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ABSTRACT

In this study, the flow of the air-vapor-nanoparticle mixture is supposed to be laminar, stationary and two-
dimensional. The coupled governing equations for liquid film, interfacial conditions and mixture flow are solved
together using the finite volume method. Thus, the objective of this study is to analyze the effect of uniform
injection of different types of nanoparticles on improving heat and mass transfer during condensation of water
vapor in a vertical channel. The effect of operating conditions is also determined and carefully examined under
the variation of relative humidity, inlet Reynolds number, inlet pressure, inlet temperature, cooling temperature
and different types of nanoparticles (Cu ,CuO, Al,O;, SiO,, TiO, ). The results presented include temperature

distribution, local Nusselt number of condensed film, local Sherwood number, liquid film thickness, and
condensation rate. The results reveals that the effectiveness of the nano fluid becomes higher than that with the
base fluid when the inlet Reynolds number, inlet relative humidity, and the inlet temperature are higher and
when inlet pressure are lower.

Keywords: Condensation on film, nanoparticles, vertical channel, air-steam mixture, mixed convection, heat and
mass transfer.

1. INTRODUCTION

The processes of heat and mass transfer during film condensation flowing on vertical, horizontal or inclined walls have
been the subject of many researches after the work of Nusselt [1]. Many authors have devoted their attention to
improving and optimizing the film condensation phenomenon of humid air, this phenomenon is widely used in many
applications such as air conditioning, hot gas filtration, coal combustion, heating systems, ventilation, chemical
processing, heat exchangers, and cooling [2-8]. The recent development of nano-technological materials leads to
improve heat transfer by using metal nanoparticles suspended in base fluids. Accordingly, the effect of the presence of
nanoparticles in the vapor phase on the condensation phenomenon deserves to be deeply studied in order to understand
the physical mechanisms that control the enhancement of heat and mass transfer following the addition of nanoparticles
to basic fluid.

The number of publications devoted to the study of heat and mass transfer during condensation in the presence of
nanoparticles remains rather limited, despite its importance in improving the efficiency of industrial processes.
Nanofluids have become a new frontier for scientific research because of the higher thermo physical properties than
those of the base fluid. Indeed, among the research works that have focused on the study of heat and mass transfer
during condensation in the presence of nanoparticles we find: Andriy A. Avramenko et al. [9, 10] who carried out an
analytical investigation of heat and mass transfer at the condensation of the stationary vapor with the presence of
nanoparticles near a vertical[9] and horizontal [10]plate. The novelty of the mathematical model used in their work is
the incorporation of an equation for nanoparticles concentration, which takes into account the Brownian and
thermophoretic diffusion mechanisms. The results of this studies shows that an increase in the fraction of nanoparticles
leads to a significant improvement in heat and mass transfer, which promotes condensation. Mustafa Turkyilmazoglu et
al. [11] extended in their paper the classical Nusselt condensate falling film theory when the nanoparticles is added to
the base fluid. The results indicate that the thickness of the liquid condensate film decreases with increasing heat
transfer rate as more volume fraction of the nanoparticles are added. This is due to the acceleration of the flow inside
the momentum boundary layer, ultimately leading to more heat being transferred to the outside.

El Mghari et al. [12] numerically studied heat transfer by nanofluid condensation inside a horizontal smooth channel.
Their numerical results are compared with previous experimental predictions and show that the heat transfer coefficient
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is improved by 20% by increasing the volume fraction of Cu nanoparticles by 5%.They also found that the total
pressure drop increases by increasing the concentration of nanoparticles in the base fluid. This is explained by the
increase in viscosity and density of the fluid following the increase in the concentration of Cu nanoparticles. Iman
Zeynali Famileh et al. [13] numerically analyzed the effect of the use of nanoparticles on the improvement of film
condensation of humid air at different relative humidities and input speeds in the presence of nanoparticles. For the
conditions studied in their article, the use of nanoparticles improves the rate of condensation. Their results show also
that an increase in the mass concentration of nanoparticles has a significant effect on the Reynolds number of the
condensed film and on the Sherwood number, these effects are more important for higher relative humidity and higher
velocity values. Malvandi et al. [14] focused on studying the condensation of nanofluids in downward film by
considering in their model the migration effects of nanoparticles in the liquid film. Brownian motion and the Soret
effect were taken into account in this study. These authors confirm that the Soret effect is the main mechanism of
migration of nanoparticles to the cold wall through the liquid film. Experimentally, Qi Peng et al. [15] conducted an
experimental analysis of R141b condensation in the presence of CuO nanoparticles with an average diameter of 40 nm
in a vertical tube. Their results show that the condensation heat transfer coefficient is improved with the increase in
nanoparticle concentration and steam mass flow. In addition, the increase in the degree of steam superheat leads to an
increase in the thermal transfer coefficient.

In the present study, the effect of nanoparticles on water vapor film condensation in the presence of a non-condensable
gas, for different types of nanoparticles and for different inlet flow parameters in a vertical channel, is studied and
discussed. The equations for conservation of mass, momentum, and energy in the film and in the vapor—gas mixture as
well as the diffusion equation for the mixture are solved using the finite volume method. The results presented in this
study are in terms of local Nusselt number, local Sherwood number, accumulated condensation rate, liquid film thickness
and effective improvement rate.

2. GOVERNING EQUATIONS
A. Physical model

Fig. 1 shows the schematic view of the studied channel which is a vertical channel with the cooled walls is maintained
at a constant temperature. The flow arriving at the inlet of the channel is uniform consisting humid-air-nanoparticles
mixture. It was assumed that the nanoparticles were injected uniformly at the inlet and with similar hydrodynamic and
thermal conditions of the main stream. The encounter of this hot flow with the cooled walls of the channel causes the
condensation of water vapor on the channel wall, the condensed film has a downward movement along the cooling wall
due to the force of gravity (the only external force) and the interfacial friction forces. To simulate this problem, we
consider a vapor of water with nanoparticles in the presence of non-condensable gas flowing inside a vertical channel
of length L and whose distance between its walls is equal to 2H. This forms a parallel plate channel, which is
symmetrical about the median plane as shown in Fig. 1.
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Figure 1: Schematic of the physical model study
In formulating the mathematical model, the following assumptions have been made:

*  The flow of liquid film and of vapor-gas mixture is considered laminar, two dimensional and stationary.
*  The vapor-air mixture is considered as an ideal mixture of water vapor and dry air.
*  The radiation heat transfer and the viscous dissipation terms are neglected in the energy equation.
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The equilibrium condition exists at the interface liquid-vapor.

The Brownian and thermodiffusion mechanisms are neglected.

There is a local thermal equilibrium between nanoparticles and main flow.

The liquid film contains the same fraction of nanoparticle as in the vapor phase.

*
*
*
*

B. Liquid filmwith nanoparticles model
Considering the above mentioned assumptions, the equations in the liquid phase can be written as follows:

a) Mass conservation'

(pnf L™nf, L)+ ay (pnf L "nf, L) O (1)
b) Momentum conservation:
d By 0 Uy |, 0 Uy
aX(pnfL nf,L nfL)+ay(pnfL nf,L nfL)_ a)f(L_'_&{ﬂnf,L%]_'_a(ﬂnf,L#j 2
d d Py 0 v, 0 Ny,
&(pnf,Lunf,LvL)+5(pnf,Lan,Lan,L): a;L ax[ﬂnf L a)f(l_)"'a(ﬂnu_ #]"’pnm_g (3)
c) Energy conservation:
d ; 0 Ty,
aX(/OnfL ponf LUnf L nfL)+8y(pnfL Pt L Vif L fL) (ﬂhfL fLJ-’-E(ﬂ‘nﬁL &Lj (4)

C. Humid air with nanoparticles mixture model
Owing to the assumptions mentioned above, the equations of the mixture domain can be written as follows:

a) Mass conservation:

0 0
&(pnf,munf,m)+5(pnf,mvnf,m):o 5)
b) Momentum conservation:
0 0 P 0 ou, 0 ouy
&(pnf,Munf,Munf,M)+5(pnf,Man,Munf,M):_%_F&[:unf,M a;M J*‘g(ﬂm,wn a;M J (6)
o oF, 0 WV, 0 Ny,

(pnfM nf M nfM)+ay(pnfM nf M nfM)_ afyM ax(:unfM%J"'@(ﬂnf,M afyM]"'pnf,Mg (7)
c) Energy conservation:
0 0 d Ty, 0 Ty,
&(pnf,MCP,nf,Munf,MTnf,M ) +5(pnf,MCP‘nf‘Man,MTnf,M )= &(ﬂ’nf‘M a;M ]"‘@(ﬂm,m #] (8
d) Species conservation'

0 ow 0 ow
(pnf m Une, MW)+ o (ot Vg W) = GX( Prt m DEJ"‘@(%LM DE] 9)

It's important to mention that the physical properties of gas-vapor mixture and liquid phase are taken to be variable.

Where p, u, v, P, T, W, & C,,D, 4 and g are respectively, density, axial velocity, transverse velocity, pressure,
temperature, vapor mass fraction, dynamic viscosity, specific heat capacity, mass diffusivity, thermal conductivity and
gravitational acceleration. The Subscripts used in,int,L,M ,V ,sat,W ,nf , f and p are respectively, inlet, interface,
liquid, mixture, vapor, saturate, wall, nanofluid, base fluid and particle.

D. Coordinate transformation for both phases
A transformation of coordinates was made before discretization of the governing equations of the condensation, in

order to overcome the non-uniformity of the physical domain due to variable liquid film thickness. The (x, y)

coordinates were transformed to (77, ;() coordinates as follows:
y=yforO<y<L
n=x/6for0<x<¢d
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n=(x=5)/(H-5)+1for§ <x<H
Following the aforementioned change of variables, the governing equations are thus transformed as follows:
a) Continuity equation in the liquid film

la(pnf,Lunf,L) I a(lonf,Lan,L) _ Q@ a(pnf,Lvnf,L) (10)
o on oy o Oy on

b) Momentum equation in the liquid film

1a(pnf,Lunf,Lun,L)+a(pnf,Lan,Lunf,L) _ 1 Py +ii p Ol

S on oy 5 on  Ston\"™ op
bl ou, o6 ou, oS o OUy. 06 OUy.

T e e B 7 L A L2 (11)
Oy Oy 00y On o0y on Oy o000y On

+Z@a<pnf,Lvnf,Lunf,L)
ooy on

la(pnf,Lunf,Lan,L)+ a(,an,Lan,Lan,L) _ _apnf,L +£@ Py L +ii Vot

5 on ox oy ooy on  olon\ M Ton

+i P aan,l_ _Z@avnf,l_ _Q@i P aan,l_ _Z@a\/nf,L (]_2)
ox|"™ oy sSoy on Soyon| "\ oy Soy on

+z@ a(pn,l_vnf,l_vnf,l_)

+
5 8;( 677 gpnf,L

c) Energy equation in the liquid film

1a(pnf,LCP,nf,Lunf,LTnf,L)+a(pnf,LCP,nf,Lan,LTnf,L):ii 2 Ty o +
on oy 2o Mt

5 on
a aTnf,L n 86 aTnf,L n 65 a aTnf,L n 65 aTnf,L
| AL = et Nl e (13)
oy oy o0y 0On o Oy on oy 60y 0On
+E@a(pnf,LCP,nf,Lan,LTnf,L)

ooy on

The mass, momentum and energy balance equations for the gas phase, and the diffusion equation for the gas species are
shown as follow:

a) Continuity equation in the gas-vapor region
1 a(Ian,Munf,M ) L a(IOnf,Man,M ) _ 2—7] @a(pnf,Man,M )

= 14
Hoo o o H-60;  on (14)
b) Momentum equation in the gas-vapor region
1 6(pnf,Munf,Munf,M)+a(pnf,Man,Munf,M)=_ 1 Pym 1 o Ot g
H-o o or H-o on  (H-oy anl'™ an
ou - ou - ou - ou
+£ Lot ntM o 2 n @ nf,M _ 2 n @i Lo nfM o 2 n @ nf ,M (15)
oy oy H-60y 0On H-60y on oy H-60y on
2-1 @G(Pnf,mvnf,munf,m)
H-0dy on

Page | 4



International Journal of Enhanced Research in Science, Technology & Engineering
ISSN: 2319-7463, Vol. 8 Issue 10, October -2019, Impact Factor: 6.754

1 a(pnf‘Munf,Man,M)+a(pnf,Mvnf,Man,M) Pt v + 2-1 05 0Py v

H-o on oy oy H-80y ong

1 0 v, F) Nyw 2-1 35V,
+—2_[/unf,M f’M]"‘_ :unf,M[ o 722 f’MJ (16)
(H-0) on on ) ox o H-60y on

+ gpnf,M
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c) Energy equation in the gas-vapor region

1 a(pnf,MCP,nf‘Munf,MTnf,M )+ a(pnf,MCP,nf,rlenf,rvlTnf,M ) _ 1 i 2 aTnf,M
H-o on ox (H=s5)Yon("™" on .
v Ol (w227 26 0Twm ||_ 2708 & |, (FTuw _ 2-17 08 O )
ox| ™Ml oy H-soy on H-soyon| "™ o H-5oy on
N 2—n @6(pnf,MCP,nf,Man,MTnf,M)
H-—5oy on
d) Diffusion equation in the gas-vapor region
1 6(pnf‘Munf.MW)+a(pnf‘Mvnf‘MW) _ 1 i ow
H-6  on ox (H—s) an\ "™~ oy
A (W 2-705W\| 2-7035 & oW _2-7 35 oW (18)
oz 7™\ oy H-soyon )| H-ocogon|”™™ \ay H-60y on

N 2—-n @a(pnf‘Mvnf,MW)
H-60y on

E. Boundary conditions:

The boundary conditions in the transformed coordinates are detailed below:

e Atthe entrance of the canal y =0
Vit L =Uni L =Upem =0. ; Viem =Vin s Tnf,M =T, ; Tnf,L =Ty W=W, (19)

e Atthe outlet of the canal y =L
aTnf,L _ aTnf,M _ aW _ 8unf,L aunf,M aan,L aan,M

oy oy oy oy oy oy oy
e Ontheleftwall =0
Unt L =0 ; Vit L =0 ; Tnf,l_ =Ty (21)
e Attheinterface n=1
Vit Lint = Vot M, int (22)
:unf,L avnf,L| — :unf,M avnf,M (23)
5 677 int H _5 677 int
Tnf,L,int :Tnf,M,int :Tsat (24)
. D
3= Pt m ow (25)
(W, ) (H-3) on,
ﬂ’nf,L aTnf,L| — ﬂ“nf,M aTnf,M | _Ji';nhfg (26)
5 877 |int H _5 677 int
do do .
pnf,L,int (unf,L,int _an,L,int d_] = pnf,M,im (unf,M,int _an,M,im _J = Jint (27)
X dx
e  On the axis of symmetry =2
T
M=0. ; %:O ; unfMZO‘ ; M:O (28)
on on ‘ on

h,, is Latent heat of condensation
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F. Nanoparticles proprieties:

In this study the properties of nanofluids (condensate with nanoparticles and air-vapor-nanoparticles) are calculated as a
function of the fraction of nanoparticles, the properties of solid nanoparticles as well as those of the base fluid. Thus,
the properties of the nanofluid are obtained by the following relationships [16-17]:

ty =(1=0)" g, (29)

P =(1=9) i +4p, (30)

CP,nf :(1_¢)Cp,f +¢Cp,p (31)
2 Ay +22, —2¢(A, = 2,) (32)

" A w22, +2¢(4, - 4,)

¢ is the volume fraction of nanoparticle
It should be noted that the nanoparticles used in this study are: (CuO, Al,O,,TiO,, Cu, Si0, ), Table 1 groups the
different thermophysical properties of these nanoparticles [16, 18,19].

Table 1: Thermophysical properties of nanoparticles

Properties CuO AlLO, TiO, Cu Sio,
C,(J/kg.K) 561 765 686.2 385 745

p(kg /mS) 6450 3970 4250 8933 2220
k(W/mK) 76.5 40 8.9538 400 1.38

G. Characteristic variables

To analyze the heat and mass transfer during the condensation at the interface, the local Nusselt and Sherwood
numbers, the accumulated condensation rate and the effective improvement rate are defined respectively by the

equations from (33) to (36).
= Total Nusselt number

(2H )ﬂ’nf,M aTnf,M | + Jinthfg (ZH)

Nu, =- (33)
’ A¢ (H=6) (T —Tou) 01 o (T — Tourc)
H H
Touk = _[pnf Coont Vit Tt dx/_[ﬂnf,M Ch o m Var w dX is the Bulk temperature
5 5
=  Accumulated condensation rate
y
Mr = [ J;.dy (34)
0
= The effective ratio
__ parameter in the case of nanofluid (35)
“" " parameter in the case of base fluid
= Local Sherwood number
2H)J. (1-W,
Shy — ( ) int ( |nt) (36)
pnf,M D(\Nint _Wbulk)
H H
W = Ipmvanvade/jpnvavm,Mdx is the bulk mass fraction of the mixture.
5 5
= Effective thermal improvement rate:
L L
Ret. = | Nu,dy / [ Nu,dy 37)
0 nanofluid 0 Humid — Air
= Effective mass improvement rate:
L L
R = Sty / oLy @)
0 nanofluid 0 Humid - Air
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3. NUMERICAL RESOLUTION

The finite volume method [20] was used for the discretization of equations (10)-(18) with the appropriate boundary
conditions. In order to handle convective and diffusion terms, the power law scheme was employed. For the velocity-
pressure coupling, the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations) was used. The
sweeping method line by line, with the algorithm of Thomas was used for the iterative resolution of the systems of
equations. Steady-state solutions are obtained using under-relaxation techniques.

A. Stability of the Calculation Scheme

The physical model in coordinates (x, y) s transformed into a numerical model in coordinates( z,7) . Then, both liquid

and gas regions becomes rectangular domains as shown in Fig. 2. Therefore, the variable position of the interface
becomes a perfectly vertical straight line and parallel to the wall. The numerical domain was divided into non-uniform
grids. The distribution of the nodes in both domains varies to obtain a suitable refinement in the liquid region near to
the cold wall and close to the interface as well as at the inlet of the channel; in the same way in the region of the vapor-
gas mixture the mesh is thinner close to the interface, the axis of symmetry, and the entry of the channel as presented
previously in Fig. 2. A study of the influence of the mesh on the variation of the local Nusselt number and condensed
mass flow rate was conducted at different sections of the channel to determine the optimal mesh. The results obtained
show that in the case of NM =51, NL=21, NY =901the relative error in the local Nusselt number and the
condensed mass flow rate between the different grids tested does not exceed 0.6% and 0.7% respectively when
compared with the finer grid. These differences are considered suitably small, so that grid was used for all the results
presented in this work.

Inlet
_ nterface ;.
= w
2 2,
z Z
~ =
Liquid i B
1qui Mixture [}
2

Figure 2: Schematic of the numerical model study

B. Validation of numerical code

The calculation code developed for the implementation of the numerical model described above is validated by
checking the concordance of the numerical results obtained in the case of isothermal vertical wall channel by
comparing with results obtained by other authors based on previous work in the literature. Two series of tests are
performed, we compared our results with the experimental results of Levedev et al. [21] and the numerical results of
Asis GIRI et al. [6]. The experimental study of [21] consist to analyze the heat transfer throughout condensation in an
asymmetrically cooled channel, of width H =0.02m and the inlet numbers of Reynolds Re,, =730and Re;, =1460.

Fig. 3 shows the comparison between the heat transfer coefficient as a function of the specific humidity found by [21]
and that found by the present model. Concerning the numerical study, AsisGiri et al. [6] are studied mixed convection
heat transfer with condensation in a parallel plate channel, with details data below: L =0.75m, H =0.005m,T,, =60°C,

T, =30°C, RH,, =100% . Results of [6] are compared with present results in Fig. 4.

A very satisfactory agreement was observed between the results of the current model and those of the literature [21]
and [6]. The small differences observed between our results and those of the AsisGiri et al. [6] can be attributed to
mathematical models used.
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Figure 3: Validation with Lebedev et al. [21] Figure 4: Validation with AsisGiri et al. [6]

4. RESULTS AND DISCUSSION

The effects of the type of nanoparticles on the heat and mass transfer enhancement during condensation of humid air
are analyzed. Five types of nanoparticles are considered in the present study namely, alumina (Al,Os), Titania (TiOy),
Copper oxide (CuQ), Silicon dioxide (SiO,), and copper (Cu). The thermophysical characteristics of chosen different
nanoparticles are listed in Table 1. The influence of the addition of nanoparticles on the condensation of moist air
depends on the input conditions such as the nature of the nanoparticles used and the operating settings.

To distinguish the effect of these parameters, the Nusselt and Sherwood numbers and the thickness of the liquid film as
well as the accumulated condensation rate along the channel are studied. It should be noted that the nanoparticles
volume fraction is supposed fixe and equal to ¢ =0.1%. This concentration is chosen very low to be easily mixed with

moist air in order to avoid undesirable effects on the condensation phenomenon.
A. Condensation of vapor with different types of nanoparticles

The use of nanoparticles in the vapor phase mainly affects the thermophysical characteristics of the mixture (diluted
nanoparticles with non-condensable gas), this effect can lead to an improvement in thermophysical properties that leads
to a better condensation of moist air. To highlight the effect of the type of nanoparticles used, we examined different
types of nanoparticles with different thermophysical properties listed in table 1.

The thickness of the liquid film is defined as the thermal resistance of the heat transfer between the vapor phase and the
heat exchange surface. Fig. 5 shows the influence of the type of nanoparticles on heat and mass transfer during water
vapor condensation in the presence of solid nanoparticles. For the same volume fraction of nanoparticles ¢ =0.1%and

for fixed input parameters, we see from Fig. 5.a that in the inlet zone, the difference between the temperature of the
wall and that of the vapor-air-nanoparticles mixture causes the condensation of the vapor on the channel walls. Indeed,
the film thicknesses of the condensate have steep axial slopes due to the high vapor concentration gradient near the
channel inlet (high initial condensation rate), followed by more moderate growth towards the outlet of the channel.

This trend is the same for all types of nanoparticles tested. In addition, the largest condensate film is obtained for the
fluid with Cu nanoparticles because the latter have the highest density and also the highest thermal conductivity among
the other nanoparticles tested. This figure also shows that the amount of vapor that condenses on the channel walls
varies with the type of the nanoparticles used, while maintaining the other parameters fixed, so that nanoparticles with
high density and high thermal conductivity allow better mass transfer as shown by the comparison between the
condensate thicknesses.

The accumulated condensation rate, the Nusselt and Sherwood numbers along the channel are presented in Figures 5.b-
c-d, these parameters have allowed to understand the influence of the properties of the added nanoparticles on mass
transfer (Figures 5.b and 5.c) and on the total heat transfer (Figure 5.d). For the same input data, a comparison of the
accumulated condensation rate of pure humid air and humid air with nanoparticles (Figure 5.b) shows that the use of
nanoparticles improves the mass transfer coefficient that accelerates the condensation rate along the flow.
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An adding of 0.1% of nanoparticles, increases the accumulated condensation rate by 807% and 208% respectively for
Cu-nanoparticles and SiO2-nanoparticles the lowest thermal conductivity. Figure 5.d illustrates the profiles of the local
Nusselt number obtained for different types of nanoparticles. The Nusselt number decreases sharply and rapidly near
the entrance due to the presence of a strong temperature gradient that leads to a strong thermal boundary layer.

The effect of nanoparticles is perfectly clear in this region, the nanofluid with the better thermal conductivity has very
high Nusselt values compared to others. Far from the entry region, the local Nusselt number reaches a fully developed
regime, for all the nanoparticles studied, due to the reduction in heat removal capacity because of the decrease in
condensation rates. In order to evaluate the contribution of nanoparticles on mass transfer, the local Sherwood number
is presented in Fig. 5.c. The results show the influence of nanoparticles on improving the mass flow of steam to the
condensed liquid film. We can see that nanoparticles increase the Sherwood number by about 20% in the case of Cu
and by about 10% in the case of SiO, at the channel entrance. Based on these last two percentages of improvement, it
can be concluded that the addition of nanoparticles improves mass transfer.

The operating conditions: Re,, =1000 ; P, =1atm ;AT =20°C ;T, =40°C ;H =0.0125m;L=1m ; ¢=0.1%

0.0015
0.006 ——ALO,  ——Si0, (b)
—o—_Cu —+Ti0,
0.005 0.0012 | Cuo vapeur pure
0.004 00009
- .
0003 2
o 0.0006 |
0.002
=o=ALO, =0=Si0,
) 0.0003 |
0.001 —o—_Cu —=TiO,
Cu0 vapeur pure
0.000 ¢ L L L . 0.0000
0.0 0.2 0.4 0.6 0.8 1.0 0.
y y
70 3000
‘ (© ——AlO, =—=Si0, (d) ——ALO, =—SiO,
60 —0=CU —+—Tio, 2500 —o=Cu ——Tio,
Cuo vapeur pure CuO vapeur pure
50 F
2000 |
-~ 40F >
o > 1500
0F
1000
20F
10} 500
0 . L 0
1E-3 0.01 0.1 1 1E-3 0.01 0.1 1
y y

Figure 5: Influence of the nanoparticle type on the variation of (a) the thickness of the liquid film, (b) the condensation rate,
(c) the local Sherwood number and (d) the local Nusselt number

B. Effective improvement rate of heat and mass transfer

To quantitatively evaluate the contribution of each type of nanoparticles added to the base fluid, we plotted the
effective rate of improvement of heat and mass transfer which are characterized by the ratio of the total number of
Nusselt and the ratio of the total condensation rate along the channel for the flow with nanoparticles to that without
nanoparticles (37) and (38). Indeed, to highlight the influence of the different operating parameters of the system we
have plotted these improvement rates for different inlet pressures Figs. 6.a and 6.b, inlet velocities Figs. 7.a and 7.b,
inlet temperatures figs. 8.a and 8.b, wall cooling temperatures Figs. 9.a and 9.b and inlet relative humidities Figs. 10.a
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and 10.b. From these figures we notice that the rate of improvement is higher than 1 (R, ,, >1and Ry >1) for all

the cases studied, this means that condensation in the presence of nanoparticles is better than condensation without
nanoparticles.

This increase differs from one type of nanoparticle to another, it is more intense for Cu and CuO nanoparticles, which
have very high properties compared to other nanoparticles, more precisely these particles have high density and high
thermal conductivity which improves the properties of the air-vapor mixture thus leading to significant heat and mass
exchanges justified by the improvement rates which reaches in some cases Ry , =17 Fig. 6.a and R , =14 for

eff ,th
added Cu nanoparticles Fig. 6.b.

The graphs in Figs. 6.a and 6.b illustrate respectively the effective thermal and mass improvement rate as a function of
the type of nanoparticles added for different inlet pressures. From these figures, we have reported that when the inlet
pressure increases, the condensation potential decreases so that the vapor fraction decreases and the amount of non-
condensable gas increases, which constitutes a resistance to mass transfer at the interface. Moreover, for the same inlet
pressure, the use of nanoparticles is always favorable to increase the quantity of condensed steam. In general, when the
pressure increases, the effective improvement rate decreases considerably for all types of nanoparticles.

@ (b)

16 18
I P = 0.5atm B 7, 050t
144 [ | P,=latm 16 [ ] P =latm ||
" Il P, - 2atm 14 P -2etm || |
104 l 12 I
10
£ g I £ I I
k=4 E=
2] T 8-
x ] | I o I
| :
- B
. R I
24 24
0 0
Cu AlLO, CuO TiO, SiO, Cu AlLO, Cuo Tio, SiO,

Figure 6: Thermal and mass improvement rates for different type of nanoparticles at different inlet pressure.

To analyze the effect of the increase in the inlet Reynolds number, Re, =2p; .V, ,,H/ z ;,, on the improvement of

thermal and mass transfer, Figs. 7.a and 7.b present the variation in the rate of effective improvement according to the
types of nanoparticles used and for different Reynolds numbers. By increasing the Reynolds number from Re,, =500

to Re,, =2000the convection becomes more intense which increases the amount of condensed steam. This is true for

all types of nanoparticles added to the base fluid but it is more pronounced in the case of Cu-nanoparticles compared to
other types. It should be noted that the nanoparticles has a strong potential for improvement of phase change
performance.
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Figure 7: Thermal and mass improvement rates for different type of nanoparticles at different inlet Reynolds.

Figs. 8.a and 8.b show the variation in the thermal and mass effective improvement rate as a function of the mixture
inlet temperature for different types of nanoparticles. From these figures, we observe that the increase in inlet
temperature has a positive effect on heat and mass transfers. When the temperature of the inlet solution increases, the
inlet vapor fraction increases also as the inlet pressure is maintained constant. Therefore, the diffusion force of the
vapor to the liquid film increases and causes an increase in the mass flow through the interface. This trend is the same
with all types of nanoparticles added.
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Figure 8: Thermal and mass improvement rates for different type of nanoparticles at different inlet temperature.

By analyzing the values of thermal improvement rate and mass presented in Figs. 9.a and 9.b, we can see that the
influence of nanoparticles on condensation is better when the temperature difference between the wall and the inlet is
small. This effect is the same for all types of nanoparticles tested with amplitude differences due to differences in the
physical properties of nanoparticles. The figures also indicate that by adding the nanoparticles, the increase in T, with

fixed P, , W,, and Re;,, would result in an increase in the mass flow of liquid condensate at the interface along the
channel. This is due to the better thermal conductivity of the nanoparticles, which allows more heat to be evacuated to
the outside, thus promoting condensation.
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Figure 9: Thermal and mass improvement rates for different type of nanoparticles at different wall temperature.

The effect of relative humidity on condensation parameters is studied for water vapor-air with nanoparticles and the
results are presented for different types of nanoparticles. Figs. 10.a and 10.b show the variation in the rate of thermal
and mass enhancement, we can note that for each type of added nanoparticles the increase in the humidity of the main
stream with a fixed temperature and inlet pressure consists in reducing the quantity of non-condensable gas in the main
stream which leads to more condensed vapor, this result is confirmed by Fig. 10.a which illustrates that the rate of
improvement increases as the humidity increases. In addition, the Cu-nanoparticles have higher improvement rates than
other types. On the other hand, Fig. 10.b illustrates that the effect of nanoparticles on mass transfer is almost the same
for all moisture values tested.
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Figure 10: Thermal and mass improvement rates for different type of nanoparticles at different inlet relative humidity.
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CONCLUSIONS

We studied numerically the effect of different type of nanoparticles on heat and mass transfer during the condensation
of water vapor in the presence of the non-condensable gas along a vertical channel. The governing equations in the
liquid film and the gas-vapor mixture are discretized by the finite volume method. A validation test of numerical model
was also made. The main conclusions drawn from this study are summarized below:
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= The accumulated condensation rate is enhanced with addition of nanoparticles by R, =8.07 and
R.; = 2.08 respectively for Cu-nanoparticles and SiO,-nanoparticles.

=  The improvement in mass transfer characterized by Sherwood number is about 20% in the case of Cu-
nanoparticles and is about 10% in the case of SiO2-nanoparticles at the channel inlet.

= The nanofluid which has a high thermal conductivity and high density leads to significant heat and mass
exchanges which reaches in some cases Ry . =17 and Ry ,, =14 for added Cu nanoparticles.

= The condensation rate in the presence of nanoparticles increases with increasing inlet temperature T, ,

inlet Reynolds number Re, , inlet relative humidity RH, and also with decreasing inlet pressure P, and
inlet-to-wall temperature difference AT .
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