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This paper aims to study the influence of hybrid nanofluid and coolant flow

direction on mass and heat transfer improvement for a bubble absorber in

order to reduce the absorber length required for complete absorption. Hybrid

nanofluid is used as the cooling medium. A finite difference method was used

to solve the system of nonlinear differential equations. The absorber length is

divided into differential elements of an incremental length dL along the

absorber length. A parametric study comparing two different flow configura-

tion (co/countercurrent coolant flow direction) of the bubble absorber was

conducted to gage the influence of solid volume fraction (0% ≤ Phi ≤ 2%),

direction of coolant flow, type of working fluid on heat, and mass transfer

enhancement. The results show that the absorption process depends on the

direction of coolant flow and the type of working medium. The absorption rate

with coolant in countercurrent flow direction is higher than that cocurrent

flow direction. In addition, results reveal that the heat and mass transfer, the

mass absorption flux, the absorber thermal load, Stanton, and Reynolds num-

ber in binary hybrid nanofluids are enhanced more than that the binary

nanofluid and NH3/H2O solution, which increase the absorption rate and con-

sequently decrease the absorber length. The type of working medium and the

solid volume fraction are the key parameters. Also results reveal that an opti-

mal absorber length is found when using binary hybrid nanofluid as a working

medium.

KEYWORD S

ammonia water, bubble absorption, cocurrent, countercurrent coolant flow direction, heat and

mass transfer, hybrid nanofluid

1 | INTRODUCTION

In the absorption process, the coolant phases can flow in countercurrent or in cocurrent manner. Intensive configura-
tions have been proposed in the literature to improve the bubble mode absorption by Ben Jaballah et al1 and Ben
Hamida et al.2 Herbine and Perez-Blanco3 developed a vertical bubble absorber. The tubular absorber consists of two
concentric tubes with vapor, and liquid phases flow in cocurrent configuration in the inner tube while coolant flows
in opposite direction to the liquid and vapor phases in the outer tube. Their results show that liquid temperature is
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higher than the interface temperature when the ammonia vapor bubble transfers into water. Kang et al.4 investigated
the absorption process in a NH3/H2O falling film absorber. In the absorber, liquid flows down from the top while
vapor and coolant are introduced at the bottom and flow upward. The effect of coolant inlet temperatures, solution
inlet temperatures, and coolant flow rates on the absorber size was studied. Their results revealed that the absorber
size decreases with coolant and solution inlet temperature. Gowel and Goswami5 numerically investigated the effects
of surfactants and binary nanofluids on the ammonia bubble absorption process with cocurrent flow. The cooling
flows in the same direction as that of the vapor and liquid but in the cooling canal. Their result reveals that the appli-
cation of surfactants and binary nanofluids can reduce the size of absorber. Also, results show that the enhancement
of mass transfer performance is more effective than that of heat transfer performance. Analysis of Fernandez-Searea
et al.6 combined heat and mass transfer in NH3/H2O bubble absorption process. Their results show that absorber size
required for complete absorption increased with the coolant temperature and the dilute solution concentration and
decreased with the number of tubes. Several studies have shown the importance of heat transfer improvement for an
absorption refrigeration machines, porous media, discharge lamp, Light Edding Diode by Cerezo et al,7 Terasaka et
al,8 Merrill and Perez-Blanco,9 H. Masuda et al,10 Ben Hamida et al,11–22 Hussein et al,23 Chamkha et al,24–26 Ferjani
et al,27 Araoud et al,28 Ben salah et al.29,30 Recently, the application of nanofluid has gradually enhanced the absorp-
tion refrigeration system. The characteristic feature of a nanofluid is the thermal conductivity enhancement. The
effect of two different nanoparticles as CNT and Fe on H2O/LiBr falling film absorption performance was experimen-
tally studied by Kang et al,31 where the vapor and solution are in countercurrent flow configuration. They reported
that the absorption rate increases with solution mass flow rates and concentration of nanoparticles. In addition, it is
revealed that CNT enhances falling film absorption process more than those Fe nanoparticles. Kang et al.31 investi-
gated the heat and mass improvement of NH3/H2O bubble absorption with the use of nanoparticles. Three different
types of nanoparticles were used to prepare the binary nanofluids. They observed that the addition of nanoparticles
into solution enhanced heat and mass transfer. In addition, it is revealed that increase of solution concentration
results in increase of effective absorption ratio. Enhancement of H2O/LiBr falling film absorption process with the use
of SiO2 nanoparticles, nanoparticles was experimentally studied by Kim et al.32 The vapor and solution phases flow in
countercurrent manner. They observed that the enhancement was found to be higher when using only nanoparticles
compared with those surfactants and nanoparticles. The influence of mono nano Ag on NH3/H2O bubble absorption
process was experimentally investigated by Kim et al.33 Their results found that the absorption performance increases
with mono nano Ag concentration into NH3/H2O solution. Wu and Pang et al.34 have experimentally researched and
simulated the effects of nanofluids on NH3/H2O bubble mode absorption, and its conclusion is that presence of surfac-
tants and nanoparticles into solution enhances the bubble mode absorption than that without surfactants or
nanoparticles. Recently, there has a new type of nanofluid called “hybrid nanofluids,” which means base fluid with
two types of nanoparticles. Several researchers such as Kim et al.,35 Fallah et al.,36 Ho and Yan,37 Mehryan and
Sherement,38 Tarakaramu and Narayana,39 Hamzah et al.,40 Pourrajab et al.,41 Ghalambaz et al.,42 and Treybal43 have
discussed the importance of hybrid nanofluid for heat transfer improvement. In this paper, the effect of hybrid
nanofluids and the coolant flow direction on bubble mode absorption improvement was investigated when hybrid
nanofluid is used as the cooling medium.

2 | STUDIED CONFIGURATION AND GOVERNING EQUATIONS

Figure 1A,B shows a schematic representation of two different configurations of bubble absorbers. It is a cocurrent plate
type bubble absorbers when the cooling hybrid nanofluid flows in (co/countercurrent coolant flow) direction to the liq-
uid and vapor phases. The vapor bubbles and liquid phases distributed in the bottom of absorber and flow in cocurrent
manner.

2.1 | Hypotheses

The following assumptions are taken into consideration:

• The hybrid nanofluid is considered as one liquid phase.
• System pressure is homogenous.

2 BEN JABALLAH ET AL.



• Absorption process is in steady state.
• The solid and liquid phases are in thermodynamic equilibrium.
• There is no direct heat transfer between the vapor and the coolant.
• There is no coalescence and no breakup among vapor bubbles.
• The velocity and bubble size are assumed to be constant locally along the absorber height.

3 | GOVERNING EQUATIONS

The governing equations for masse balance, concentration balances, and energy balance can be written in each control
volume.

3.1 | In the liquid phase

• Mass balance equation as follows:

mL = mL−dmLð Þ+ NNH3 +NH2oð ÞdA: ð1Þ

• Concentration balance equation:

mLxL = mL−dmLð Þ xL−dxLð Þ+ z NNH3 +NH2oð ÞdA: ð2Þ

• Energy balance equation can be expressed as follows:

FIGURE 1 Schematic of physical problem

BEN JABALLAH ET AL. 3



mLHL + dQc = mL−dmLð Þ HL−dHLð Þ+ h�LdA Ti−TLð Þ+ dmH2oHH2o Lð Þi + dmNH3HNH3 Lð Þi : ð3Þ

3.2 | In the vapor phase

• Mass balance equation as follows:

mv = mv−dmvð Þ− NNH3 +NH2oð ÞdA: ð4Þ

• Concentration balance equation as follows:

mvxv = mv−dmvð Þ xv−dxvð Þ−z NNH3 +NH2oð ÞdA: ð5Þ

• The energy balance equation for the vapor phase can be obtained by the following:

mvHv = mv−dmvð Þ Hv−dHvð Þ+ h�vdA Tv−Tið Þ−dmH2oHH2o vð Þi −dmNH3HNH3 vð Þi : ð6Þ

• The energy balance at the interface liquid-vapor phases is

h�LdA Ti−TLð Þ+ dmH2oHH2o Lð Þi + dmNH3HNH3 Lð Þi = h�vdA Tv−Tið Þ+ dmH2oHH2o vð Þi + dmNH3HNH3 vð Þi , ð7Þ

whereQsenL = h�LdA Ti−TLð Þ is the solution sensible heat, ð8Þ

andQsenv = h�vdA Tv−Tið Þ is the vapor sensible heat: ð9Þ

h* is the modified heat transfer coefficient expressed by Goel and Kang et al.44,45

h� = h
c

1−exp −cð Þ , ð10Þ

with c being

c=
NNH3CpNH3

+NH2oCpH2o

h
: ð11Þ

3.3 | Mass transfer equation

In each control volume, the mass and energy transferred were calculated using liquid and vapor diffusion equations,
respectively (Equations 12 and 13):
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NNH3 +NH2o =KLln
z−xL
z−xLi

� �
, ð12Þ

NNH3 +NH2o = =Kvln
z−xvi
z−xv

� �
: ð13Þ

The total molar flux absorbed/desorbed can be determinate by Equation 14 (Kiyomi and Yoshida46):

NNH3 +NH2o =KLln
z−xL
z−xLi

� �
=Kvln

z−xvi
z−xv

� �
, ð14Þ

where

xLi = f Ti,Pð Þ, ð15Þ

xvi = f Ti,Pð Þ: ð16Þ

z is defined as the ammonia molar flux absorbed/desorbed per the sum of water and ammonia molar flux:

z=
NNH3

NNH3 +NH2o
: ð17Þ

The mass transfer coefficients in liquid and vapor phases were calculated using a correlation obtained from Clift et al.47

and Chilton and Colburn,48 respectively:

KL =
0:5Daw Lð Þ

dB

μL
ρLDaw Lð Þ

� �0:5 gd3Bρ2L
μ2L

 !0:25
gd2BρL
σ

 !3=8

, ð18Þ

Kv =1:4
ACpv
Ap

Scv
Prv

� �2=3 48σDa vð Þ2

π2dBρL 2+ 3 ρ

ρL

� �
0
@

1
A

1=4

: ð19Þ

The heat transfer coefficient in liquid phase was calculated from Treybal43 analogy, according to Equation 19.

hL =CpLKL
ScL
PrL

� �2
3

: ð20Þ

Similarly, the heat transfer coefficient in the vapor phase's hv is obtained using this empirical correlation43:

hv =CpvKv
Scv
Prv

� �2
3

: ð21Þ

The mass absorption flux is defined as the ratio of the absorbed mass flow rate to the heat transfer area, and it is calcu-
lated by
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dFAB =
mNH3,Absorbed

dA
: ð22Þ

The heat transferred between the liquid phase and the coolant is given by the following:

dQc =UdA TL−Tcð Þ, ð23Þ

dQc = mLHLð Þ− mL−dmLð Þ HL−dHLð Þ+ mvHvð Þ− mv−dmvð Þ Hv−dHvð Þð Þ, ð24Þ

where

1
U

=
1
hc

+Rwall +
1

hfilm
: ð25Þ

4 | THERMOPHYSICAL PROPERTIES

The density of hybrid nanofluid ρhnf can be calculated from the mixing theory of Ho et al.49 as follows:

ρhnf = 1−φð Þρbf +φAL2O3
ρAL2O3

+φCuρCu: ð26Þ

The subscripts hnf and bf stand for hybrid nanofluid and base fluid, respectively.
φ defined the volume fraction of two different types of nanoparticles and is calculated by the following:

φ=φCu +φAL2O3
: ð27Þ

The specific heat capacity of hybrid nanofluids49 is given by the following:

Cphnf =
1−φð Þρbf Cpbf +φAL2O3

ρAL2O3
CpAL2O3

+φCuρCuCpCu
ρhnf

: ð28Þ

The thermal conductivity of hybrid nanofluid khnf is determined according to Maxwell50 model as follows:

khnf
kbf

=
φAL2O3

kAL2O3 +φCukCu
� �

φ
+2kbf +2 φAL2O3

kAL2O3 +φCukCu
� �

−2φkbf

� �

×
φAL2O3

kAL2O3 +φCukCu
� �

φ
+2kbf − φAL2O3

kAL2O3 +φCukCu
� �

+φkbf

� �−1

:

ð29Þ

The dynamic viscosity of hybrid nanofluid μhnf can be defined according to brinkman model of Brinkman51 as follows:

μhnf =
μ f

1−φAL2O3
−φCu

� �2:5 : ð30Þ

5 | NUMERICAL METHOD

For the liquid and vapor phases, the system of equation is solved by a method of finite difference, and the analysis is
carried over the individual elements dL along the absorber height. The operational conditions of bubble absorption are
illustrated in Table 1.
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The calculation procedure in each element can be summarized as follows:
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TABLE 1 Operational conditions of bubble absorption

P Coolant 2.6-bar Hybrid nanofluid

(mL − dmL) 0.97899 kg/s

TL 290.92 K

(xL − dxL) 0.24 kg/kg

(mv − dmv) 0.046799 kg/s

Tv 283.59 K

(xv − dxv) 0.9999 kg/kg

Thickness of the cooling plates 0.001 m

FIGURE 2 Variation of mass flow rate of

vapor along the absorber length

FIGURE 3 Solution mass flow rate with

the absorber height for binary hybrid nanofluids

and NH3/H2O

FIGURE 4 Solution concentration with the

absorber height for binary hybrid nanofluids and

NH3/H2O [Colour figure can be viewed at

wileyonlinelibrary.com]
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6 | VALIDATION

The results were compared with those published by Nitin Goel and D. Yogi Goswami5 in case of analytical investigation
of a combined heat and mass transfer process in a countercurrent ammonia water–based absorber. The simulation car-
ried out by this author, like that of the present work, uses empirical correlations to predict the heat and mass transfer
coefficients. Also, the similarity that exists between both works resides in the interfacial temperature calculation, and it
is calculated from an energy balance in the interface like Nitin Goel and D. Yogi Goswami,5 Jesús Cerezo et al.,7 and
Fernández-Seara et al.6

Results show a comparison of the variation of mass flow rate of vapor as a function of the absorber length which is
shown in Figure 2. Then, the agreement between the two cases is considered as good.

FIGURE 5 The required absorber length

for the absorption completion as a function of

solid volume fraction [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 6 The thermal conductivity (A)

and the Stanton number (B) as a function of the

solid volume fraction [Colour figure can be

viewed at wileyonlinelibrary.com]
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7 | RESULTS AND DISCUSSION

Figure 3 presents the evolution of the solution mass flow rate along the absorber height at different solid volume frac-
tion (0% ≤ phi ≤ 2%). It is clear that the enhancement with Cu + AL2O3 in bubble absorption process is higher than that
without any addition. Also, results reveal that the solid volume fraction has a significant effect on the absorber size.
Increasing the solid volume fraction improves the bubble mode absorption and consequently decreases the
absorber size.

The variation of the solution concentration along the absorber length is shown in Figure 4. It is revealed that the
addition of two types of nanoparticles into the NH3/H2O solution has the highest effect in absorption performance.
The process of absorption in binary hybrid nanofluids is enhanced more than NH3/H2O solution, which increases the
absorption rate.

Figure 5 depicts the evolution of the required absorber length for the absorption completion with solid volume frac-
tion. The results show that the absorber length decreases with the increase of solid volume fraction. Also, results reveal
the existence of an optimal absorber length, required of complete absorption when using binary hybrid nanofluid as a
working medium.

Figure 6A,B presents the effect of the solid volume fraction on the thermal conductivity and Stanton number,
respectively. It may be noticed that the binary hybrid nanofluid has the highest value of the thermal conductivity and
Stanton number compared with those NH3/H2O solution (Phi = 0), which enhance the bubble performance and reduce
the absorber length.

Figures 7 and 8 show the variation of the Reynolds number and mass transfer coefficient as a function of solid vol-
ume fraction at different inlet solution concentration. It is concluded that the Reynolds number and mass transfer coef-
ficient increase with the increase of solid volume fraction. The mass transfer in binary hybrid nanofluids is enhanced
more than that the NH3/H2O solution.

FIGURE 7 Reynolds number with respect

to the solid volume fraction at different inlet

solution concentration [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 8 Mass transfer coefficient in

phase liquid with solid volume fraction at

different inlet solution concentration [Colour

figure can be viewed at wileyonlinelibrary.com]

10 BEN JABALLAH ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Figures 9 and 10 compare the effect of solid volume fraction on heat transfer coefficient and absorber thermal load
as a function of inlet solution temperature. When solid volume fraction increases from 0% to 0.02%, both heat transfer
coefficient and absorber thermal load also increase.

Figure 11 shows the comparison of type of working medium such as binary hybrid nanofluid, binary nanofluid, and
NH3/H2O on absorber thermal load. The performance of the absorber depends on the removal of heat generated. It is
concluded that the removal of heat generated in binary hybrid nanofluid is higher than that binary nanofluid and NH3/
H2O solution.

FIGURE 9 Heat transfer coefficient in

liquid phase with inlet solution temperature

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Mass absorption flux with

inlet solution temperature for different volume

fraction [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 11 Effect of type of working fluid

on absorber thermal load [Colour figure can be

viewed at wileyonlinelibrary.com]
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Figures 12–14 illustrate the effect of coolant flow direction on mass absorption flux, absorber thermal load, and heat
transfer coefficient. The result found that the absorption rate with coolant in countercurrent flow direction is higher
than that cocurrent flow direction. The direction of coolant affects the absorption process.

8 | CONCLUSION

The present work concerns a numerical study of the effect of hybrid nanofluids and the coolant flow direction on bub-
ble mode absorption improvement. The influence of the solid volume fraction and the direction of coolant flow

FIGURE 12 Mass absorption flux with

inlet solution concentration for cocounter

coolant flow direction [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 13 Absorber thermal load with

inlet solution mass flow rate for cocounter

coolant flow direction [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 14 Heat transfer coefficient with

solid volume fraction for cocounter coolant flow

direction [Colour figure can be viewed at

wileyonlinelibrary.com]
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direction on the absorption size were investigated. The results found that the (NH3/H2O + Cu + AL2O3) exhibited the
highest enhancement for the absorption performance among NH3/H2O solution. In addition, the results revealed that
using countercurrent coolant flow direction improves the absorption rate more than that the cocurrent flow direction.
The absorber thermal load, the heat and mass transfer coefficients, and the mass absorption flux at higher solid volume
fraction and lower inlet solution temperature and inlet solution concentration were higher for the binary hybrid
nanofluid among binary nanofluid and NH3/H2O solution.

NOMENCLATURE
A area, m2

Ap projected area, m2

B width of the cooling plate, m
D diffusivity, m2/s
Cp specific heat, kJ/kg K
d diameter,m
dm mass flux transferred, kg/s
FAB mass absorption flux, kg/m2s
Fro Froude's number
g gravitational acceleration, m/s2

H enthalpy, J/Kg
H2O water
h heat transfer coefficient, W/m2 K
K overall mass transfer coefficient, m/s
k thermal conductivity, W/m K
L length of plate, m
M Molecular weight,kg/kmol
m mass flow rate, kg/s
N molar flux, kmole/m2s
P total absolute pressure, Pa
Pr Prandtl number, lCp/k
Q heat transfer, kW
Rwall conduction resistance, m2K/kW
Sc Schmidt number, l/qDaw
T absolute temperature, K
U overall heat transfer coefficient, kW/m2K
W absorber width, m
x Mass concentration in the liquid phase, kg/kg
y mass concentration in the vapor phase, kg/kg
z ratio of ammonia mass flow rate to the total mass flow rate

GREEK SYMBOLS
ρ density, kg/m3

β diffusivity, m2/s
μ dynamic viscosity, kg/m s
σ surface tension, N/m
φ solid volume fraction, %

SUBSCRIPTS
b bubble
bn binary nanofluid
hbn hybrid binary nanofluid
c coolant
l liquid phase
v vapor phase
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