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Abstract

A model for a horizontal tube absorber using LiBr/water as the working fluid was developed to predict heat and

mass transfer in falling-film and droplet mode flow. In the analysis the effect of incomplete wetting is considered by

introducing the wetting ratio. To validate the developed model a series of calculations is carried out under the same

conditions as in experiments performed by other investigators. The simulation results for temperature, concentration

variations, and heat and mass transfer rates are presented and compared with these experimental data. The effects of

wetting ratio and solution flow rate on cooling capacity are discussed in detail. � 2002 Elsevier Science Ltd. All rights

reserved.

1. Introduction

In recent years, absorption-cooling has drawn at-

tention as an alternative to vapor compression cooling.

The absorber is the most critical component of an ab-

sorption–cooling machine, and its characteristics have

significant effects on overall system efficiency. The typi-

cal absorber of a conventional LiBr/water absorption–

cooling machine consists of a bundle of horizontal tubes

over which the absorbent solution is sprayed or dis-

tributed with drippers. The solution is introduced onto

the tube as droplets or a sheet impinging on the top of a

tube. After impingement, the solution spreads, flows

around the tube as a film, and forms droplets on the

underside of the tube. This type of falling-film absorber

is used in most of the commercial machines because it

has many advantages such as high heat transfer coef-

ficient and low pressure drop. Theoretical and exper-

imental research in the literature has attempted to

describe the absorption mechanism and to develop op-

timal designs. However, commercial absorbers are still

designed using empirical approaches because absorption

phenomena are dependent on many parameters such as

solution properties, solution flow rate, tube diameter,

tube spacing, and surface wetting, which govern flow

around and between the tubes. Therefore, simple

smooth laminar falling-film models cannot predict ab-

sorber performance well, and it is realized that a reliable

model for optimal design of absorbers will need to ac-

count for many of these factors.

2. Previous work

2.1. Experimental studies

Most of the experimental studies on LiBr/water

horizontal tube absorbers have focused on measuring

heat and mass transfer coefficients at different operating

conditions. Dorokhov and Bochagov [1] suggested a

simple experimental correlation over the entire range of

actually encountered falling-film flow assuming a

smooth, waveless, laminar film. Nomura et al. [2] per-

formed a visualization study on an absorber using laser

holographic interferometry and measured the solution

temperatures on each tube surface and between the

tubes. They found that the flow between tubes was in

droplet mode and that the wetted surface area decreased

gradually from upper to lower tubes. The average
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wetting ratio could be as low as 0.5 in some cases. An-

other important result of their experiment was that the

temperature of the solution between the tubes was

higher than the solution temperature on the upstream

tube surfaces. This indicates that a significant amount of

vapor is also absorbed during the droplet-formation on

the underside of a tube. Hoffman [3] also investigated

heat transfer in a horizontal tube absorber with and

without surfactants. He reported there was no simple

correlation between film heat transfer coefficient and

Reynolds number, which is different from the conclu-

sions of other investigators. He concluded that the heat

transfer coefficients increased with increasing mass flow

and Reynolds number, but no well-defined relationship

was found. He suggested that the influence of droplet-

formation, fall and impingement had to be considered to

obtain more realistic relationship. Wassenaar [4] mea-

sured heat and mass transfer in an absorber with 10

horizontal tubes. He also made visual observations on

the wetted area, the flow pattern between the tubes, and

the number of drainage sites. The film tended to break

up in his experiments and he investigated several poss-

ible wettability criteria. He reported that wetting ratio

is less than 100% if the surface tension gradient ðdr=ddfÞ

Nomenclature

A area ðm2Þ
c1; c2; c3; and c4 constants in Eqs. (3), (36) and

(A.1) (dimensionless)

D diffusivity ðm2=sÞ
d diameter (m)

et roughness of a tube (m)

f friction factor (dimensionless)

g gravitational acceleration ðm=s2Þ
Ga Galileo number ðGa ¼ qr3=l4gÞ

(dimensionless)

h specific enthalpy (J/kg)

hi heat transfer coefficient inside the

tube ðW=m2 KÞ
ho film heat transfer coefficient

ðW=m2 KÞ
K mass transfer coefficient (m/s)

k thermal conductivity (W/m K)

m mass (kg)

_mms mass flow rate per unit length

ð _mms ¼ C=2Þ (kg/m s)
N number of drops per unit tube

length ðN ¼ 1=kÞ (m�1)

n exponent in Eq. (22)

(dimensionless)

Nu Nusselt number (dimensionless)

p pressure (Pa)

Pr Prandtl number ðPr ¼ lcp=kÞ
(dimensionless)

q00 heat flux ðW=m2Þ
r radius (m)

Rei Reynolds number inside a tube

ðRei ¼ q�uudi=lÞ (dimensionless)
Ref film Reynolds number

ðRef ¼ 4 _mms=lÞ (dimensionless)
s distance between tube rows (m)

T temperature (�C)
t time (s)

U overall heat transfer coefficient

ðW=m2 KÞ

u velocity (m/s)

�uu average velocity (m/s)

w width of falling-film flow (m)

WR wetting ratio defined in Eq. (4)

(dimensionless)

x mass fraction of LiBr (%)

y vertical distance from the surface

of a tube (m)

dc concentration boundary layer

thickness (m)

df film thickness (m)

� ratio of concentration boundary

layer thickness-to-film thickness

ðe ¼ dc=dfÞ (dimensionless)
k distance between droplets (m)

l dynamic viscosity (kg/m s)

q density ðkg=m3Þ
r surface tension (N/m)

h angle from the top of a tube (rad)

n capillary length ðn ¼
ffiffiffiffiffiffiffiffiffiffiffi
r=qg

p
Þ (m)

g vertical distance from the liquid/

vapor interface (m)

Subscripts

a attached half-spherical droplet

abs absorption

b core of the film

c coolant

cen center

cri critical

d detached spherical droplet

fall droplet fall

film falling-film

form droplet-formation

i interface, inside of a tube

o outside of a tube

s solution

t top of the film

v vapor

w tube wall
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is less than about 1. He also developed a model

simplifying the absorber to a series of vertical falling

films with mixing conditions in between. Recently, Deng

and Ma [5] reported their experimental results on an

absorber with 24 rows of tubes. They found that the heat

transfer coefficient increased with inlet solution

concentration and suggested a heat transfer relation

including solution concentration as a parameter.

2.2. Analytical/numerical approaches

Most of the previous numerical studies have as-

sumed that heat and mass transfer occur only in falling

films, which are assumed to be laminar and wet the

surface completely. Two studies by Nakoryakov and

Grigoreva [6,7] considered the transfer of both heat and

mass during the absorption of a vapor into a liquid film

down a vertical wall. The authors assumed slug flow in

the falling-film and noted that the temperature profile

was linear over a large part of the film. Grossman [8]

developed a model for absorption heat and mass

transfer over an inclined flat plate. He considered ab-

sorption into laminar falling films for the case of con-

stant temperature and an adiabatic wall. Andberg and

Vliet [9,10] developed a model for absorption over

horizontal tubes. They noted that concentration pro-

files exhibited a fair degree of similarity, but the tem-

perature profiles did not. Kirby and Perez-Blanco [11]

developed a model recognizing that the amount of

vapor absorbed in flow regimes other than the falling-

film regime might not be negligible. They identified

three different flow regimes in their model: a falling-film

region existing on a coolant tube, a region of drop

formation on the under side of a tube, and a region of

drop free fall between tubes. They considered the

Reynolds number range 10 < Re < 100 assuming that
wetting is complete in this range and the flow is in

droplet mode between tubes. However, in practical

operation, wetting can be incomplete even in this range

and the solution flow rate can be lower than Re ¼ 10 in
many cases.

From previous experimental studies on horizontal

tube absorbers, it is realized that flow mode and the

effect of wetting are very important in the analysis of the

absorber. However, previous numerical models have not

taken them into consideration. Therefore, in this study,

the different modes of flow and incomplete wetting are

taken into account to provide a more realistic descrip-

tion of the absorption process in horizontal tube ab-

sorbers.

2.3. Focus of present study

It is clear from the above discussion that most of the

previous studies have evaluated absorber performance

based primarily on overall heat balances and the re-

frigeration capacity of the entire absorber. However, to

obtain a better understanding and to improve the per-

formance of absorbers, it is necessary to evaluate the

local heat and mass transfer rates at each tube. Local

phenomena are analytically investigated in considerable

detail in the present study. As a basis of comparison and

model validation, the work of Nomura et al. [2], which

reports absorption rates at individual tubes in a hori-

zontal tube bank was selected, with the analytical

models in the present study being developed for that

geometry. Therefore, the absorber tested by them and

also modeled here consists of 13 horizontal tubes that

are used for commercial machines. Their measurements

of temperatures on the tube surfaces as well as between

the tubes, and conclusions about the effects of wetting of

the tube surfaces, are compared with the results of the

present modeling effort. To facilitate this comparison,

operation conditions used in their study were also used

as input parameters for the present work. Details of the

geometry and operating conditions under consideration

are provided in Table 1.

3. Modeling approach

The flow patterns established in an absorber are

dependent on the solution mass flow rate. In most

Table 1

Absorber configuration and operating conditions [2]

Absorber configuration Horizontal tube bank in counter flow (13 tubes)

Tube size: 16 mm diameter bare tube

Vertical pitch: 21 mm

Tube length: 200 mm

Operating conditions Experiments of Nomura et al. [2] Present study

Cooling water flow rate 0.0556 kg/s 0.0556 kg/s

Cooling water temperature 32 �C 32 �C
Solution flow rate 0.024–0.106 kg/m s 0.006–0.106 kg/m s

Solution inlet temperature 55 �C Sub-cooled, DTsub ¼ 1 K
Evaporating temperature 7.5–12.1 �C 6.0–12.0 �C
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practical cases, the solution mass flow rate is usually

maintained such that droplet flow exists between the

coolant tubes. In this study, the three different flow

regimes cited in the work of Kirby and Perez-Blanco

[11] (falling-film region on the coolant tube, a region of

drop formation on the under side of the tube, and a

region of drop free fall between tubes) were considered.

The solution passes through each of the three flow

regimes in succession as it flows from one tube to the

next tube. Because of the impingement of the droplet,

complete mixing was assumed at the top of each tube.

In all three regions, heat transfer to the vapor-side is

neglected, based on an order of magnitude analysis.

(See Appendix A.) Models for these regimes are dis-

cussed below.

3.1. Droplet flow and incomplete wetting

In their work on droplets and jets falling between

horizontal tubes, Hu and Jacobi [12] suggested that the

transition from droplet mode to jet mode occurred if Ref
is greater than the value given below:

Ref ¼ 4 _mms=l ¼ 0:084Ga0:302: ð1Þ

For a typical absorber design condition (60% LiBr/water

solution at 40 �C), Ga ¼ qr3=l4g ¼ 6:84� 107. There-
fore, the transition Ref is about 19.5. A typical value of
_mms is 0.01 kg/m s [10], which is equivalent to Ref ¼ 6:2.
Therefore, the droplet mode should be assumed for such

conditions. Hu and Jacobi [13] also reported the fol-

lowing relation for departure-site spacing between liquid

droplets:

k ¼ 0:836
2p

ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2 n=doð Þ2

q
0
B@ � 0:863 Ref

Ga1=4

1
CAn: ð2Þ

For a 60% LiBr/water solution at 40 �C, the capillary
length n is about 2.3 mm and the spacing between

droplets is about 18 mm for a conventional tube

ðdo ¼ 16 mmÞ. Yung et al. [14] found from experiments
that the diameter of a droplet just after it breaks off from

the film may be expressed as follows:

dd ¼ c1n: ð3Þ

The value of the constant c1 was 3.0 with an uncertainty
of 	5%.
As falling droplets impinge on the tube below, they

will spread and flow down to the bottom of the tube.

Since the diameter of a droplet is smaller than the

droplet-site spacing for typical operating conditions, it is

reasonable to assume that the tube may not be com-

pletely wet, depending on the extent to which the liquid

spreads in a transverse direction on the tube surface.

The shape of falling films formed on the tube surface

depends on many parameters, such as flow rate of so-

lution, tube diameter, distance between the tubes, fluid

properties (including surface tension) which affect the

droplet size and spacing, contact angles, and others. In

this study, the flow is idealized by assuming that the

width of the fluid film remains constant as the solution

flows down, as shown in Fig. 1. The wetting ratio is

defined as:

WR ¼ Awet
Atotal

¼ w
k
: ð4Þ

Since a reliable method to predictWR is not available at

present, WR was used as a parameter in this study, and

its influence was investigated numerically. If WR ¼ 1, the
problem is reduced to a more conventional analysis, in

which the falling liquid film is evenly distributed over the

entire tube surface.

3.2. Falling-film flow regime

As shown in Fig. 2, a fully developed laminar film is

assumed and its flow characteristics are given by the

well-known Nusselt equation [15]. The thickness and

velocity of a falling-film are affected by wetting ratio, as

shown in the following modified form of the Nusselt

equation:

df ¼
3l _mms

ðWRÞq2g sin h

" #1=3
; ð5Þ

u ¼ qg
l

dy
�

� y2

2


sin h: ð6Þ

The average falling-film velocity is calculated as fol-

lows:

�uu ¼
R df
0
udy
df

¼ qgd2f sin h
3l

¼ _mms
ðWRÞdfq

: ð7Þ

Fig. 1. Idealized falling-film flow with partial wetting.

1448 S. Jeong, S. Garimella / International Journal of Heat and Mass Transfer 45 (2002) 1445–1458



The total residence time of the falling-film is thus given

by

tfilm ¼
Z
dt ¼

Z p

0

ro
�uu
dh: ð8Þ

Assuming steady-state, the energy balance equation is as

follows:

_mmshs þ d _mmshv ¼ ð _mms þ d _mmsÞðhs þ dhsÞ þ Uro dhðTs � TcÞ:
ð9Þ

Since the specific enthalpy of the solution is a function of

Ts and xs, its differential is given by

dhs ¼
ohs
oTs

����
xs

dTs þ
ohs
oxs

����
Ts

dxs: ð10Þ

A concentration balance yields

d _mms ¼ �dxs
_mms
xs

: ð11Þ

Substituting Eqs. (10) and (11) into Eq. (9), and dividing

by dh

habs
d _mms
dh

� _mms
ohs
oTs

����
xs

dTs
dh

¼ UroðTs � TcÞ; ð12Þ

where the heat of absorption is defined by

habs ¼ hv � hs þ xs
ohs
oxs

����
Ts

: ð13Þ

In Eq. (12), the overall heat transfer coefficient is given

by

U ¼ 1= ro
rihi

�
þ ro lnðro=riÞ

kw
þ 1

ho

�
: ð14Þ

The Churchill equation [16] was used to calculate the

heat transfer coefficient inside the tube.

Except for the region that is very close to the inter-

face, a linear temperature profile was assumed across the

film. Thus,

T ¼ Tw þ
y
df
ðTt � TwÞ: ð15Þ

In the above equation, Tt is the solution temperature
very close to the interface, but it is different from in-

terface temperature Ti. The departure from the linear

behavior at the interface is due to the very high vapor

absorption at this location.

The solution bulk temperature was calculated as

follows:

Ts ¼
R df
0
TudyR df

0
udy

¼
R df
0
Tudy
�uudf

: ð16Þ

Substituting Eqs. (6), (7), and (15) into Eq. (16) yields

Ts ¼
5Tt þ 3Tw

8
: ð17Þ

Assuming that there is no heat transfer to the vapor, the

heat of absorption is dissipated by conduction in the

falling-film. Therefore,

q00 ¼ k
df
ðTt � TwÞ ¼ h0oðTs � TwÞ; ð18Þ

where h0o is the film heat transfer coefficient without in-
clusion of the wetting ratio. From Eqs. (17) and (18)

h0o ¼
8

5

k
df
: ð19Þ

The actual solution-side heat transfer coefficient is ob-

tained by including the wetting ratio as follows:

ho ¼ ðWRÞh0o ¼
8

5
ðWRÞ k

df
: ð20Þ

In previous studies on LiBr/water absorption [6–10], it

has been reported that the concentration profile devel-

ops much slower than temperature and velocity profiles.

Therefore it is assumed that dc 
 df . For convenience in
the analysis, g is defined as the distance from the vapor–
liquid interface. Then, from the following boundary

conditions

x ¼ xb at g ¼ dc;

dx
dg

¼ 0 at g ¼ dc;

x ¼ xi at g ¼ 0

ð21Þ

the concentration profile is expressed as follows:

x ¼ xb � ðxb � xiÞ 1
�

� g
dc

n

; n > 1: ð22Þ

Based on an error function analysis, Andberg and Vliet

[10] suggested n ¼ 2:33. When diffusion takes place at

Fig. 2. Control volume for falling-film heat and mass transfer.
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the tube wall, where axial and normal velocities are zero,

n ¼ 2 [17]. Because the calculation results were almost
the same for n ¼ 2 or 2.33, a parabolic concentration
profile ðn ¼ 2Þ is assumed in the present study.
Since dc 
 df , the entire concentration boundary

layer is assumed to have interface velocity (u ¼ qgd2f
sin h=2l for 0 < g < dc), and the interior concentration
is equal to the inlet concentration for the particular tube

under consideration (x ¼ xb for 0 < y < df � dc). Then,
the bulk concentration of the solution is calculated by

integration across the film.

xs ¼
ðWRÞ
_mms

Z df

0

quxdy

¼ qðWRÞ
_mms

Z dc

0

qgd2f sin h
2l

xb

�
� ðxb � xiÞ 1

�
� g

dc

n�
dg

þ qðWRÞ
_mms

Z df�dc

0

qg sin h
l

dfy
�

� y2

2


xb dy:

ð23Þ

Carrying out the integration, the following expression

for the bulk concentration is obtained:

xs ¼ xb �
3

2
e
ðxb � xiÞ
nþ 1 ; ð24Þ

where e ¼ dc=df . From Eqs. (11) and (24), the following
relationship is obtained:

2ðn½ þ 1Þxb � 3eðxb � xiÞ�
d _mms
dh

þ 3 _mms e
dxi
dh

�
� ðxb � xiÞ

de
dh

�
¼ 0: ð25Þ

The amount of vapor absorbed at the interface is given

by following equation:

d _mms
dh

¼ � qðro þ dfÞðWRÞD
100

ox
og

����
g¼0

¼ Kfilmqðro þ dfÞ
ðxb � xiÞ
100

; ð26Þ

where Kfilm ¼ nðWRÞD=dc.
At the interface, the thermal equilibrium condition is

assumed. Therefore,

pv ¼ pðxi; TiÞ: ð27Þ

Because vapor pressure is kept constant during the

process, the differential form of the above equation can

be written as follows:

op
oTi

����
xi

dTi
dh

þ op
oxi

����
Ti

dxi
dh

¼ 0: ð28Þ

Although a linear temperature profile can be assumed for

a large portion of the film, the temperature gradient at

the interface is quite different from the average gradient

across the film, especially in the initial flow regime. This

is because the heat of absorption causes a steep temper-

ature increase near the interface. As long as the exact

temperature profile is not known, the boundary condi-

tion for the removal of the heat of absorption at the in-

terface by heat conduction is not applicable. In view of

this, as a first approximation, it is assumed here that the

difference between the interface and bulk temperature

remains constant as the solution flows over the tube

dTs
dh

� dTi
dh

¼ 0: ð29Þ

It is shown in a subsequent section of this paper that this

assumption is reasonable in describing the falling-film

absorption process over horizontal tube banks.

3.3. Solution method

For each calculation step of differential angle, five

equations (Eqs. (12), (25), (26), (28), and (29)) with five

unknowns ð _mms; Ts; Ti; xi; and eÞ are to be solved nu-
merically. The set of differential algebraic equations was

solved by using a DAE-solver, LSODI [18] (See Ap-

pendix B.) One half of the tube circumference ð06 h6 pÞ
was divided into 100 segments. The first and the last

segment were excluded in the calculation, because the

film thickness tends to infinity at h ¼ 0 or h ¼ p. Solu-
tion properties were assumed to be constant within a

segment. Results from the analysis of each segment were

used as inputs for the next segment. Because the DAE-

system has five variables and each variable has its de-

rivative, 10 initial conditions are required. Two of the

initial conditions, the temperature and mass flow rate of

solution ( _mms and Ts), are given. It is assumed that the
derivative of interface concentration is equal to zero

(dxi=dhjh¼0:01p ¼ 0), and the initial value of e is 0.001.
Because initial conditions for the variables and the de-

rivatives of the variables should satisfy the governing

equations, the remaining six initial conditions are cal-

culated from Eqs. (12), (25)–(29).

3.4. Droplet-formation regime

A detailed numerical study would be necessary to

find the exact shape of the droplets formed on bottom of

a tube. In this study, the shape of the droplet is idealized

as a half sphere, as shown in Fig. 3. When the diameter

of a droplet reaches the critical value ðda;criÞ, it is de-
tached from the tube. The critical diameter of the at-

tached droplet is calculated by equating the volume of

this half sphere to the falling spherical drop

da;cri ¼ 21=3dd: ð30Þ

The diameter of the falling spherical drop ðddÞ is given
by Eq. (3). The time required for droplet-formation

(tform) is calculated from continuity as follows:
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tform ¼ mdN
2 _mms

: ð31Þ

In the above equation, N is the inverse of k in Eq. (2).
The solution droplet (md) absorbs a small amount of
vapor ðmv ¼ DmdÞ in the droplet-formation stage. An
adiabatic condition is assumed in this process. Consid-

ering the energy balance before and after the absorption

process, the following equation is obtained:

mdhs þ mvhv ¼ ðmd þ mvÞðhs þ DhsÞ; ð32Þ

where

Dhs ¼
oh
oTs

����
xs

DTs þ
oh
oxs

����
Ts

Dxs:

A concentration balance yields

mv ¼ �Dxs
md
xs

: ð33Þ

Substituting Eq. (33) into Eq. (32), the following ex-

pression is obtained:

md
ohs
oTs

����
xs

DTs ¼ hv

 
� hs þ xs

ohs
oxs

����
Ts

!
mv: ð34Þ

From Eq. (13),

md
ohs
oTs

����
x

ðTs;f � Ts;oÞ ¼ habsmv: ð35Þ

In the above equation Ts;f and Ts;o are the solution
temperatures after and before the vapor absorption.

Skelland and Minhas [19] compared mass transfer

coefficients from different investigators in the form of the

following equation:

Kform ¼ c2
D

ptform

� �1=2
: ð36Þ

In their work, the constant given by Heertjes et al. [20]

ðc2 ¼ 24=7Þ showed good agreement with experimental

results. Heertjes et al. demonstrated the presence of in-

ternal circulation in rapidly growing drops ðtform <1:5 sÞ,
and suggested this relationship for the case where the

velocity of diffusion is small compared with the velocity

of drop growth. In the present study, tform is shorter than
1.5 s except for extremely low solution flow rates. Based

on these considerations, the constant c2 suggested by
them was used here. The mass transfer coefficient used in

this study was 2–3 times higher than those suggested by

other investigators who did not consider internal circu-

lation [19]. Due to this internal circulation, the temper-

ature in the droplet was assumed to be uniform. Based

on this mass transfer coefficient, the amount of vapor

absorbed into a droplet during the formation stage is

given by the following expression:

mv ¼ qKform
p
2
d2a tform

ðxs;o � xs;eÞ
100

: ð37Þ

In the above equation, xs;o is the concentration of the
solution flowing from the falling-film, and xs;e represents
the equilibrium temperature at the given solution tem-

perature and vapor pressure

pv ¼ pðxs;e; TsÞ: ð38Þ

After calculating the absorbed vapor mass, the final

droplet mass ðmd;fÞ is calculated by adding the absorbed
vapor ðmvÞ to the initial droplet mass ðmd;oÞ.

3.5. Droplet-fall flow regime

The droplet fall time is given by a simple free fall

expression

tfall ¼
ffiffiffiffiffiffiffiffiffiffi
2s=g

p
: ð39Þ

The equations for the droplet free-fall flow regime were

developed from a mass and energy balance on the falling

droplet applying equations similar to those that were

used for the droplet-formation regime. Thus,

dxs
dt

¼ � dmd
dt

xs
md

; ð40Þ

md
ohs
oTs

����
x

dTs
dt

¼ habs
dmd
dt

: ð41Þ

The mass transfer in the droplet free-fall regime is de-

termined by the following equation:

dmd
dt

¼ Kfallq4pr2d
ðxs � xiÞ
100

: ð42Þ

In the above equation, the mass transfer coefficient given

by Clift et al. [21] was used:

Kfall ¼ 35
D
dd

: ð43Þ

Fig. 3. Droplet-formation and fall shapes.
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A linear temperature profile within the droplet was as-

sumed to calculate the interface conditions:

T ðrÞ ¼ Tcen þ
ðTi � TcenÞ

rd
r: ð44Þ

This means that any internal circulation and convection

was ignored. The solution bulk temperature was calcu-

lated by integrating this temperature profile as follows:

Ts ¼
R rd
0
T4pr2 dr

ð4=3Þpr3d
¼ Tcen þ 3Ti

4
: ð45Þ

Assuming once again that there is no heat transfer to the

vapor, the heat of absorption is dissipated by conduc-

tion into the droplet, as shown below:

4pr2dk
ðTi � TcenÞ

rd
¼ habs

dmd
dt

: ð46Þ

From Eqs. (45) and (46), the following equation is ob-

tained:

Ti ¼
habs
16kprd

dmd
dt

þ Ts: ð47Þ

Finally, thermal equilibrium is assumed at the interface

op
oTi

����
xi

dTi
dt

þ op
oxi

����
Ti

dxi
dt

¼ 0: ð48Þ

The five equations (Eqs. (40)–(42), (47), and (48)) for

this regime with five unknowns ðmd; Ts; xs; Ti; and xiÞ
were solved numerically using LSODI. The calculation

was carried out using a time step of tform=100.

4. Results and discussion

4.1. Local phenomena

Fig. 4 shows the variation of film thickness, bulk and

interface temperatures and the relevant concentrations

in the falling-film around the tube circumference for an

intermediate solution flow rate (C ¼ 0:024 kg=m s).
Since the general trends were similar throughout the

tube bank, the results are shown for the tube located in

the middle of the tube bank (seventh tube from the top).

This figure shows that the film is thicker near the top

Fig. 4. Variations of: (a) film thickness, (b) temperature, and (c) concentration in the falling-film regime (seventh tube,

C ¼ 0:024 kg=m s, TE ¼ 12 �C; WR ¼ 0:8).
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and bottom of the tube, because the value of sin h in Eq.
(5) approaches zero at h ¼ 0 or 180�. The concentration
boundary layer thickness increases almost linearly along

the tube circumference. However, near the bottom of the

tube, this increase is even steeper because the film be-

comes thicker and the solution velocity is lower in this

region. The solution cools down as it flows over the

tube. The bulk and interface temperatures vary in the

same manner, as was assumed in Eq. (29). The change in

interface concentration is about 10 times that of the bulk

concentration. From the slope of the bulk concentration

change, it is found that the vapor absorption rate at the

top and bottom of the tube is low. Because the solution

coming from the tube above has high temperature due to

adiabatic absorption during the droplet-formation, the

absorption process is slow at the top of the tube. An-

other reason for slow absorption is the increased film

thickness at the top or bottom of the tube that makes the

heat transfer coefficient lower. Andberg and Vliet [9]

reported similar results in their work when the solution

has a high inlet temperature.

Fig. 5 shows the variation of the droplet diameter,

bulk and interface temperatures, and the relevant con-

centrations during the droplet-formation. The results

shown here are also for the tube located in the middle of

the tube bank (seventh tube from the top). Because the

vapor mass absorbed is negligible compared to the

droplet mass, the diameter of the droplet is almost

proportional to the third power of the elapsed time.

Vapor is absorbed rapidly at the beginning of the

droplet-formation, and the absorption process slows

down as the droplet grows. This rapid absorption of the

vapor results in the steep decrease in the solution con-

centration and the steep increase in the bulk tempera-

ture. The interface temperature and concentration

remain constant as were assumed.

In Table 2, the time interval, the mass transfer coef-

ficient, and the increase in solution flow rate for each

regime are compared. The time intervals for the falling-

film and droplet-formation regime are about the same

order of magnitude, while the time interval for droplet

fall is much shorter. The mass transfer coefficient in the

Fig. 5. Variations of: (a) diameter, (b) temperature, and (c) concentration in the droplet-formation regime (seventh tube,

C ¼ 0:024 kg=m s, TE ¼ 12 �C; WR ¼ 0:8).
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droplet-formation regime is higher than in the other

regimes. It should be emphasized that the mass transfer

coefficient used in the droplet-formation regime was

based on the internal circulation model, which provides

a higher mass transfer coefficient than other models

without circulation. Because the change in the droplet-

fall regime was found to be negligible, it is not shown

separately, but included in the droplet-formation regime

in the following results.

4.2. Variations over the tube bank

The solution experiences changes in three regimes as

it flows down the tube bank. Because these changes are

dependent on the solution flow rate, they are presented

and discussed here for three different flow rates. A

wetting ratio of 0.8 and an evaporating temperature of

12 �C were assumed for all three flow rates. All the
other conditions are the same as shown in Table 1. At a

low flow rate ðC ¼ 0:006 kg=m sÞ as shown in Fig. 6,
the residence time is longer and the solution tempera-

ture change is greater. It is found that the tubes near the

top absorb more vapor than the tubes at the bottom

because of the large difference in the solution tempera-

ture and the coolant temperature near the top of the

bank. Near the bottom, both the temperature difference

and the available concentration gradient decrease,

leading to lower absorption rates. It is also found that

most vapor is absorbed in the falling-film region at this

low solution flow rate, ranging from 86% of the total

absorption rate for the first tube to 80% for the last tube

in the bank. At low solution flow rates, the amount of

vapor absorbed into a single droplet is greater; however,

the frequency of droplet-formation is lower, the net

result being lower absorption rates in the droplet-for-

mation regime.

At intermediate solution flow rates ðC ¼ 0:024
kg=m sÞ, about half of the vapor is absorbed in the
droplet-formation regime (Fig. 7). In addition, after the

first two tubes, the tubes show almost the same vapor

absorption capability. At this flow rate, the solution

does not lose much absorption capability as it flows

down because the driving temperature difference be-

tween the solution and the coolant is essentially con-

stant, and heat exchange takes place like in a balanced

counter-flow heat exchanger.

Fig. 8 shows the high solution flow rate case

(C ¼ 0:058 kg=m sÞ. The excellent agreement between
the prediction and the experimental results of Nomura et

al. [2] plotted in the figure shows that the model devel-

oped here describes the absorption process quite well. It

can also be seen that the droplet-formation regime plays

a more important role at higher flow rates. The fre-

quency of droplet-formation is inversely proportional to

the droplet-formation time. If other conditions are same,

the absorbed mass for a droplet is proportional to the

square root of the droplet-formation time. (See Eqs. (36)

and (37).) Therefore, the vapor absorption rate in the

droplet-formation regime is proportional to 1=
ffiffiffiffiffiffiffiffiffi
tform

p
, or

from Eq. (31),
ffiffiffiffi
C

p
.

Fig. 6. (a) Temperature and (b) vapor absorption rate for low solution flow rate (C ¼ 0:006 kg=m s, TE ¼ 12 �C; WR ¼ 0:8).

Table 2

Comparison of the three regimes (results for the seventh tube)

Falling-film Droplet-formation Droplet fall

Time (s) 0.93 0.58 0.032

Mass transfer coefficient (m/s) 7:2� 10�6 (90� from the
top of the tube)

8:0� 10�5 (at the end of
droplet-formation)

5:1� 10�6

Increase in solution flow rate (kg/m s) 5:5� 10�5 5:7� 10�5 2:0� 10�7

Operating conditions: C ¼ 0:024 kg=m s, TE ¼ 12 �C, WR ¼ 0:8.
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Fig. 9 shows the effect of wetting ratio on absorber

performance. The results for wetting ratio of 0.4 and 0.8

are compared. For both cases, the evaporating tem-

perature is 12 �C and C is 0.024 kg/m s. As the wetting
ratio decreases, heat transfer and vapor absorption into

the falling-film region are considerably reduced; how-

ever, at the same solution flow rate, vapor absorption

into the droplet-formation region is not significantly

affected by wetting ratio, essentially due to the inde-

pendence of droplet-formation sites on wetting ratio.

4.3. Overall performance

Fig. 10 shows the variation of cooling capacity with

evaporating temperature and wetting ratio. The solution

flow rate was kept constant (C ¼ 0:058 kg=m sÞ. Poor
wetting can cause a large drop in performance. Nomura

et al. [2] noted that wetting was not complete in their

experiments. Based on the results shown in Fig. 10, most

of their experiments seemed to have been carried out

with a wetting ratio of 0.6 to 0.8. This illustration of the

effects of wetting could explain the large variation in

data from different experimental studies of absorption.

It also appears from the data of Nomura et al. [2] that,

at specific conditions, the wetting ratio could fluctuate

considerably, which in turn causes the difference in ca-

pacity (Fig. 10, six data points near 9.3 �C).

Fig. 8. (a) Temperature and (b) vapor absorption rate for intermediate solution flow rate (C ¼ 0:058 kg=m s, TE ¼ 12 �C; WR ¼ 0:8).

Fig. 7. (a) Temperature and (b) vapor absorption rate for intermediate solution flow rate (C ¼ 0:024 kg=m s, TE ¼ 12 �C; WR ¼ 0:8).

Fig. 9. Effect of wetting ratio on absorption rates

(C ¼ 0:024 kg=m s, TE ¼ 12 �C).
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The effect of solution flow rate on cooling capacity

and absorber heat load is shown in Fig. 11. It should be

noted that the difference between cooling capacity and

absorber heat load is the sensible heat load of the

solution, which increases with solution mass flow rate.

In this figure, it can be seen that absorber performance

decreases sharply if the solution flow rate is smaller than

0.02 kg/m s. It can be also seen that absorber heat load

increases with increasing solution flow rate; however,

cooling capacity is not improved at solution flow rates

higher than 0.04 kg/m s. Thus, only the sensible heat

load component increases beyond a solution flow rate of

about 0.04 kg/m s.

At the highest solution flow rate in the figure

ðC ¼ 0:106 kg=m sÞ, the cooling capacity at WR ¼ 0:2 is
about 31% of the cooling capacity at WR ¼ 1:0. At the
lowest solution flow rate ðC ¼ 0:006 kg=m sÞ, this value
increases to 55%. At high solution flow rates, the film

heat transfer coefficient becomes low because of in-

creased film thickness. If the wetting ratio is low at high

solution flow rate, the film heat transfer coefficient

becomes even lower. Therefore, the effect of wetting

ratio on cooling capacity is more significant at higher

solution flow rates.

In actual absorption machines, the wetting ratio be-

comes smaller with decreasing solution flow rate, and

the experimental data of Nomura et al. [2] in Fig. 11

indicate this phenomenon clearly. Unfortunately, they

did not report the results at solution flow rates less than

0.02 kg/m s; however, it is expected by extrapolating

their data that the wetting ratio will decrease steeply at

these flow rates. At lower wetting ratios, for example

WR ¼ 0:2, this figure shows that the cooling capacity
decreases with increasing solution flow rate. In this case,

the film heat transfer coefficient is greatly reduced due to

the increased film thickness at these higher flow rates

with low wetting ratios.

The variation of vapor absorption rate with wetting

ratio is shown in Fig. 12. The evaporating temperature is

12 �C and C is 0.058 kg/m s. Vapor absorption in the
falling-film regime is greatly affected by the wetting ratio

because the effective heat and mass transfer area is

directly proportional to wetting ratio. On the other

hand, mass transfer in the droplet-formation regime is

Fig. 11. Effect of solution mass flow rate on: (a) cooling capacity and (b) absorber heat load (TE ¼ 12 �C).

Fig. 12. Effect of wetting ratio on vapor absorption rate

(C ¼ 0:058 kg=m s, TE ¼ 12 �C).

Fig. 10. Effect of evaporating temperature on cooling capacity

ðC ¼ 0:058 kg=m s).
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affected by the sub-cooling of the solution. At a higher

wetting ratio, the solution is more sub-cooled in the

falling-film regime because of better heat transfer, which

makes the driving potential greater for mass transfer in

the droplet-formation regime.

5. Conclusions

A comprehensive, flow mechanism-based model for

the absorption of vapor in fluid pairs with non-volatile

absorbents (LiBr/water) has been developed. This study

represents one of the first efforts to accurately model

absorption in the falling-film, droplet-formation, and

droplet fall modes. In the analysis, the effect of incom-

plete wetting is addressed through the concept of wetting

ratio. The governing equations are solved using a dif-

ferential algebraic equation solver. Results from this

model have been compared with experimental data from

the literature and show excellent agreement over a wide

range of operating conditions. Thus, the model success-

fully describes the actual absorption process in these

different flow regimes. Specific conclusions are as follows:

• Vapor is absorbed mainly in the falling-film and

droplet-formation regimes and heat and mass trans-

fer in the free-fall regime is negligible.

• At low solution flow rates, the tubes near the top of

the bank absorb more vapor than the tubes at the

bottom, and more vapor is absorbed in the falling-

film region than in the droplet-formation regime.

As solution flow rate increases, the droplet-formation

regime plays a more important role.

• Wetting ratio is significant in determining the perfor-

mance of an absorber. The performance decreases

rapidly at solution rates lower than 0.02 kg/m s be-

cause of poor wetting and a reduced available con-

centration gradient. For the configuration

investigated, solution flow rates greater than 0.04

kg/m s do not improve cooling capacity, even though

absorber load increases due to the sensible heat com-

ponent.

• The importance of the droplet-formation regime,

which was revealed by this study, points to the need

for more detailed theoretical and experimental inves-

tigations of this regime.

• The effect of surfactants on wetting, heat and mass

transfer are not considered in the present study,

and further studies are required to understand their

role in the absorption process.
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Appendix A. Vapor-side heat transfer

The vapor-side heat transfer coefficient was estimated

using the following heat transfer relation for tube banks

in cross-flow [22]:

Nud ¼ c3Re
c4
d;maxPr

0:36 Pr
Prs

� 1=4
: ðA:1Þ

In the above equation, Red;max represents the Reynolds
number at the minimum cross-sectional area. Counter-

flow was assumed for the solution and vapor, and the

horizontal pitch of the tube bank was assumed to be the

same as the vertical pitch (21 mm). The minimum width

for vapor flow is 5 mm, because the diameter of the tube

used is 16 mm. It was assumed that the effect of solution

flow on the vapor flow was negligible and heat transfer

occurred from the tube to the surrounding vapor. To

calculate the Red;max, the flow rate of the vapor for a
representative operating condition was used. ( _mmv ¼ 2:83
� 10�4 kg=s for G ¼ 0:057 kg=m s, WR ¼ 0:8, and
TE ¼ 10 �C.) All properties were evaluated for saturated
vapor at 10 �C, except Prs, which was evaluated at the
liquid–vapor interface temperature. At the resulting

Reynolds number of 480, the Nusselt number was esti-

mated to be 12, with the corresponding vapor-side heat

transfer coefficient being 13 W=m2 K, which is 1.7% of
the liquid-side (including solution film, tube wall, and

cooling water) heat transfer coefficient. The temperature

difference between the vapor–liquid interface and vapor

is greater than that between the interface and cooling

water. Using these heat transfer coefficients and tem-

perature differences, the vapor-side heat transfer rate

was found to be about 3.7% of the total heat transfer

rate. In actual absorption machines, the velocity of the

vapor becomes smaller (heat transfer coefficient becomes

lower) because of absorption, and the temperature of the

vapor becomes higher (temperature difference becomes

smaller), as it flows upward past the tubes. Therefore,

the actual heat transfer to the vapor-side would be sig-

nificantly smaller than the values calculated here. This

estimate justifies the assumption of negligible interface-

to-vapor heat transfer assumed in this study.

Appendix B. LSODI (Livermore solver for ordinary

differential equations) [18]

LSODI solves the initial value problem for linearly

implicit systems of first-order ordinary differential

equations as follows:

aðt; yÞ � dy
dt

¼ gðt; yÞ; ðB:1Þ

where aðt; yÞ is a square matrix. If aðt; yÞ is singular, this
is a differential-algebraic system. To use the package, the
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user should provide aðt; yÞ and rðt; yÞ, the residual vec-
tor, defined as follows:

rðt; yÞ ¼ gðt; yÞ � aðt; yÞ � s; ðB:2Þ

where s is an internally generated approximation to

dy=dt.
The Jacobian matrix dr=dy in closed form can also be

supplied to improve calculation efficiency. If the initial

value of aðt; yÞ is non-singular (and not too ill-con-
ditioned), LSODI may compute the initial values of y

and dy=dt. If aðt; yÞ is initially singular, then the system
is a differential-algebraic system, and the user must

provide the initial values of y and dy=dt. The accuracy of
the solution is controlled by the relative and absolute

tolerance parameters.
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