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The Effect of Surfactant in the Absorptive and Generative Processes

Jung-In Yoon*, Oh-Kyung Kwon**, Choon-Geun Moon** and Takao Kashiwagi***
(Received March 11, 1998)

This study investigates the effect of additives such as normal octyl alcohol into lithium
bromide-water (LiBr/H,0) solutions in the absorption and generation processes of absorption
refrigerating machines. The experimental results confirmed the positive effect of additive use in
the absorber. Little is known, however, on the effect of additives on generator performance. In
this study, the authors carried out experiments to investigate the possible positive or negative
effects of additive, which enhances the absorption process, on the generator behavior. The results
showed heat transfer at the generator improved as pressure increased and concentration de-
creased; the boiling heat transfer coefficient was shown to be more strongly influenced by
concentration than by pressure. The boiling curves showed that the heat transfer of solution in
the generator was not significantly affected by the addition of surfactant. The result of this study
showed that the surfactant in absorption heater/chiller made enhanced absorption effect in the
absorber but it didn't give any influence in the generator. Therefore the additive was devoled to

helping high performance in the absorption system.
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A : Heat transfer area, m?

AR : Aspect ratio

d : Outside diameter of test tube, m

Fo : Fourier number

h : Boiling heat transfer coefficient,
W/ (meK)

q” . Heat flux, kW/m?

# ; Inside radius of test tube, m

¥z : Outside radius of test tube, m

T sat . Saturation temperature, K

T : Average temperature of thermocouples,
K

Tw . Surface temperature of test tube, K

ATse, : Wall superheat, K

A : Thermal conductivity of copper,

kW/ (mK)
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1. Introduction

The major components of absorption machines
consist of heat and mass exchangers. Their design
and operation have a direct effect on the cost and
cfficiency of the system. In Korea and Japan, most
absorption machines use H;O/LiBr as a typical
refrigerant / absorbent pair. In USA and Europe,
the machines utilizing H;O/LiBr are applied very
little, but system utilizing NH;/H,0 are used for
industrial waste heat recycling in some sectors, It
is well known for this combination that the
viscosity of the LiBr aqueous solution increases
considerably with LiBr This
results in the decrcase of mass diffusivity in the
practical high concentration range of LiBr(Lee et
al., 1990; Kashiwagi, 1985). From this point of
view, absorption enhancement are achieved in

concentration.

most commercial machines by adding a small
amount of surfactants as additives, which reduce
the sarface tension of the absorhent solution and
also generate Marangoni convection near the
solution surface during the refrigerant vapor
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absorption process.

A vapor absorption enhancement mechanism
for inducing interfaciul turbulence has been repor-
ted by Kashiwagi (1988}, who conducted experi-
mental analyses to clarify the basic mechanism
involved in the inducement of interfacial turbu-
lence. Although non- absorbable gases could hin-
der absorption considerably, its actual effect on
vapor absorption have not been reported yel.
Therefore it is necessary to understand and
quantify the influence of such a gas on the phe-
nomenon of water vapor absorption enhancement
in LiBr aqueous solutions with interfacial turbu-
lence generated by normal octyl alcohol addition.

The effect of additives on heat transfer in the
absorption process, often attributed to Marangoni
convection, has been reported in the literature
(Kashiwagi, 1985). An enhancement of boiling
heat transfer coefficients can be obtained by a
proper choice of additives. When the capacity of
an absorption heat pump is limited by its genera-
tor capacity and the generator is of the pool
boiling type, it is possible to increase the machine
capacity by means of surfactant (Takada, 1988).
Smull amounts of a certain surfactant in aqueous
known
enhance the rate of nucleate boiling heat transfer
of water(Yang et al., 1983). Nevertheless, the
effect of a surfactant additive on the boiling

solution have been significantly to

characteristics of LiBr/H,0 solution has not been
studied systematically (Calus et al., 1974; Jontz et
al.,, 1960; Yoon et al,, 1994).
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(a) Diagram of absorption experiment

Even though many experimental works were
performed (Hijikata et al., 1992; Kim et al., 1995),
the results and physical interpretation of the
phenomena are not fully consistent and partly
contradictory. The understanding of the sur-
factunt effect in a absorber and a generator does
not seem to be well established yet. The authors
have thus carried out the experiments to under-
stand the absorption and the generation behavior
when a non-absorbable gas(dry air) and sur-
factant (normal octyl alcohol) were present in the
absorber and the generator.

2. Experimental Apparatus
and Procedure

The absorption experimental apparatus is sche-
matically illustrated in Fig. 1(a). Aqueous solu-
tions of LiBr are used as absorbents, with sur-
fuctant added in concentration of 0.6 mass%;. The
bottom of the test section has a cooling chamber
to ensure efficient removal of the absorption heat
from the absorbent to the cooling water; a bronze
plate is installed between the absorbent and coo-
ling chamber. Distilled water was used as a refrig-
erant, and kept in a water vapor generator con-
nected to the absorbent chamber. The water tem-
perature is kept constant during the absorption
experiment, atl the initial LiBr aqueous solution
temperature, by using an electric mantle heater
with constant temperature control. The observa-
tion of unsteady- state phase changes inside the
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Fig. 1 Diagram of absorption experiment and optical set-up of holographic.
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Fig. 2 Diagram of generation experiment and test section.

solution, as interference fringes, are made possible
by a real time holographic interferometer. A 30
mW He-Ne gas laser (wave length=632.8 nm) is
used as a laser light source, in the setup shown in
Fig. 1(b).

The experiments are done by changing the AR,
Aspect Ratio, as well as the LiBr/H,O and sur-
factant concentrations. The following procedure
describes the methodology of experiments. Ini-
tially, the non-absorbable gas effect is eliminated
by reducing the pressure in the test vessel and
boiler to below that of the saturated vapor pres-
sure of the refrigerant water at room temperature,
by using a vacuum pump. After filling the vessel
with steam, the LiBr aqueous solution is
introduced up to the specified height. A hologram
is taken after the vacuum pump was turned off.
Steam absorption begins on the stationary solu-
tion surface. Temperature measurement by ther-
mocouples and filming of the interferograms are
started at the same time. During the test runs with
a non-absorbable gas, dry air is supplied into the
vessel by a copper tube. The amount of non-
absorbable gas introduced is controlled by a
semiconductor pressure gauge and adjusted by a
micro-control valve. Using the ideal gas law, the
amount of air that entered the vessel is controlled
by changing pressure.

The generation experimental apparatus is
shown in Fig. 2(a). The system includes mainly a

test chamber with a vacuum insulation as in Fig.
2(a). The test heater is completely immersed in
the solution pool and is made of a stainless steel
chamber with a height of 200 mm, width 55 mm,
length 230 mm, and wall thickness 3 mm. The
heating surface is polished by No. 2000 sandpaper
to obtain a smooth surface. The test electric heater
is installed inside the base tube, using a sliding
transformer to change the heat flux. The con-
denser is set above the liquid pool to ensure that
the condensed liquid returns directly to the liquid
pool, maintaining the congentration and quantity
of the pool liquid constant to an initial setting.
Ten thermocouples are installed at different levels
in the liquid pool, to measure the liquid and
vapor temperature. To ensure that the pool liquid
is maintained at the saturation temperature, there
are auxiliary heaters installed near the bottom of
the liguid pool. Schematic diagram of the test unit

+is shown in Fig. 2(b).

K type thermocouples are inserted into the
inner wall of the heater and placed in the middle
of the heating region. The measurement uncer-
tainty of the thermocouples is +0.3C  and four
readings are averaged to obtain the inner wall
temperature. The outer tube surface temperature
can be computed from the inner tube surface
temperature and the heat flux values(Yang et al.,
1983; Hou et al.,, 1993; Ohnishi et al., 1974).
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11‘1(&)
To=Tr—— 2 d " (1)
where, 7, A, d and g” are measured average
temperature, thermal conductivity of copper,
outer diameter of the test tube and heat flux,
respectively.

The temperature difference, 47Ty, is the differ-
ence between the surface temperature of the cop-
per tube and the saturation temperature of the
pool liquid, i. e.,

AT sae=Tw— Tisas (2)

where T, and T, are the heater surface temper-
ature and saturation temperature, respectively.
The steady state is obtained by monitoring the
reading fluctuations of two inserted thermocou-
ples in the test heater and the temperature of the
outlet cooling water. The heat flux 4" and the
heat transfer coefficient /; are obtained by the
following equations:

=YL 3)
]Il— qll q// (4)

- Tw_ Ts‘at :—Am,fs;t_

where 1/, [ and A are voltage input, A current
and heat transfer area, respectively. The absolute
pressure is measured by a digital pressure gauge.
The concentration of the lithium bromide in the
water solution is obtained by mixing the distilled
water with commercially available lithium bro-
mide. A hydrometer is used to measure the con-
centration of the test liquid.

Prior to data collection, the test unit is preheat-
ed and preboiled for at least an hour at a low heat
flux in order to remove the trapped air. The
steady state dala is taken after approximately
three to five minutes following a change in heat
flux. The chamber is insulated but considerable
heat losses are noticeable. Boiling on the surface
of the heater can be illuminated, observed, and
photo-graphed through view windows on the
front and rear side of this apparatus. After the last
experiment of each set, another run using pure
water is also made to check whether there is any
significant change in the condition of the heating
surface during the experiments. The additive used

in this work is normal octyl alcohol (CiH,;OH).
The amount of surfactant is 0,002, 0.007, 0.02, and
0.1 mass%.

3. Experimental Results and
Discussion

3.1 Absorptive processes

The H,O/LiBr pair which was widely used in
Korea and Japan was selected for refrigerant and
absorbent, and normal octyl alcohol was used as
a surfactant additive. The basic configuration of
absorption into a stationary solution of LiBr of
50 9 by mass was considered in these experi-
ments. The influence of non-absorbable gases on
the heat and mass enhancement process in the
absorbers was studied by analysis of the tempera-
ture distributions. Fig. 3 shows the temperature
distribution for a 50 mass% concentrations with
AR=0.7 and surfactant addition. The aspect
ratio, AR, is defined as the ratio of absorbent
solution depth to solution vessel length. As repre-
sentative examples, the temperature distributions
inside the LiBr aqueous solution were obtained
by using thermocouples. The marks on figures
(a) and (b) indicate the times (100, 200 and 300
seconds) elapsed from the beginning of vapor
absorption. From the figure (a), it can be clearly
seen that in the presence of non-absorbable gas
the occurrence of droplets on the absorbent sur-
face, caused by 0.6 mass9 normal octyl alcohol
addition, does not result in broader temperature
profiles. Non-absorbable gases seem to create a
resistant layer which disturbs absorption at the
vapor-liquid interface. As a result of this phe-
nomenon, temperature distributions did not
change rapidly as compared with the case where a
non-absorbable gas was absent(Fig. (b)). Also,
generation of violent interfacial turbulence could
not be observed.

Fig. 4 shows the absorption enhancement ratio
calculated for each aspect ratio by comparison
with the basic condition of a LiBr solution
without a surfactant addition. The vapor absorp-
tion enhancement ratio is defined as the vapor
absorption rates divided by those without sur-
factant. The maximum absorption ratio is found
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gas, 0.24 volumetric%).

when 0.6 mass% surfactant is added to a 50
massY% LiBr solution of AR=0.3 in the experi-
mental range. There is a clear tendency of vapor
absorption to increase with higher solution con-
centration and lower AR values. In the presence
of a non-absorbable gas, vapor absorption enhan-
cement ratios lay between 1.2 and 2.0 for most of
the LiBr aqueous solution concentrations and
aspect ratios considered. Water vapor absorption
ratios are thus less then half of those obtained
under the same experimental conditions when the
non-ahsorbable gases are not present and where
the absorption enhancement ratios between 4 and

5 have been reported. (Kashiwagi, 1985)

Fig. 5 and 6 show the photos of turbulence,
without and with non-absorbable gases(Kash-
iwagi and Yoon, 1995). A conventional hologra-
phic real-time interferometric technique was used
to visualize the absorption process by the interfer-
ence fringes. Black parts in the photos are aqua
drops of normal octyl alcohol. Cells on the aqua
drops circumference are Marangoni cells and
their shapes are nearly circular. As the Fourier
number increased, the size of the cell got big,
however the number of cell decreased and finally
vanished. As shown in Fig. 5, in the case without
non-absorbable gas, the endurance power of the
cell was identified until Fo number reached 53.3.
In the case with non-absorbable gas, the cell was
found to vanish carlier as shown Fig. 5, Maran-
gori convection occurred more actively and the
absorption ability was sustained for a longer time
than in Fig. 6.

3.2 Generative process

The boiling heat transfer performance in 30
mass% and 50 massY LiBr aqueous solution and
in distilled water has been determined. To find
the effect of pressure and concentration on the
boiling phenomena, the boiling curves and the
boiling heat transfer coefficient were arranged
with pressure as the dependent parameter as
shown in Figs. 7 and 8. These curves showed the
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Fig. 5 Visualization of interfacial turbulence, 0.6mass?%) surfactant addition (without non-absorbable gas).
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Fig. 6 Visualization of interfacial turbulence, 0.6mass9%; surfactant addition (with non-absorbable gas, 0.24
volumetric%;).
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generator heat transfer improved as the pressure
increased and the concentration decreased; the
boiling heat transfer coefficient was shown to be
more strongly influenced by the concentration
than by the pressure.

The effect of the boiling curve by pressure of
LiBr aqueous solution was not remarkable
compared to distilled water. The bubble size due
to pressure change was larger at a low-pressure
than at a high-pressure(Fig. 10). In the
asymptotic stage of bubble growth in a pure
liquid, liquid evaporated at the liquid-vapor
interface due to heating by the superheated liquid
surrounding the bubble. For boiling in a LiBr
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Fig. 9 Variation of boiling curves by concentration

and surfactant for the pressure of 40kPa.

aqueous solution, the volatile component evapor-
ated at the vapor-liquid interface and thus the
LiBr aqueous solution concentration in the liquid
immediately adjacent to a bubble increased. The
increase in the LiBr aqueous solution concentra-
tion resulted in an increase of the solution satura-
tion temperature and a decrease of mass dif-
fusivity. Both effects reduced the bubble growth
rate and the transfer performance.

In general, the surfactant addition heat transfer
coefficient in the nucleate boiling region was
established in literature. With organic liquids,
however, Lowery et al. (1957) and Dunskus et al,
(1961) found no changes in surface tension but
an increase in heat flux with the addition of water
active surfactants. The boiling curves arranged
with the amount of surfactant as the dependent
variable for different concentration are shown in
Fig. 9. The present boiling curves lie leftward to
all the boiling curves of low concentration; i. €.,
the boiling heat transfer performance of low
concentration is higher than that of high concen-
tration. With surfactant addition, the effect of
surfactant amount does not exert the influence on
the boiling curve in comparison to without sur-
factant. Because saturation solubility of the nor-
mal octyl alcohol on LiBr solution is only 0.
001mass%, most of it is floated on the surface of
the solution. In case of 0.02mass% of addition,
the shapes of bubble are crushed. The reason is
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assumed to be the unbalance of the concentration
difference occurring at the boundary on the upper
side of bubbles. It is also assumed that they don’
t affect the bubble size and the frequency, so the
boiling heat transfer is not influenced. Tt is evi-
dent that the influence of surfactant additives on
the boiling heat transfer is neither simple nor
direct. These additives generally depress surface
tensions. The primary effect may be due to other
factors which may be independent of, or at best
only indirectly related to, changes in surface ten-
sion, Such factors may include changes in contact
angle or the rate of nucleation,

Fig. 10 shows the bubbles on the heating sur-
face with a heat flux of 55kW/m? and concen-
tration of 50 mass?®; at various pressures and
surfactant amounts, respectively. Much more but
relatively smaller in size bubbles were observed at
higher pressures, At 9.3 kPa, a wider distribution
of bubble departure diameters was observed. At
40 kPa, bubbles with almost the same departure
diameter were observed. The number of active
nucleation sites at 40 kPa was much more greater
than that at 9.3 kPa. When the surfactant amount
was 0.02 mass% (Saturation solubility of sur-
factant, normal octyl alcohol, 0.01 mass%), the
bubble shape was distorted, but the bubble size
was almost same as without surfactant at low

pressure. This observation is consistent with the
theory proposed by Palmer(1972) on the size
range of active nucleation cavities. The wide
range of bubble size indicates that a larger ther-
mal boundary layer thickness is present. The
present observation on the size range of bubbles
was also noticed by Ceumern (1977) in the pool
boiling of sodium chloride solution. Based on the
analytical solution of natural convection on a
heated plate(Lienhard, 1981), the thickness of
thermal boundary layer at low pressure will be
greater than that at high pressure under the identi-
cal temperature difference. Thus, the narrow
bubble size range observed at pressure of 40 kPa
indicated a thinner thermal boundary layer. Heat
transfer coefficients at lower pressures are there-
fore less than those at higher pressures due to a
thicker boundary layer thickness as indicated in
Fig. 8.

4. Conclusions

For better understanding of the influence of
surfactant in the absorption and generation proc-
ess, where heat and mass transfer coexist, we
carried out the experiments on a stationary
absorption process and pool boiling process. The
main conclusions are:

(1) Water
ratios are less than half of those obtained under
the same experimental conditions without non-
absorbable gases. In the presence of a non-ab-
sorbable gas vapor absorption ratio lie between 1.
2 and 2.0 for LiBr aqueous solutions(40 to 50
mass%;) .

(2) The boiling heat transfer coefficient, 7, is
influenced by both pressure and concentration.

(3) As concentration increases, the boiling
heat transfer coefficient for LiBr aqueous solution

vapor absorption enhancement

decreases.

(4) The result of this study showed that sur-
factant in absorption heater/chiller made enhan-
ced absorption effect in absorber but it didn't give
any influence in generator, Therefore the additive
was devoted to helping high performance in the
absorption system.
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