparison of Thome and Shakir correlation with ex-
perimental data
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either by merger with a larger neighboring bubble or by sliding
along the vertical surface in to the bulk flow. Only representative
average bubble diameter was measured. The bubble diameter was
obtained by measuring both the bubble diameter and the sight
glass from the image using a MATLAB program and scaling down to
obtain bubble diameter from the known sight glass diameter. The
uncertainty in bubble diameter measurement is 61 pixel (each
pixel is approximately 12.65 lm, determined using the known
sight glass diameter after taking a suitable correction factor for
the relative distance of 90 mm between the test surface and the
sight glass). The bubble diameter reported is the average of the
values obtained for 20 bubbles in each image. The contact angle,
the site density and the bubble frequency could not be measured
due to the above said reason.

Figures 8(a)–8(f) shows the flow situation on the heated surface
at different pressures, change of flow aspect with heat flux and
change with the mass fraction. Sample bubble images at different
conditions are presented for comparison. The average bubble size
measured at different pressures, heat flux and ammonia mass frac-
tion are given in Table 2.

Effect of Heat Flux. It is observed that bubble diameter at
detachment increases with an increase in heat flux. The same flow

pattern is observed for another pressure and another mass fraction.
Increase of nucleation site and frequency of bubble formation are
clearly observed. It is found that as the heat flux increases the bub-
bles begin coalescing, which are generated on the adjoining nucle-
ation site on the heated surface. It is observed that at higher heat
flux, the nucleation rate is so high that the bubbles seem to leave
the surface in clusters, but, in fact, they are individual bubbles
leaving heater surface. Also, observation from Fig. 8 reveals that
the bubbles are mostly spherical in shape and seem to be nucleat-
ing uniformly.

Effect of Pressure. In the case of increase in pressure, the
detached bubble diameter decreases, frequency of bubble forma-
tion increases. The net effect is increase in boiling heat transfer
coefficient.

Effect of Mass Fraction. Figure 8 also clearly implies that
bubble behavior is dependent on the mass fraction in nucleate
boiling of mixtures. The composition for binary mixture has an
important effect on the boiling site density, bubble departure di-
ameter, and bubble departure time. In this study, this is obvious
that the increase in mass fraction of ammonia causes the bubble
departure diameter and the bubble departure frequency to be

Fig. 8 Visual record of boiling phenomena

Table 2 Bubble size

x¼ 0.25 x¼ 0.30

P¼ 4 bar P¼ 6 bar P¼ 8 bar P¼ 4 bar P¼ 6 bar P¼ 8 bar

q¼ 500 kW/m2 0.90 mm 0.80 mm 0.70 mm 0.87 mm 0.77 mm 0.68 mm
q¼ 750 kW/m2 1.40 mm 0.90 mm 0.80 mm 1.25 mm 0.86 mm 0.78 mm
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decreased in most cases and these two parameters result in the
degradation of the heat transfer coefficient in the regions of high
ammonia mass fractions.

Many correlations are developed for the prediction of the bub-
ble diameter for the nucleate pool boiling condition for different
applications. The Fritz [13] model, which assumes that there is a
balance between surface tension and buoyancy forces at the
moment of departure is one of the most reliable existing models
for prediction of the bubble diameter for boiling of pure liquids
and also liquid mixtures. Cole and Shulman [14] proposed a rela-
tion in which bubble diameter is simply proportional to the
inverse of the absolute pressure. Cole [15] modified the contact
angle and proposed that the effect of system pressure is involved
through a modified Jacob number. Van Stralen and Zijl [16] pro-
posed an empirical model for nucleate boiling based on bubble
growth mechanisms. This model includes the Jakob number and
thermal diffusivity of the solution. Kutateladze and Gogonin
[17] could correlate a large body of data from the literature with
the correlation given in Eq. (13). Jensen and Memmel [18] pro-
posed an improvement to Eq. (13) with their correlation (Eq.

(15)). The bubble departure diameter correlations selected in this
work are listed in Table 3. All of the above correlations for de-
parture bubble size at various pressures are plotted in Fig. 9(a)
for ammonia mass fraction of 0.25 and in Fig. 9(b) for ammonia
mass fraction of 0.3. The results clearly show an inverse trend
with pressure. Because accurate values of the contact angle are
very difficult to measure experimentally, an average value of 35
deg is assumed in Fritz correlation. As can be seen in the figures,
Fritz correlation overpredicts the experimental data. This is
because Fritz correlation is valid only in the region of atmos-
pheric pressure and at low heat flux levels. Van Stralen model
underpredicts the experimental data. Correlation of Cole and
those similar to it are promising in that the Jakob number
accounts for pressure and superheat variations. Kutateladze and
Gogonin and Jensen and Memmel models suggest that the bub-
ble departure diameter is a weaker function of Jakob number.
This has led to a better agreement of their models with the pres-
ent experimental results, especially in the case of the Jensen and
Memmel model for which the variation trend with pressure
closely follows the experimental results.

Table 3 Correlations of bubble departure diameter

Fritz [13]
Dd ¼ 0:0208h

r
g qL � qvð Þ

� �1=2 (9)

Cole and Shulman [14] Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
g qL � qvð Þ

r
1000

P
P in mm of Hg (10)

Cole [15] Dd ¼ 0:04Ja
2r

g qL � qvð Þ

� �1=2

(11)

Van Stralen et al. [16] Dd ¼ 2:63

�
Ja2a2

L

g

�1=3�
1þ

�
2p
3Ja

�1=2�1=4

(12)

Kutateladze and Gogonin [17] Dd ¼ 0:25 1þ 105KL

� �1=2 r
g qL � qvð Þ

� �1=2

for Kl < 0:06

KL ¼
Ja

PrL

� ��
gqL qL � qvð Þ

l2
L

� �� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

g qL � qvð Þ

r �3=2��1
"

(13)

(14)

Jensen and Memmel [18]

Dd ¼ 0:19 1:8þ 105KL

� �2=3 r
g qL � qvð Þ

� �1=2

KL ¼
Ja

PrL

� ��
gqL qL � qvð Þ

l2
L

� �� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

g qL � qvð Þ

r� �3=2��1
(15)

Fig. 9 (a) and (b) Comparison between the measured bubble diameter and predicted bubble di-
ameter from the correlations
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Conclusion

Nucleate pool boiling heat transfer coefficient of ammonia-
water binary mixture was measured at low pressures of 4 bar to 8
bar and at low ammonia mass fraction of 0< x< 0.3 and at differ-
ent heat flux. Degradation of heat transfer was observed with
increase in ammonia mass fraction in the investigated range.
Experiments should be extended to whole range of mass fraction
of ammonia. Measured heat transfer coefficient fairly agrees with
the predictions from Stephan–Koorner and Calus and Rice corre-
lations with a deviation of 620%. A visual recording of the nucle-
ation was obtained at saturated boiling conditions with varying
heat flux, pressure and at two different ammonia mass fractions.
Observations from visual recordings reveal that bubble size
decreases with increase in pressure and ammonia mass fraction in
the investigated range. Jensen and Memmel model predicts the
bubble diameter with reasonable accuracy. Further investigation
is required to measure the bubble parameters quantitatively.

Nomenclature
A ¼ area (m2)
Ao¼ constant in Eq. (2)
Bo¼ scaling factor in Eq. (3)

CFC¼ Chlorofluorocarbon
cp¼ specific heat (J/kgK)
D¼ mass diffusivity (m2s�1)

Dd¼ bubble departure diameter (m)
g¼ gravitational acceleration (ms�2)

hfg¼ latent heat of vaporization (J kg�1)
h¼ nucleate boiling heat transfer coefficient (W m�2 K�1)

Ja¼ Jakob number
qLcpL Tw � Tsð Þ

qvhfgP¼ pressure (bar)
Pc¼ critical pressure (bar)

Pr¼ Prandtl number
lcp

k
pr¼ reduced pressure
Q¼ heat input
q¼ heat flux (W m�2 K�1)

SS¼ Stainless steel
T¼ temperature (K)

x, y¼ mass fraction of liquid and vapor

Greek Symbols
a¼ thermal diffusivity (m2s�1)
b¼ mass transfer coefficient (ms�1)

DT¼ temperature difference (K)
l¼ dynamic viscosity (Pa.s)
q¼ density (kgm�3)

r¼ surface tension (Nm�1)
h¼ contact angle (deg)

Subscripts
i¼ volatile component

id¼ ideal
L¼ liquid
s¼ saturation
v¼ vapor
w¼ wall
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