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Abstract. The absorption process has been confirmed as the most important process in absorption
refrigeration machines in terms of improving their total efficiency. One of the key research directions is the
selection of absorber structure which is expected to be fabricated in Vietnam without demand of new
infrastructure investment. In this study, a local model of the coupled heat and mass transfer during
absorption process of NH3 vapor by a NH3-H2O diluted solution flowing over horizontal round tubes of an
absorber was made. The heat transfer coefficient obtained from the coupled heat and mass transfer
mathematic model. This heat transfer coefficient is used to calculate the variation of the simulated value of
heat load. The correlations which give the heat transfer coefficient and mass transfer coefficient in the
-1 -1

s , coolant temperature twater = 28 oC ÷ 38 oC are set as two functions. The
practical decrease of wetted ratio analyses were taken into account when the solution flow from the top to
the bottom of the parallel tube bundle. The deviation of theoretical heat load and experimental heat load is
about 12.3%. Based on these simulations, the theoretical studies were done for absorption refrigeration
system in order to narrow the working area where the experiments later focused on. The results of this study
will be the basis for subsequent application research of falling film absorbers.
Keywords. Absorption process, NH3-H2O solution, falling film, absorption refrigeration.

Nomenclature
x
y
u
v
T
h
ib
bw
iw
w

U
hm
WR
m
Do

Tangential coordinate along solution flow direction, m
Local radial coordinate normal to solution flow direction, m
Non-dimensional tube half-circumference
Non-dimensional film thickness
Circumferential velocity, ms-1
Normal velocity, ms-1
Film thickness, m
Solution concentration
Temperature, K
Enthalpy, kJkg-1
Solution mass flow rate per unit length, kgm-1s-1
Convective heat transfer coefficient from interface to bulk, Wm -2K-1
Convective heat transfer coefficient from bulk to wall, Wm -2K-1
Heat transfer coefficient from interface to wall, W m -2K-1
Convective heat transfer coefficient of cooling water, Wm-2K-1
Heat transfer coefficient from film to water, Wm -2 K-1
Mass transfer coefficient from interface to bulk, ms-1
Kinetic viscosity m2s-1
Wetted ratio, %
Angle, radian
Mass flow rate, kgs-1
Outer diameter of the tube, mm
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Di
qf
mf
Q

Inner diameter of the tube, mm
Heat flow rate, Wm-2
Mass flow rate, kgm-2s-1
Heat load, kW

1
The performance of the absorption refrigeration system depends on the absorber. Heat and mass transfer
processes occurring between liquid and vapor phases are key points in sizing and designing the absorber
[1], [2]. The falling film absorbers include the following main types: 1. The falling films flow on two
cooling walls. In wall structure, the mass transfer efficiency of the bubble form is better than of the falling
film form. 2. The falling films flow over the circular wall. 3. Dilute NH3 solution from the dispenser is
sprayed onto horizontal tubes which are arranged unequal. 4. The tubes are arranged parallel and connected
with the grid for increasing the contacting surface. 5. Dilute NH3 solution from a dispenser dispensed onto
parallel tubes was selected because of its simple structure, good heat transfer performance, and can be
fabricated according to the existing technology conditions in Vietnam that is no need to import new
production lines. This research focuses on the coupled heat and mass transfer of falling film absorption on
the horizontal tubes of the cooling tube bundle. Heat transfer coefficient, mass transfer coefficient, the
distribution of solution concentration profile and temperature profile of the film leaving the bottom cooling
tube having decisive role in appropriate choice between adequate size of absorbers design and system
operation. Moreover, falling film absorber is the most popular due to many advantages of heat transfer
efficiency, easy to assemble, easy to manufacture, especially well-suited to the technology conditions in
Vietnam. Therefore, the study of absorption properties of the falling film and parameters influencing on
heat transfer coefficient and mass transfer coefficient of the absorption process are urgently needed for
design, manufacture, and operation.
Two common pairs of working fluid (refrigerant-absorbent) of refrigeration absorption systems are H 2OLiBr and NH3-H2O. Testing absorber is using dilute NH 3-H2O solution concentration distributed evenly
from top to form the falling film around the tubes of parallel tube layers, NH 3 vapor go pass through the
tube layers from the absorber bottom [4] ÷ [9]. Dilute solution absorb NH 3 vapor to become stronger
solution generating the absorbing heat flow. This heat flow go through the tube wall to the cooling water
flowing in tubes and carrying it away. The falling film covers only one part of the tube depends on the fluid
distribution along the tube length and surface tension of the solution, as well as surface roughness of tube.

2
2.1

Model description

The structure and the arrangement of the flows in the absorber: A tube bundle consists of the horizontal
tube rows stacked on a vertical axis. The diluted NH3-H2O solution flow and NH3 vapor flow are in the
opposite directions
the vertical step is 20 mm and the horizontal step 13
mm

.
Figure 1: The structure of the selected falling film absorber
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Each cooling tube is divided into k control volume elements. After leaving the control volume element of
the upper tube, NH3-H2O solution enters to the next below control volume element of the next below tube
with the same temperature and concentration profiles during leaving the previous element. Once the cooling
water temperature enters the absorber is known, the calculation method will be started with each control
element. This procedure continues until the entire tube length is finish. The next progress for the next tube
model is repeated until the last tube is finished. The cooling water temperature calculation leaves the
absorber will be compared with experimental value. If the deviation exceeds the allowable value, the entire
calculation process is repeated with a new value of the cooling water may be anticipated until the calculation
converges.

Figure 2: Spatial discretization of falling film solution

A control volume element has 100% wetted ratio. 3D physical models become 2D physical model has dilute
solution flow direction along the tube circumference by coordinate x. Film thickness direction is from the

Figure 3: 2D physical model

2.2

Mathematical description

The continuity, momentum, energy, transport equations of the solution falling film on the tube bundle are
described 2D [2] ÷ [13].
For a given solution mass flow rate per unit tube length
. Film thickness is expressed as equation
(1).
(1)
The velocity component u along x direction is belong to flow direction as equation (2).
(2)
The velocity component v along y direction is normal to flow direction as equation (3).
(3)
The phenomenon of coupled heat and mass transfer in steady state is described by the energy transport
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equation (4) and the spicies transport equation (5).
(4)
(5)
Concentration and temperature boundary conditions at the inlet (6).
(6)
Concentration and temperature boundary conditions on the tube wall surface (7).
(7)
Concentration and temperature boundary conditions at the liquid-vapor interface (8, 9, 10).

The local heat transfer coefficients from the interface to bulk solution along the film flow (11) and from the
bulk solution to tube wall surface along the film flow (12) in terms of Nusselt number.
(11)
(12)
The mass transfer coefficient from the interface to bulk solution along the film flow (13) in terms of
Sherwood number.
(13)
The heat transfer coefficient from the interface to cooling water flow can be expressed as (14) [2], [3].
(14)
The physical domain has a complex geometry. Moreover, the film thickness is in micro-size vs the half
circumference length 0.0157 m. This ratio make the domain can not be meshed directly which must be
transformed from sliding coordinate xy to non-dimensional
domain rectangular.
The counter-flow absorber is presented schematically as shown in figure 2. Applying the conservation law
of energy to the control volume element, the following equations are obtained (figure 3):
Heat load removed on the coolant flow for a control volume element, W
(15)
The outer wall temperature of a control volume element, oC
(16)
(17)
(18)
(19)
The heat flux transferred into a control volume element, W:
(20)
The absorber head load, W
(21)
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The absorber mass flow rate, kgs-1
(22)
Mathematical model is developed for the falling film flowing on horizontal round tubes absorber derived
from the mathematical model of the control volume element. The control volume element is simplified into
two-dimensional physical model in many previous studies. Cooling tube diameter is 9.6 mm. The liquid
mass flow rate per unit length of tube is low to get droplet mode.

3
3.1

Numerical validation

The parameters used in this study are presented in table 1 [10].
Table 1: Input parameters

Parameters
Inlet solution temperature Tin

Mass diffusivity D
Wall tube temperature Twall

Values
316.15 K
0.295
2 bar
880 kgm-3
3.958*10^-4 Nsm-2
0.005 kgm-1s-1
0.005 m
6.7*10^-8 m2s-1
4.4*10^-9 m2s-1
303.15 K

Thermal conductivity of solution kf

0.384 Wm-1K-1

Inlet solution concentration
Absorber pressure p
Solution density

in

Out tube radius Ro

Figure 4 shows the mass transfer phenomenon as NH 3 vapor is absorbed in order to become a stronger
concentration solution of a control volume element.

Figure 4:

Figure 4 is the threevolume element. Concentration of dilute solution when the solution has not contact the tube assumed
without absorption phenomenon so the concentration equals the inlet concentration. Interface temperature
is saturated to solution concentration. At tube wall, solution temperature equals wall temperature. When
absorption phenomenon occurs, concentration of the liquid-axis (x), then
-axis (y). This absorption generates heat making liquid-vapor interface
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-axis (x). Due to the temperature difference between the interface and tube
wall, heat transfer to the wall alon
the film coming in the tube is 317.6 K (44.5 °C), average temperature of the film leaving tube is T = 304.8
K (31.7 °C), decreases 12.8 °C. Temperature of the liquid-vapor interface coming in the tube is 332 K
(58 °C), temperature of the liquid-vapor interface leaving the tube is T = 306.5 K (33.4 °C), decreased
24.7 °C. Difference temperature between liquid-vapor interface leaving the tube and the tube wall is 3.4 °C.
Simulations based on the geometry structure and operating conditions of the absorber in the machine. The
18 * 6 = 0.0326 m2. The following figures show the heat and mas transfer process in the
absorber. Typical values when absorption refrigeration machine operates in ice-making mode with the weak
-1 -1
solution flow rate is 0.0171 kgs-1
s ; the w
o
of cooling water temperature are 31 °C and 34.2 C respectively.

Figure 5: Variation of temperature & heat transfer coefficient

Figure 6: Variation of temperature & mass transfer coefficient

Figure 5 shows the variation of the solution average temperature, water coolant along the horizontal tubetype falling film absorber design. The solution flows down from the top of the absorber (28 tube rows) to
the bottom of the absorber. While water coolant flows in the upward direction. The heat transfer coefficient
is approximately constant U = 927 Wm-2K-1. The mass transfer coefficient is approximately constant h m =
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1.3657*10^-5 ms-1 (Figure 6).

3.2

Evaluation of numerical and experimental result

Figure 7: Measured state point values
Figure 7 shows the measured state point values for a specific working condition. The measured value of absorber heat
load Qa_meas = 3.270 kW is compared with the computed value Qa_compute and numerical model Qa_sim.
The input for the machine computation program are the condensing temperature tc = 30.2 oC, absorbing temperature
of strong solution leaving the absorber ta = 36 oC, evaporating temperature te = -19 oC, and the heat supply capacity
Qg = 3.762 kW. The optimal generating temperature will be tg = 120 °C.
Heat flows of the components: evaporator, condenser, absorber, generator, rectifier, work input to the solution pump,
coefficient of performance are Qe = 1.52 kW; Qc = 1.727 kW; Qa = 3.412 kW; Qg = 3.762 kW; Qr = 0.41 kW; Qp_out
= 0.362 kW; COP = 0.413 respectively. The heat load of the absorber Qa_compute = 3.412 kW.

Figure 8: Variation of temperature and heat load

Figure 8 shows the variation of the simulated value of absorber Qa_sim = 3.671 kW, the solution average
temperature ts, water coolant tw along the horizontal tube-type falling film absorber design. While water
coolant flows in the upward direction. The heat transfer coefficient is approximately constant U = 863 Wm 2 -1
K .
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Table 2: Numerical and experimental heat load of the absorber

Head load
Value (kW) Deviation (%)
Qa_meas
3.270
0
Qa_compute
3.412
4.3
Qa_sim
3.671
12.3
The heat transfer coefficient and mass transfer coefficient as functions of the initial solution concentration,
f(0.308; 0.008; 306.3) = 0.863 kWm-2K-1; hm
respectively.

-5 ms-1

Table 3: Comparision of heat and mass transfer coefficient with other literatures

Analysis

U Wm-2K-

hm ms-1

Note

1

[14]

545-940

[15]

540-1160

[16]

571-831

[17]
[18]

852
753-1853

Present
study

488 ÷ 976

Do = 1.575; Di = 1.168.
m=
÷ 35.
Do = 1.575; Di= 1.168

2.1944*10-5
3.2222*10-5
mf = 0.01453
mf = 0.01847
0.55*10-5
3.31*10-5
0.967*10-5
1.65*10-5

÷

0.0284
Do = 15.88 or 12.7 or 9.52

÷ Do = 9.5
÷

w

In addition, heat transfer and mass transfer coefficients of this research are compared with previous studies.
Sangsoo Lee, Lalit Kumar Bohra, Srinivas Garimella, Ananda Krishna Nagavarapu [18] found heat transfer
; 2.5) = 0.88 kWm-2K-1 and mass transfer coefficient hm
-5
-1
P) = f(0.25; 0.008; 2.5) = 1.65*10 ms . Correlations of heat transfer and mass transfer coefficients of the
absorption process to: (i) solution concentration ranging from 28% to 31%, (ii) solution mass flow rate per
unit tube length ranging from 0.001 kgm-1s-1 to 0.03 kgm-1s-1 and (iii) cooling water temperature ranging
from 301 K to 311 K were established.

3.3

Correlation of heat and mass transfer coefficients

The effects of the solution concentration, solution mass flow rate per unit tube length, and cooling water
temperature to the heat transfer coefficient and mass transfer coefficient in the absorption process.
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Figure 9: Effect of cooling water temperature on U and h m

The cooling water temperature decreases 1 oC the heat transfer coefficient increase 0.95% and mass transfer
coefficient increase 3.7%. Figure 9 also shows the combined effects of the cooling water temperature
variation and solution mass flow rate per unit length.

Figure 10: Effect of solution concentration on U and h m

The solution concentration decreases 1%, the heat transfer coefficient increase 1.46% and mass transfer
coefficient increase 1.39% (figure 10).
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Figure 11: Solution distribution on U and hm

The solution mass flow rate per unit tube length decreases 1%, the heat transfer coefficient increase 0.65%
and mass transfer coefficient increase 3.27% (figure 11).
A correlation which gives the heat transfer coefficient and mass transfer coefficient in the absorption
= 0.005 ÷ 0.015 (kgm-1s-1), coolant temperature t = 28 ÷ 38 (oC) are set as two functions.
These functions are derived to estimate the overall heat transfer coefficient U and mass transfer coefficient of
NH3 vapor into NH3-H2O solution hm taking the form as function (23) from the results of the individual
studies on the effects of heat and mass transfer of related studies and assumptions limiting the operating
conditions of absorber.
U or hm

2

wall

+ K*Twall2

(23)

Table 4: Constant of U and hm correlation

Constant
U Wm-2K-1
A
-16374,2444
B
-3999,9999
C
47142,4463
D
126,7608
G
97578,4861
K
-0,2211

hm ms-1
-0.0009451752
-0.0000629999
0.0006066080
0.00000686285
-0.0120566076
-0.0000000120

4
The effects of the solution concentration, solution mass flow rate per unit tube length, and cooling water
temperature to the heat transfer coefficient and mass transfer coefficient in the absorption process are given
by table 5.
Table 5: The effects on U and hm

U W m-2K-1

Variable

decrease 0.56 %
o

tw decrease 1 C increase 0.95%
decrease 1% increase 1.46%

hm ms-1
decrease 3.27%
increase 3.7%
increase 1.39%

The correlation which give the heat transfer coefficient and mass transfer coefficient in the absorption
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= 0.005 ÷ 0.015 kgm-1s-1, coolant temperature t = 28 ÷ 38 (oC) are set as function 23.
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