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Abstract

A linearized coupled model is developed for the heat and mass transfer in falling-film absorbers. Its accuracy is
established by comparing the predictions with those of a non-linear model and a numerical simulation. Under certain
conditions, the linearized model reduces to the log-mean-difference formulation. The linearized model yields analytical
expressions that are used to determine heat and mass transfer coefficients from the experimental data for a horizontal
tubular absorber and a vertical tube absorber. The overall Nusselt number and Sherwood number for the tubular
absorber increase with increasing film Reynolds number and inlet cooling water temperature. The cooling water
temperature distribution predicted by the linearized model agrees well with measurements.
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1. Introduction

The modeling of heat and mass transfer processes in
the absorbers of conventional absorption refrigeration
systems has received considerable attention in the recent
literature. A critical review of the various modeling
techniques was presented by Killion and Garimella [1].
There have been a number of efforts to develop coupled
models that are suitable for the design of absorbers.
Patnaik and Perez-Blanco [2] and Patnaik et al. [3] de-
veloped simplified design approaches for absorbers by
treating them as counter-flow heat and mass exchangers.
Conlisk [4] presented a design procedure for absorbers.
Ryan [5] analyzed water absorption in an adiabatic
spray of aqueous LiBr solution. Wekken and Wassenaar
[6] solved the coupled heat and mass transfer equations
for the absorption of vapor in a laminar falling film. Tsai
and Perez-Blanco [7] and Andberg and Vliet [8] devel-
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oped simplified models for falling-film absorbers. Udd-
holm and Settewall [9] used a model to predict the wave
frequencies of the falling film. Choudhury et al. [10]
developed a numerical model for vertical film flow.
Grossman [11] presented an analytical model for the
absorption of vapor in a laminar falling film. Choudh-
ury et al. [10] developed a numerical model for vertical
film flow. Grossman [11] presented an analytical model
for the absorption of vapor in a laminar falling film.
Yiiksel and Schliinder [12,13] studied the variation of
the heat and mass transfer coefficients in a falling film of
aqueous LiBr solution. Their work highlighted the im-
portance of the coupling between the heat and mass
transfer processes at the liquid—vapor interface.
Simulations of the heat and mass transfer processes
in absorbers have been performed by using physical
models of varying complexity [1]. Numerical models in
which the conservation equations of mass, momentum
and energy are solved simultaneously are the most de-
tailed of these. Formulations that follow traditional heat
exchanger analysis require as input the variation of the
heat and mass transfer coefficients for the falling film.
The analysis of experimental data to determine the heat
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Nomenclature

a constant in equilibrium relationship

A absorber area [m?]

A, total area of absorber [m?]

b coefficient in equilibrium relationship [K~!]

Cpw specific heat capacity of water [Jkg~' K]

dmys change in vapor absorption rate [kgs™']

dM; change in mass flow rate of solution [kgs™']

do; heat flow rate from solution to wall [W]

dQ, heat flow rate from interface to bulk solu-
tion [W]

Dys mass diffusivity [m?s~']

g gravitational acceleration [ms—2]

h; heat transfer coefficient from bulk solution
to wall  Wm2K™!]

ho heat transfer coefficient from interface to
bulk solution [Wm=2K™]

hy convective heat transfer coefficient for
cooling water [Wm 2 K™']

iap enthalpy of absorption [Jkg™']

Ipw partial enthalpy of water at the interface
Uke']

i enthalpy of solution [Jkg™!]

iy enthalpy of water vapor at film interface
Dke']

iys difference in enthalpy [Jkg™]

K¢ effective mass transfer coefficient from in-
terface to bulk solution [ms™!]

Ky mass transfer coefficient from interface to
bulk solution [ms™']

ks thermal conductivity of solution
Wm 'K

Fewan thermal conductivity of tube wall
Wm'K

L length of absorber [m]

my mass flux of vapor at film interface
[kgm~2s71]

My vapor absorption rate in the solution [kgs™']

Myps total vapor absorption rate [kgs™']

M mass flow rate of LiBr [kgs™']

M mass flow rate of solution [kgs~']

M, mass flow rate of cooling water [kgs™!]

Nu; Nusselt number hA—"

Nu, Nusselt number ’%:“

q heat flux at film interface [W m2]

0 heat transfer rate [W]

Re Reynolds number 4 T'/p

Sh Sherwood number g’“g

T temperature [°C]

U solution velocity in X-direction [ms™!]

Upw overall heat transfer coefficient from bulk

solution to coolant [Wm=2 K]

14 solution velocity in Y-direction [ms™]

X coordinate in the direction of solution flow
[m]

Y coordinate in the direction of the film
thickness [m]

VA coordinate in the direction of film width [m]

Greek symbols

0 temperature difference between bulk solu-
tion and coolant [°C]

V] difference between bulk solution concentra-

tion and equilibrium concentration corre-
sponding to local solution temperature

0 film thickness [m]

Owall wall thickness of absorber plate or tube [m]

r mass flow rate of solution per unit width of
film [kgm™'s™1]

density [kgm™3]

mass concentration of LiBr

thermal diffusivity [m?s~!]

kinematic viscosity of solution [m?s™']

=g

Subscripts and superscripts

average
ex exit of absorber

if solution—vapor interface
in coolant inlet

S solution

sb bulk solution

o) entrance of absorber

w water

wall absorber wall

and mass transfer coefficients has been based on the log-
mean-difference (LMD) approach. Several variations of
the LMD quantities have been adopted in the literature.
Unfortunately, the heat and mass transfer coefficients
obtained by these different approaches seldom show
agreement [14].

The aim of the present study is to develop a simplified
coupled model that could be used to design absorbers

and extract heat and mass transfer coefficients from
experimental data. The simplified models, however, re-
quire a knowledge of the heat and mass transfer coeffi-
cients, which for purposes of validation, are obtained
from a detailed numerical simulation. Following this
approach, it is possible to develop a coupled heat and
mass transfer model that yields closed-form expressions
for the various parameters of the falling film.
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2. Simplified models for absorbers
2.1. Non-linear coupled model

The counter-flow absorber is represented schemati-
cally as shown in Fig. 1. In the first simplified model
outlined below, the change in solution mass flow rate
due to the absorption of vapor is included. The heat and
mass transfer from the vapor-liquid interface of the film
to the bulk solution is represented by a heat transfer
coefficient 4, and a mass transfer coefficient K, respec-
tively. The heat transfer coefficients from the bulk so-
lution to the wall and the wall to the coolant are #; and
hy, respectively. Uy, is the overall heat transfer coeffi-
cient from the bulk solution to the coolant. Grossman
[11] studied the variation of these transfer coefficients for
a laminar falling film using an analytical model. Similar
heat and mass transfer coefficients were defined by
Yiiksel and Schliinder [12,13] in their experimental and
theoretical work. Considering a small control volume
the mass conservation equation for the solution can be
written as

(M + dMs) = dmws +Ms (1)
where the first term on the RHS is the vapor absorption
rate.

Following the derivation of Tsai and Perez-Blanco
[7], the energy conservation equation for the control
volume at steady-state can be expressed as
Mis + iydmys = (Ms + dM;) (i + dis) + Upw (T — Toy) d4

2)
where i is the enthalpy of the solution and i, is the
enthalpy of the vapor. The second term on the RHS of

" — Y
(Cooling
water) Solution
M, T fil
\; w Ms 11m
dX < T s
hy N hi @y
Mw M;+dM; Vapor
Tw+dTy
‘ @

Fig. 1. Physical model.

Eq. (2) is the heat transfer from the bulk solution to the
coolant. The overall heat transfer coefficient for this
process is given by

1 11 dyan

— =+
Ubw hw hi kwall

)

where the individual heat transfer coefficients are suit-
ably scaled to have the same heat transfer area.

The energy balance for a small control volume in the
coolant flow gives

Upw(Tyo — Tw)d4 = =M, C, d T, (4)

The mass transfer rate equation from the interface to the
bulk solution can be expressed as

dmys = mps(wsb - wif)dA (5)

The liquid—vapor interface condition is obtained by
applying the energy equation to an infinitesimally thin
control volume enclosing the interface. This gives:

dmwsiv = dmwsipw + ho(Tif - st) dA (6)

where i, is the partial enthalpy of the absorbed water at
the interface, which is a function of the interface tem-
perature and concentration [11].

From Egs. (5) and (6) the interface condition is ob-
tained as:

Knpy(wsp — ir)iay dd = ho (T — Typ) d4 (7

where i,, = (iy — ipw), is the enthalpy of absorption in
the liquid.

For the relatively narrow range of conditions over
which practical absorbers operate, the equilibrium con-
dition at the interface at constant pressure can be ex-
pressed in the linear form

wiyr = a+ bTy (8)
From Egs. (7) and (8), the interface concentration may
be written in the form

i(a + bTSb) + b(DSb

= 9
@i (7 +b) ©)
where

h
1 o 10
“ 7 Kby (10)

Combining Egs. (1) and (5) and substituting for w; from
Eq. (9) the solution mass conservation equation takes
the form

da,
d4

= Kerp[os — (a + bTw)] (11)

where the effective mass transfer coeflicient is defined as

1 1 biabps

Ke Kn Do (12)
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Combining Egs. (1) and (2) the energy equation can be
expressed in the form

di dm;
" = ivs; - Ubw(st - Tw) (13)

M 34 d4

where i,s = i, — i, is the difference between the vapor
and bulk solution enthalpies.

The solution enthalpy i is a function of the solution
temperature and the concentration. Expressions in
polynomial form are available for this dependence from
data sources [15]. Using these polynomial expressions,
Eq. (13) can be simplified to the form

dTS dws . dMs
ﬁ+%cwﬂb:lvsa_ubw’(nb_Tw) (14)

The coefficients on the LHS of Eq. (14)

Mc

c = { 0 } and ¢, = [ 0 ] (15)
0T Ogh gy Ty

are obtained by differentiating the polynomial expres-
sions.
Since the mass of the absorbent in the solution is
constant, the mass flow rate can be written as
M,
M, =— (16)

Wsh

Differentiating Eq. (16)

Substituting in Eq. (14) from Egs. (11) and (17)

dT; Iys cwlM,
dAb = efps(Mc +cM21)[wsb_ (a+ bTy)]
Ubw
_ (Mbc )(st _ 1) (18)

Rearranging Eq. (4) the energy equation for the coolant
can be expressed as

dTw o Ubw
s <ch,,w ) o = To) 19

The set of governing equations to predict the varia-
tions of Ty, wg, and T, consist of the three first-order
non-linear differential Eqgs. (11), (17)-(19) and the rela-
tions (15) and (16). These equations are solved using the
Runge-Kutta method. For the absorbent solution, the
temperature and concentration are usually specified at
the inlet. In the counter-flow arrangement, that is com-
mon in practice, the coolant temperature is known at
the outer end of the absorber. Due to the nature of the
boundary conditions an iterative procedure where the
temperature of the coolant at the outlet is guessed has
to be adopted.

2.2. Linearized coupled model

Although the simplified model developed in the
foregoing section requires much less computational ef-
fort than a detailed numerical model, it however does
not yield an analytical solution for the governing
equations. Fortunately, a careful scrutiny of the mag-
nitudes of the operating parameters of practical ab-
sorbers shows that it is possible to make two additional
assumptions in the governing equations with little loss of
accuracy in the predictions. These assumptions are jus-
tifiable because of the relatively small increase in the
solution mass flow rate due to vapor absorption [2,3].
With these assumptions the system of governing equa-
tions developed above becomes linear and therefore it
is feasible to obtain an analytical solution.

Using Egs. (11), (16) and (17) the mass conservation
equation can be written as

M\ dog,
(o) G = ~Kardow @ +o7) (20
To linearize Eq. (20) the value of wy, in the coefficient
of the LHS is replaced with the average concentration
between the inlet and outlet

: (21)

=

The linearized form of Eq. (20) may be rearranged in the
form

d(j)sb _ @2
= Kaps <Ml> [wsp — (a+ bT)] (22)

In order to linearize Eq. (14) the solution mass flow rate
is assumed to be constant at the average value

(Ms,o + Ms,ex)

M, =
2

(23)
In addition, the coefficients ¢, and c,, are assumed to be
constant values that are computed by taking the average
between the inlet and outlet values.

Subject to the above assumptions, Egs. (14) and (11)
can be combined to give

dTy,  — _ dog

= ivsKefps[wsb - (a + stb)}
- UbW(st - Tw) (24)

From Egs. (22) and (24) the following equation is ob-
tained

dTﬁb EW(DZ ivs
— =K, — sb — bT;
au fPs<M|ES +MSES>[wb (a+bTy)]
Ubw
- (52 )@ -m) 3
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A scrutiny of the governing Eqgs. (19), (22) and (25) re-
veals that by defining two new variables for the tem-
perature difference and the concentration difference, the
above equations could be reduced to two coupled linear
differential equations. These new variables are defined
as:

0:st7Tw and wzwsbf(a+stb) (26)

The temperature difference, 0 between the bulk solution
and the coolant is proportional to the heat flux. v is the
difference between the bulk solution concentration and
the equilibrium concentration corresponding to bulk
solution temperature, Ty,. It is seen from (11) that
is proportional to the mass flux.

Expressing Egs. (19), (22) and (25) in terms of the
0 and y the following equations are obtained.

gz -0+ (27)
%:gﬂ—guﬁ (28)
where the coefficients are given by:

o= (52) <Z“’ ¥ ) (29)
5= () &l

Ker Ps M sCw @’ Cs .

S (HSESM M, <b+aw> +Diss (32)
Variables g, and g; occur in traditional exchanger
analysis while g; and g4 are similar variable that includes
an effective mass transfer coefficient K representing the
combined mass and heat transfer process from the in-
terface to the bulk solution. It is seen from Eqgs. (27) and
(28), that g = 0 gives the solution for a counter-flow
heat exchanger while g; = 0 corresponds to an adiabatic
mass absorber.

The linear-coupled differential equations (27) and
(28) are solved analytically using the Laplace transfor-
mation technique. The final forms of the solution are as
follows:

G(A) = alei‘A + aze“zA (33)
and
W(4) = bie®? 4 bye™! (34)

where the roots of the characteristic equation are:

o, 0 = —0.5(g2 + g4) £0.5[(2 + 84)° — 4(g28 — 2183)]'"
(35)

The coefficients are given by:

0o (o1 + g4) + V81

— T ool 36
@ o — 0 ( )
a = HO(OQ +g4) + I/Iogl (37)
0 — o
: 0,
p, = Vot + &) + 0ogs (38)
o] — 0Oy

by = Yoo +g2) + 0083 (39)
0 — o
where 0, and y, are the values at 4 = 0.

The predictions of the linearized model will be
compared with the non-linear coupled model and the
numerical simulation results to assess its accuracy. The
analytical expressions obtained in the linearized model
offer a convenient method to extract the heat and mass
transfer coefficients from experimental data. These as-
pects will be considered in the next sections.

2.3. Detailed numerical simulation

A detailed numerical model for a laminar falling film
over a vertical plate was developed following a proce-
dure similar to that reported by Choudhury et al. [10].
The coolant flow in the present model is in a counter-
flow direction. For the sake of brevity the main gov-
erning equations of the numerical simulation model are
outlined in the Appendix A.

3. Experimental details

The test absorber, shown schematically in Fig. 2,
consists of a series of 24 horizontal copper tubes of
nominal outer diameter 19 mm, wall thickness 1 mm and
effective length 160 mm. These are mounted in a vertical
plane with the ends of the tubes connected in such a
manner that the cooling water flowing through them
follows a serpentine flow path. Copper-constantan
thermocouples are installed in the water flow by insert-
ing them through the ends of the tubes. The warm water
returning from the absorber is first cooled in a heat ex-
changer and then passed through a temperature-con-
trolled water bath. The flow rate of water is measured
with a rotameter whose accuracy is 3.5%.

The test absorber is housed in a cylindrical glass
vessel whose length, inside diameter and wall thickness
are 1000, 308 and 5 mm respectively. Two brass plates
are fixed to the ends of the glass cylinder with metal
flanges and gaskets to prevent leakage of air during
operation under vacuum conditions.

The solution of lithium bromide and water is con-
tained in the refrigerant evaporator, which is a cylindri-
cal vessel whose length and inner diameter are 450 and
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Fig. 2. Schematic diagram of experimental set-up.

325 mm respectively. The water vapor is produced by
heating the solution using an electric heater that is con-
trolled to maintain a constant preset temperature in the
evaporator. The vapor generated flows through a vertical
tube to the absorber vessel located above it.

The solution flow rate is measured with a magnetic
flow meter whose accuracy is 1.6%. The solution is
sprayed on to the top of the absorber tubes using a
solution distributor and absorbs water vapor as it
flows as a falling film over the absorber tubes. The
weak solution collecting at the bottom of the absorber
vessel is returned to the refrigerant evaporator by
gravity.

Two conductivity probes are used to measure the
concentration of lithium bromide solution at the inlet
and exit of the absorber. These are calibrated over a
range of mass concentrations and temperatures using
samples of lithium bromide of known concentrations
before they are installed in the experimental set-up. A
series of copper-constantan thermocouples are installed
in the solution and cooling water flow circuits. All
thermocouples are calibrated using a master thermo-
meter whose uncertainly is 0.05 °C. The output of the
thermocouples and the conductivity meters are recorded
continuously in a data acquisition system. Additional
details on the experimental set-up are available in Raisul
Islam et al. [14].

4. Analysis of experimental data

The traditional method of obtaining the heat and
mass transfer coefficients from experimental data is to
use the LMD approach where the heat and mass transfer
processes are assumed to be uncoupled. It is apparent
from the reported literature that there is no agreement
on a consistent definition of the LMDs of temperature
and concentration [14]. This leads to wide variations in
the reported heat and mass transfer coefficients.

The solutions of Egs. (27) and (28) provide a con-
sistent and convenient approach to ‘extract’ the heat and
mass transfer coefficients from the present experimental
data. Under certain conditions, these solutions also lead
to the LMD formulation for heat and mass transfer in
the absorber. The analysis of 26 test runs carried out in
the present study, showed that the root a, of Eq. (35) is
much larger than ¢, typical values being in the ranges
—29 to —60 and —0.3 to 0.35 respectively. The analysis of
26 experimental runs for a vertical tube absorber re-
ported by Miller and Keyhani [16], the details of which
are also available in Miller [17], showed that the roots
oy and o to be in the ranges of —45 to —60 and 0.35 to
1.1 respectively.

Moreover for both sets of experimental data, the
coefficients a; and b, are in general larger than a, and b,
respectively. Due to this the contribution of the term
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et to the values 0 and ¥ and at the exit of the absorber
can be neglected. However, for calculating the values
at the inlet, the contribution of both terms has to be
considered.

In view of the above observations, Eq. (28) may be
used to develop the following approximate analysis to
obtain the LMD based expression for mass transfer.
Since

loo| > o | W = bre* ™ (40)
and
Vo =b1 + b, (41)

where A4, is the total area of the absorber.
The total mass absorption rate is obtained by inte-
grating Eq. (11) as

Ay
Mlbs = Kefps/ [wsb - (a + bTab)] d4
0

A
—Kap. [ i4)da (“2)
0
Substituting for from Eq. (34) gives
. - 1 1
Mabs:Kefps{M+b2(___):| (43)
o o Oy

From Egs. (40) and (41) it follows that:

san[(2) 2]

An expression similar to the LMD-form is obtained
from Eqs. (43) and (44) as

[(l//ex - l//o) + bZ]
Vex b
in| (3 ) (5:+1)]
It is seen that as b, — 0 the expression (45) becomes the
exact form for the LMD-form for the mass absorption
rate.
The corresponding expression for the heat transfer

rate may be obtained in a similar manner by using
Eq. (33) as

Mabs - KefpsAl

Jota] > o (45)

[(Ox — 0) + a2

0 = Upy4; (46)

5. Results and discussion
5.1. Comparison of predictions of models

The predicted temperature and concentration distri-
bution across the film for the absorber with counter-flow
cooling water arrangement using the simplified models
and the numerical simulation are shown in Figs. 3 and 4

respectively. The convective heat and mass transfer co-
efficient required in the simplified models have been
calculated using expressions (A.14)-(A.16) of the nu-
merical model for the same set of conditions. There is
good trend-wise agreement between the predictions of
the three models. It is interesting to note that the pre-
dictions of the simplified model are slightly lower at
shorter distances and becomes slightly higher at longer
distance than the prediction of the numerical model.
This is presumably due to the use of average heat and
mass transfer coefficients in the simplified models.

Figs. 3 and 4 also show that the temperatures and
concentrations predicted using the non-linear and lin-
earized coupled models are very close which justifies the
simplifying assumptions made to linearize the governing
equations. This is encouraging because the analytical
solutions of the simplified model offer a convenient
means to analyze experimental data and extract heat and

56
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Fig. 3. Temperature distribution for counter-flow absorber.
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mass transfer coefficients. The above results have dem-
onstrated that with the appropriate average heat and
mass transfer coefficients, the simplified models can be
used to simulate the performance of lithium bromide-
water absorbers.

5.2. Determination of heat and mass transfer coefficients

The solutions of the linearized model given by Egs.
(35)-(39) were used to determine the heat and mass
transfer coefficients from the present experimental data
and the data reported in Miller [17]. The physical model
is geometrically similar to the vertical tube absorber
used in the latter experiments. The horizontal tubular
absorber tested in the present experimental set-up,
shown in Fig. 2, on the other hand, had a coolant flow
arrangement that could be described as cross-counter to
the film flow direction. However, due to the relatively
small thickness of the liquid film compared to the tube
diameter, the flow configuration may be approximated
by a counter-flow cooled vertical falling film.

The values of the variables 6 and  at the inlet and
outlet of the absorber can be computed directly from the
measured temperatures of the solution and the cooling
water and the concentrations of the solution using ex-
pressions given in Eq. (26). All other parameters such as
Cs, Cw, Ps» a4, b and i, are obtained from data sources.
This leaves Uy, and K as the only unknowns in Egs.
(33) and (34) which can be determined by solving these
equations simultaneously using the Newton-Raphson
method [18]. It should be noted that because %, and K,
are embedded in K¢ (Eq. 12) their individual values can
only be obtained by invoking an additional condition
such as the heat and mass transfer analogy [19].

A comparison between the heat and mass transfer
coefficients obtained using the simplified coupled-model
and the LMD approach is presented in Figs. 5 and 6
respectively. The LMD quantities are obtained from the
exact form of the expressions assuming b, = 0 in Eq.
(45) and a; =0 in Eq. (46). The results include data
from 26 experimental runs for which the range of con-
ditions and parameters for the model are summarized in
Table 1. A detail uncertainty analysis based on the
method given Moffat [20] showed the uncertainty of K¢
to vary from about 7.5% to 29% while the uncertainty
for Uy is in the range from 7.5% to 26%. For some of
the data, there is a large difference between the overall
heat transfer coefficients, Uy, obtained by the two
methods. In contrast, the effective mass transfer coeffi-
cient, K¢ given by the two methods agrees within about
10% for most of the data as seen in Fig. 6. Similar results
were obtained for U, and K for the vertical tube
absorber studied experimentally by Miller [17].

The heat transfer coefficient 4; from the bulk solution
to the tube wall was computed using Eq. (3) where the
heat transfer coefficient 4,, for the water flow in the tube

24

U [Log-meam difference], kW/m? K

0.4

0.4 0.8 1.2 1.6 2 2.4
U [Coupled-model], kW/m2 K

Fig. 5. Comparison of overall heat transfer coefficient using
linearized model and LMTD-approach.

2.0E-05

1.5E-05 A

1.0E-05 -

K [Log-mean difference], m/s

5.0E-06 1 1
5.0E-06 1.0E-05 1.5E-05

2.0E-05

K¢ [Coupled-model], m/s

Fig. 6. Comparison of effective mass transfer coefficient using
linearized model and LMCD-approach.

was obtained from the Dittus—Boelter correlation [19].
The results are expressed as Nusselt number using Eq.
(A.15) and plotted against the film Reynolds number as
shown in Fig. 7 for different water inlet temperatures.
There is an increasing trend due to the increase in flow
rate at higher Reynolds number. The variation of the
heat transfer coefficient, 4; is proportional to the ratio of
heat flux to the coolant and the temperature difference
between the coolant and bulk solution. The increase of
the coolant inlet temperature leads to a decrease in the
vapor absorption rate. A direct effect of this would be a
reduction in the heat flow from the film to coolant.
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Table 1
Range of experimental conditions and variables
Variables Range
M, (kgs™) 9.5x10°-1.91x 1072
T, (°C) 39.8-49.7
Wso 0.604
M, (kgs™) 6.3x1072- 1.14x 107!
Tyex (°C) 26-35.5
ivs (kTkg™") 2503-2519
¢ (kJkg' K™ 1.937-1.969
¢, (kJkg™) 498.9-547.7
a 0.274-0.371
b (°C™h) 0.00477-0.00492
2.1
. —&—Tw,in=29.3C
% 1.9+ | —4—Tw,in=322C
= —*—Tw,in=35.2C

1.7
1.5+
1.3
1.1
0.9-* ; 1 ‘ 1

T
20 25 30 35 40 45
Reynolds number of film, Re=4T7/u

Nusselt number, Nu

Fig. 7. Variation of Nusselt number with Reynolds number.

However, the higher coolant temperature will also cause
the temperature difference between the coolant and the
solution to decrease. Fig. 7 shows that the latter, i.e. the
decrease in the temperature difference has a more
dominant effect, which results in an increase in 4; with
coolant temperature. The recent analytical study of
Jeong and Garimella [21] has demonstrated that drop
formation between tubes could also affect the heat
transfer rates significantly at higher flow rates.

The effective mass transfer coefficient K, was not
decomposed into K, and &, using Eq. (12) because of
the need to assume a form for the heat and mass transfer
analogy. It is seen from Egs. (8)-(10) that the ratio,
ho /K., can be determined by measuring the film interface
temperature [12]. However, since the heat and mass
transfer process from the film interface to the bulk so-
lution are coupled, it may be more meaningful to con-
sider K.r as the design variable of interest. It is clear from
Eq. (12) that when the fluid properties are assumed to be
constant, K., K, and A, are proportional to each other.
The mass transfer results are therefore expressed as an
effective Sherwood number based on K. and plotted
against the Reynolds number in Fig. 8. There is an in-

70
g
E 65 T
35
c g |

%]
§ %’ 5.5
< L
D 2 50
Qo —=—Tw,in=29.3C
S 454 —a—Tw,in=322C
i —*—Tw,in=35.2C

4.0 | | ] ]
20 25 30 35 40 45

Reynolds number of film, Re=4I"/n

Fig. 8. Variation of effective Sherwood number with Reynolds
number.

creasing trend presumably due to the higher mass ab-
sorption resulting from the larger film surface area at
higher flow rates. Higher coolant temperatures tend to
increase K¢ as evident from Fig. 8. The mass absorption
and resulting absorption heat generation was found to
decrease with increasing cooling water temperature.
However, the higher solution bulk temperature resulting
from the increased coolant temperature will tend to
decrease the temperature and concentration difference
between the interface and the bulk solution. The effective
mass transfer coefficient, which is proportional to the
ratio of the mass flux to the concentration difference,
seems to be effected more by the latter with a conse-
quential increase in its magnitude.

The temperature distribution of cooling water was
calculated by integrating Eq. (19) after substituting for
(Ty — Ty) from Eq. (33). The results are shown in Fig. 9

Ty (mid-tube),°C

0 5 10 15 20 25
Tube number

Fig. 9. Variation of cooling water temperature in the direction
of solution flow for different flow rates and inlet temperatures
of cooling water. Graphs: for T,;, = 26.5 °C, M,, = 0.063177
kg/s (a) predicted, (b) measured; for Ty, = 29.3 °C, My =
0.063177 kg/s (c) predicted, (d) measured; for T,;, = 35.2 °C,
M, = 0.088759 kg/s (e) predicted, (f) measured.
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for several operating conditions. The good agreement
between the prediction and measured temperature lends
additional credence to the validity of the coupled-model
and to the consistency of the heat and mass transfer
coefficients obtained from the model. It is interesting to
note that the variation of the water temperature is nearly
linear which shows that the heat flux is approximately
constant as pointed out by Miller and Keyhani [16].

6. Conclusion

The accuracy of a linearlized coupled model for the
heat and mass transfer in falling-film absorbers was es-
tablished by comparing its predictions with a non-linear
model and a detailed numerical simulation. Under cer-
tain conditions, the linearized model may be reduced to
the traditional LMD formulation. The analytical ex-
pressions resulting from the linearized model are used to
extract the heat and mass transfer coefficients from the
experimental data for a horizontal tubular absorber and
a vertical tube absorber. The mass transfer coefficients
obtained using the linerized model and the LMD for-
mulation agree within about 10% while the heat transfer
coefficients showed large differences. The overall Nusselt
number and Sherwood number for the tubular absorber
increase with increasing film Reynolds number and inlet
cooling water temperature. The predictions of the
cooling water temperature distribution within the ab-
sorber by the linearized model agree well with mea-
surements.
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Appendix A. Numerical simulation model

The physical model is shown schematically in Fig. 10.
The following assumptions are made in developing the
numerical model:

1. The solution is a Newtonian fluid and its physical
properties are constant and independent of tempera-
ture and pressure.

2. Heat transfer by conduction and mass transfer by dif-
fusion in the direction of solution flow are negligible.

3. Heat transfer in the vapor phase is negligible com-
pared to that in the liquid phase.

4. Vapor pressure equilibrium exists between the vapor
and the liquid at the interface.

—

Y

Cooli v
(Cooling £ Solution film

water)

U
MW TW
dX dQ; - Ts my
g
My Vapor
Ty, +dT,
NS I R N S N S —— —
Y

Fig. 10. Physical model for numerical simulation.

5. No shear forces are exerted on the liquid by the
vapor.

6. There are no natural convection effects in the film due
to temperature or concentration differences.

7. The flow is laminar and non-wavy throughout.

8. The system is in a steady-state.

9. There are no chemical reactions.

Analysis

The velocity component of the falling film in the di-
rection of flow is assumed to given by the Nusselt profile
(19]

2 2
go Y Y
U=>—12(<)—- (= Al
() -(5)] A
For constant properties and no velocity gradient along
the Z-direction, the velocity in the Y-direction can be
obtained from continuity equation as
gY? do

Film thickness is assumed to have the Nusselt form

5 (@f A3)

8Ps

The species transport equation for LiBr with diffusion
only in the Y-direction and convection due to mass-av-
erage motion of the mixture along X- and Y-directions is
0 0

0 RION
ax Vol + 5y 7ol = D | 5| (A4)
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Similarly, the energy equation gives

0 0 0 {GTS}

—[UTJ—%W[VTS] =957 3y

X (A-5)

Heat transfer from solution through the absorber wall
for the control element (Fig. 10) can be expressed as

in = dAks %

o (A.6)

Y=0

Heat gained by the cooling water of the control element
can be written as

in = —MWCdeTW == dAhw(Twall - Tw) (A7)

The set of Egs. (A.1)-(A.7) constitute the governing
differential equations that can be expressed in term of
the two field variables T, and .

The following are the general boundary conditions
used in the physical model:

1. At X=0and 0<Y<6; T,=T,,,
ws =wso and I'=1T, (A.8)
2. At X=Land 0<Y<0; Ty= Ty (A.9)
3. At0<X < Land Y =0;
dw
Ty = Tyal d =0 A.10
I an dr ( )
4. At 0<X <L and Y = 9; mass flux of water
D
iy = 7ps4,1f AB dws (All)
wp  dY |,

Assuming that the heat of absorption of vapor at the
interface is conducted into the film, the energy balance
at the interface can be expressed as

d7;

kgy (A.12)

q = fiylyp =

Y=o

where i,;, is enthalpy of absorption of vapor in the LiBr
solution.

Assuming the equilibrium relationship at the inter-
face to be linear,

wif = a+ b]-;f (A13)

As the film flows over the plate its thickness increases
due to the absorption of water vapor. In order to make
the computational domain rectangular, the transforma-
tion presented by Choudhury et al. [10], is used. For
the sake of brevity, the reader is referred to Ref. [10] for
the mathematical details.

The results obtained from the detailed numerical
model are used to calculate two heat transfer coefficients
h, and #; and a mass transfer coefficient K, for appli-
cation in the simplified models.

The coefficient of local heat transfer from the film
interface to the bulk solution can be expressed through
the Nusselt number as

hoo 5 dTy
- ks _(Tl_ sb) dy

(A.14)

Y=o

Similarly, the local heat transfer coefficient from the
bulk solution to the wall can be written as

k65 dr

Nu; _° -
ks (st - Twall) dY

(A.15)

Y=0

The mass transfer coefficient from the film interface to
the bulk-fluid is defined using Sherwood number as

 Knd iy

Sh—ml_ MO
Dag Dagps(@g — wir)

(A.16)

The governing equations have been solved numerically
using an upwind scheme with the control volume
method. The calculation begins with a guessed value of
cooling water outlet temperature. Wall temperature and
mass flux of vapor for each row of control volumes are
then guessed. Calculation is repeated and guessed values
of temperatures and mass fluxes are continuously up-
dated until the guessed and the calculated values are
within the specified accuracy. Numerical accuracy for
the mass fluxes and temperatures are set at 5x 1078

kgm2s~! and 10~* °C respectively.
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