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Abstract
Investigations are carried out to study the heat and mass transfer characteristics of a falling film
horizontal absorber by employing a two-dimensional numerical technique. The potential refrigerant,
R134a (1,1,1,2-tetrafluroethane), is absorbed by the falling film of the R134a–DMAC
(dimethylacetamide) solution. The variations of performance parameters along the tube surface are
presented for different solution inlet temperatures and absorber pressures. The mass flux at the
interface is observed to be higher at higher solution temperature and absorber pressure. The variation
of the interface to bulk fluid and bulk fluid to wall heat transfer coefficient, overall heat transfer
coefficient and mass transfer coefficient are studied for different solution temperatures and absorber
pressures.
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1 INTRODUCTION

The vapor absorption refrigeration systems have strong potential
to offer low carbon applications to the future refrigeration and
air-conditioning industries. They are expected to cater to most
of the needs in economical- and environment-friendly manner
if appropriate refrigerant–absorbent pairs are identified.
However, the attempt to investigate the new potential
refrigerant–absorbent fluid pair would bank on the optimiza-
tion of the basic principle of operation of the vapor absorption
refrigeration systems and also of the components involved. The
present work identifies the absorber of such a system as one of
the critical components which offers the scope for performance
improvement. There have been numerous experimental and nu-
merical studies in literature devoted to analysis of the absorp-
tion phenomenon, but the scope for improving performance of
the absorber still remains open. Deriving motivation from nu-
merical approaches of analysis adopted in literature, the present
study focuses on a particular refrigerant–absorbent fluid pair
(R134a–DMAC) to study the characteristic behavior of absorp-
tion in a falling film absorber. The fluid pair is chosen only due
to the ease of accessing their property values from literature.
However, the method and qualitative inferences can be extended
to any potential fluid pairs.

Killion and Garimella [1] explained the modeling technique
developed by researchers for both non-volatile and volatile
absorbents. They pointed out that although ammonia–water
systems have been studied more than water–lithium bromide
systems, the state-of-the-art numerical modeling techniques are
not as much developed as those for water–lithium bromide
systems. Grossman [2] studied numerically the combined heat
and mass transfer process associated with the absorption of a
vapor into a laminar liquid film. The energy and diffusion
equations were solved simultaneously to give the temperature
and concentration variations at the liquid–vapor interface and
at the tube wall surface. His numerical solutions correspond to
a linear temperature–concentration equilibrium relation with
the assumption of constant heat of absorption. The results were
presented for two cases of practical importance, viz. constant
temperature and adiabatic wall conditions. Yang and Wood [3]
developed a numerical model for simultaneous heat and mass
transfer in smooth falling film absorption. They did not assume
the linear absorbent assumption for the equilibrium as consid-
ered by Grossman [2]. Instead, the empirical thermodynamic
equilibrium relations were employed, which make the non-
dimensionalization less difficult. The results predicted were
found to be in good agreement with those from more compli-
cated formulations and the experimental data in the literature.
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A physical model was presented by Choudhury et al. [4] to
analyze the absorption phenomenon in an actual situation for
absorption of water vapor in water–LiBr solution. They
reported that for higher solution flow rates, the heat transfer
coefficient improves with an increase in the tube diameter and
for smaller solution flow rates for given tube diameter, the heat
transfer coefficient is relatively larger. A numerical study was
carried out by Babadi and Farhanieh [5] to investigate the
characteristics of falling film water–LiBr solution on a com-
pletely wetted horizontal tube. Boundary layer assumptions
were used for the transport of mass, momentum and energy
equations and the finite difference method was employed to
solve the governing equations. The effect of basic flow para-
meters was investigated on the heat and mass transfer mechan-
ism through the average Sherwood and Nusselt numbers.
Based on the numerical data, two correlations were suggested
for estimating the average heat and mass transfer coefficients of
the transport phenomena over the tube.

Numerical studies had been carried out by Arivazhagan et al.
[6] on R134a–DMAC-based half-effect absorption in solar
energy-operated cold storage systems. When compared with
ammonia–water, the R134a–DMAC pair was better for a half-
effect system from the viewpoint of coefficient of performance
(COP), second law of efficiency and source temperature for
solar energy-based cold storage systems. From these results, it is
evident that the R134a–DMAC refrigerant–absorbent combin-
ation may be considered as one of the favorable working fluid
pairs when the half-effect system is to be operated with low-
temperature heat sources. An experimental investigation was
also conducted by Arivazhagan et al. [7] on the performance of
a two-stage half-effect vapor absorption cooling system. The
prototype was designed for 1-kW cooling capacity using R134a
as a refrigerant and DMAC as an absorbent. The optimum gen-
eration temperature was in the range of 65–708C. For the gener-
ator temperature of 708C, a COP value of 0.36 was obtained.

Experimental studies on R134a–DMAC hot water-based
vapor absorption refrigeration system were carried out by
Muthu et al. [8]. They reported that with an increase in the
heat source temperature, the quantities such as solution heat
exchanger effectiveness, absorber effectiveness and generator ef-
fectiveness increase with an increase in the heat source tem-
perature. More recently, experimental studies on heat and mass
transfer performance of a coiled tube absorber were carried
out by Mohideen and Renganarayanan [9] for an R134a–
DMAC-based absorption cooling system. The optimum overall
heat transfer coefficient of the system was found to be
726 W m22 K21 for a film Reynolds number of 350.

The absorber characteristics had a significant effect on the
overall efficiency of absorption machines studied by Deng and
Ma [10] on the results of experimental data for a falling film ab-
sorber which was made up of 24-row horizontal smooth tubes.
The effect of cooling water inlet temperature on the absorber’s
performance was found to be significant. As the inlet tempera-
ture of the cooling water decreases from 32 to 308C, the heat flux
of the absorber increases by more than 17%. The inlet solution

concentration of lithium bromide was one of the most important
parameters that influence the heat transfer coefficient.
Experimental study was conducted by Yoon et al. [11] on the
heat and mass transfer characteristics of a water–LiBr horizontal
tube absorber made of small-diameter tubes. Three different
tube diameters of 15.88, 12.7 and 9.52 mm, respectively, were
considered inside the absorber to investigate the effect of the
tube diameter on the absorber performance. Among the three
different tube diameters considered, the smallest tube diameter
of 9.52 mm shows the highest value of heat and mass transfer
coefficients. The heat and mass transfer coefficients increase with
an increase in the solution flow rate, whereas the heat and mass
fluxes increase as the solution flow rate and the cooling water vel-
ocity increase. Most recently, a numerical study was carried out
by Harikrishnan et al. [12] to investigate the flow, heat and mass
transfer behavior of a falling film horizontal absorber with
R134a–DMAC as the working fluid pair. The variations of per-
formance parameters along the tube surface for different solu-
tion flow rates and coolant temperatures are presented. They had
reported the optimum solution flow rates for different tube sizes.

The objective of the present work is to numerically study the
effect of solution temperature and absorber pressure on absorp-
tion in the R134a–DMAC system using horizontal tubular
absorbers. The governing equations of momentum, energy and
species transport are solved simultaneously using a finite differ-
ence method. The variation of the interface temperature, inter-
face concentration, mass flux at the interface, heat flux at the
wall surface, interface to bulk fluid heat transfer coefficient, bulk
fluid to wall heat transfer coefficient, overall heat transfer coeffi-
cient and mass transfer coefficient along the tube surface for dif-
ferent solution temperatures and absorber pressures are studied
in detail.

2 PROBLEM STATEMENT

A scheme of the geometrical configuration of a falling film
horizontal tubular model is shown in Figure 1. The weak solu-
tion is introduced at the top of the tube surface. It flows

Figure 1. Schematic representation of the solution film on the tube surface.

Effect of solution temperature and absorber pressure
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around the curved surface of the tube resulting in change of
film thickness. The R134a vapor is absorbed at the interface of
the solution film and vapor and it diffuses into the solution
film. Cooling water flowing inside the horizontal tube carries
away the heat of absorption. Since the analysis is carried out at
a particular cross-section of the tube, the tube surface is con-
sidered as an isothermal wall. In the parametric study, while
changing solution temperature and absorber pressure, the solu-
tion flow rate is kept at 0.015 kg m21 s21 and the tube surface
temperature at 258C, respectively. The following assumptions
have been made in the study of heat and mass transfer
characteristics:

(1) The flow is laminar and no interfacial waves are present.
(2) The solution exhibits 100% wettability on the tube

surface.
(3) The interface between the solution film and vapor is

assumed to be in thermodynamic equilibrium.
(4) Physical properties are constant inside the domain. These

have been evaluated at the inlet solution concentration and
the mean film temperature. The mean film temperature is
taken as the average of solution inlet temperature and
coolant tube surface temperature.

(5) Heat transfer from the interface to the vapor phase is
negligible.

(6) The variation of film thickness due to absorption of R134a
vapor is small.

(7) The interface of solution and vapor is a shear-free surface.
(8) The outer surface temperature of the tube equals the bulk

coolant temperature. Also, the conduction resistance of the
tube is assumed to be negligible.

3 GOVERNING EQUATIONS AND
BOUNDARY CONDITIONS

3.1 Governing equations
The energy and species transport equations are expressed as
follows

u
@T

@s
þ v

@T

@r
¼ a

@2T

@r2
ð1Þ

u
@v

@s
þ v

@v

@r
¼ D

@2v

@r2
ð2Þ

where u is the velocity in s-direction (m s21), T temperature
(K), s the tangential coordinate along solution flow direction
(m), v the velocity in r-direction (m s21), r the local radial co-
ordinate normal to solution flow direction (m), a thermal dif-
fusivity (m2s21), v concentration and D the diffusion
coefficient (m2 s21).

The tangential and normal velocity components of the
falling film, ‘u’ and ‘v’, are expressed as [4, 14]

u ¼ g

2y
sin u½2dðr � riÞ � ðr � riÞ2� ð3Þ

v ¼ � g

2y
ðr � riÞ2

dd

ds
sin uþ 1

ri

cos u d� r � ri

3

� �� �
ð4Þ

where g is the acceleration due to gravity (m s22), y kinematic
viscosity (m2 s21), u the angle and d film thickness (m). The
variation of ðro � riÞ or d, the film thickness, for the known
solution flow rate, is expressed as

ro � ri ¼ d ¼ 3mG

r2g sin u

� �1=3

ð5Þ

where m is the dynamic viscosity (N s m22), G the solution
flow rate (kg m21 s21) and r density (kg m23).

Also, the variation of film thickness in the film flow direc-
tion is expressed from Equation (5) as,

dd

ds
¼ � mG

9r2g

� �1=3 1

ri

1

fsinðs=riÞg1=3
tanðs=riÞ

ð6Þ

3.2 Boundary conditions
The boundary conditions employed in the numerical solution
of Equations (1) and (2) are summarized in Table 1. The en-
thalpy of absorption, hab, is expressed as follows

hab ¼ hv � hs þ vs hr � hd þ
dhE

dvs

����
Ts

" #
ð7Þ

where hr is enthalpy of R134a (kJ/kg), hd is enthalpy of DMAC
(kJ/kg) and hE is excess enthalpy of solution (kJ/kg).

3.3 Expressions for heat and mass transfer
coefficients
The variation of local heat transfer coefficient from the inter-
face to bulk solution in the direction of film flow in terms of

Table 1. Summary of boundary conditions.

Boundary Imposed boundary conditions

At the inlet T ¼ Tin and v = vin

On the tube wall surface T ¼ Tw and
@v

@r
¼ 0

At the liquid–vapor interface _m ¼ rD

ð1� vifÞ
dv

dr
and Tif ¼ f ð p;vifÞ also,

_q ¼ _m0hab ¼ k
dT

dr
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Nusselt number is expressed as

Nuib ¼
hibd

ks

¼ d

ðTif � TbsÞ
dT

dr

����
r¼ro

ð8Þ

where k is the thermal conductivity (W m21 K21), Tbs is Bulk
solution temperature (K).

The variation of local heat transfer coefficient from the bulk
solution to tube wall surface along the film flow in terms of
Nusselt number is expressed as

Nubw ¼
hbwd

ks

¼ d

ðTbs � TwÞ
dT

dr

����
r¼ri

ð9Þ

The variation of local overall heat transfer coefficient with
neglected film resistance is expressed with the help of
Equations (8) and (9) as

Ui ¼
1

ð1=hbwÞ þ ð1=hibÞ
ð10Þ

The variation of local mass transfer coefficient from the inter-
face to bulk solution along the film flow is expressed in terms
of Sherwood number as

Sh ¼ hmd

D
¼ _m0d

Drðvif � vbsÞ
ð11Þ

where _m0 is the calculated mass flux (kg m22 s21).

4 NUMERICAL SOLUTION TECHNIQUE

The geometrical configuration of the falling film on the hori-
zontal tube is shown in Figure 1. The film thickness varies
along the tube half-circumference in the downstream direction
of the flowing solution film. To make the computational
domain rectangular, coordinate transformation proposed by
Choudhury et al. [4] has been adopted. For transformation of
coordinates, non-dimensional variables, j and z, are considered
in the film flow direction and in the perpendicular direction of
film flow, respectively. Consequently, the respective governing
equations and boundary conditions have been transformed
using the non-dimensional transformation variables. A cosine
grid has been employed to make the grid finer near the tube
surface and near the interface where steep variations of gradi-
ents are expected. The discretization of governing equations
and detailed numerical technique employed to find the tem-
perature and concentration distributions in the flow field have
been explained by Harikrishnan et al. [12].

5 RESULTS AND DISCUSSION

The range of parameters used to study the effect of performance
characteristics of absorption process has been shown in Table 2

and the range of property values considered is shown in Table 3.
All the properties are calculated with the help of expressions
given in the literature [15–19]. Since the parameters considered
for the present study are solution temperature and absorber
pressure, the equilibrium concentration also varies at the inlet.
The respective equilibrium concentration is obtained from the
PTX chart presented in Figure 2 for the known values of the so-
lution inlet temperature and the absorber pressure. The compu-
tational code developed by Harikrishnan et al. [12] has been
used to investigate the effect of absorber pressure and solution

Table 2. Range of input parameters.

Parameters Symbol Range Mean value

Coolant temperature (8C) tc — 25

Mass flow rate of solution (kg m21 s21) G — 0.015

Pressure (bar) p 1–5 3

Solution inlet temperature (8C) tin 40–60 50

Tube size (mm) dt — 12.7

Table 3. Range of property values.

Property name Symbol Range

Density (kg m23) r 953.95–1063.52

Diffusion coefficient (m2 s21) D 1.029 � 10– 9 –1.104 � 1029

Dynamic viscosity (N s m22) m 7.06 � 1024–8.44 � 1024

Enthalpy of absorption (kJ kg21) hab 160.88–184.99

Enthalpy of solution (kJ kg21) hs 453.46–483.04

Enthalpy of vapor (kJ kg21) hv 650.17–658.92

Kinematic viscosity (m2 s21) y 6.64 � 1027–8.85 � 1027

Specific heat (J kg21 K21) Cp 1809.58–2150.63

Thermal conductivity (W m21 K21) k 0.1232–0.1462

Thermal diffusivity (m2 s21) a 6.402 � 1028 –7.13 � 1028

Figure 2. Variation of pressure with solution concentration for different

solution temperatures.

Effect of solution temperature and absorber pressure
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temperature. Figure 3a and b presents the validation of the
model against the experimental data presented by Harikrishnan
et al. [13]. The predicted solution exit temperature from the
model is validated against the measured solution exit tempera-
ture from the tube in the first row of the falling film horizontal
tubular absorber. It can be seen that the maximum error
between the predicted solution exit temperature and the mea-
sured exit temperature is around 6.5%.

Figure 4 presents the variation of interface temperature
along the tube surface for different values of absorber pressure.
For a fixed solution temperature, at higher absorber pressure,
the equilibrium solution inlet concentration would be higher.
Moreover, at higher absorber pressure, the diffusion rate of
R134a vapor into the solution film is higher. Consequently, an
increased absorption rate results in higher heat of absorption
liberated at the interface which increases the interface tempera-
ture at a particular angular position on the tube surface. Thus,
at higher absorber pressure, the interface gets relatively more
heated when compared with lower absorber pressure at a given

angular position on the tube surface and for fixed value of the
inlet temperature. It is observed from Figure 4 that the inter-
face temperature lying beyond the boundary layer almost
remains constant till j ¼ 0:1, i.e. up to 10% of the circumfer-
ential length.

Figure 5 presents the variation of interface concentration
along the tube surface for different values of solution tempera-
ture. Higher solution temperature is associated with lower inlet
concentration for given absorber pressure and causes the inter-
face concentration to decrease. Lower solution inlet concentra-
tion leading to higher absorption rate of the vapor increases
the gradient of interface concentration along the tube surface.
On the other hand, a higher solution concentration is asso-
ciated with lower solution temperature which causes a decrease
in the absorption rate of R134a vapor along the tube surface.

Figure 3. Validation of model against the experimental data with (a)

solution inlet temperature and (b) absorber pressure.

Figure 4. Variation of the interface temperature along the tube surface for

different absorber pressures.

Figure 5. Variation of the interface concentration along the tube surface for

different solution temperatures.
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This is apparent from the figure that shows decreasing concen-
tration gradient along the tube surface. No variation of concen-
tration at the interface is observed until j ¼ 0:1 due to very
small absorption. The variation of both interface temperature
and interface concentration is quite small till j ¼ 0:1 due to
the assumed vapor–liquid equilibrium at the interface.

Figure 6a presents the variation of mass flux at the interface
along the tube surface for different solution inlet temperatures.
Higher solution temperature is associated with lower solution
inlet concentration which gives rise to a higher absorption rate
of R134a vapor and increased mass flux. The mass flux
increases till a particular angular position of the tube surface,
attains its peak value and then begins to decrease. The peak of
mass flux variation gets shifted to further downstream loca-
tions with an increase in solution inlet temperature. Figure 6b
presents the variation of heat flux at the tube wall surface
along the tube surface for different solution inlet temperatures.

The heat flux at the tube surface is very high at the inlet due
to much smaller thickness of the thermal boundary layer. It is
observed to be higher for higher solution inlet temperature
and vice versa. The higher value of inlet solution temperature
increases the temperature gradient between bulk solution and
tube surface causing an increase in heat transfer and heat flux.

The variation of mass flux along tube surface for different
absorber pressures is presented in Figure 7a. It shows that the
mass flux is higher for higher value of absorber pressure. The
diffusion rate of R134a vapor into the solution film increases
at higher absorber pressure resulting in increased mass flux.
For an absorber pressure of 1 bar, the nature of variation of
mass flux is almost flat. With an increase in absorber pressure,
the nature of variation changes and the peak location occurs
between j ¼ 0.5 and j ¼ 0.6. This peak location gets shifted
upstream with an increase in absorber pressure. Figure 7b
shows the variation of heat flux along the tube surface for dif-
ferent values of absorber pressure. At higher absorber pressure,

Figure 6. Variation of (a) mass flux at the interface and (b) heat flux at the

tube wall surface, along the tube surface for different solution inlet

temperatures.

Figure 7. Variation of (a) mass flux at the interface and (b) heat flux at the

tube wall surface, along the tube surface for different absorber pressures.

Effect of solution temperature and absorber pressure
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the heat flux at the tube surface is less than that for lower ab-
sorber pressure till j ¼ 0.5, beyond which it is observed to
show reversed nature of variation.

Figures 8 and 9 present the variation of transfer coefficients
along tube surface for different values of solution temperature.
The values of interface to bulk fluid and overall heat transfer
coefficient are found to be lower for higher solution tempera-
tures and vice versa. At a higher solution temperature, the
interface to bulk fluid heat transfer coefficient decreases due to
a decrease in temperature gradient at the interface. The peak
value of interface to bulk fluid heat transfer coefficient is
reached at j ¼ 0:7 and is higher at the same location for
higher solution temperature. A similar trend is observed for
the local variation of the overall heat transfer coefficient as
well. The local value of bulk fluid to wall heat transfer coeffi-
cient is higher at the inlet and reaches its minimum value
within j ¼ 0:1 and then increases gradually to attain a

maximum value around j ¼ 0:5 after which it further
decreases. For higher solution temperature, the bulk fluid to
wall heat transfer coefficient increases resulting in increased
heat transfer rate. The local mass transfer coefficient is found
to be higher for lower solution temperature and vice versa. In
general, the local mass transfer coefficient decreases along the
tube surface.

Figures 10 and 11 present the variation of transfer coeffi-
cients along the tube surface for different values of absorber
pressure. Except bulk fluid to wall heat transfer coefficient, all
other transfer coefficients are higher at higher absorber pres-
sure. At higher absorber pressure, the interface to bulk fluid
heat and mass transfer coefficients are observed to be higher
due to increased heat and mass fluxes at the interface. With an
increase in the absorber pressure, fluctuations occur in the
computed mass transfer coefficient at further downstream loca-
tions. This is the reason why the starting position for variation

Figure 8. Variation of (a) interface to bulk fluid and (b) bulk fluid to wall

heat transfer coefficient, along the tube surface for different solution inlet

temperatures.

Figure 9. Variation of (a) overall heat transfer coefficient and (b) mass transfer

coefficient, along the tube surface for different solution inlet temperatures.
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of mass transfer coefficient is chosen to bej ¼ 0:1. The local
overall heat transfer coefficient depends on interface to bulk
fluid and bulk fluid to wall heat transfer coefficients.
Consequently, the variation of overall heat transfer coefficient
is similar to the nature of variation of interface to bulk fluid
heat transfer coefficient. There is a significant variation in the
peak value of interface to bulk fluid and overall heat transfer
coefficients over the range of absorber pressure considered.
The reason for decreasing bulk fluid to wall heat transfer coef-
ficient with an increase in absorber pressure is attributed to
the fact that the higher value of bulk solution temperature at a
particular location on the tube surface gives rise to higher tem-
perature difference between bulk fluid and tube surface.

It is apparent from the present study how the absorber pres-
sure and solution inlet temperature affect the absorption rate
of R134a vapor at the interface. The maximum amount of ab-
sorption rate required can be achieved by the state of solution
(inlet temperature and concentration) when the absorber is

maintained at a particular pressure. The area under the curves
in Figure 6a give the total mass of R134a absorbed for a par-
ticular solution flow rate. Hence, the conditions at the inlet of
the absorber can be found with the help of the present model
to achieve a maximum absorption of R134a. Moreover, the
outcomes of current work are useful in finding the effect of
transfer coefficients that play an important role in deciding
heat and mass transfer characteristics in the falling film absorp-
tion process.

6 CONCLUSIONS

This two-dimensional numerical study has been carried out
using the cosine grid to investigate the heat and mass transfer
characteristics of R134a–DMAC in a falling film horizontal
tube absorber. The results show that higher value of solution

Figure 10. Variation of (a) interface to bulk fluid and (b) bulk fluid to wall

heat transfer coefficient, along the tube surface for different absorber pressures. Figure 11. Variation of (a) overall heat transfer coefficient and (b) mass

transfer coefficient, along the tube surface for different absorber pressures.

Effect of solution temperature and absorber pressure
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temperature is associated with lower solution inlet concentra-
tion that gives rise to higher absorption rate of R134a vapor
and increased mass flux. Higher solution inlet temperature
increases temperature gradient between bulk solution and tube
surface which increases heat transfer coefficient as well as heat
flux. However, for higher absorber pressure, the heat flux at the
tube surface is small up to around 50% of tube half-
circumference and then begins to increase. The interface to
bulk fluid heat transfer coefficient, overall heat transfer coeffi-
cient and mass transfer coefficient are found to be lower for
higher solution temperature and vice versa. At higher solution
temperature, the bulk fluid to wall heat transfer coefficient is
higher. The important observation made from the present
study confirms that with an increase in absorber pressure, the
nature of variation of all the transfer coefficients is opposite
when contrasted with the effects caused due to increased solu-
tion temperature.
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