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ABSTRACT

In this paper, a coupled heat and mass transfer model for the absorber in absorption refrigeration system
is used to extract the heat and mass transfer coefficients from experimental data reported recently in
literature on a vertical tube absorber. A simulation model has been developed to evaluate the effective
heat and mass transfer coefficients, bulk solution to tube wall heat transfer coefficient, and interface to
bulk solution heat and mass transfer coefficients. In addition, the film Nusselt number and Sherwood
number are calculated and correlated with film Reynolds number. Using the experimentally determined
transfer coefficients, the computer code is able to predict the distribution of the various field variables
such as the temperatures of the solution and the coolant, and the concentrations in the absorber. A
parametric study has been performed to investigate the effects of variation of heat and mass transfer
coefficients, cooling water temperature, solution temperature and concentration with the design
parameters of the absorber, such as, solution flow rate, coolant flow rate and the area of absorber. The
sensitivity of the estimated heat and mass transfer coefficients to the thermo physical properties used

from various sources is examined.
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1. INTRODUCTION

Absorption refrigeration systems are becoming
viable alternatives to vapor compression systems in air
conditioning applications. As the absorber is the most
essential component of an absorption refrigeration
system, its improvement is one of the most important
considerations for improving the performance. Many
theoretical models have been developed and extensive
experimental works have been performed to gain a
better understanding of the absorption process;
however, the process of absorption of water vapor in the
falling film of the working fluid and the estimation of
the actual heat and mass transfer coefficients from
experimental data need further investigation. Moreover,
design studies are needed for the improvement of the
performance of practical absorbers. Islam et al. [1] has
developed coupled heat and mass transfer model and
performed experiments to understand and to describe
the mechanism of heat and mass transfer that occurred
in a tubular absorber. Miller [2] has performed the
experiments on a vertical tube absorber by using lithium
bromide solution as a falling film. Matsuda et al. [3]
presented the results for experiments conducted on an
absorber and generator in an absorption refrigeration
machine made of a vertical falling-film of stainless steel
column. Cosenza and Vliet [4] and Hoffman et al. [5]
determined the heat transfer coefficient for tubular

absorber. Nomura et al. [6] fabricated an experimental
setup to observe details of the falling film in an
absorber. Tsai and Perez Blanco [7] presented that the
theoretically possible maximum mass absorption rate is
0.049 kg/m’s. Deng and Ma [8] had conducted
experiment on a falling film absorber. Yoon et al. [9]
conducted experiments using bare tube, bumping bare
tube, floral tube, and twisted floral tube to determine the
largest heat exchange area required for improving the
performance of an absorber. Choudhury et al. [10]
presented a physical model to analyze the absorption
phenomena on the basis of various interactions between
the parameters and boundary conditions involved in
actual situations. Miller and Perez-Blanco [11] studied
the performance of advanced (pin fin tube, grooved
tube) surfaces. Miller and Keyhani [12] had presented
that the concentration varies linearly in the direction of
flow.

The review of the above literatures offers a scope to
analyze the data of vertical tube absorber by treating the
heat and mass transfer as coupled processes. In the
present work, the experimental data is analyzed using
coupled heat and mass transfer model [1].

2. MATHEMATICAL MODEL

The coupled heat and mass transfer model presented
by Islam et al. [1], which embodied the theoretical
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approach of the patnaik et al.[14,15], Tsai and Perez-
Blanco [7] and Grossman [13], is used in the present
analysis.

In Fig.1 the counter flow absorber is represented
schematically. All heat and mass transfer coefficient
(vapor liquid interface to solution, solution to tube wall
and overall) are studied by Grossmann [13] for a
laminar falling film using an analytical model. Applying
the conservation laws of mass and energy to the
elemental control volume shown in Fig.1, the following
governing equations are obtained.

For the coolant:

: dT,
mcccd_::_U(Ts_Tc) (1)

where, U is overall heat transfer coefficient from the
bulk solution to the coolant.
The energy conservation equation for the solution is
obtained by following the derivation of Tsai and Perez-
Blanco [7]. The energy balance for the elemental
control volume shown in Fig. 1, gives:
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Fig 1. Physical model for counter flow absorber.

Mass balance:
mg+Smy = (mg+ Smy) 3)

The change in enthalpy of the solution which can be
expressed in the form of

ig :c'0+cSTS+c;CXS. 4)

It is assumed that the heat and mass transfer
coefficients are suitably scaled to have a common heat
transfer area dA. Using (3), the mass balance for the
film can be expressed in the form:

dmyg
dA

- K, (X,-f - XS) (5)

In order to linearized (6), the following condition for
the LiBr flow rate is invoked.

my =mS(I—Xs)=const. (6)

Over the relatively small temperature range
experienced by the solution, the equilibrium relation
between the interface temperature and mass fraction of

water at constant pressure is expressed in the linear
form [15].

Xif =a~bTy (7)

By defining two new variables for the temperature
difference and the mass fraction difference, the
governing equations could be reduced to two coupled
linear differential equations. These new variables are
defined as:

0=T,-T, and v =a-bTy - X

)

The temperature difference, 6 between the bulk
solution and the coolant is proportional to the heat flux.
vy is the difference between the bulk solution mass
fraction and the equilibrium mass fraction
corresponding to local solution temperature, T, which is
proportional to the mass flux.

The reduced equations are:

do

= _0af+ 9

qa 83vraw )
and WY pero- B (10)

o = heal-a1by

where, the coefficients are given by:

g1 Z[Kefivs /(m‘s cs)I(1 - C'x ! fivs )

(11)
L _ L, biy (12)
Kef Ky ho
U
g2 = —, (13)
mgCg
U U
g3 = - , (14)
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and B = (15)

The overall heat transfer coefficient from the
solution to the coolant can be expressed as:

%]:%c+%i+5%w (16)

And the solution of equations. (9) and (10) are
obtained as:

0(A)=a e M+are”” (17)
and  y(A)=be™ +be®* (18)

where, the roots of the characteristic equations are:

oy, 0= -0.5(g5+Bg1)+0.5[(gs+Be1) -4gi(g:B-g:b)]"”

(19)
The coefficients are given by:
ar=[Bo(outgiB)Twogil/(a-a) (20)
ay=[Bo(0tg1B) oz ]/ (ar-0ur) 21)
bi=[wo(o+g3)+0egb]/(ay-0) (22)
by=[wo(otgs)+ Bpgabl/(0r-0) (23)

where, 0y and y, are the values at A=0.

The above solutions are used to ‘extract’ the heat and

mass transfer coefficients from the experimental data
reported recently in literature [2] for a vertical tube
absorber. The values of the variables 6 and y at the inlet
and outlet of the test absorber can be calculated directly
from the measured temperatures of the solution and the
cooling water and the water mass fractions of the
solution. All other parameters such as ¢, ¢, ,a, band i,
are obtained from data sources. This leaves U and K¢ as
the only unknowns in (17) and (18) which can be
determined by solving these simultaneously using the
Newton—Raphson method [16] or Itterative method .
It should be noted that, because h, and K, are embedded
in K¢ [Eq. (12)], their individual values can be obtained
only by invoking a condition such as the heat and mass
transfer analogy in the form,

O/ 78 A (24)

where Pr and Sc are the Prandtl number and Schmidt
numbers, respectively.

3. SIMULATION

Miller[2] presented detailed experimental data for a
vertical tube absorber. For he heat and mass transfer
tests, a single stainless steel absorber tube of 0.01905
meter outer diameter and 1.524 meter length, was used.
The lithium bromide brine was used at a mass fraction
0f 0.62.

Prior to entering the solution into the absorber the
strong solution is tempered by a tube in tube heat

exchanger. A coolant flows countercurrent to the falling
film and supports the coupled heat and mass transfer
process, as the falling film of strong solution absorbs the
water vapor in the LiBr salt. The weak solution was
gravity fed from the absorber to the sump tank. The
weak solution is pumped from the sump and is injected
into the boiler. The water is desorbed from brine by
using a heater of 2.5 kW capacities in the boiler. As a
result, the brine becomes stronger in LiBr salt, and the
strong solution is used as the falling film in the
absorber. To trims the flow of the vapor, coming from
the boiler to the absorber and to tune the vapor pressure
within the absorber a linear gate valve was used.

In total, 26 sets of data from Miller[2] at three
different pressures are selected for the analysis. To
simulate these data a computer code is written in
FORTRAN. To extract the heat and mass transfer
coefficients and other important variables an iterative
method was used in the code. The code is able to predict
and to show the variation of different temperatures,
concentrations, heat flux, mass of water vapor absorbed
etc. with the design parameters of the absorber, such as,
solution flow rate and area of the absorber. The
variation of different heat and mass transfer coefficients
with the solution flow rate can also be found by using
the code. Finally, the variation of Films Nusselt number
and the films Sherwood number with the film Reynolds
number can be observed and correlated. The code was
also able to check the sensitivity of the heat and mass
transfer coefficient to the enthalpy of absorption and
with the index in the relation (24) of heat and mass
transfer analogy.

4. RESULTS AND DISCUSSION

The result includes data from 26 sets of experimental
runs for which the range of conditions and parameters
for the model are summarized in table 1.

Tablel: Range of experimental conditions and variables.

Variables Range

mg wkgs') | 1.5x107-2.57x107
T in(°C) 52.7-58.1

Xsin 0.3764

me (kgs) | 6.25x102-6.59x10
Te in (°C) 34.84-35.24

I (kJkg™) 2444.688-2449.346
¢ (kikg'K™) | 1.866904-1.872599
¢ (klkg™) 556.751-574.1659
a 0.642-0.664
b(°C™) 0.00485-0.00491

f 1.608726-1.613879
UKWm?K") | 0.78-0.99
K(kgm?s') | 0.052-0.092

The heat transfer coefficient, U varies from 0.78-
0.99 kWm?K™' and the mass transfer coefficient K.
varies from 0.052-0.092 kgm’zs'l. From literature [1], it
is seen that the value of heat transfer coefficient varies
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from 0.2 to 2.0 kWm?K"' and the mass transfer
coefficient varies from 0.01 to 0.09 kgm?s”' for
different models provided by the researcher for nearly
the same range of experimental conditions.

The value of heat transfer coefficient for coolant, h,
is obtained from Dittus-Boelter correlation for flow in a
tube and using that value of h,, the value of solution to
tube wall heat transfer coefficient, h; is calculated from
equation (16).

The variation of different temperatures with area is
shown in Figs. 2 and 3. As expected, according to the
figure 2, for a constant coolant inlet temperature, lower
solution inlet temperatures lead to a reduction of the
value of 6.
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Fig.2. Variation of Temperature difference,0 with
absorber area. (a) Ty ,=53.6 °C and T.,=35.17 °C (b)
T w=55.0 °C and T.,=35.07 °C (c) T,;=57.9 °C and
Tein=34.94 °C.

The cooling water temperature distribution was
calculated by integrating equation (1) after substituting
for (T,-T,) from equation (17).
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Fig.3. Variation of solution, coolant and interface
temperature with area, at T ;,= 35 °C and T ;,= 53.6 °C.

From figure 4, it is seen that, for a constant coolant
inlet temperature, with the increase of the solution inlet
temperature the value of mass fraction difference is
increased. From figure 4 and 5 the variation of the
solution concentration with area is shown for different
coolant and solution temperature.
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Fig. 4. Variation of mass fraction difference,yy with
area. (a) T,;,=53.6 °C and T;;=35.17 °C (b) T,;,;=55.0 °C
and T,;,=35.07 °C (c) T,=55.5 °C and T.,=35.12 °C.
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Fig. 5. Variation of concentration with area, at T_;,= 35
°C and T;= 53.6 °C. (A) for experimental solution
concentration, (B) solution concentration at solution to
vapor interface.

Figs. 6 and 7 show the variation of heat transfer and
mass transfer coefficient with solution flow rate. From
these figures, it is clear that, with the increase of
solution flow rate, the heat transfer coefficient
decreases; whereas the mass transfer coefficient is
found maximum for a moderate solution flow rate 0.02
kg/sec for a constant solution inlet temperature and
constant coolant inlet temperature. The value of mass
transfer coefficient is found to be nearly 0.06 kg/m’s,
which is a little bit higher than that as described by Tsai
and Perez Blanco [7].
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Fig. 6. Variation of overall heat transfer coefficients

with solution mass flow rate at T;,=53.6 ° C and T, ;=

35 ° C. (U) overall , (Hi) solution to tube wall (Ho)
interface to bulk solution.
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Fig. 7. Variation of mass transfer coefficient with
solution mass flow rate at T,;,=53.6 °© C and T_;,= 35
°C. (K¢¢) overall and (K,) interface to bulk solution.

The variation of Nusselt Number, Nu (for both
solution to tube wall and interface to bulk solution) with
the film Reynolds Number, Re with their correlating
equation can be observed from figure 8.
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Fig. 8. Variation of film Nusselt Number ( Nu ) with
the film Reynolds Number, Re. (a) solution to tube wall
(b) interface to bulk solution.

From figure 9, the variation of film Sherwood
Number, Sh with the film Reynolds Number, Re is
shown with their correlating equation.
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Fig. 9. Variation of film Sherwood Number, Sh with
the film Reynolds Number, Re. (a) effective (b)
interface to bulk solution.

In the equation of heat and mass transfer analogy
value of the index, n was assigned 0.33. By varying the
value of n from 0.33 to 0.4, 0.5 and 0.6, the effect was
observed, which is shown in table 2. It is seen that, with
the increase of n, the heat transfer coefficient from
interface to bulk solution decrease; whereas the mass
transfer coefficient increase up to a maximum value of
0.2 kgm™s™.

Table2: Effect of index, n

n h, (KWm?K™) Kk, (kgm™s™)
0.33 [ 2.55-5.02 0.070-0.138
0.4 | 2.06-4.06 0.076-0.150
0.5 | 1.55-3.07 0.09-0.177

0.6 | 1.30-2.44 0.111-0.219

The sensitivities of transfer coefficients to the
variation of enthalpy of absorption is also checked. The
range of all variables and transfer coefficients, as shown
in table 1 are for the range of enthalpy of absorption of
2444.6 to 244 9.3 kJkg'"; and it is seen from table 3,
that, if the temperature of the solution is considered as
the interface temperature, the range of enthalpy of
absorption does not exceed the actual range.

Table3: Effect of iy

iy, (kJkg™)
2444 .688-2449.346
2448.306-2449.360

Temperature (°C)

Experiment temperature

Interface temperature
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6. CONCLUSIONS

The coupled heat and mass transfer model was used
to analyze the experimental data obtained from a
vertical tube absorber. The heat transfer coefficient was
nearly 0.8 kWm™ K" and the mass transfer coefficient
was nearly 0.06 kgm™s™. The variation of different field
variables such as temperature difference (0), mass
fraction difference (W), solution and coolant
temperature and  solution  concentration  were
investigated and correlation for Nusselt Number,
Sherwood Number have been established as follow:
Nu,=-0.0721 Ln (Re)+1.2556
Nu;=-0.02595 Ln (Re)+1.9568
Sh,=-0.3148 Ln(Re)+5.5202
Sh.=-0.2371 Ln(Re)+4.1123

The effect of enthalpy of absorption and the effect of
heat and mass transfer analogy index were also
analyzed.

5. NOMENCLATURE

Symbol Meaning Unit

a constant in  equilibrium
relationship (7)

a constant in equation (17) K

a constant in equation (17) K

A absorber area m’

A, total area of absorber m?

b constant in  equilibrium | K
relation (7)

by constant in equation. (18)

b, constant in equation. (18)

C specific heat capacity kJ kg'K!

c, Constant in expression for | kJ kg
enthalpy

Co Constant in expression for | kJ kg’
enthalpy

Ds Diffusivity m’ s’

F factor in equation. (11)

g Constant defined in (11) K m?

2 Constant defined in (13) m?

g3 Constant defined in (14) m?

h heat transfer coefficient kW m? K

Is Enthalpy of solution kI kg

iy enthalpy of vapour kI kg™

Iy enthalpy of absorption kI kg™

Ky, thermal conductivity of tube | kW m 'K
wall

ks thermal  conductivity —of | kWm' K™
solution

K mass transfer coefficient, kgm?s’

m mass flow rate kgs™!

M abs total rate of  vapour | kgs’
absorption

T Temperature K

U overall heat transfer | kWm™ K!
coefficient in (16)

X mass fraction of water in
solution

Nu Nusselt Number

Pr Prandtl Number

Re Reynolds Number

Sh Sherwood Number

oy, O roots of equation defined in m?
(19)

B parameter defined in (15) K'

Oy thickness of tube wall m

0 temperature difference | K
defined in (8),

b mass fraction difference
defined in (8)

0A elemental area, m?

i change of solution enthalpy | kJ kg

dmyg change of solution mass | kgs™’
flow rate

dmy vapor absorption rate kgs'
Coolant

S bulk solution

ef effective

ex Exit

i solution to tube wall

if interface

in Inlet

1 lithium bromide

0 interface to bulk solution

0 value at A=0
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