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Abstract

This paper deals with the method to calculate heat and mass transfer coefficients of falling film absorption process
over vertical tube or plate type surface employed in absorption refrigeration system. The conventional log mean tem-
perature/concentration difference method is criticized for lack of physical rationality, and for incorrect results from the
calculation. A new method based on a simplified model is proposed and demonstrated by numerical simulations and

comparison analysis.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Absorption refrigeration has been widely used in air-
conditioning and refrigeration systems. Recently, much
attention has been paid to a vertical-tube or plate-type
absorber in order to make the system much more com-
pact [1-3]. In absorber, as is schematically shown in
Fig. 1, vapor refrigerant is absorbed into thin liquid
solution film. The latent heat of vapor by the absorption
is transferred from the bulk solution into the coolant
through a tubular or plate surface. In the coupled heat
and mass transfer process, how to reasonably define
and calculate heat and mass transfer coefficients using
available experimental data is still disputable. The con-
ventional method of calculating coefficients is usually
based on the temperature and the concentration values
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of solution measured at the inlet and outlet sides of
the absorber. Due to the large variation of selection
of driving force, the two calculated coefficients have
obvious difference even for same experimental data, as
mentioned by Islam et al. [4]. An example of the conven-
tional method is using the log mean temperature/concen-
tration difference, Eq. (1), such as given by Kang et al.

[5]-

0.
o = AT (1a)

AM
ﬁ:mlmx (1b)

while Q. and AMj are the heat transferred from the solu-
tion to the coolant and the mass of the vapor refrigerant
absorbed into the solution per unit width of the heat
transfer surface, respectively; / is the length of the absor-
ber; and Ay, T and Ay, X are log mean temperature and
concentration differences, respectively. The log mean
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Nomenclature

specific heat capacity under constant pres-
sure, kJ kg7' K!

specific enthalpy, kJ kg~!

length of the heat transfer surface, m
latent heat, J/kg

mass flow rate per unit width, kgs™' m™!
pressure, kPa

heat transferred per unit width, W m™
film Reynolds number, —
temperature, K

x-coordinate along the heat transfer surface,

O

1

=TNIQvEHT S

X mass concentration of refrigerant in the
solution, —

Greek symbols

o heat transfer coefficient, Wm 2K~}
p mass transfer coefficient, kg m 25!
Subscripts

c coolant

s solution

% vapor phase

* non-dimensional

difference method is one of the most commonly used
methods probably due to its simplicity. It is, however,
merely a subjective analogy of the complex heat and
mass transfer process to a heat exchanger model with
two working fluids. Its theoretical background and accu-
racy are still doubtful and need further exploration. This
paper, mainly targeting a vertical tube or plate-type ab-
sorber, will analyze the different methods of calculating
the coeflicients and reveal the defects of conventional
methods. Lastly, a new method will be proposed based
on a simplified model.

2. Falling film absorption

In this section, the traditional model of simple heat
exchanger with two working fluids will be retrieved
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Fig. 1. Schematic of an absorber.

firstly, and then its extension to the absorber model will
be given.

2.1. Simple heat exchanger model with two working fluids

The log mean temperature difference method for a
heat exchanger with two working fluids is widely avail-
able in many textbooks, such as [6]. Referring to Fig.
2 and assuming constant specific heat and mass flow rate
of the two involved fluids, the temperature distribution
along the heat transfer surface may be described by
the differential equation, Eq. (2).

o o

dfr,] [ MmcC, MmcC, |[1.] [T,
w2 e [n]-aln] o

M.Cp, McC),

The vector variable [T, T.]" can be decomposed into
two eigenspace of the coefficient matrix A. Letting e;
(i =1,2) be eigenvectors of A, Eq. (2) can be written as
Eq. (3).

T
Tc = S51€; +Szez (3)

Each component s; in Eq. (3) is independent of each
other and satisfies Eq. (4) and (5).
dS,‘

a = /:S; (i = laz) (4)

x= x x+dx x=1

Fig. 2. Heat transfer model for a simple counter current heat
exchanger.
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where /; (i = 1,2) are eigenvalues of the matrix A. Using
the boundary condition at x = 0 and /, the integration of
Eq. (5) gives Eq. (6).
0 = MG, (T(0) — T(1))

= M.C, (Te(0) — Te(1)) (6a)

—(7.(0) - Tcu»}} (6b)

Eq. (6a) is the heat conservation and Eq. (6b) ex-
presses the heat transfer rate. From Eq. (6b), the heat
transfer coefficient « can be solved explicitly.

_ 9
re lAlmT (7)

while Ay, T is the log mean temperature difference given

by Eq. (8).

p g = L) = T0) ~ (1(0) — 70} .
In (m/)—ml))

T5(0)=Tc(0)

It is known from Eq. (8) that, for a simple heat ex-
changer, the control equation may be easily integrated
by decomposing the state variable [T, 7.]" into the
eigenspaces of the equation, and the log mean tempera-
ture difference expression is thus obtained.

2.2. Adiabatic film absorption

For adiabatic absorption process, as illustrated in
Fig. 3, a log mean difference is approximately valid.
Egs. (9)-(11) may describe the physical model of the adi-
abatic absorption.

x=0 sliliiiiils

Liquid absorbent
film flow (M)

x+dx f----memememem

Adiabatic wall ‘Waiterivapor

x=l

Fig. 3. Absorption model for an adiabatic absorber.

dM, = B{P, — P(X,T)}dx 9)
L
4T, = 7M. (10)
1—Xx
dX ===, (11)

Eq. (9) assumes that the absorption rate from the
vapor refrigerant into the solution is proportional to
the pressure difference. Eqgs. (10) and (11) are heat and
mass conservation, respectively. The equilibrium pres-
sure of the solution is defined as the saturated vapor
pressure of the solution at the concentration X and
the temperature 7, and may be Taylor-expanded as
Eq. (12).

oP oP
P(X7T)_PV+§(X—XV)+5(T—TV) (12)
while X, and T, can be chosen arbitrarily at a certain
state while the corresponding saturated vapor pressure
is P,. Allowing X — X, and T — T, to be referred as X
and T again, respectively, Eqgs. (9)—(12) can be trans-
formed into a matrix form as Eq. (13).

oP oP
i X iy —ﬂxa —ﬂxﬁ X :AX
dx | T _op  OP||T T
"IT@X rlT@X

(13)
while parameters in Eq. (13) are defined by Eq. (14).

C1-x X)) - X,(0) L
Ny = ]‘4S - AMS 9 Nr = MSCpS
_ () — 75(0)
= AM. (14)

By the same way as used in the previous section, the
state variable may be decomposed into the eigenspace of
A, which has an eigenvalue and its component as Eq.

(15).

, oP oP
i=—p Uxa_X+7ITa_T

= _A]/\))/Is {(X(l) —X(O))STIE-F (Ts(1) — TS(O))Z_;}
_op, 0P,
S—& +ﬁ

(15)

The component s in Eq. (15) obeys also Eq. (5) and
has an integration.

<2—§X(Z) +2—}T)T(1)>
~ (5px @+ 5770 )exp |- h-f v - xon gE
OB ORAY (16
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Consequently, the total mass absorbed into the solu-
tion AM; is expressed by Eq. (17).

_ AX() - X(0)F+ (T(1) -~ T(0) &
AM, = ﬁlln (EX()+2ZT1(1)/(LX(0) +L7(0))

= BIAWP (17)

while AP(x) = P, — P(X(x), T(x)). Eq. (17), identical to
Eq. (1b), shows the final form of the mass transfer.

2.3. Falling film absorber

In this section, an absorption process as displayed in
Fig. 1 is discussed. The heat balance at an infinitesimal
domain in the solution is assumed to be

Ohy Ohy
LdMS:MS&dX—i-Msa—TSdTS—i-dQC (18)

For the mass balance in the solution, Eq. (11) is used
again here. The heat balance in the coolant is given by
Eq. (19).

M.C, dT. = —dQ, (19)

Here, the mass flux is assumed to be in proportion to
the chemical potential difference between the solution
and the vapor refrigerant. So the mass transfer equation
is expressed as Eq. (20).

dM, = B{InP, — In Py(X, T,) }dx (20)

Applying Taylor expansion to the term of In Pg, we
have Eq. (21).

InPy(X,Ty) = InP(Xy, Te) + Oln P, X — X))
Oln P
+6—TS(T5_Tc2) (21)

The mass transfer rate equation can be rewritten as
Eq. (22).

Oln P,
()¢

Oln P,
0T

dMs:ﬁ{AlnP— (X —X,)— (TS—Tcz)}dx

(22)

while Aln P stands for In P, — In P(X}, Ty,). Eq. (23) is
heat transfer from solution to coolant.

dQ = o(Ts — T.)dx (23)
By introducing non-dimensional variables, Eq. (11)

and Eq. (18)—(23) yield the governing equation like Eq.
(24).

d T
Zrdx dre dr
dx*[ N c]
o Hy * T
=i (1-f)s o]
A e G L
0 —o *
o
< | 1 (24)
L T¢

while H; = (44X1)/(M.C, AT) is non-dimensional
latent heat,

Hr = (M %AT>/(MCCI,CAT) is non-dimensional

S 0T

specific heat capacity,

Hy = (M;%AX)/(M.C, AT) is non-dimensional
heat of dilution,
of = ol Mclcp_ is non-dimensional heat transfer

. MGy
coefficient,
« L  A(lnP) - : :
of = Bl WG AT 18 non-dimensional mass transfer
. McCp,
coeflicient.

T = (T~ To)/AT X' = (X —X))/AX (25)

The non-dimensional variables of 7 and X are
defined by Eq. (25). AT and AX are scaling factors for
temperature and concentration respectively whose defi-
nitions are given in Fig. 4. The term of A(In P)/AT in
the mass transfer coefficient converts the pressure-based
coefficient into temperature scale. Fig. 4 illustrates a
schematic of the absorption process on X-T chart. If
the solution in the absorber is at point A, the driving
force for the absorption can be expressed by the length
of segment AC in temperature scale. On the other hand,
the driving force for the heat transfer corresponds to the

¥ N Coolant
sat “
N
N InPv=const.
Absorbent
AX
D, € S AL I
T
N
X O |
! D Te T NI
AT 4
T[rz Tsar

Fig. 4. Schematics of absorption process on 7-X chart.



L Fujita, E. Hihara | International Journal of Heat and Mass Transfer 48 (2005) 2779-2786 2783

segment AB. If the heat generation by the absorption
and the heat transfer to the coolant are balanced, the
ratio of o to « is obtained by the schematic relation
of BAIAC = 1/« : 1 /o in non-dimensional form. The
heat and mass transfer coefficients from the experimen-
tal data determine «, and o, and thus the integration
of the governing Eq. (24) satisfies the two point bound-
ary conditions measured at the inlet and outlet.
Although an explicit integration of (24) may be possible,
it requires tedious calculation, and thus numerical calcu-
lation or some approximation is more practical. A finite
difference method or a shooting method is suitable for
the numerical. In this study, the latter method, including
Runge-Kutta method for integrating and Simplex meth-
od [7] for fitting boundary conditions, is used for the
calculation of typical experimental data obtained by
the authors. Fig. 5 gives the non-dimensional tempera-
ture and concentration profiles in the absorber. From
Fig. 5a, it may be noted that the temperature of the
solution changes much more drastically than other
properties.

2.4. Simplified method for calculating heat and mass
transfer coefficients

The heat and mass transfer equations are shown in
Eq. (26) and (27).

dQ, = (T, (x) - T,(x))d (26)

dO, = oo(Ts(x) —
while 7,(x) is the interfacial equilibrium temperature,
calculated using vapor pressure and bulk solution con-
centration, i.e. point C in Fig. 4. For the heat balance
of solution, Eq. (28) is given.

Ohy
)¢

To(x))dx 27)

M, (6hs dT, +

o dX) — dg, — do, (28)

By non-dimensional transformation, Eq. (29) is ob-
tained from Eq. (28).

M§§§§§%¥£§§§§
. 061
&~

< 041 T n

0.1 Coolarit
X N
Absorben

X
0.2

(@) *

d7; f

= (T = T = (TS~ T3) — Nar (29)
ohs, . dx* Oh

v = (o ge) / (5r:0m)

o) = M., Oy, O = MG, e (30)

As shown in Fig. 6 and given in Egs. (31)—(33), a lin-
ear distribution along the flow direction is specially as-
sumed for solution concentration, coolant temperature,
and solution equilibrium temperature, respectively.

X (x") = X*(I)x* (31)
Ti(x) = T:(0)(1 —x') (32)
Ti(x') =1 — X" (1) (33)

By substituting Eqgs. (31)-(33) into Eq. (29) and fur-
ther integrating, Eq. (34) may be obtained.

T = Tiy(x') = (T5(0) = T3y (0) ) exp(—a'x')  (34)

-
A
T./(0) (=1)
7,0) ) 7(1)
% =1-x"(1)
T.(0) o T.(1)
X1
X'(0) (=0) 7.'(1) (=0)
0 o 1

Fig. 6. Simplified model for calculating absorption coefficient
o) and heat transfer coefficient o .

0.2 —
X +T =1

\\\

0 02 04 06 08 1

(b) r

Fig. 5. Temperature and concentration distributions in an absorber on X*/T* — x* chart (a) and 7% — X* chart (b). Experimental
results were fitted to Eq. (24) using Simplex method. The experiment was carried out using a flat surface of 1 m in length inclined in 45°
under the following conditions; X; = 38 wt.%(H,0), Ts; = 60 °C, T, = 30 °C, My =0.4-1.5x 10 ~ ' kg/ms, M, = 5.0x 10 ~ ! kg/ms.
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From Eq. (34), it may be seen that, with o* x* — co
the temperature of the solution 77(x*) approaches to
equilibrium temperature T, as displayed in Eq. (35).
Teq(x ) :”/Tv<x _5) +(1 _"/)Tc(x _§> - o

(35)

while o = o + o}, and y = o /o*. If the heat of dilution
is relatively small or o* is very large, the last term in Eq.
(35) can be neglected, T, is reduced to a simpler
expression.

Applying the boundary conditions, Eq. (34) and (35)
yield an explicit expression of y in Eq. (36).

_AT)-T0 -0}~ (RO -Ti(-2)}e " +2201-e )
(=D =T He ) {n0-H-T(He )
(36)

In order to determine the magnitude of o* the heat
acquired by the coolant is considered in Eq. (37). With
further transformation, Eq. (38) is obtained from Eq.
37.

1) = s | (1) - Tie)ar (37)

T(0) = Hry(1 = 3)a Pl 7) (38)
Nyr l—e™* /. .

it (o -T) )

From Eq. (36) and (38), «* and y can be solved iter-
atively. Moreover, in a particular case while o* is far lar-
ger than unity, the terms 1/a* can be neglected in (36)
and (38), more simplified expressions of o* and y are ob-
tained as given in Egs. (40), (41).

10

Reduced Heat Transfer
Coefficients
T

0.1 | | | |
0 02 0.4 0.6 0.8 1
7,°(0)
() o#=2 y=0.8 (0, *=1.6, 0(*=0.4)

_ -1 _ ()

C S

) -T(1) T-x(1)

vl (40)

_ 7:(0)
(1= {1 -

By multiplying y(1 — ), Eq. (41) may be changed to
Eq. (42).

*

o

(41)

0(*)’(1 77’) :L+L

)

Eq. (42) is analogous to the overall heat transfer
coefficient.

3. Results and discussion

Comparison among involved methods is given in Fig.
7. The calculation was made by firstly assuming certain
o* and y, secondly determining the temperature and con-
centration profiles numerically using (24), and then cal-
culating «* and y again with the conventional model and
the new model. The result by the conventional method
by Eq. (1) is denoted by O, and the result by the new
method is denoted by A in Fig. 7. Another symbol, [J,
represents the result by the conventional arithmeti-
cally-averaged method, as given in Eq. (43).

- 0,
= U0 — To(l) + 1(0) — T2(0))2 (432)
0,
= c 43b
% = T — Toll) + 1:(0) — To(0))/2 (43b)
10 7 ﬂ
5 :
g -
=it
55
2 E
Q -
78 :
'g ]
(5}
[
0.1 ‘
0 0.2 0.4 0.6 0.8 1
7,°(0)
(b) 00%=8 y=0.8(0*=6.4, CL*=1.6)

Fig. 7. Comparison of heat transfer coefficients among various methods in case of total heat transfer coefficient relatively small (a) and
relatively large (b). Symbols in the figure indicate the methods of calculation; (O) is a conventional method using logarithmic mean
temperature difference, () is a method with a mere mean value instead of a logarithmic mean value and (A) is the newly introduced

method by Eq. (36) and (38).
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(a) o*=2.0, }/=O.8

(b) o *=8.0, y=0.8

Fig. 8. Temperature and concentration profile in an absorber in case that the total heat transfer coefficient o* is relatively small (a) and

relatively large (b).

In Fig. 7, two examples are given. One is for rela-
tively small «* in Fig. 7a, another is for relatively large
o* in Fig. 7b. From Fig. 7, the results from the two con-
ventional methods display obvious deviations from the
reasonable values except at the neighborhood of
T; = 0.8. The deviation becomes larger with the increase
of o*. This is caused by the selection of equilibrium
temperatures in the conventional methods. The conven-
tional method hypothetically decomposes the absorp-
tion process into two independent processes: one is the
heat transfer from the solution to the coolant, and the
other is the absorption of refrigerant from the vapor
phase to the solution. Therefore, the conventional meth-
od generally brings wrong results except the condition
when the temperature of the solution changes linearly
in the absorber. There are two cases for this condition,
one is that the inlet temperature 77;(0) coincides with
T;,(0), and the other is the case that o* is very small.
Actually, referring to dashed lines in Fig. 8, the solution
temperature profile tends to be almost linear when 77 (0)

100 --O-- by Eq(l)
| = byEgs. (36)(38)
N by Eq (24)

Reduced Heat Transfer
Coefficients

0.2 0.4 0.6 0.8 1
7,(0)

Fig. 9. Heat transfer coefficients calculated in various ways
using experimental data. Experiments were carried out with
62 wt.% solution without surfactants under the conditions of
Rer =146, P, = 10 Torr ( = 1.33 kPa), T, = 31 °C, M. = 0.5 kg/
ms and /=1.0m.

is greater than 0.8. On the contrary, the new iterative
method introduced in Section 2.4 always gives reason-
able o and o regardless of the variation of 77(0) and
o*. Fig. 9 is an example to show the heat and mass trans-
fer coefficients calculated by different methods. The
numerical calculation and the newly introduced simpli-
fied method give almost same coefficients. Although
the new method also requires an iterative calculation
to solve Eq. (36) and Eq. (38), it is far easier for imple-
ment than the numerical iteration calculation to directly
solve Eq. (24). If o* is large enough, Eq. (40) and Eq.
(41) can give approximate results without iteration.
Additionally, it is important to know the deficiency of
the conventional methods instead of accepting them
without hesitation.

4. Concluding remarks

This paper discussed the methods to calculate heat
and mass transfer coefficients. Compared with the direct
numerical calculation, the defect of the conventional
method using log mean temperature/concentration dif-
ferences was revealed. Under the assumption of linear
distribution of the coolant temperature, solution con-
centration and interfacial equilibrium temperature, a
new simplified method was proposed and has been
demonstrated to present good results by numerical
simulation.
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