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Abstract

A simplified linear coupled heat and mass transfer model for counter-flow absorbers is validated by comparing its predictions with
those of a numerical turbulent flow model. The simplified model lends itself to the formulation of a mass transfer effectiveness and a heat
transfer effectiveness for counter-flow absorbers. The effectiveness is relatively insensitive to variations in the operating conditions of the
absorber and depends mainly on the number of transfer units (NTU) and the capacity ratio. Available experimental data on a vertical
tube absorber are analyzed using the simplified model to obtain heat and mass transfer correlations.
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1. Introduction

Absorption cooling systems offer a viable alternative to
vapor compression refrigeration cycles. The absorber is
known to be the least efficient of all the sub-components
of the absorption system due mainly to the relatively low
rates of absorption of the refrigerant to the absorbent.
Therefore much research and development effort has been
devoted to the heat and mass transfer aspects of absorbers
with a view to improving its performance. The absorption
process that involves the coupled heat and mass transfer
into a falling liquid film is difficult to model accurately. It
is therefore desirable to develop simplified design models
that are similar to the traditional effectiveness-NTU models
used in heat exchanger design. Such models are useful in the
analysis of experiments and the correlation of heat and mass
transfer data. The present paper addresses these issues.

Models with varying complexity have been developed for
the analysis of falling-film absorbers. These are discussed in
detail in the review paper by Killon and Garimella [1].
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Grossman [2]solved analytically the heat and mass diffusion
equations in a falling film absorber. Ibrahim and Vinni-
combe [3] presented a numerical model based on the finite
difference method for a counter-flow absorber. Wekken
and Wassenaar [4] solved the coupled heat and mass trans-
fer equations using the finite element technique. Choudhury
et al. [5] developed a numerical model for film flow over a
horizontal round tube. The above papers considered falling
films where the flow was in the laminar region. Grossman
and Heath [6] and Yuksel and Schlunder [7] developed
numerical models to analyze heat and mass transfer in a
turbulent falling film. The latter compared the numerical
predictions with their experimental data [8] and found these
to be in good agreement. Patnaik and Perez-Blanco [9]
developed numerical model to simulate the heat and mass
transfer under wavy-laminar flow conditions.

There have been a number of efforts to develop simpli-
fied coupled models that are suitable for the design of
absorbers. Patnaik and Perez-Blanco [10] and Patnaik
et al. [11] developed simplified design approaches for
absorbers by treating them as counter flow heat and mass
exchangers. Conlisk [12] presented a design procedure for
absorbers. Ryan [13] analyzed water absorption in an
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Nomenclature

a constant in equilibrium relationship used in Eq.
(8)

A absorber area (m?)

A, total area of absorber (m?)

b coefficient in equilibrium relationship used in
Eq. (8) (K™

Ce specific heat capacity of water (J kg ' K™")

do; heat flow rate from solution to wall (W)

D mass diffusivity (m?s™")

Fr Froude number Z—g“

g gravitational acceleration (m s 2)

h; heat transfer coefficient from bulk solution to
wall ( Wm 2K

he heat transfer coefficient from interface to bulk
solution (Wm 2 K™)

he convective heat transfer coefficient for cooling

water (W m > K_l)
fab enthalpy of absorption (J kg™ ')

ipw partial enthalpy of water at the interface
kg™

is enthalpy of solution (J kg™ ")

iy enthalpy of water vapor at film interface
(J kg™

Iys difference in enthalpy (J kg™

Ja Jacobs number "2—“’

Ka Kapitza number,xw

ker effective mass transfer coefficient from interface
to bulk solution (m s~ ")

kn mass transfer coefficient from interface to bulk
solution (ms™ 1)

ks thermal conductivity of solution (W m~' K1)

kwar  thermal conductivity of tube wall (W m ' K1)

L length of absorber (m)

Le Lewis number %

maps  mass flux of vapor at film interface (kg m 25~ })

Amy vapor absorption rate (kgs™!)
Amg o Maximum vapor absorption rate (kgs™')
M, mass flow rate of LiBr (kgs™")

M mass flow rate of solution (kgs ")

Mg,  mean mass flow rate of solution (kgs™')

me mass flow rate of cooling water (kgs™')
MEPINIE

Nu; Nusselt number %

2173
Nu,  Nusselt number %

P absorber pressure (kPa)
P, reference pressure (kPa)
Pr Prandtl number

Re film Reynolds number p—’;
Schmidt number 3 R
Sherwood number %

temperature (°C)

solution velocity in X direction (ms™")

mean solution velocity in X direction (m s ')
overall heat transfer coefficient from bulk solu-
tion to coolant (W m 2 K1)

solution velocity in Y direction (m s7!)

Weber number %

coordinate in the direction of solution flow (m)
coordinate in the direction of the film thickness
(m)

Z dimensionless variable used in Eq. (17)

<=3 55@%5@

Greek symbols

o thermal diffusivity (m*s")

0 film thickness (m)

Owall wall thickness of absorber plate or tube (m)

h heat transfer effectiveness

&m mass transfer effectiveness

¢ dimensionless variable used in Eq. (17)

@ dimensionless variable used in Eq. (22)

A parameter

0 dimensionless variable used in Eq. (17)

o density (kg m™?)

1% surface tension (N/m)

v kinematic viscosity of solution (m”s™')

w mass concentration of LiBr

1/ dimensionless variable used in Eq. (22)

r mass flow rate of solution per unit width of film
(kgm's7h

Subscripts

act actual

c coolant

e equilibrium

ex exit of absorber

if solution—vapor interface

i coolant inlet

max  maximum

o entrance of absorber

s solution

sb bulk solution

t turbulent

w absorber wall

adiabatic spray of aqueous LiBr solution. Tsai and Perez-
Blanco [14] and Andberg and Vliet [15] developed simplified
models for falling-film absorbers. Uddholm and Settewall
[16] used a model to predict the wave frequencies of the
falling film.

Yuksel and Schlunder [8], Miller and Keyhani [17],
Deng and Ma [18], Miller and Perez-Blanco [19] and Raisul
et al. [20] among others conducted experimental investiga-
tions to obtain the heat and mass transfer coefficients for
falling film absorbers. The correlation of the experimental
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data could not be done in a consistent manner due to the
unavailability of simplified design models [20]. A simplified
model was developed and its predictions were validated for
the laminar flow region by Raisul et al. [20,21].

In the present study the above model is extended for
application to the turbulent flow region of the falling film.
The simplified model yields closed form expressions of the
heat and mass effectiveness of the absorber in terms of per-
tinent dimensionless variables. Published experimental data
are analyzed using the simplified model to obtain the heat
and mass transfer correlations for vertical tube absorbers.

2. Simplified model and absorber effectiveness
2.1. Simplified model and dimensionless parameters

The counter-flow absorber is represented schematically
as shown in Fig. 1. The energy balance for a small control
volume in the coolant flow gives

(o) 1)

d4 — \mece
The overall heat transfer coefficient is
1 1 1 5wall

Usc hc hi kwall ( )
The heat transfer coefficients are suitably scaled to have the
same heat transfer area.

The mass conservation equation for the solution is

dM,
d4

The driving potential for mass transfer [22] has been linear-
ized because the variation of wj; is relatively small com-
pared to that of (wg, — wjf).

Expressing the enthalpy of the solution as a linear func-
tion of the temperature and concentration over the narrow

= kmps(a)sb — U)if) (3>

Coolant

dX

Fig. 1. Physical model for numerical simulation.

range of operation of practical absorbers, the energy equa-
tion for the solution may be written as:
dTy,

Mss—
c dA+

dwsb

Mscy ———
“da

(iv —is)%_ Usc(st - TC)
(4)

The coefficients on the LHS of the above equation are
given by

cs = [ 0 ] and ¢, = [ 0 } (5)
ast g a(Usb Ty

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

mabsivdA - mabsipwdA + ho(Tif - st)dA (6)

where (m,,sdA4) is a mass of water absorbed at the inter-
face. iy, is the partial enthalpy of the absorbed water at
the interface, which is a function of interface temperature
and concentration [2]. Since water mass conservation gives,
Maps = AM/d A, Eq. (6) can be rearranged using Eq. (3) in
the form

kmps(wsb - wif)iabdA = ho(Tif —

st)dA (7)

where i = (iy — ipw), 18 the enthalpy of absorption in the
liquid. The vapor enthalpy i, at the interface is a function
of the interface temperature and the absorber pressure.
For the range of interface temperature changes encountered
in practical systems (Fig. 2) the variation of (i, — ipw) = iap
is about 0.8%. Therefore, in the present simplified model the
value of i,, was evaluated at the mean temperature.

The vapor-liquid interface is assumed to be at equilib-
rium corresponding to the pressure of the system. Assum-
ing the equilibrium condition to be linear [3]

Wif = a + bTif (8)

The constants ¢ and b are functions of the absorber pres-
sure. For the practically relevant pressure range of 0.8 kPa
to 2 kPa for LiBr-water systems, these constants are well
represented by the expressions

Interface

Solution bulk

35

30 T

Temperature, °C

0 0.2 0.4 0.6 0.8 1
Nondimensional area, Z=A/A,

Fig. 2. Temperature distribution within absorber. Graphs: (——) Turbu-
lent model, (------ ) simplified model.
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o

P —0.188
a=0.37794 <IT> and

P —0.06574
b=4.8688 x 10~° (P—> (9)

[}

where P is the absorber pressure in kPa and P, is the ref-
erence pressure taken as 1.0 kPa.

From Egs. (7) and (8), the interface concentration
becomes

Ma+ bTg) + bag,

. 10
“ (+ ) 19
where 1 = iabZ:)nps.

Substituting for w;r from Eq. (10) in Eq. (3), the solution
mass conservation equation takes the form

dM,
H:kefps[wsb_ (a+bTy)] (11)
where the effective mass transfer coefficient is defined as

1 1 biabp
o s 12
kef km ho ( )

Since the mass flow rate of the absorbent in the solution is
constant

M,
M, =

Wsh
Differentiating Eq. (13)
@ =i [ai]

d4 M:] [ d4
Substituting in Eq. (11) from Eq. (14)

dfjb = —ketpy {%} (g — (a+ bTs)] (15)

M
Substituting from Egs. (11) and (15) in Eq. (4) becomes

de .v wM
0 = kefps (l—s + ¢ 1) [wsb — ((l + stb)]

d4a M cSMf
USC
- (4 ra-1 (16)

where iy, = (iy — I).

Two additional assumptions are introduced for the pur-
pose of making the governing Egs. (15) and (16) linear. The
mass flow rate of the solution is assumed constant at the
mean value, My, and all the other property values that
occur in the coefficients of the above equations are assumed
constant at their mean values.

2.1.1. Dimensionless groups and solution

The governing equations (1), (15) and (16) are cast in
dimensionless form by substituting the following dimen-
sionless variables for temperature, concentration and area:

T—T., B
0= AT = Aw
where AT = w —Tso and Ao = (a + bTy ) — 0,

A .
Z = — where A, is the total heat transfer area of the

W — Wso

(17)

absorber,

Manipulating Eq. (17)
We — Wy A
7‘ = " — 1
T.—Ts, AT b ( )
When the dimensionless variables are substituted in the
governing equations (1), (15) and (16), the following equa-
tions are obtained:

deC USCAO
ﬁ:‘(mc )“’Sb‘gc) 19
dé, M
o = kg, o [+ 1] (20
doy, bi  beyM;
dZ = Aokefpg (Msmcs cstm) [(rbsb + Hsb - 1]
AOUSC
- <M : >(95b ~0,) (21)

Egs. (19)—-(21) can be reduced to two coupled equations by
defining two new dimensionless variables. These are

Yy=1—¢y—0p and ¢ =0y —0, (22)

Substituting in Egs. (1) and (3) it can be shown that ¢ and
y are the driving potentials for the heat flux and mass flux
respectively.

When expressed in terms of the above variables Eqgs.
(19)—(21) become

d Aokespg bi,, bcyM
- () (B i

(i) (-5 >
o - (k) (M Bl SNy

+<$ﬁ%)¢ (24)

Egs. (23) and (24) are two coupled linear differential equa-
tions in which the coefficients are functions of six dimen-
sionless groups. These are as follows
<MSmCS>
3 = )
MeCe

o Aokefps . o Ao Usc .
=\ ) T=\7,—)
Msm Msmcs

bivs bCW and M|
T4 = M = =
4 A s c, Te Mo,
(25)

Comparing with traditional heat exchanger analysis, the
variables 7; and 7, are the number of transfer units (NTU)
for mass transfer and heat transfer respectively and 73 is
the capacity ratio. 4 and 75 are ratios of the latent enthalpy
to the sensible heat of the solution, which is similar to the
inverse of the Jakob number [17] while 74 is essentially the
mean concentration of the solution.
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The overall heat and mass transfer coefficients U, and
ker are related to the basic transfer coefficients through the
relations (2) and (12) respectively. When these are expressed
in dimensionless form, ; and 7, can be written in terms of
three additional dimensionless groups.

1 1 1 1
—:——1—E and —=E+— (26)
T T Tg U Tio 71
where Aokppg Aoy, biyy,

T = ;Mg = s Ty = ;

7 Mmc e Mmes ’ Cs
Aoh Aoh;
— o'tw d — o’ 27

Ty Myce an Ty Mo ( )

For the purpose of obtaining an analytical solution, (23)
and (24) are expressed in the compact form

de

d_Z:gllpJng(ﬂ (28)
dy

d7:g3¢+g4¢ (29)
where the coefficients are given by:

g =m(m+sm6); & = ma(m3 — 1)

gy =m and g4 = —m(my + 7576 + 76) (30)

The solution of (28) and (29) are obtained using the Laplace
Transformation technique. The final forms of the solutions
are as follows

0(Z) = a1 + a,e™? (31)
and Y(Z) = be"? + be®? (32)

where the roots of the characteristic equation are

o, 00 = 0.5(g, +g4) £0.5[(g> +g4)2 —4(g284 — g1g3)]1/2

(33)
The coefficients are given by:
a = (/)0(“1 B g4) + lpogl (34)
o — 0
a = q)o(az - g4) + lpogl (35)
0y — 0
bl _ l//0(061 - g2) + P83 (36)
o — 0
by = l/JO(OCZ - g2) + ¢.83 (37>
Oy — 01

where ¢, and y, are the values at Z = 0. From Eqs. (17)
and (22) it follows that

Yo=1 and ¢, =—0c, (38)

where 0., is the coolant exit temperature.
2.2. Effectiveness of absorber

The absorber is essentially a mass and heat transfer
device. Therefore it is useful to characterize its performance
using the concept of a mass transfer effectiveness and a heat
transfer effectiveness. For a counter-flow arrangement the

maximum mass absorption rate will occur in an ideal
device where the solution is cooled to the inlet temperature
of the coolant. The solution concentration will then attain
the equilibrium concentration corresponding to the coolant
inlet temperature. Because the solution is cooled to the inlet
temperature of the coolant, the heat transfer to the coolant
under these conditions may be assumed the maximum.
Patnaik and Perez-Blanco [10] used the same definition
for the effectiveness in their simplified model.

2.2.1. Mass transfer effectiveness

Since the proposed effectiveness is to be based on the
foregoing simplified model all quantities needed for the
evaluation of the effectiveness are obtained using the appro-
priate equations of the model.

The total mass absorption rate is obtained by rearrang-
ing Eq. (14) in the form

dMS Mgm dwsb
F7 R (71) A (39)

The mass absorption rate is found by integrating (39) from
inlet to outlet of the absorber

]\42 Msmd)%b chw
A — — [ Zsm _ _ _ P smPsbex AW 4
mq ( 1 )(wsvex Ws.0) . (40)

When the mass absorption rate is a maximum, solution at
exit of the absorber is saturated at the inlet coolant temper-
ature. Then the dimensionless concentration at exit is

((1 —+ chi) — W

= =1— 04 41
¢sb,ex Aw 90 ( )

Substituting in (40) the maximum rate of mass absorption
is

Mg (1 —

Tig

HCi)Aw

A7ns,max = -

(42)

Using (40) and (42), the mass transfer effectiveness can be
written as

Amy - Dex
fm = A”"s,max N (1 - Hci) (43)
From Eq. (22) it follows that, in general
¢sb4ex = (1 - HCi) - ((Pex + lpe:x) (44)
and Bsb,ex = Hci + Dex (45)

Substituting in (43) from (44)

1 _ (q)ex + l/jex)
e&m =1 7(1 ~0a)

From Egs. (41) and (44) when the maximum absorption
rate occurs, (@ex + Yex) =0 and from Eq. (46), ¢, — 1.
The variables @ and Y., are the driving potentials for heat
transfer and mass transfer at the exit of the absorber. As
seen from (46) the effectiveness increases as these potentials
at the exit decrease and eventually approaches unity as the
potentials approach zero for the ideal absorber.

(46)
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Substituting from Egs. (31) and (32) in Eq. (46)
(b] + al)eal + (bz + az)e“Z
(1 —6q)

Substituting for the coefficients from Egs. (34)—(37) the fi-
nal form of the mass transfer effectiveness becomes

(1= 0co) (€™ —e™) + (g — g2 — Oco (g3 — 84)] (e —€™)

em=1-— (47)

em=1—

(1 — OCi)(OCI — 062)

(48)
The coefficients in Eq. (48) are in terms of the coolant tem-
perature at the entrance, Z = 0. Being a counter-flow absor-
ber the coolant temperature is known only at the exit of the
absorber. The relation between the inlet and out coolant
temperatures is obtained by integrating (19). Therefore

1 1
0(:0 - Oci = 7'[2/ (de = 7[37"[2/ (aleulz _|_azeoczZ) dZ
0 0
(49)

On simplification of Eq. (49) after substituting for the coef-
ficients from Egs. (34) and (35) the exit coolant tempera-
ture becomes

Oco =

OCiOhOCQ(O(l — O(z) + 7I37E2g1(062€11 — OC]C“Z) =+ T34 (OC] — 062)

The actual heat transfer is given by
Qact = mccc(gco - HCI)AT

(n5ﬂ:6 + TC4) ¢sb.ex

- 0 ex
6 sb, (55)

= mecATT3

When the maximum heat transfer rate occurs,
st,ex = Qci (l’)sb,ex =1- 061 (56)

The maximum heat transfer rate is given by

and from Eq. (22)

Qmax - mccc(ecm - 0c1)AT
= oA T [T £ = 0a) (57)
Ttg
Substituting in Eq. (51)
_ (TE5TE6 + n4)¢sbAex - 7[6Hsb4ex (58)

= (516 + 1) (1 — 0) — 7604
Substituting from Eq. (56) for ¢gpex and Ogp ex

(ﬂ:5n6 + n4)((pex + l//ex) + 6 Pex
= 1 —
o (msms + 74) (1 — Oci) — 760 (59)

o opo (o — o) + Mmoo (€% — 2) — myTMagy(0ne™ — aje®) — mymagy (o — o)

The mass transfer effectiveness is evaluated by first comput-
ing the exit coolant temperature using Eq. (50) and substi-
tuting the resulting value in Eq. (48).

2.2.2. Heat transfer effectiveness

The heat transfer effectiveness is defined as
Qact mCCC(eco - eci)

B Qmax B meCe (ecm - Qci)

where 0., is the dimensionless coolant outlet temperature

when outlet solution temperature is equal to the coolant

inlet temperature. The expression Eq. (51) for the heat

transfer effectiveness is evaluated by combining Egs. (1),

(4) and (14) to give the differential form

mece \ dT.  dTy, N lys N ewM\ (M2 dox,
Mges) dA dd  \Myme,  eM? ) \ My ) d4
(52)

When expressed in terms of the dimensionless variables Eq.
(52) becomes

d@c — d@sb _ 7'[3(71?57'[6 + 7'64) dd)sb
dz ~ 7 dz 7 dz

Integrating Eq. (53) from inlet to the exit of the absorber
and noting that at Z =0, 04(0) = ¢4,(0) =0

(53)

37576 + Ta) Pyp ex

Te

Hci - gco = 7'1:305b,ex - (54)

It is seen from Eq. (59) that as in the case of &, ¢, increases
as the driving potentials ¢, and V., at the absorber exit de-
creases and eventually approaches unity when the poten-
tials approach zero for the ideal absorber.

Substituting from Egs. (44) and (45) for the ¢ and
the effectiveness becomes

(576 + 74) [(ar + by )e™ + (az + by)e™] + mg(a e + are™)
(1576 +7a) (1 — 0ci) — w60

en=1-—
(60)

The heat transfer effectiveness is evaluated by substituting
in Eq. (60) for the coefficients from Eqgs. (34)—(37) and
0., from Eq. (50).

2.2.3. Turbulent falling film model

One of the objectives of the present study is to extend
the application of the simplified model to the turbulent
flow regime of the falling film. Therefore a turbulent heat
and mass transfer model similar in all respects to that pre-
sented by Yuksel and Schlunder [7] was developed for com-
parison with the simplified model. The main equations of
the turbulent and the solution procedure are summarized
in the Appendix. For the sake of brevity, the reader is
referred to the paper by Yuksel and Schlunder [7] for
additional details of the formulation and computational
procedures.
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2.2.4. Heat and mass transfer correlations

The use of the simplified model and the computation of
the effectiveness require the relevant heat and mass transfer
coefficients which has to be extracted from experimental
data. The published experimental data of Miller [23] was
selected for this purpose due to the availability of all
required information in tabular form. The experiments were
carried out with water cooled vertical tube absorber of outer
diameter 0.019 m and effective length 1.52 m. Details of the
experimental procedure and data analysis are also available
in Miller and Keyhani [17].

The values of Uy, and ks were obtained for each test run
by substituting the inlet and outlet conditions in Eqgs. (31)
and (32) and solving the resulting non-linear equations.
An optimization routine that minimizes the sum of the
error-square between the predicted and measured changes
in coolant temperature, solution temperature and concen-
tration across the absorber was found to be the most conve-
nient and accurate procedure to extract the values U, and
ker. When the original experimental data has been appropri-
ately conditioned, as was done by Miller [23], to ensure
exact energy and mass balance, the solution converges rap-
idly to yield unique values for Uy and k.. The heat transfer
coeflicient from the bulk fluid to the tube wall /; is obtained
by substituting for 4,, and the tube wall resistance in Eq. (2).
The former was computed using the correlations give by
Miller [23]. The resulting values of 4; are correlated using
a relation of the form Nu; = cRe"Pr’™.

The separation of the individual transfer coefficients /4,
and k., from the extracted values of k.rinvolves some uncer-
tainty. In the present work, the heat and mass transfer pro-
cesses from the interface to the bulk fluid are assumed to
satisfy the heat and mass transfer analogy. This was demon-
strated experimentally by Yuksel and Schlunder [8] for tur-
bulent film flow by measuring the interface temperature of
the film. Therefore as a first attempt at obtaining a correla-
tion the following relations are assumed.

Nu, = cRe"P"™  and  Shy, = cRe"Sc™ (61)
From Eq. (61) it follows that

ho _

2 = ¢pLe'™™ (62)
ki

Substituting the above relation in Eq. (12)

ke = keg[1 + (ianb/cs)Le™ V)] (63)

where Le is the Lewis number and the ratio (cy/biyp) is the
Jakob number.

The results of applying these correlations to the experi-
mental data of Miller [23] will be discussed in the next
section.

3. Results and discussion
The temperature and concentration distributions pre-

dicted by the turbulent model and the simplified model
with Uy and k. values obtained from the former are shown

0.625

S o0615] Solution bulk
-
5
c
S
2 0.605
£
§ Interface
S 0.595- ~
0.585 ‘ | | |
0 0.2 0.4 0.6 0.8 1

Nondimensional area, Z=A/A,

Fig. 3. Concentration distribution within absorber. Graphs: (——)
Turbulent model, (------ ) simplified model.

in Figs. 2 and 3. There is, in general, good agreement
between the predictions of the simplified linear model
and the turbulent model with only a small deviation in
the interface concentration. This is presumably, due to
the linearised mass transfer driving potential used in the
simplified model in contrast to the non-linear interface
boundary condition Eq. (A.27) used in the turbulent
model. From these comparisons it can be concluded that
the simplified model with appropriate heat and mass trans-
fer coefficients may be used to model absorbers with turbu-
lent film flow. Similar conclusion was reached by Raisul
et al. [21] using laminar film flow conditions in counter flow
absorbers.

3.1. Effectiveness of the absorber

The mass transfer effectiveness ¢, and the heat transfer
effectiveness ¢, are convenient performance parameters
that may be used in design. However, it evident from
Egs. (48) and (60) that ¢, and ¢, depend on seven dimen-
sionless quantities 7, to wg and 6. A sensitivity study was
carried out to identify the parameters on which the effec-
tiveness depends strongly. The data in Table 1 shows that
both ¢, and ¢, are relatively insensitive to changes in n4 to

Table 1
Effect of dimensionless operating variables on effectiveness
Parameters varied Range &m &
bivs 6.0 0.32 0.36
T = ( P ) 7.0 0.30 0.33
be, -2.0 0.32 0.37
s = (?) -1.0 0.31 0.35
M, 0.57 0.30 0.34
o = <Msm> 0.64 0.33 0.37
Toin — Tso -32.0 0.32 0.35
Ovin =7 0.15 0.3 0.31

Design variables n; = 1.5, n, = 15.0, 73 = 0.15.
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ne and O in the general range of values of these parame-
ters applicable to practical absorbers. It is noteworthy
that g is essentially the average concentration of the solu-
tion and 0 is dimensionless coolant inlet temperature
which is a function of the inlet solution temperature and
concentration and the inlet coolant temperature. More-
over, these are all operating conditions of the absorber.
The parameters 74 and 75 are dependent on the properties
of the solution while the value of b varies with the absor-
ber pressure. The effectiveness does not vary markedly
with the changes in these parameters as seen from the
data in Table 1.

In the case of traditional heat exchanger analysis the
expressions for the effectiveness are completely indepen-
dent of the operating temperatures of the two fluids. How-
ever, for absorbers the respective expressions (48) and (60)
for &, and &, appear to depend explicitly on the operating
conditions. Nevertheless, the relative insensitivity of &, and
&, to the operating conditions of the absorber in the range
of values encountered in practice makes the effectiveness
an acceptable performance parameter for the design of
absorbers.

As anticipated, the main dimensionless design variables
on which the effectiveness depends are n;, m, and m3. It is
seen that n; and 7, are the number of transfer units
(NTU) for mass and heat transfer respectively and n3 is
the capacity ratio. The variation of the effectiveness with
these important design parameters is shown in Figs. 4-7
where the general trend of the curves is similar to that
for counter-flow heat exchangers. Although the plots are
useful to depict the trends, the values of the effectiveness
are easily computed using analytical expressions (48),
(50) and (60). It is interesting to note that the maximum
mass and heat transfer rates given by expressions (42)
and (57) respectively depend on the fluid flow rates, the
fluid properties and the operating conditions as in the case
of a conventional heat exchanger. Therefore these quanti-
ties could be calculated readily and multiplied by the
respective effectiveness to obtain the actual mass and heat
transfer rates.

Mass transfer effectiveness

0 2 4 6 8 10
Dimensionless variable, 7| = A,k 0P /M,

Fig. 4. Variation of mass transfer effectiveness with =, for different values
of ).
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Fig. 5. Variation of heat transfer effectiveness with n; for different values
of T,
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Fig. 6. Variation of mass transfer effectiveness with =, for different values
of 3.

Heat transfer effectiveness

0 2 4 6 8 10
Dimensionless variable, 77 = A,k s P/M,,

Fig. 7. Variation of heat transfer effectiveness with n; for different values
of 3.

3.2. Heat and mass transfer correlations

The 26 data sets tabulated by Miller [23] covered a pres-
sure range of 1.17-1.52 kPa, a LiBr-solution flow rate of
0.25-0.42kgm 's™!' and a coolant inlet temperature of
about 35 °C. The heat and mass transfer coefficients were
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extracted from the test data using the procedure described
in Section 2 above. The heat transfer coefficient /; from the
bulk solution to the tube wall was on the average about
1050 Wm 2 K~ and it varied only about 10% for all the
runs. The flow regimes for the test runs have been identified
as wavy-laminar to wavy-transition with a submerged layer
underneath the wavy surface. The relative insensitivity of 4;
to the experimental conditions may be due to the presence
of this submerged layer.

In contrast, the effective mass transfer coefficient, k. was
found to vary about 50% between the various test runs. ker
was decomposed in to the respective mass and heat transfer
coefficients k., and A, using Egs. (62) and (63) with an expo-
nent of 0.4-0.5 for the Schmidt and Prandtl numbers as
obtained experimentally by Yuksel and Schlunder [8]. The
value of h, thus calculated varied from about 1650 to
3050 Wm > K~! while the range of k,, was from about
41x10°t07.7%x 107> ms~'. Extensive exploratory efforts
showed that the relations (61) was not adequate to correlate
the data for &, and k,, in a satisfactory manner. Therefore
additional dimensionless groups like the Kapitza number
had to be introduced. The extracted value of k. showed
marked sensitivity to the parameter » in the equilibrium
relation (8). For instance, when all other input data are held
constant, a change of 2% in the value of a resulted in a
change of about 25% in the value of k.. For a 2% change
in the value of b the corresponding change in k. is about
20%. This is because the driving potential for mass transfer,
 depends markedly on the values of @ and b, which in turn
are dependent on the absorber pressure as seen from Eq. (9).

It was therefore decided to introduce the pressure param-
eter, P—F; directly to the final form of the correlation for both
the Sherwood and Nusselt numbers. Yang and Jou [24] cor-
related their heat and mass transfer data for wavy film
absorption using a similar pressure ratio. The exponent in
their case was about 1.5 to 1.7 while the exponent in the
present study is about 1.3. The correlations thus obtained
are given in Table 2 with range of the different dimension-
less variables. A comparison of the experimentally extracted
values with those predicted by the correlations is shown in
Figs. 8-10. The root-mean-deviation for Nu; is 4.2% while
for Nu, and Shy, it is about 9.2%. Although the range of
application of the correlations obtained is limited by the
experimental data considered in the present work, the
results obtained has demonstrated the feasibility of using
the simplified model for the analysis and correlation of
experimental data on absorbers.

Table 2
Heat and mass transfer correlations

Correlations
Nu: = 0.138 Re—().lSZPr().SSI
Nuty = 1.064 x 1073 Re "% P04 Jo*SKa*S(P/P, )"
Shym = 1.064 x 1072 Re™ % S04 14" Ka"4(P/P,)"

Range
Re = 50-95; Sc = 18002200
Pr=20-23; Ja =4-6; Ka = 550-650

Fig. 8.

Fig. 9.
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4. Conclusion

Overall heat and mass transfer coefficients obtained
from a turbulent film flow model were used in a simplified
model to predict the distributions of the fluid temperatures
and concentrations in the absorber. These were in good
agreement with the corresponding distributions produced
by the turbulent model thus lending credence to the simpli-
fied model. A heat transfer effectiveness and a mass transfer
effectiveness for the absorber was formulated by extending
the simplified model. The effectiveness was relatively insen-
sitive to variations of the operating conditions of the absorber
in the range encountered in practice. As in heat exchangers,
the effectiveness of the absorber was mainly dependent on
the mass and heat transfer-NTU and the capacity ratio
of the fluids. Heat and mass transfer correlations were
developed for the pertinent heat and mass transfer coeffi-
cients that are needed as input for computations with the
simplified model and the absorber effectiveness.

Appendix A. Turbulent model for falling film

In the physical model shown schematically in Fig. 1, a
thin film of strong LiBr-solution flows down over a vertical
flat plate. The film is in contact with stagnant water vapor
at constant pressure.

The following assumptions are made in developing the
turbulent numerical model:

1. Eddy transport coefficients added to the molecular diffu-
sivities for momentum, thermal and mass adequately
account for the turbulent transport and any waviness
of the falling film.

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

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

4. No shear forces are exerted on the liquid by the vapor
and the pressure gradients are negligible.

5. The thermo-physical properties of the falling film are
constant.

Subject to the above assumptions, the species transport
equation for LiBr with diffusion only in the Y direction and
convection due to mass-average motion of the mixture
along X and Y directions is

Owy dwy 0 Gws} (A1)

Uﬁ”W:ﬁ[(’”DﬁW

The various symbols are defined in the section under
Nomenclature.
Similarly, the energy equation gives

o, , O _ & - )%
ox oy oy |\ Ty

U

The continuity equation gives

U, v _
X oY

The momentum transport equation can be written as

0 oU
Y% [(v+vt)ﬁ} +g=0

The energy conservation equation for the counter-flow
coolant is
dT

n’lcccaC = _hc(Tw - Tc)
The mass flow rate of the coolant is suitably normalized to
the area of heat flow from the film to the coolant across the
separating wall.

The above governing equations are cast in the dimen-
sionless form using the following dimensionless variables

0 (A.3)

(A4)

(A.5)

X Y Q_T—TS70
X 57 y 57 AT I
W — s, U vV
d)_ Ao ) _U_m’ U_Uma
md .
Re=Ym p_V p 2 p_Un (A-6)
v o ol g
v Ve
Sc _Ba Scy _E; AT = Te(wso> Tso,

Ao = 0(Ts0) — s

The conservation equations of species, energy and momen-
tum Egs. (A.1), (A.2) and (A.4) can be expressed in the fol-
lowing dimensionless form

”aaqj: + ”aaqis - RelSc % Kl - %) aaq;s} (A7)
R e (I N
%%[(1+%)2—;]+10 (A.9)
The energy equation of the coolant becomes

CLXQC =— ( n’;f) (0w — 0.) (A.10)

A.1. Stream-wise mean velocity and relationship for Fr/Re

Integrating the momentum Eq. (A.9) and applying the
condition that the shear interface is zero gives the stream
wise velocity gradient as

du  Re(l—y)

i d S /A A.ll
dy Fr(l+0v/v) ( )
The mean velocity is given by
5
Und :/ udy (A.12)
0
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Eq. (A.12) can be integrated by parts to obtain

d dU
Und = U(8)6 — /0 (d_Y) ydy

Substituting the dimensional form of Eq. (A.11) for the two
terms on the RHS of Eq. (A.13) and rearranging the result-
ing equation the following expression is obtained for the
mean velocity

_ [ ey
Umé—/0 0+ 0/0) dy

The dimensionless form of Eq. (A.14) gives the relation be-
tween Re and Fr as

F (' (1-y)’dy
E_/O (14 v,/v)

(A.13)

(A.14)

(A.15)

A.2. Transverse velocity distribution

The transverse velocity distribution is obtained by inte-
grating the continuity Eq. (A.3).

oU  ouUn) 0U, Ou
Ou Ou Oy oul| Y| do
B mAay,  Ymix Ay - YmAxD | T | 3v A.17
u Ungx = Ungyax ay{ 52]@( (A-17)
ou oUn yU,, dé Ou
Therefore, -l s dx 3 (A.18)
From Egs. (A.3) and (A.18) it follows that
v _ 4o u_ uo OUn (A.19)

Two additional relations are useful in the integration of Eq.
(A.19) to compute the velocity distribution. These are
obtained by applying overall mass conservation across a
section of the film.

dr
I = pSUm5 and Myps = d7 (AZO)
Substituting from Eq. (A.20) in Eq. (A.19)
ov Oul dé  mysou
r_ 2 22 kst A2l
dy {“ Y ay} & T (A-21)

Integrating Eq. (A.21) and applying the condition that
v =0 at y = 0 the velocity distribution is obtained as

v= ﬁ— Mabs0 /yud
WdX i A Ly

The detailed manner in which Eq. (A.22) is used in the
numerical computation is explained in a later section.

(A.22)

A.3. Eddy transport coefficients

The various eddy transport coefficients to be used for
falling films was investigated in detail by Yuksel and

Schlunder [7] who compared the accuracy of the different
models available in the literature.

(1) Near wall region (0 <y <0.6)
The following expression [7] is used for the near wall

region
oo _1[ (yRe)? 3
0—2( 1+{1+0.64—Fr (1—y)
, Y12
JRe 2
x[1— — A.23
| p(ﬁ)]f} ) A2
where
f =exp(—3.33y) and a=25.1 (A.24)

(i1) Core region (0.6 < y < )
In the core region the value of ** is assumes to be the
same as the value at y =0.6 obtained from Eq.
(A.23).

(iii) Surface region (y, <y < 1)
Near the surface for Re <400, the expression [7] is

% = 0.0158Re(1 — y)? (A.25)

For Re > 400 the near surface value is computed
using the expression [7]

We
Ka4/3

Ut

2=831x107"
)]

(4Re)™ (1 — y)? (A.26)

where n = 69502,

The boundary of the surface region, y; is obtained by
equating the RHS of Eqgs. (A.25) or (A.26) to the value
of ® in the core region.

Following Yuksel and Schlunder [7], the turbulent Pra-
ndtl number is assumed constant over the film and equal to
0.9. The turbulent Schmidt number assumed to be equal to
the turbulent Prandtl number.

A.4. Boundary conditions and heat and mass transfer
coefficients

The boundary conditions are as follows:

At the interface, Y =10
The mass flux is given by

pD dwy

abs = A2
M o Y (A.27)
The heat flux is given by

) dT.
9abs = Mabslab = ks d_YS (A28)

The vapor-liquid interface is assumed to at equilibrium cor-
responding to the pressure of the system. Assuming the
equilibrium condition to be linear [3]

i =a+ bTy (A29)
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where the constants @ and b depend on the pressure of the
system.

At the wall, Y=0

dog
Tu(X) =T,(X.0), —7=0 and
ar,
kSW - hc(Ts(O) - Tc) (A'30)

The entry conditions for the falling-film and counter-flow-
coolant are:

At X=0, T,0,Y)=Ts, and (0,Y)=ws,
At X=L, T.=T,

(A.31)
(A.32)

The dimensionless forms of the boundary conditions are as
follows:
do, Maps (A i + 50)

At =1 =
y=50 dy p.DAw

(A.33)

des _ 7’;'labsiab5
dy kAT

The interface equilibrium condition Eq. (A.29) becomes

(A.34)

¢y =1 — 0Oy (A.35)
At y=0, 0,(x)=0x,0), do, _ 0 and
dy

do h.o

° = [ == (6,(0) — 0, A.36
= ()0 -0 (A36)
The entry conditions Eqgs. (A.31) and (A.32) become
At x=0, 0,0,y)=0 and (0,y)=0 (A.37)
At x :%, 0. = Oco (A.38)

The present numerical model will be used to extract the
heat and mass transfer coefficients from the interface to
the bulk liquid %, and k,,, respectively and the heat transfer
coefficient from the bulk liquid to the wall /;. These trans-
fer coefficients are used in the development of the simplified
model outlined in Section 2.

A.5. Computational procedure

The thickness of the falling film increases due to the
absorption of vapor at the interface. The variation of the
film thickness is taken account by using the coordinate
transformation used by Choudhary et al. [5]. Using the
staggered grid with denser mesh at the interface region,
an upwind scheme is adopted to solve the species and
energy transport Egs. (A.7) and (A.8). Numerical accuracy
for the mass fluxes and temperatures are set at 5 x 10~% and
10~ respectively.
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