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Abstract

Absorber is an essential component that affects the efficiency of absorption refrigeration unit.
Falling film absorption is one of the most widespread forms of the heat/mass transfer in absorption
system. In this paper, based on the software COMSOL Multiphysics, the finite element method is used
to establish the model of falling film absorption. The falling film absorption properties of nanofluids
was studied by adding CuO nanoparticles. The results reveal that as the film flow rate increases, the
average mass transfer flux rises first and then decreases. The average mass transfer flux increases with
the rise of the concentration of solution at the inlet, the decrease of the temperature of solution at the
inlet and the reduction of cooling water inlet temperature. After adding copper oxide nanoparticles to
lithium bromide solution, the vapor absorption performance of lithium bromide solution can be

significantly improved.
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Nomenclature

C mass concentration, %

Cp specific heat at constant pressure, J-kg*-K*
D diffusion coefficient, m?.s

g gravitational acceleration, m-s

Habs heat of absorption, kJ-kg*

k thermal conductivity, W-m?.K?

L falling film length, m

hon mass transfer coefficient, m-s

m Mass transfer flux, kg-m=2-s*

M mass transfer rate, kg-m?-s?

P pressure, kPa

q heat transfer flux, kW-m

Q heat transfer rate, W-m™

T temperature, K

u velocity in x-direction, m-s

v velocity in y-direction, m-s

Re Reynolds number

X coordinate of flow direction, m

y coordinate perpendicular to the direction of flow, m

S liquid film thickness, m
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Subscripts

nf

Cu

average flow velocity, m-s?
dynamic viscosity, Pa-s

density, kg-m™

film flow rate, kg-m™-s?

volume fraction of nanoparticles
mass transfer enhancement factor

Extrapolated values
Approximate relative error
Extrapolated relative error
Fine-grid convergence index

Apparent order of the method
Mesh refinement ratio

Signum function

nanofluid
cooling water
copper
nanoparticle
fluid
absorption
inlet

outlet

wall



i liquid-vapor interface

1. Introduction

The research of absorption refrigeration technology has attracted many scholars’ attention.
Improving the heat/mass transfer is the most effective mean to enhance the efficiency of the absorber.
Adding nanoparticles is one of the means to effectively improve the performance of the absorber [1-
2]. Many scholars have investigated the effects of nanoparticles on the performance of absorbers
through experimental methods. Pang et al. [3], Khan and Gorla [4] and Chen et al. [5] concluded that
the performance of absorbers could be improved by adding nanoparticles. Heris et al. [6] investigated
the influences of adding CuO and Al>Oz nanoparticles on the properties of laminar falling film
absorption under the condition of constant temperature wall. They found that the heat transfer
coefficient rose with increasing concentration of nanoparticles. The influence of nanoparticles on the
mass/heat transfer mainly depended on thermal conductivity, chaotic movements, fluctuations and
interactions. Kang et al. [7] studied the absorption process of binary nanofluids with iron nanoparticles
and carbon nanotubes. The results showed that the improvement of carbon nanotubes was more
obvious, and the improvement in mass transfer is more pronounced than in heat transfer in binary
nanofluids. Kim et al. [8] investigated the performance of bubble absorption in nanofluids. It was
determined that the absorption performance with nanoparticles increased by 3.21 times. For the
solution with lower absorption capacity, the enhancement effect of nanoparticles was more prominent.
Yang et al. [9] studied the influence of Fe2O3 and ZnFe2O4 nanoparticles on the performance of the
absorber. They observed that the effective absorption of Fe.O3 and ZnFe>O4 nanofluids was increased
by 70% and 50%, respectively, when the initial ammonia mass fraction was 15%. It was concluded
that the enhancement of absorption was due to the decrease of viscosity of nanofluids. Li et al. [10]

presented a falling film generating test bench for testing ammonia vapor generation rate with/without



nanoparticles. The enhancement mechanism was analyzed from the micro-motion, interface effect,
Marangoni effect and physical properties of nanofluids. Their result indicated that the micro-motion
of nanofluids and the physical properties were the two main factors of the enhancement of falling film
by nanofluids.

Some scholars have discussed the influence of nanoparticles on the performance of the absorber
by numerical simulation. Armou et al. [11] established a CFD model for falling film absorption of
nanofluids in laminar flow based on the assumption that the wall temperature changes linearly. The
numerical results revealed that nanofluids have higher mass transfer capacity. The heat/mass transfer
performance of binary nanofluids was more potent than that of pure lithium bromide solution. Wang
et al. [12] simulated the absorption properties of nanofluids on inclined plates assuming that the
physical properties of LiBr solution and the wall temperature were constant. Their results revealed that
nanofluids have a higher water vapor absorption rate than pure solutions. When the flow rate was
1.0 L - min~%, the mass transfer coefficients of 0.05% and 0.1% nanofluids increased 1.28 and 1.41
times, respectively. Zhang et al. [13] established a CFD model for describing the falling film absorption
process based on the assumption of constant wall temperature, consisted of FesO4 nanoparticles and
LiBr solution. They found that the higher the concentration of nanoparticles or the smaller the size of
nanoparticles, the stronger the heat transfer and mass transfer. Moghadassi et al. [14] established a
CFD model for the absorption outside a horizontal circular tube under the boundary conditions of
constant wall heat flux, and added 0.1% Al.O3z and Al>Os-Cu nanoparticles to study the influence of
nanoparticles on the heat transfer. They found that the convective heat transfer coefficient of nanofluids
was higher. Khanolkar and Suresh [15] investigated the effect of Silica and Titanium dioxide
nanofluids on the mass transfer rate by experimental and theoretical methods. When the volume
fraction of nanoparticle is small, the mass transfer coefficient can be increased by 165%. Some scholars
have also investigated the hydrodynamic characteristics of falling film absorption. Karami et al. [16]

investigated the falling film absorption with Reynolds numbers of 5 to 150, and assumed the flow state



of being laminar. The simulation results agree well with the experimental data. However, for higher
Reynolds numbers, waves (capillary waves, inertial waves, etc.) will appear in the flow and affect the
mass transfer. The falling film flow can no longer be assumed to be laminar.

Some scholars have found other ways to enhance the performance of falling film absorption. Gao
et al. [17] added alcoholic surfactants with different carbon atom numbers into lithium bromide
solution. It was found that the lower the surface tension, the better the mass transfer ability of lithium
bromide solution. Niu et al.[18] established a model of ammonia water to absorb water vapor in a
magnetic field. It was determined that the magnetic field had a significant improvement on the
absorption of water vapor by ammonia water.

The performance of binary fluid falling film absorption has been discussed in many experimental
and theoretical literatures. Although a lot of work has been done in the numerical study of binary fluid
falling film absorption, there is still a lack of complete numerical simulation for falling film absorption
considering actual cooling water channels and tube wall thickness. Based on the software COMSOL
Multiphysics, the finite element method is used to investigate the vertical falling film absorption. In
order to make the model closer to reality, the actual cooling water channel and the tube wall thickness
was considered, and the change of solution physical properties was also considered. The effect of

adding copper oxide nanoparticles on the performance of falling film absorption was investigated.

2. Mathematical physics model

2.1 Physical model

Fig. 1 depicts the 2D model of the absorption process. The solution at the inlet is sprayed onto
the wall. Due to gravity, the solution flows down along the inner wall of the absorber and it begins to
absorb water vapor, while releasing absorbed heat, which causes the temperature of film to rise. On

the outside of the wall, there is a countercurrent upward cooling water to cool the solution, ensuring



the absorption process going continuously. In order to establish a physical and mathematical model

reflecting the actual absorption process and convenient for analysis and comparison, the model is

assumed as follows.

(1) Falling film flow is a fully developed laminar flow.

(2) The CuO nanoparticles are evenly dispersed in the LiBr aqueous solution.

(3) The film thickness is constant.

(4) The solution is in phase equilibrium at the inlet and at the vapor-liquid interface.

(5) The heat transfer to the water vapor phase is negligible.

2.2 Governing equations

According to the above basic assumptions mentioned above, the basic governing equation of the

solution area is as follows:
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The basic governing equation of the copper tube area is as follows:
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The basic governing equation of the cooling water area is as follows:
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2.3 Boundary conditions

(1) At the solution inlet, the solution in phase equilibrium.
X = 0;T=Tin;C = Cin

(2) The boundary conditions at solution outlet are as follows:

(3) The boundary conditions at the liquid-vapor interface are as follows:

C;=Ci(P,T)
m=—pD (%)

(4) Atthe cooling water inlet, the temperature is evenly distributed.

y=8,

x=LT="T.y
(5) At the cooling water outlet, the flow is in fully developed state.

oT
X—O,a—o

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

In order to give an intuitive impression, the boundary conditions and geometric details are also

shown in Figure 2.
2.4 Related parameters
The formula for the film Reynolds number is as follows [19]:

ar
Unf

Re =

The film thickness is defined by Nusselt’s analysis.

(17)
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According to the Nusselt theory, the velocity profile is as follows:
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2.5 Nanofluid properties

The density, the dynamic viscosity, the specific heat and the thermal conductivity of the nanofluid
Is respectively determined by the followings [20-22]:
pnf = (1 — ®)ps + Ppy (20)
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3 Numerical procedure

3.1 Solution method and meshing

The laminar flow, physics transport of concentrated species and heat transfer in fluids are selected
in COMSOL Multiphysics to establish a two-dimensional absorption model for a falling film of LiBr
solution flowing along a vertical wall of copper with length of 150 mm, thickness of 1 mm. Steady-
state, PAEDISO solver and a preordering algorithm of nested dissection multithread are adopted. A
structured quadrilateral mesh compatible with the calculation area is used in the model.

As listed in Table 1, the mesh sensitivity is estimated with three different numbers of meshes

(fine, medium, and coarse). The mesh convergence ratio R; is expressed as follows:



(24)

where &, =@, —@,, &, =¢, — ¢, and ¢, denotes the solution on the k™ mesh. It can be observed

from the Table 2 that the state of mesh is convergent.

The Grid Convergence Method (GCI) method is used for discretization error estimation in this

paper [23]. The parameters of discretization error, such as the apparent order of the method p, the
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where I is the mesh refinement ratio, and s =1-sgn(&,,/¢,,) is signum function. It can be seen

from table 3 that for the mass transfer flux, the numerical uncertainties in the fine-mesh solution is

0.018%, which meets the requirements of numerical simulation. Simultaneously, the mass transfer flux

are calculated using 9 various grids, as shown in Figure 3. The deviation of mass transfer flux between

the grid of 135000 and the grid of 180000 is only 0.03%, so the grid of 135000, being enough to meet

the calculation requirements, is selected in this simulation investigation.



3.2 Model validation

Under the same operating conditions (0.1% CuO nanoparticles added), our numerical results are
compared with the experimental result of Wang et al [12], as shown in Figure 4, which shows the
change of outlet concentration of the absorber with flowing rate of nano-LiBr aqueous solution. It can
be seen that the two are basically the same, and the maximum deviation is not more than 0.7%.

The parameters of operating conditions used in the calculation of the present study are shown in

Table 4.
4 Results and discussion
4.1 Mass transfer flux at the interface

The influence of the concentration of nano-copper oxide on the absorption properties was mainly
studied. Figure 5 shows the effect of nanoparticles with increasing volume fraction on mass transfer
flux. When no nanoparticle is added (& = 0), the mass transfer flux rises rapidly within 50 mm of the
inlet and reaches the maximum value (m; max = 2.2 X 1073 kg - m~2 - s71), then begins to decline.
Since the solution is in phase equilibrium at the inlet, when x=0, the mass transfer driving force is 0,
and the mass transfer flux is 0. When the solution enters the tube, the cooling effect quickly reaches
the interface, reducing the temperature of the interface, and decreasing the saturated vapor pressure of
lithium bromide aqueous solution, and then increasing the mass transfer driving force and therefore
increases the mass transfer flux at the interface. However, as the absorbed water vapor gradually
increases, the latent heat released gradually increases, which causes the temperature of the interface to
grow, the saturation pressure of the solution to grow, and the mass transfer flux to reduce.
Simultaneously, as the downstream distance increases, lithium bromide solution has absorbed more
water vapor, which leads to the decrease of water vapor absorption capacity of the solution, so the

mass transfer flux decreases.



In this paper, it is assumed that the CuO nanoparticles are evenly dispersed in the LiBr aqueous
solution. Thence, in the numerical investigation, only the low volume fraction of nanoparticles is
investigated. As more nano-copper oxide is added, the mass transfer flux increases, and the trends of
the five curves are consistent. The effect of the nanoparticles is not obvious near the inlet. It can be
derived that the steam partial pressure difference between interface and water vapor is quite big at the
inlet, driving the water vapor to go into the interface. And this plays a leading role in the initial stage,
making the impact from the nanoparticles insignificant. When the falling film length is 50 mm, the
mass transfer flux of the lithium bromide solution containing 0.1% nanoparticles is 1.36 times that of
the pure solution. This is because the irregular Brownian motion of nano-copper oxide makes the mass
diffusion coefficient increase. At the same time, the concentration of water in the lithium bromide
aqueous solution with copper oxide nanoparticles is slightly lower, that is, the partial pressure of water
vapor is slightly lower than that of the pure solution. The driving force for mass transfer (water vapor
partial pressure difference) is increased. Therefore, as the volume fraction of nano-copper oxide

increases, the mass transfer flux increases.
4.2 Variation of mass transfer coefficient and mass transfer rate in the liquid phase

The formula for calculating the liquid mass transfer coefficient is as follows:

_ m(x)
o (x) = p(Cw()-Ci(x)) (31)

Figure 6 shows the relationship between the liquid-phase mass transfer coefficient and the
concentration of nano-copper oxide. When no nanoparticles are added, the liquid mass transfer
coefficient reaches the maximum near the inlet (hy, max = 1.45 X 107* m - s~1), but with the increase
of downstream distance, the liquid mass transfer coefficient reduces rapidly and then stabilizes. The
reason can be explained that with the absorption of water vapor, the concentration of LiBr in the film

becomes lower, and the partial pressure of water vapor becomes larger, resulting in a decrease in the



driving force for mass transfer.

A small amount of nanoparticles has a positive effect on the liquid phase mass transfer coefficient
(Fig. 6). The liquid phase mass transfer coefficient of LiBr solution with 0.1% nanoparticles at the
outlet is 1.59 times higher than that of pure solution. This is because the perturbation of the
nanoparticles enhances mass transfer.

Fig. 7 depicts the relationship between the mass transfer rate and the downstream distance. The
mass transfer rate rises with increase in the downstream distance. As the concentration of nano-copper
oxide increases, the mass transfer rate increases, but near the inlet, the role of the nanoparticles is not

significant.
4.3 Effect of film flow rate of solution

The mass transfer enhancement factor (R) is defined as the ratio of the mass transfer flux of the
nanofluids to the mass transfer flux of pure lithium bromide solution under the same conditions. The

coefficient can be expressed as:

R ="Txf (32)

mg
Figure 8(a) shows the influence of the concentration of nano-copper oxide on the average mass
transfer flux as a function of film flow rate. When the volume fraction of nano-copper oxide volume
fraction is ®=0, as the film flow rate rises, the average mass transfer flux first rises and then decreases.
When the film flow rate is 0.05 kg - m~1 - s~1, the average mass transfer flux reaches the maximum

(Mayg = 2.34 X 1073 kg - m~% - s1). This is because with the increase of the film flow rate, the LiBr

solution is renewed faster, the absorption capacity is enhanced, and more water vapor can be absorbed,
so that the average mass transfer flux is increased. As the film flow rate continues to increase to a
certain extent, the liquid film renews too quickly, which shortens the time for water vapor to contact

the liquid film, which results in a decrease in water vapor absorption and a decrease in average mass



transfer flux. Therefore, the average mass transfer flux does not always increase with the rise of the
film flow rate, and the excessive or small flow rate is not conducive to the absorption process.

As the volume fraction of nano-copper oxide increases, the average mass transfer flux is improved.
From the data of mass transfer enhancement factor shown in Figure 8(b) as a function of film flow rate
and the volume fraction of nano-copper oxide, the effect of nanoparticle addition on mass transfer flux
can be analyzed in more detail. At low film flow rates, the increase of average mass transfer flux by
nanoparticles is not obvious. The average mass transfer flux increased by 1.24 times with the addition
of 0.1% nanoparticles at the flow rate of 0.01 kg - m~1 - s~1. With the increase of the flow rate, the
mass transfer enhancement factor tends to increase slowly. The average mass transfer flux with 0.1%
nanoparticles is 1.41 times higher than that of the pure lithium bromide solution at the flow rate of

0.05kg-m™1-s71

4.4 Effect of the temperature of solution at the inlet

As the inlet temperature of the solution increases, the influence of the concentration of the nano-
copper oxide on the average mass transfer flux is shown in Figure 9(a). When no nanoparticles are
added, the increase of the temperature of solution at the inlet has a negative effect on mass transfer
flux. The inlet temperature increases from 313.15 K to 333.15 K, the average mass transfer flux
decreases 22%. This is considered that the water vapor pressure of lithium bromide solution rises with
the increase of the temperature of solution at the inlet, which leads to the decrease of mass transfer
driving force.

As the concentration of nanoparticles increases, the average mass transfer flux increases, and the
five curves with different volume fractions have the same trend. Figure 9(b) shows the influence of
nanoparticles on the mass transfer enhancement factor with increasing inlet temperature. When the
temperature at the inlet increases from 313.15 K to 333.15 K, the mass transfer enhancement factor of

lithium bromide solution with 0.1% nanoparticles increases from 1.32 to 1.36, meaning with 1.32 to



1.36 times mass transfer flux of pure lithium bromide solution. Increased inlet temperature makes the

role of nanoparticles more pronounced.

4.5 Effect of the concentration of solution at the inlet

Figures 10(a) and 10(b) show the effect of volume fraction of nano-copper oxide on average mass
transfer flux and mass transfer enhancement factor, respectively, as the solution inlet concentration
rises. Increasing the solution inlet concentration helps to increase the mass transfer flux (Figure 10(a)).
When ® = 0, the average mass transfer flux increases 1.75 times as the inlet concentration increases
from 60% to 70%. The higher the inlet concentration, the lower the vapor pressure of the lithium
bromide solution. Therefore, the mass transfer flux increases.

As the concentration of nano-copper oxide rises from @ = 0 to & = 0.001, the average mass
transfer flux increases. When the concentration of the solution inlet is 60% and 70%, the average mass
transfer fluxes are increased to 1.32 times and 1.28 times, respectively, with 0.1% of the nanoparticles.
When the solution inlet concentration at the inlet is low, the enhancement of nano-copper oxide is

more obvious.

4.6 Effect of the temperature of cooling water at the inlet

Figures 11(a) and 11(b) reveal the influence of CuO nanoparticles on average mass transfer flux
and mass transfer enhancement factor, respectively, as the temperature of cooling water at the inlet
increases. From Figure 11(a), it can be concluded that lowering the temperature of cooling water at the
inlet is beneficial to the mass transfer process. When & = 0, the cooling water inlet temperature
decreases from 307.15 K to 301.15 K, the average mass transfer flux increases to 1.55 times. This is
because as the temperature of cooling water at the inlet decreases, the heat transfer rate increases,
resulting in a decrease in the water vapor partial pressure of the lithium bromide solution. Therefore,

the mass transfer flux increases.



The average mass transfer flux rises with the volume fraction of nano-copper oxide increases.
Compared with the pure lithium bromide solution, as the temperature of cooling water at the inlet is in
the range of 301.15 K to 307.15 K, the average mass transfer flux of the solution with 0.1%
nanoparticles increases to about 1.33 times. Figure 11(b) shows that with the increase of the
temperature of cooling water at the inlet, the value of the mass transfer enhancement factor is almost
unchanged. Therefore, the effect of the temperature of cooling water at the inlet on mass transfer

enhancement factor is not obvious.

5. Conclusions

In this paper, the finite element method was used to establish a thermal-mass coupling model for LiBr
solution falling film absorption. The influence of nano-copper oxide on the falling film absorption of
LiBr solution was investigated. The following conclusions are drawn.

(1) For the falling film absorption of pure lithium bromide solution, as the film flow rate grows, the
average mass flux rises first and then decreases. When the film flow rate is too large or too small,
it is not conducive to the absorption process, and there is an optimum film flow rate.

(2) Reducing the temperature of solution at the inlet, increasing the concentration of solution at the
inlet or decreasing the temperature of cooling water at the inlet is beneficial to the mass transfer
process.

(3) The mass transfer flux rises rapidly near the inlet and reaches the maximum, then reduces. The
mass transfer coefficient of liquid phase decreases rapidly after reaching the maximum near the
inlet, and tends to be stable as the downstream distance increases.

(4) After adding copper oxide nanoparticles into lithium bromide solution, mass transfer flux, mass
transfer rate and mass transfer coefficient are all increased.

(5) When the temperature of solution at the inlet is high and the concentration of solution at the inlet

is low, the improvement of the nano-copper oxide is more significant.
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Table 1. Details of mesh size.

Case Meshes
Fine 180000
Medium 135000
Coarse 80000




Table 2. Mesh sensitivity analysis

Case ID Meshes m
Fine ¢, 180000 17944 x 10-3
Medium ¢, 135000 17927 % 10-3
Coarse ¢, 80000 17136 x 10-3

Rs

0.021491783




Table 3. Calculation of the discretization error for mass transfer flux

Item m
oA 1.2
I 1.29
) 0.17944
9, 0.17927
¢, 0.17136
p 14.24
th 1.79
o2 0.095%
€ax 0.014%

GCIZ, 0.018%




Table 4. Operating conditions.

Parameters Value
Solution inlet concentration 60%
Solution inlet temperature 319.65K
System pressure 1 kPa
Length of falling film 150mm
Cooling water inlet temperature 305.15K
Cooling water channel height 5mm
Cooling water inlet velocity 0.1m/s




