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Abstract

In the present study, the effects of film Reynolds number (60-~200) and volumetric content
of non-absorbable gases (0~10%) in water vapor on the absorption process of aquecus LiBr
solution were investigated experimentally. The formation of solution film on the horizontal
tubes of six rows was observed to be complete for Re>100. Transition film Reynolds number
was found to exist above which the Nusselt number and Schmidt number diminishes with
solution flow rate. As the concentration of non-absorbable gases increased, mass transfer rate
decreased more seriously than heat transfer rate did. The degradation effects of non-absor-
bable gases seemed to be significant especially when small amount of non-absorbable gases

was introduced to the pure water vapor.
Nomenclature

: Area [m°]
: Mass concentration of LiBr [%]
¢, © Specific heat [J/kgK]

. Mass diffusion coefficient fm®/s]

oo

: Diameter [m]
: Gravitational acceleration [m/s’]
: Heat transfer coefficient [W/m?K]

> m oAty

* Graduate School, Hongik University, Seoul
121-791, Korea

** Department of Mechanical and System
Design Engineering, Hongik University,
Seoul 121-791, Korea

: Thermal conductivity [W/mK]
! Characteristic length [m]

: Tube length [m]

: Mass flow rate [kg/s]

¢ Nusselt number, hL/k

: Pressure [mmHg]

¢ Prandtl number, uc/k

: Heat transfer rate [W]

: Reynolds number, 417/ ¢

. Sherwood number, 8L/D

. Temperature [T]

: Overall heat transfer coefficient [W/m’K]

: Volumetric concentration of air {%]
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Greek symbols
B : Mass transfer coefficient (m/s)
I' : Mass flow rate per unit width [kg/ms]
# @ Viscosity [Ns/m?
o Density [kg/m’l

Subscript

a . Absorption or air

¢ . Cooling water

exp . Experiment

J . Falling film

{  Solution/vapor interface

m  Inlet

Im | Logarithmic mean

out * Outlet

pre . Predicted

¢ : Without non-absorbable gases

1. Introduction

Absorption of gases and vapors into Hguid
film is encountered in numerous applications
including the creation of heating and cooling
effects in abserption heat pumps. Among the
four primary heat/mass exchange units com-
posing an absorption systemy, the absorber,
where the refrigerant vapor is absorbed into
the Hguid solution, is the one least understood.

Among the numerous factors which affect
the absorption process of abserbate (refrigerant
vapor) into absorbent (liquid solution) in falling
film absorber, non-absorbable gases seriously
degrade its performance. Since the closed-type
LiBr absorption system is maintained at vacu-
um, external ambient air may leak into the
system any time. Besides, the corrosion caused
by the absorbent solution on the steel structure
can generate non-absorbable gases such as
hydrogen. Since the interface is impermeable to
the non-absorbable gases while the ahbsorbate
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is absorbed at, non—absorbable gases accumu-
late at the interface and the coneentration of
non-absorbable gases at the interface is signi—
ficantly greater than that in the bulk of vapor.
Then the partial pressure of the absorbate at
the interface decreases and the absorbate mass
transfer reduces significantly. Burdukov et al’
investigated the effect of non-absorbable gases
on the absorption of water vapor by aqueocus
LiBr solution flowing down a bundle of hori-
zontal tubes. Their results indicated that as
little as 0.5% volumetric concentration of non-
absorbable gases resulted in the 50% reduction
in mass transfer. The degrading effects of
non-absorbable gases contents on the absorp-
tion process were also studied by Vet and

2 )
9 for the case

Cosenza™ and Cosenza and Vliet
of horizontal tube banks. They reported that if
the velumetric air concentration is maintained
below approximately 0.1%6, its effect is less
than 2% on absorption heat and mass flux.
They found the diminishing effect of air con-
tent at higher film Reynolds number. Ameel
and Wood"” conducted an experiment consis-
ting of a vertical tube over which an aqueous
lithium chloride absorbent flowed in a thin
film. They correlated the heat and mass trans-
fer coefficients using the film Reynolds num-
ber, Prandtl number, Schmidt number, and air
concentration. Yang and Wood™ investigated
the effects of non-absorbable gases on absorp-
tion for the vertical-tube LiCl-H:0 system ex-
perimentally. Their results showed the transfer
rates decreased significantly with increasing air
content. The decreasing rate was much more
prominent in lower solution flow rates. Heat
transfer rate was also decreased. Yang and
Jou(m investigated numerically the effects of
non-absorbable gases on the absorption pro-
cess by the wavy falling film. Kim and Lee”
studied the absorption of water vapor by the
LiBr solution film on the inside of vertical tube
experimentally. The degradation effects of the
non-ahsorbable gases were very significant es-
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pecially in the lower volumetric concentration
of non-absorbable gases.

In the present work, the absorption process
of water vapor into aqueous solution of lithium
bromide flowing over the horizontal tubes was
investigated experimentally in the presence of
non-absorbable gases. The effects of non-
abscrbable gases on heat and mass transfer
coefficients were investigated as a function of
film Reynolds number. The aim is to under-
stand the role of non-absorbable gases and
quantify its degrading effects on the heat and
mass transfer coefficients.

2. Experimental investigations

2.1 Experimental apparatus

The working fluid for the absorption experi-
ment is LiBr-water seolution. Lithium bromide
is an absorbent and water is an absorbate.
Agqueous solution of lithium bromide flows over
the horizontal tubes of 6 rows as wavy la-
minar filmm where water vapor is absorbed. Fig.
1 schematically shows the experimental appa-
ratus, which consists of the absorber, the
absorbent solution generator, the solution tank,
the evaporator, and the cooling system. The
experimental equipment is designed for a
batch-mode operation.

The generator is a strong solution tank
whose volume is 145 liters and is well sealed
s0 it can be deaerated by a vacuum pump.
Four screw plug heaters are installed near the
bottom of the tank to heat the solution for
regeneration. The temperature of solution is
controlled by the temperature controller (PID
control) for screw plug heaters and manually
for the band heater.

The solution tank is a recovery tank of
weak solution, which can hold 145 liters. The
solution tank simply collects the diluted solu-
tion during the absorption experiments and is
located at the downstream of the absorber.

Nen-abserbable

gas sampler @ @ Solution
To 2 s
voeua pstmbutor
pump
Coolant é
outlet = [
Absorber
Coolant _H tube bank
intet o .
Non-absorbable —=Al Solution Band
gas sampler “_gollector heater
Water )
To/from vapor Soknion
constant § ‘ Leak sampler
L valve o~
bath N
% LiBr-water L [ |Setution
solution tank sampler
Air

LiBr-water
ﬂ H solution
o Ll Generator Wit
Evaporator/  Heater

y Meterin,
Condenser X 8

Hnm': =
=y Mass

Strainer
Gear
pump flowmeter

valve

Fig. 1 Experimental setup for the absorption
process of water vapor into agqueous
LiBr solution film.

In order to supply water vapor into the
absorber, cylindrical vessel (diameter 100 mm,
height 500 mm) equipped with four immersion
heaters is used as an evaporator. Distilled wa-
ter that is used as the absorbate can be
deaerated during the initia]l evacuation by a
vacuum pump before each experiment. The
evaporation rate is controlled by a power sup-
ply unit and constant water bath to maintain
the required absorber pressure. Evaporator also
functions as a condenser by the cooling coii
suspended inside of evaporator for the regen-
eration of solution. The cooling water required
for the condensation of water vapor during the
generation stage is supplied by the constant
water bath.

Absorber tank is a cylindrical vessel which
contains solution distributor, absorber tubes,
and solution collector. Absorber tubes of 6
rows, which are made of smooth phosphorous
bronze, have a 220mm outer diameter with
length of 100mm. The absomption of water
vapor takes place at the outer wetted surface
of tubes. The heat of absorption is removed by
the flow of cooling water inside the absorber
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tubes. At the top of the absorber tubes solu-
tion distributor are located to distribute the
LiBr solution evenly on the absorber tube. The
formation of falling film and film structure can
be observed through the view port located at
the front and rear of the absorber. The water
vapor with non-absorbable gases, which is air
for the present studies, for the absorption pro-
cess is also supplied into the bottom of the
absorber tank from the evaporator. The vapor
flows upward, countercurrently with the LiBr
solution, across the absorber tubes for a
complete absorption. The diluted solution after
absorption process is then collected at the
solution collector located at the bottom of the
absorber tubes.

2.2 Test procedure

At the start of absorption mode, the con-
centration and the temperature of solution in
the generator were adjusted first and then the
solution was fed into the absorber by a mag-
netic gear pump. The flow rate of solution into
the absorber was controlled manually by the
metering valve. Leak valve for air was in-
stalled at the outlet of evaporator to adjust
its volumetric concentration. The water vapor
generated at the evaporator was then mixed
with air and supplied to the absorber. To keep
the volumetric concentration of ar constant
during the absorption process, the absorber
was operated in a constant vacuuming mode.
In a constant vacuuming the flow rate out of
the absorber was kept as small as possible to
minimize the convection effects of gases flow
on the heat and mass transfer of falling film,
but large enough to prevent the accumulation
of air near the top of the absorber tank. The
coolant flow rate was measured by a rotameter
with built-in flow-control valve, and the coel-
ant temperature was controlled by an on-line
coolant heater. When the remaining solution
was insufficient to continue the experiment the

system changes to a regeneration mode. The
diluted solution collected in the solution tank
was fed to the generator, and regenerated by
the heaters. In this mode, the evaporator func-
tions as a condenser to condense the water
vapor.

The flow rate of solution fed into the absor-
ber was measured by a mass flowmeter. Solu-
tion at the inlet and outlet of the absorber
tank was sampled by the pre-evacuated sam-
plers for the measurement of concentration.
The concentration of LiBr-water solution was
measured by a pycnometer (25ml) precisely at
constant temperature of 30C. The pressures of
the evaporator and generator were measured
by the convection-type vacuum gauge which
gives the reading calibrated for air. They have
been calibrated with direct readings of a ca-
pacitance type vacuum gauge installed at the
top of the absorber. Type T thermocouples
were located at the ahsorber inlet and outlet,
at the cooling water inlet and outlet, at the
evaporator, and at the generator.

Many conventional absorption systems use
lithium-bromide concentration less than 60% to
protect the absorption process from crystalli-
zation. The inlet concentration was chosen to
be 58% since solution has a relatively high
driving potential for absorption and crystali-

Table 1 Range of experimental conditions

Parameters Range
. |Outer diameter [mm) 22
Abiﬁ:luon Length fmm] ' 100
Pressure [mmHg] 8.0
Coolant Temperature [T] 30
Flow rate [I/min] 0.8
Temperature [T] 40

LiBr-water | Flow rate [kg/min] 04~15

solution (Re=60~200)
Concentration (%) 58
. Volumetric
Air Concentration {(34) 0~-10
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zation is not of concerns at this concentration.
The experimental conditions including the ab-
sorber pressure, temperature and the flow rate
of solution and coolant are summarized in
Table 1.

2.3 Heat and mass transfer in falling film

The heat transfer rate to the coolant in the
absorption process can be estimated by Eq. (1).

Q= mccp.c( Tc,aur - Tc,:'n) = UAdT,, 0

where m, is coolant flow rate and ¢, . is the

specific heat at constant pressure. I/ and A
are overall heat transfer coefficient and heat
transfer area. Subscripts ¢, i#, and owt denote
the coolant, the inlet, and outlet of absorber,
respectively. The logarithmic mean femperature
difference is defined as

— ( Tf,:'n_ Tc,nur) _ ( Tf,aut—' Tc,in)

Tﬁ in T '3
ln i C, O
Tf.out_ T:, in

AT (2)

where subscript f denotes the LiBr solution
film. The heat transfer coefficient of the falling
film can be evaluated by Eqg. (3).

1 1 __1
A, T UA~ h.A,

_ m(—:ﬁ)/mz )

where % is the thermal conductivity of tube, /
is the length of absorber, and #; and », are

the outer and inner radius of absorber tube.
Nusselt number for the falling film during
the absorption process is defined as

S .

where the characteristic length is given as a

function of liquid viscosity, density, and gra-

vity.

2
L
L= (5)
d (pfg)

Generally Nusselt number is correlated as a
function of film Reynolds number, which is
defined by

Ref=—F (6}

where I is the mass flow rate per perimeter
of absorber and u is the kinematic viscosity.

Absorption rate of water vapor during the
absorption process can be derived from the
mass conservation of the solution.

ma=mf(%—1) @

The vapor/liquid interface of falling film is
in a thermodynamic equilibrium at a given
pressure and temperature of the solution during
absorption process. The true mean mass con-
centration difference of water in sclution be-
tween the vapor/liquid interface and the bulk
in a falling film can be defined as the logari-
thmic density difference.

_ (pib:_pin)"(pi,om_pout) (2

A = L R
Ot Piin— Pin
In
O out™ Cout

Mass transfer coefficient of falling film could
be expressed as Eq. (9).

mg

Then the Sherwood number ts defined by
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Sh = —B% (10)

where Dy is the mass diffusivity of solution.

The volumetric concentrations of air at the
inlet and the outlet of the absorber tank were
measured by a "freezing method”."" A stainless
steel bottle of sampler containing water vapor-
air mixtures taken during the steady state of
absorption process was immersed into the dry
ice bath. The mixtures were frozen down to
—60C, at which the partial pressure of water
vapor should be small enough that the total
pressure was that of air itself. For the tem-
perature and pressure of 7 and p, for the
water vapor-air mixtures befere freezing and
Ty and p, after freezing, the volumetric con-

centration of air was evaluated by assuming
the ideal gases behavior.

_ b1

Y. = ﬂl TZ (11)

3. Resuits and discussion

Since the major purpose of the present study
was to identity the effects of non-absorbable
gases on the heat and mass transfer in the
absorption process, all the factors except liquid
solution flow rate and the volumetric concen-
tration of air were kept constant.

Solution flow rate was varied in the range
of 60 to 200 of film Reynolds number. In this
range falling film can be characterized as
“wavy laminar”. In the present studies, even at
the lowest mass flow rate, the inception of
circumferential wave was found as the solution
flowed over the horizontal absorber tubes.
However, below the film Reynolds number of
120, the formation of the solution film on the
outer surface of entire 6 tubes was not com-
plete. Local surface area of 5% and 6" tubes
near the both ends was wetted periodically by

40 T T ™
Tube with spring insert e
301 ¢ [=10cm g -
° [slfem oy - '}

40

Fig. 2 Comprison of experimental data with
prediction for the heat transfer coeffi-
cient of coolant.

the solution film and the wetted area fraction
was somewhat unpredictable.

In order to estimate film heat transfer coef-
ficient, the heat transfer coefficient of coolant
in the absorber tube should be given, Heat
transfer coefficient of coolant, water, was eval-
unated from another set of experiments which
accounted for the effect of entrance region. By
the regression of experimental data, the Nus-
selt number for the coolant flow in tube was
correlated by Eq. €12).

NUC — 0'35 Reg.ﬂsPr 2_.33(01/[)0.015 (12)

where o and [ are the diameter and length of
absorber tube, respectively. The correlation
showed mean deviation of 15% in the range of

300< Re,. <1500 and 0.1 m< /<02 m.

Fig. 3 and Fig. 4 show the wvariation of
average heat flux removed from absorber and
the corresponding Nusselt number of solution
film during absorption process. They are shown
as a function of film Reynolds numbers at dif-
ferent volumetric concentration of air. The heat
flux increases at lower Reynolds number but
decreases at higher Reynolds number regard-
less of air content. Since the coolant heat
transfer coefficient remains almost the same,
Nusselt number shows similar trends as heat
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Fig. 3 Effects of film Reynolds number on
heat transfer coefficient.
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Fig. 4 Effects of film Reynolds number on
Nusselt number.

flux does. The variation of heat transfer char—
acteristics of the solution film suggests that
cntical film Reynolds number,m which is
around 150, exists for maximum heat transfer.
At the film Reynolds number lower than 120,
it is pretty possible that the surface of absor-
ber tubes is not completely wet by the solu-
tion film, which may cause the reduced Nus-
selt number. As the solution flow rate in-
creases, the improved wetting of the surface
leads to higher heat transfer rate. Even the
formation of wave on the film surface may
enhance the heat transfer. The solution film
structure should be governed by the absorber
geometry and by the technique involved in the
formation of solution film. For instance, smaller
absorber diameter may cause higher wetted
area fraction and lead to the inception of inter—

facial wave even at lower flow rate of solution
and enhance the heat transfer. Meanwhile the
increased solution flow rate results in the in-
crease of film thickness, which acts as a re-
sistance to heat and mass transfer. These
factors affect the transport process not by
jtself, but by an integrated manner. Therefore
physical facts may vary depending upon the
geometry, flow conditions, and materials. That
might be the reason why the results reported
by one investigator are contradictory to the
other in some cases.

The minimum value of the volumetric con-
centration of non-absorbable gases obtained in
the present study was about 0.1% even the
absorber was operated with a mechanical va-
cuum pump continuously removing the air
accumnulated in the absorber. The addition of
air up to 2% to water vapor retarded heat flux
and the Nusselt number seriously, as much as
25% at Re=150. As non—absorbable gases
accurnulate at the interface as a result of the
absorption of water vapor, the concentration of
non-absorhable gases at the interface becomes
greater than that in the bulk of gases. Then
the partial pressure of water vapor at the in-
terface decreases and the - driving pressure
difference for mass transfer reduces. Once the
non-absorbable gases inhibit the absorption of
water vapor at the liquid-gases interface, the
heat of absorption to be released would be
very limited, Then the temperature gradient in
the solution film could not develop, which re-
sults in the decreased heat transfer rate to the
coolant.

The effect of film Reynolds number on the
absorption mass flux and the Sherwood num-
ber are shown in Fig. b and Fig. 6 at different
volumetric concentration of air. Fig. 6 shows
the increase of Sherwoed number with film
Reynolds number at lower film Reynolds num-
ber up to 150, which seems to be the optimum
film Reynolds number for the maximum mass
transfer in the present studies. The analogies
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Fig. b Effect of film Reynolds number on
mass transfer coefficient,
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Fig. 6 Effects of film Reynolds number on
Sherwood number.

between heat and mass transfer during the
absorption process could be confirmed by com-
paring Fig. 4 to Fig. 6 qualitatively. The de-
crease of Sherwood number with the volume-
tric concentration of air seems to be significant
when the air content is increased from 0.1% to
2.0%, where the Sherwood number decreases
by 40% at Re=150,

The effects of volumetric concentration of air
on the Nusselt and Sherwood number are
shown in Fig. 7 and Fig. 8. Nu/Nug, Nusselt
number ratio, is the ratio between the Nusselt
number in the absorption process with non-
absorbable gases and that with pure vapor. As
mentioned earlier the Nusselt number without
non-absorbable gases was not obtainable in
the present study. Therefore it was extra-
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Fig. 7 Effects of non-absorbable gases on the
Nusselt number ratio.
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Fig. 8 Effects of non—absorbable gases on the
Sherwood number ratio.

polated from the experimental data for each
case of film Reynolds number. As the volu-
metric eoncentration of air increases Nusselt
number decreases drastically, The decrease of
Nusselt number seems to be more significant
especially when small amount of air is present
to pure water vapor as Yang and Wood®™ re-
ported. Meanwhile the decrease of Sherwood
number is more sericus than the Nusselt
number. Nusselt number decreases by 13% as
1% of non-absorbable gases are added to pure
water vapor. The reduction of Sherwood num-
ber is as much as 26% by the addition of 1%
air and 47% at 3.0% air. In Fig. 8, It could be
noticed more or less that the reduction of
mass transfer with non-absorbable gases is
retarded at higher solution flow rate.”” As the
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solution flow rate increases the wave amplitude
of falling film increases and the wave pattems
become more irregular. The interaction between
the wvapor and the fluctuating liquid surface
will perturb the vapor layer near the interface,
resulting in convection transport away from
the interface. The disturbance at the interface
reduces the local air concentration, allowing
more absorbate mass transfer to occur. How-
ever, since the uncertainties for the Sherwood
number is 7.5%, it is very hard to verify the
effects of the film Reynolds number on the
mass transfer in conjunction with the content
of non-absorbable gases.

4. Conclusions

In the present studies, absorption processes
of water vapor into lithium bromide-water
solution film on the horizontal tubes were
studied experimentally. The effects of non-
absorbable gases on heat and mass transfer
coefficient were measured as a function of film
Reynolds number in the range of 60—200. The
volumetric concentration of air was varied
from 0.1 to 10%

Some corclusions obtained from the present
experiments are as follows.

{1) Non-absorbable gases reduce mass trans-
fer rate significantly as much as 25% by the
addition of 1% air to the pure water vapor.

(2) The retarding effect of non-absorbable
gases on the heat transfer is not so serious as
on the mass transfer.

(3) Optimum film Reynolds number, approxi-
mately 150 for the horizontal tubes, exists for
maximum heat and mass transfer, regardless
of the volumetric concentration of non-absor-
bable gases.
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