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a b s t r a c t

Visualization of bubble nucleation during nucleate pool boiling outside a vertical cylindrical heated surface
was done for ammonia–water binary and ammonia–water–lithium bromide ternary mixture in order to
obtain a descriptive behavior of the boiling which was directly compared with the measured heat transfer
coefficient at low pressure of 4–8 bar and at low ammonia mass fraction of 0 < xNH3 < 0:3 and at different
heat flux. The lithium bromide concentration of the solution was chosen in the range of 10–50% of mass
ratio of lithium bromide in pure water. The effect of concentrations, heat flux and pressure on boiling heat
transfer coefficient was studied. Still images taken with high speed camera are used to demonstrate the
increase in boiling heat transfer coefficient with the addition of lithium bromide salt to ammonia–water
mixture. Further work is required to obtain quantitative information about bubble nucleation parameters.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Absorption refrigeration systems have attracted increasing re-
search interests in recent years. Unlike mechanical vapor compres-
sion refrigerators, these systems cause no ozone depletion and
reduce demand on electricity supply. Besides, heat powered sys-
tems could be superior to electricity powered systems in that they
harness inexpensive waste heat, solar, biomass or geothermal en-
ergy sources for which the cost of supply is negligible in many
cases. This makes heat powered refrigeration a viable and eco-
nomic option. The most common absorption systems are H2O–LiBr
and NH3–H2O cycles.

The NH3–H2O pair possesses very good heat and mass transfer
characteristics but requires rectification to remove water vapor
from the ammonia rich refrigerant vapor. Lithium bromide, on
the other hand, is a non-volatile salt that can act as an absorber
for both ammonia as well as water due to ion formation and com-
plexing. Therefore, ternary NH3–H2O–LiBr mixtures with high salt
concentrations could offer better performance by absorbing
ammonia and water thus reducing rectification losses, especially
at higher operating temperatures.

The thermodynamic properties of the NH3–H2O–LiBr system
(principally for a LiBr/H2O ratio of 60/40 weight percent) have been
ll rights reserved.
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investigated by Radermacher [1]. McLinden and Radermacher [2]
compared the performance of an absorption heat pump operating
with NH3–H2O and NH3–H2O–LiBr mixtures. Although the COP of
the heat pump operating with ternary mixture was lower than
with the binary system, there were indications of lower water con-
tent in the refrigerant vapor entering the rectifier with the ternary
mixture.

Peters et al. [3,4] investigated the effects of lithium bromide on
the NH3–H2O system using a static method to measure vapor–li-
quid equilibrium data of NH3–H2O–LiBr mixtures over tempera-
tures between 303.15 and 423.15 K, and pressures up to 1.5 MPa.
They reported reduction in partial pressure of both ammonia and
water in the vapor phase compared to respective pressures in
binary NH3–H2O system. They developed a quasi-chemical reac-
tion model to correlate experimental data. The correlation was in
good agreement with the experimental data.

Yuyuan et al. [5] measured vapor–liquid equilibrium (VLE) data
for NH3–H2O–LiBr system at 10 temperature points between 15
and 85 �C, and pressures up to 2 MPa. The LiBr concentration of
the solution was chosen in the range of 5–60% of mass ratio of LiBr
in pure water. The VLE for the NH3–H2O–LiBr ternary solution was
measured statically. It was seen that at the same temperature and
ammonia concentration, vapor pressure of ternary NH3–H2O–LiBr
mixture solution was lower than that of the binary NH3–H2O solu-
tion. The ammonia content in the vapor phase of ternary NH3–
H2O–LiBr mixture solution was higher than that in the binary
NH3–H2O solution without lithium bromide.

http://dx.doi.org/10.1016/j.expthermflusci.2011.02.007
mailto:sathyabhamaa@hotmail.com
http://dx.doi.org/10.1016/j.expthermflusci.2011.02.007
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vapor liquid equilibria of the NH3–H2O–LiBr system have been
established, no information however, is available on the effect of
dissolved salt on the boiling heat transfer which is indispensable
in the design of these systems. The aim of the present paper is to
obtain the nucleate pool boiling heat transfer coefficient of NH3–
H2O–LiBr ternary system at different mass fraction of ammonia
and lithium bromide, at different pressure and at different heat
flux. The present investigation also aims at obtaining a visual re-
cord of nucleation to study the effect of lithium bromide on bubble
parameters.

Boiling heat transfer has been intensively investigated, but it is
not yet possible to predict heat transfer coefficients with the accu-
racy necessary for reliable design of generators/evaporators, par-
ticularly, for the boiling of mixtures. Most boiling research has
been limited to the behavior of pure components or binary mix-
tures. Empirical or semi-empirical correlations have been proposed
to correlate the heat transfer coefficients. Most correlations repre-
sent quite well the experimental data they were developed from,
but large discrepancy occurs when they are applied to other data.

There have been relatively few studies on the boiling heat trans-
fer of ammonia/water mixture. Inoue et al. [6], measured the pool
boiling heat transfer coefficients of ammonia/water mixture and its
pure components on a horizontal platinum wire (diameter of
0.3 mm, 37 mm length) at the pressure of 0.4–0.7 MPa with heat
flux varying from 0.4 to 1.5 MW/m2 and the mass fraction from 0
to 1. Arima et al. [7], obtained data on a horizontal flat circular sur-
face of silver with a diameter of 10 mm for ammonia/water mix-
ture and its pure components at a pressure level from 1 to 15 bar
with heat flux varying from 0.1 to 2.0 MW/m2. It was found by both
the authors that the mixture in the range of the mass fraction, 0.2–
0.9 gives smaller heat transfer coefficients than its individual
components.

Many other previous experimental investigations have also re-
vealed a reduction of heat transfer coefficients in nucleate boiling
of mixtures, compared with those for a single component sub-
stance of the same physical properties as the mixture, or compared
with the linearly interpolated values between the two pure compo-
Fig. 1. Schematic diagram
nents comprising the mixture. Some physical explanations for the
reduction were suggested and reviewed (Fujita and Tsutsui [8]).
Deterioration in the heat transfer of mixtures has been recently
clarified, but there are few reports on the heat transfer enhance-
ment of binary mixtures. Inoue et al. [9] studied the effect of cat-
ionic surfactant on boiling heat transfer enhancement of ethanol/
water mixture. They reported increase in boiling heat transfer coef-
ficient in low heat flux range in low ethanol fraction range by the
surfactant. They attributed this increase to the decrease in surface
tension of the mixture by the addition of surfactant.

The information available on the boiling of inorganic salt solu-
tion is very less compared to that available on organic liquid mix-
tures. Boiling characteristics of aqueous electrolyte solutions are
likely to be different from those of organic mixtures because of
the differences in surface tension, wetting characteristics and bub-
ble coalescence and breakup behavior (Jamialahmadi et al. [10]).
Considerable decrease in heat transfer coefficient at low heat
fluxes were observed by Jamialahmadi et al. for aqueous salt solu-
tions. At high heat fluxes the negative effect of the dissolved elec-
trolyte gradually decreased and finally some improvement in heat
transfer coefficient was observed.

2. 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 diameter
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 phenom-
ena. 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 temperatures.
Bottom flange has provisions for heater rod and drain. The cylindri-
cal stainless steel heater rod of 6 mm diameter and a heating
length of 20 mm is mounted vertically within the boiling vessel
and is completely immersed in the liquid pool. Boiling takes place
of experimental setup.
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on the outer surface of this heater rod. The test surface is heated by
an electrical heating element of 1 kW capacity. The heating ele-
ment is connected to a wattmeter through a dimmerstat to read
the power supplied to it. The details of the test heater are given
in Fig. 2.

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
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 thermocouple location using Fourier heat conduction equation.
The internal 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.

Fig. 3 shows schematic of the visualization of the boiling pro-
cess. 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.
Fig. 2. Details of

Fig. 3. Visualization o
3. Experimental procedure

3.1. Boiling

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. The amount of mixture was chosen
so as to maintain a fixed level in all experiments. The test pressure
was set in the logger. When the system was ready, the tests were
started by giving a 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 hys-
teresis effect. Some runs were repeated twice and even thrice to
ensure the reproducibility of the experiments.

Commercially available NH3–H2O mixture with the mass con-
centration of 30% was used. The 30% mixture was diluted to 15%
mass concentration of ammonia by adding measured quantity of
distilled water. Subsequently, a measured quantity of LiBr–H2O
solution of known concentration was added and the ternary mix-
ture was heated to saturation temperature by giving heat input
the rod heater. After equilibrium was reached, the saturation tem-
perature, heater surface temperature was noted down for different
heat flux and the set pressure was changed. The measurements
test heater.

f boiling process.
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were performed in the pressure range p = 4–8 bar. The LiBr concen-
tration of the solution was chosen in the range of 10–50% of mass
ratio of LiBr in pure water. Lithium bromide salt is measured using
a balance with a precision of ±0.01gm. Initial mass fractions are
used in this paper to represent the concentration of the mixture.
3.2. Regulation and data collection

The set pressure is maintained constant throughout an experi-
ment by the combination of the cooling water pump, pressure
transducer and a proportional integral derivative (PID) pressure
controller. The PID senses the pressure level in the boiling chamber
through pressure transducer and compares it with the set value fed
to it by the researcher. To go from a higher pressure level to a lower
pressure level, the PID sends a signal to cooling water pump to
open the suction line and pump water through the condenser coils.
The digital temperature indicator reads the spontaneous tempera-
tures. In total it reads three temperatures, of the one thermocouple
in the test section, and of the one in the liquid and the one in the
vapor. The digital wattmeter displays the power input to the hea-
ter. The Data Acquisition Unit logged data from all thermocouples
as well as recorded the boiling vessel pressure, and heater supply
power. Data was then transferred though the general programming
interface bus data link to a computer. A custom MATLAB program
was developed to save the results and chart the data as it was
acquired.
4. Calculations

Heat input Q is a known quantity as there can be no losses since
the heater rod is completely immersed in the liquid. Then heat flux,
q ¼ Q

A, where A is the area of the cylindrical test surface. A = pdL
where d is the diameter of the heater rod and L is the heating
length of the heater rod. Heat transfer coefficient between the sur-
face and the liquid is calculated by applying Newton’s law of
cooling

h ¼ q
Tw � Ts

ð1Þ

where Ts is the saturation temperature of the liquid at the corre-
sponding pressure, and Tw is the surface temperature of the test
surface.
Fig. 4. Comparison between measured and predicted heat transfer coefficient for
water at 4 bar pressure.
5. Experimental uncertainty

All chrome alumel K type thermocouples used in this study
have an accuracy of ±0.5% full scale. The pressure transducer has
an accuracy of ±0.5 full scale. The power input to the heater is mea-
sured by an accurate digital power meter of accuracy ±1 W. The
uncertainty in temperature measurement is ±1.25 �C. Uncertainty
in length and diameter measurement is ±0.1 mm. The resulting
uncertainty in the area of the heated surface is 1.74%. The Kline
and McClintock [11] technique was used to estimate the uncer-
tainty for the derived quantities.

Uncertainty in Percentage,

xh ¼
xQ

Q

� �2

þ xd

d

� �2
þ xL

L

� �2
þ xTw

Tw � Ts

� �2

þ xTs

Tw � Ts

� �2
" #1=2

ð2Þ

The resulting maximum uncertainty in the heat flux was 1.94%. The
maximum uncertainty in the wall superheat values was 10.71%. The
maximum uncertainty in the heat transfer coefficient was 10.86%.
6. Experimental results

To corroborate the validity of the achieved experimental data in
the present experiments, measured boiling heat transfer for pure
water are compared with nine well known correlations including
Gorenflo [12], Stephan and Abdelsalam [13], Labantsov [14], Nis-
hikawa et al., [15], Kutateladze [16], Kruzhilin [17], Mostinski
[18], Rohsenow [19] and Cooper [20]. Fig. 4 presents the results
for water at 4 bar pressure. For water all the correlations gave sim-
ilar results. Stephan–Abdelsalam and Kutateladze correlations pre-
dict the present experimental data with good accuracy in the
investigated range of high heat flux. Thus the experimental appara-
tus and method was found appropriate in performing the present
mixture experiment. Thus the experimental apparatus and method
was found appropriate in performing the present mixture
experiment.

The mass fraction of ammonia and lithium bromide is defined
as follows:

xNH3 ¼
mNH3

mNH3 þmH2O
ð3Þ
xLiBr ¼
mLiBr

mLiBr þmH2O
ð4Þ

Heat transfer coefficient of three-component mixture varies as a
function of the mixture composition and heat flux. So the heat
transfer coefficient of ternary mixture needs three dimensional rep-
resentation. Here two dimensional representation is used with con-
centration of ammonia kept constant. Figs. 5 and 6 represent the
boiling curve and variation of heat transfer coefficient with heat
flux for ammonia mass fraction of 0.30, and 0.15 respectively and
at pressures 4–8 bar respectively. Note in the figures and table that
the suffix ‘1’ and ‘2’, refer to the more- and moderate-volatile com-
ponents, in the present ternary mixture, respectively. Thus, ‘1’ refers
to ammonia, ‘2’ refers to water. ‘LiBr’ refers to non-volatile salt lith-
ium bromide. Mixture composition is expressed in terms of mass
fraction, such as x1, x2, and xLiBr in liquid phase.

Each line in Fig. 5 represents the boiling curve/heat transfer
coefficient for one set of lithium bromide concentration for the
solution with ammonia mass concentration of 30%. At 4 bar pres-
sure, heat transfer coefficient increases with addition of LiBr, as
the concentration of lithium bromide increases, heat transfer coef-
ficient increases remarkably for the solution of constant ammonia



Fig. 5. Boiling curve and variation of heat transfer coefficient with heat flux for 30% NH3 at different pressures with varying concentration of LiBr.
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Fig. 6. Boiling curve and variation of heat transfer coefficient with heat flux for 15% NH3 at different pressures with varying concentration of LiBr.
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concentration. This could be due to the easy departure of the
bubble, smaller bubble size, shorter departure period by the dense
salt molecules near the heated surface. The effect of increase in salt
concentration becomes weak at high pressures. At high pressure
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bubbles are emitted vigorously all over the heated surface. Salt
molecules cannot reach the heated surface due to the bubble agita-
tion and vigorous bubble departure near the heated surface.
Although the addition of lithium bromide increases the boiling
heat transfer coefficient in the aqua ammonia solution with initial
ammonia concentration of 15%, the increase in concentration of
lithium bromide does not seem to be effective as seen in Fig. 6. This
is attributed to increase in viscosity of the solution with increase in
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Fig. 7. Visual record of boiling phenomena in ammonia–water–lithium bromide mix
lithium bromide salt concentration at low ammonia mass
concnetration.

The present results are somewhat contrary to expectations. The
addition of salts increases the viscosity of the NH3–H2O mixture
resulting in decrease in film heat and mass transfer coefficients.
Reiner and Zaltash [21] reported that the dynamic viscosity of
NH3–H2O–LiBr ternary solution was seven times larger than the
NH3–H2O binary solution. As convection plays a major role in heat
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Fig. 7 (continued)
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transfer during pool boiling, with such a substantial increase in vis-
cosity, salts are expected to degrade heat transfer characteristic
during pool boiling. Then increase in boiling heat transfer may be
due to changes in the other thermophysical properties of the ter-
nary salt solution.

Upon adding salt to the NH3–H2O mixture, the surface tension is
expected to reduce. The surface tension depression will enhance
the boiling heat transfer remarkably. Inoue et al. [9] observed a
significant decrease in surface tension and significant increase in
boiling heat transfer in ethanol/water mixture by the addition of
surfactant up to a surfactant concentration of 1000 PPM. System-
atic experimental measurements of dynamic surface tension and
contact angle are required to explain the complex dependence of
concentration of LiBr salt additive on boiling heat transfer observed
in this work.

Thermal conductivity of the salt solution is expected to be high.
Since fluid conduction in microlayer evaporation under the bubble
as well as in reformation of thermal boundary layer at the nucle-
ation site plays a major role in heat transfer during pool boiling,
with increase in thermal conductivity, ternary solutions are ex-
pected to enhance heat transfer characteristic during pool boiling.
Sliding of bubbles is also important in pool boiling, especially in
the present work in which a vertical heater is used, where again
conduction mechanism, the increase in thermal conductivity is ex-
pected to enhance heat transfer during boiling.

Another possible explanation for the behavior observed could
be provided by nucleation theory as speculated by Lowery and
Westwater [22]. With the addition of small particles or large mol-
ecules, additional interfacial tensions becomes important, namely
the particle-liquid–vapor system. This could create a synthetic nu-
cleus promoting vapor generation on the hot solid and/or in sur-
rounding superheated liquid. Higher concentrations resulted in
the deposition of a thin film on the heater surface and a decrease
in nucleate boiling heat transfer was observed. At what point the
degradation mechanisms outweigh any enhancement remains
unclear. This may explain the importance of LiBr concentration ob-
served in this study.
7. Bubble dynamics

It is known that nucleate boiling is characterized by the forma-
tion of vapor bubbles from fixed sites randomly distributed on a
heating surface. Aspects of the boiling heat transfer mechanisms
on heated surfaces remain unclear due to the highly complex nat-
ure of boiling and difficulty in measurements such as the determi-
nation of key boiling parameters such as bubble departure
diameter, velocity, frequency, and active nucleation site density
study. Previous studies have employed several photographic tech-
niques to determine the above-stated bubble dynamic data. Few
of them have applied the data to predict each component of the to-
tal heat flux (latent heat, natural convection, and microconvection)
as well as to validate their boiling models. In spite of the vast
amount of effort devoted to boiling studies, there is still no defini-
tive, comprehensive explanation for the actual mechanism of bub-
ble nucleation, growth, and departure that controls the heat
transfer field in the vicinity of the nucleation site. Experimental
data concerning the details of these processes are lacking. The rate
of bubble growth and subsequent bubble motion has tremendous
influence on heat transfer and the precipitation of non-volatile spe-
cies. In the present investigation, bubble dynamics in NH3–H2O and
NH3–H2O–LiBr are compared. A high speed, digital camera is used
for capturing visual observations of bubbles. High intensity light
is used to illuminate the nucleating cavities and suitable zoom
lenses are used to focus on them.

Bubble nucleation parameters were not clearly measurable, due
to the much greater density of nucleation sites on the heater sur-
face considered in this work. The exact timing of bubble departure
could not be noted, as the growing bubbles always moved from
their nucleation sites while still being attached to the surface,
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either by merger with a larger neighboring bubble or by sliding due
to a buoyancy-driven bulk flow. The contact angle, the site density
and the bubble frequency could not be measured due to the above
said reason. Isolation of single bubble on the surface could not be
done for study.

Fig. 7a–x shows the flow situation on the heated surface at dif-
ferent pressures, change of flow aspect with heat flux and change
with the mass fraction of lithium bromide for constant ammonia
concentration of 0.30. Fig. 7a–d shows the bubble dynamics at
4 bar pressure and at low heat flux. Bubble diameter decreases
with the addition of LiBr and this decrement increases with in-
crease in LiBr concentration. At high concentration of LiBr boiling
becomes violent, frequency of bubble formation increases, the bub-
bles merge to form a continuous vapor plume. At higher pressures
bubble coalesce with difficulty. Similar observations are made at
higher heat flux.
8. Conclusion

Bubble dynamics and pool boiling heat transfer to NH3–H2O and
NH3–H2O–LiBr solutions at different pressure, heat flux and con-
centrations were studied. Nucleate boiling in multicomponent
mixtures is a complex conjugate process, and it depends on a vari-
ety of factors. However, the primary heat transfer is by evaporation
and its efficiency is directly related to nucleation site density and
bubble dynamics. Phenomenological insights can be obtained from
a visual observation of NH3–H2O and NH3–H2O–LiBr boiling at high
heat flux. In comparison to that in NH3–H2O, boiling in NH3–H2O–
LiBr solution was more vigorous and characterized by clusters of
small-sized, more regularly shaped bubbles that had higher depar-
ture frequency. One may conclude that LiBr promoted activation of
nucleation sites. Besides the effects discussed above the bulk con-
centration of LiBr and its chemistry (ionic nature and molecular
weight), dynamic surface tension, surface wetting or contact angle,
surface adsorption and desorption, and foaming should be consid-
ered to have a significant influence. A direct correlation of the heat
transfer with suitable descriptive parameters for these effects is
difficult due to the complex nature of the problem.
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