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In this paper, the effect of uniform surface injection of nanoparticles on humid air condensation, as a
main type of vapor condensation in the presence of non-condensable gas (NCG), is numerically inves-
tigated. Various inlet conditions (velocity and relative humidity) of vertical CONAN type classical test
section were modeled. Two mass concentrations of different nanoparticles were examined and the
behavior of filmwise condensation was studied under different parameters of heat and mass transfer,
such as: Reynolds number and mean Nusselt number of the condensed film, and local and mean Sher-
wood number. Finally, by using response surface methodology, the statistical interpretation (objective
function) of the numerical results are provided for other inlet conditions. As shown in the results, an
increase in the nanoparticles mass concentration has direct influence on condensate Reynolds number
and Sherwood number of the humid air. At higher relative humidities (u), using nanoparticles has more
impact and the maximum improvement of the condensate Reynolds number (at the outlet), mean
Nusselt number of the condensed film and mean Sherwood number are 11.4, 4.5 and 6%, respectively. It is
observed that, under best conditions (u ¼ 100%, Uin ¼ 3 m/s), 0.5% of nanoparticles mass concentration
improves the total heat flux by more than 10.4%.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

The humid air condensation, as an example of condensation in
the presence of NCG, is one of the most applicable methods of
phase change which is observed in different industrial equipment
such as Heating, Ventilating and Air Conditioning (HVAC) or
coolant systems. For this purpose, various studies focused on
filmwise condensation enhancement with multifarious passive or
active methods. Undeniably, transformation to the era of nano-
technology has a strong potential for improvement of phase change
performance. Therefore, using nano-material, as an additive to the
main fluid, is considered and several investigators have tried to
evaluate the effect of nano-materials on heat and mass transfer
enhancement in heat exchangers [1e3]. Accordingly, a better un-
derstanding of the nano-particles/nano-fluids effects on heat and
mass transfer, especially in the presence of phase change, and its
influence on the mechanism of condensation/evaporation is
erved.

eh, et al., Effect of nanopartic
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needed as a key factor for more efficient equipment design.

1.1. Condensation of humid air

There are comprehensive studies in the area of filmwise
condensation for pure vapor and air/vapor mixture, with several
correlations for heat and mass transfer parameters for various
geometrical conditions [4e6]. Desrayaud and Lauriat [7] demon-
strated a new analogy of heat andmass transfer for condensation of
humid air under laminar natural convection flow. Based on the thin
film assumption, they reported new correlations for Sherwood
number, latent and sensible Nusselt numbers. Rao et al. [8] per-
formed an analytical model for laminar film condensation of vapor
in the presence of air as a high concentration of NCG in a vertical
tube. With the help of heat and mass balance equations at the
interface, they estimated the gas-liquid interface temperature and
reported the condensate Nusselt number, condensate Reynolds
number and pressure drop for different inlet conditions, such as
Reynolds number in the range of 1000e2000, and relative hu-
midity up to 80%. In a similar study,Wu and Vierow [9] investigated
the condensation of the vapor in the presence of NCG in a
les on condensation of humid air in vertical channels, International
ci.2016.05.011

mailto:vafai@engr.ucr.edu
www.sciencedirect.com/science/journal/12900729
http://www.elsevier.com/locate/ijts
http://dx.doi.org/10.1016/j.ijthermalsci.2016.05.011
http://dx.doi.org/10.1016/j.ijthermalsci.2016.05.011
http://dx.doi.org/10.1016/j.ijthermalsci.2016.05.011


I.Z. Famileh et al. / International Journal of Thermal Sciences xxx (2016) 1e142
horizontal tube and compared the condensation heat transfer co-
efficient at the top and bottom of the tube. By comparing the
centerline temperature profiles and the overall heat transfer rate,
the global effect of NCG on the heat transfer rate was evaluated and
the local effects of NCG on condensation process were reported.

Ambrosini et al. [10,11] attempted to compare the numerical
simulation of several CFD commercial software with the experi-
mental benchmark results of the CONAN typical classical test sec-
tion. The experimental correlations of Nusselt number and
Sherwood number for wall condensation of an external flow over a
vertical flat plate was proposed by them. Vyskocil et al. [12] carried
out air-steam condensation numerically and highlighted the
simulation of wall condensation ignoring the effect of volume
condensation. They compared their results with the benchmark
data of CONAN experimental facility and predicted the condensa-
tion rate for different inlet conditions. Similarly, Zschaeck et al. [13]
provided a new CFDmodel of the wall condensation of vapor in the
presence of non-condensable multi components gas mixture in a
vertical channel and compared the numerical results with experi-
mental data of CONAN experimental facility [10]. A comprehensive
review of vapor condensation in the presence of NCG was done by
Huang et al. [14]. They categorized previous studies into dropwise
and filmwise condensation and focused on semi-theoretical and
theoretical models of condensation process in the presence of NCG.
The effect of condensate thickness film, surface waves, interfacial
shear strength and suction effects on filmwise condensation in the
presence of NCG were evaluated by them. Saraireh et al. [15] used
ANSYS FLUENT commercial CFD software with the aim of
comparing the numerical results with well-established correlations
of wall condensation parameters (condensation rate of vapor and
heat flux) in the presence of air. Agrawal and Das [16] used in-house
developed CFD code (HDS) andmodeled unsteady form of wall film
condensation under hydrogen distribution in an enclosure which is
filled with mixture of vapor and air for a vertical injection of
hydrogen from the bottom. They claimed that downward motion of
the condensed film causes the concentration of hydrogen in lower
parts of the enclosure. Szijarto et al. [17] utilized RELAP5, a thermal-
hydraulic system code, to trace the wall condensation and provided
the prediction of heat transfer process considering variation of
temperature, pressure and void fraction of vapor along the hori-
zontal pipe. In their study, based on three different regimes of
condensation, they defined the significant role of stratification
angle for transient condensation in a horizontal pipe. The numer-
ical models of natural convection and wall condensation of humid
air with time dependent wall temperature were defined by Sun
et al. [18]. The thickness of the condensed filmwas discussed and it
was claimed that the thickness reflects on the flow structures. The
effect of geometrical parameters (such as aspect ratio of cavity) on
wall condensation/evaporation was also addressed.

1.2. Nanoparticles application in convection heat transfer

Modeling of the particles behavior in gaseous phase is impor-
tant for several processes and there are many works in the litera-
ture focused on investigation of particle deposition and suspended
particle effects on heat transfer. Hudson [19] studied numerically
the effect of copper nanoparticles on the enhancement of laminar
natural/forced convection regime in a tube and an enclosure with
different aspect ratios. Different particles tracking methods for
various enclosures, with aspect ratio between 1 and 5, were
examined and finally it was concluded that nanoparticles has a
tendency to stay near the borders of an enclosure. Brereton [20]
developed a Eulerian model for prediction of particle transport in
an internal turbulent flow with thermophoretic term, as an eddy-
viscosity-scaled multiple of the corresponding mean
Please cite this article in press as: I.Z. Famileh, et al., Effect of nanopartic
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thermophoretic term, which is applicable for low inertia particles.
Walsh et al. [21] developed an investigation of thermophoretic
deposition of aerosol particles on relatively cool cylindrical tube.
Based on the solution of aerosol population, they compared parti-
cles deposition in downward/upward flow through a vertical pipe
and found that the free convection effects could be ignored for
lower bulk Richardson number (Ri < 1). A two phase Euler-Euler
model for prediction of conduction, convection and radiation heat
transfer in dense gas-particle domains on the open-source code
OpenFOAM for high temperature solar power applications was
provided by Marti et al. [22]. In case of a moderate rise in the wall
temperature (581 K) and particle diameter of 64 mm, they high-
lighted that the solid conduction accounts for about 97% of the wall
to suspension heat flux. The increase of radiation heat flux portion
up to 10% of the total wall to suspension heat flux is reported by
them.

In order to evaluate particles force balance, Akbar et al. [23]
studied the transport of particles in a square enclosure for
laminar free convection regime using Eulerian-Lagrangian method
at ANSYS FLUENT commercial CFD software. They investigated
different motion mechanisms, including gravity, drag and lift
forces, and thermophoresis and Brownian dispersions, for different
Rayleigh numbers ranging from 100 to 800,000 and found that
most of the particles dispersed towards thewalls, while a portion of
the particles were collected in a quasi-steady recirculation zone.
Garoosi et al. [24], used Eulerian-Lagrangian hybrid method, to
model deposition of solid particles in natural convection regime of
an insulated square cavity with different replacement of cooler and
heater elements. Tracking of 6000 discrete particles within a range
of Rayleigh numbers (104 � Ra � 107) showed that thermophoresis
force could be effective at lower Rayleigh numbers. For the case
which were studied, at lower Rayleigh numbers and non-uniform
distribution of particles; using more coolers and splitting ele-
ments into smaller segments causes a significant change in depo-
sition rate of particles and heat transfer rate. Afshar et al. [25]
solved the Navier-Stokes and energy equations for slip flow
regime in microchannel analytically and evaluated dispersion of
particles due to the mentioned effective parameters. In their anal-
ysis, it was shown that the control of entrance location of nano-
particles leads to a heat transfer enhancement. Additionally, a
decrease in the particle diameter causes an increase in the surface
to volume fraction, which is affects, the heat transfer in micro-
channels. In order to compare Eulerian and Lagrangian approaches,
Saidi et al. [26] compared the motion of particles for the same
problem using the two cited approaches. Their overall results
showed that for low particles concentration, approximately
105 m�2, the Eulerian approach diverges considerably and cannot
be applicable for low particles concentration unless employing a
long time scale. Using numerical solution of similarity trans-
formations, Alam et al. [27] investigated unsteady forced convec-
tion heat and mass transfer equations for thermophoretic
deposition of micro-particles driven by a rotating disk. Axial ther-
mophoretic velocity, thermophoretic deposition flux and concen-
tration profiles of particles were evaluated at different Schmidt
number and it was concluded that, for larger Lewis numbers, the
increasing trend of thermophoretic velocity could be affected by
thermophoretic coefficient and thermophoresis parameter.

Based on general exact solution of particle transport [28], Bertoli
et al. [29] obtained several limiting solutions for heat transfer in
multi-particles systems, single particle and single phase flow. The
effect of magneto hydrodynamic (MHD) on transportation and
deposition of micro- and nano-sized particles (particle diameter in
the range of 1 nm to 1 mm) for natural convection regime over a
horizontal and vertical plate was proposed by Guha and Samanta
[30,31]. Different parameters such as: free convection, Brownian
les on condensation of humid air in vertical channels, International
ci.2016.05.011



I.Z. Famileh et al. / International Journal of Thermal Sciences xxx (2016) 1e14 3
diffusion and thermophoresis effects were included and particles
concentration and deposition velocity of particles for different
magnetic field parameters were reported. It was shown that the
magnetic field parameter decreases the deposition velocity with an
increase in the particle diameter. The particle deposition at the
bottom surface in room scale chamber with point particles injec-
tion from two wall sides was numerically presented by Zhang et al.
[32]. Distribution of particle-number density (count/volume) under
different situations was evaluated and the best agreement between
the modeling and the experiments was achieved for intermediate
particles size range (around 30 mm). With similar aim, Wang et al.
[33] used ANSYS FLUENT commercial software and modeled par-
ticles prediction in an airliner cabin for seven particle sizes (in the
range of 0.1e100 mm). They tried to find the most important factor
in particle deposition and provided an estimation of the position of
particle concentrations.

Although the effects of nanoparticles on heat transfer, especially
convection and radiation, were considered in recent studies, there
is no comprehensive study in the area of nanoparticles deposition
effects on phase change (condensation). In the present study, the
effect of nanoparticles on filmwise condensation of vapor in the
presence of large volume of air, as a NCG, for different inlet veloc-
ities and relative humidities of vertical channel are investigated and
local and mean values of heat and mass transfer parameters are
discussed. This investigation is divided in three different parts. In
the first part, the effect of nanoparticles material and mass con-
centration of nanoparticles are evaluated. In the second part,
condensate Reynolds number, Nusselt number of the condensed
film and Sherwood number are investigated. In the third part,
based on the response of surface methodology (RSM) the objective
function of the investigated parameters of the present problem
were provided. Finally, using the provided correlation, the influ-
ence of nanoparticles for various ranges of relative humidity and
inlet velocity are investigated. Due to the small effect of nano-
particles on the condensed film, the variation of condensed film
specifications is not large. However, because of the presence of
particles in different applications of humid air condensation, the
investigation of these effects are significant and prediction of the
exact trend of filmwise condensation in the mentioned conditions
is appreciable. Therefore, the investigation of nanoparticles effects
on condensation of vapor in the presence of air is the aim of present
research.

2. Problem statement

Fig. 1 displays the schematic view of the CONAN typical classical
test section (a vertical channel with the cooling system in one side
and three insulated walls). The uniform dilute gas-particle flow (a
multiphase system of nanoparticles as a discrete phase and humid
air) enter from the above and exit from the below side. It was
assumed that the nanoparticles were injected from an inlet surface
uniformly and with similar hydrodynamic and thermal conditions
of the main stream. The coolant water at fixed mass flux and inlet
temperature flows from below to a thin secondary channel on the
other side of the cooling wall. This situation causes the condensa-
tion of the vapor on the coolant wall of the main channel and
because of the gravity force, as the only external body force, the
condensed film has a downward movement along the cooling wall
and the exit from below.

Asmentioned before, the aim of this paper is the investigation of
nano-particle effect on the condensation and, for this purpose; it is
preferred to select the condition with minimum convection and
radiation heat flux between the main stream and the cooling wall.
That is, under the considered conditions where the condensed
vapor takes the form of filmwise condensation, the condensation
Please cite this article in press as: I.Z. Famileh, et al., Effect of nanopartic
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heat flux is greater than convection heat flux (This assumption is
prepared in CONAN typical classical test section.) [34]. Therefore,
there are several limitations for the inlet boundary, which causes
filmwise condensed flow. What is more, because of the low tem-
perature main stream (a multiphase system of nanoparticles as a
discrete phase and humid air), the radiation heat transfer can be
ignored [35]. Accordingly, the effect of nanoparticles on filmwise
condensation can be investigated under thementioned geometrical
and hydrodynamical specifications of the problem, which are listed
in Table 1. The influence of particles deposition is much larger in
turbulent flows. As such all of investigated conditions are selected
in turbulent regime.

3. Governing equations

For the mentioned process, governing equations such as: con-
tinuity, momentum, energy, species transport and particles force
balance in vertical form for steady state condition could be written
as follows:

Continuity equation:

V$

�
rV
!� ¼ 0 (1)

Momentum equations:

V$

�
ruV

!� ¼ �vp
vx

þ V$
�
meffVu

�
(2)

V$

�
rvV
!� ¼ �vp

vy
þ V$

�
meffVv

�
þ rg (3)

V$

�
rwV

!� ¼ �vp
vz

þ V$
�
meffVw

�
(4)

where r and V
!

are the density of humid air and the velocity vector,
respectively. Additionally, u, v andw are the velocity components in
x-, y- and z-directions, p is the static pressure, meff is the effective
dynamic viscosity of the mixture in every control volume, g is the
gravitational acceleration.

The RNGk� εmodel is used as a turbulent model for the present
problem. The governing equations for the turbulent kinetic energy,
k, and the dissipation rate, ε, are as follow:

V$

�
rkV

!� ¼ V$

�
mt
sk
Vk
�
þ Pk þ Gk � rε (5)

V$

�
rεV
!� ¼ V$

�
mt
sε
Vε

�
þ C1ε

ε

k
Pk � C2εr

ε
2

k
þ C3εGk

ε

k
(6)

where Pk is the generation of turbulent energy due to the mean
velocity gradient and Gk is the generation of turbulent energy due
to buoyancy. The constants of turbulent model have the following
values: sk ¼ 1, s

ε
¼ 1.3, C1ε ¼ 1.44, C2ε ¼ 1.92, C3ε ¼ 1.3 [36].

Energy equation:

V$

�
rCpT V

!� ¼ V$
�
leffVT

�
þ V$

2
4Xn

j¼1

Hj

Mj

�
rjDj;mixVYj

�35 (7)

where Cp is the heat capacity of the humid air,leff is the effective
thermal conductivity of humid air in every control volume which
depends on the turbulence model. Hj, Mj, rj, Dj,mix and Yj are the
molar specific enthalpy, molecular weight, density, diffusivity co-
efficient and mass fraction of species j, respectively.
les on condensation of humid air in vertical channels, International
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Transport equation for non-reaction flow:

V$

�
rV
!
Yj

�
¼ �V$ Jj

!þ Sj (8)

where Jj
!

is the diffusion flux of species j and Sj is the rate of pro-
duction of speciesj. For every control volume, mt, meff, leff and Deff

could be written as Eqs. (9)e(12) and detailed in Ref. [36].

mt ¼ rCm
k2

ε

(9)

meff ¼ mþ mt (10)
Table 1
Hydrodynamical and geometrical properties of the CONAN typical classi

Thermophysical and geometrical properties

Humid air channel Length, (m)
Width, (m)
Side, (m)
Inlet velocity
Inlet Pressur
Inlet temper
Inlet relative

Coolant plate (interface wall) Length, (m)
Width, (m)
Side, (m)

Water channel (cooling side) Length, (m)
Width, (m)
Side, (m)
Inlet mass fl
Inlet temper
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leff ¼ lþ Cp
mt
st

(11)

Deff ¼ Dj;mix þ
mt
sy

(12)

where the mentioned constants have the following values
(Cm ¼ 0.09, st ¼ 1, sy ¼ 1) [36].

Particle force balance in vector form:

F
!

D þ F
!

L þ F
!

G þ F
!

P þ F
!

m þ F
!

B þ F
!

Th ¼ 0 (13)

where F
!

D is the unit-mass drag force vector which is caused by the
relative slip between particles and the fluid. F

!
L is the shear-

induced lift force vector. F
!

G; F
!

P and F
!

m are the buoyancy force
vector, fluid pressure gradient and shear stress force vectors,
respectively. F

!
B stands for the stochastic excitation due to the

Brownian motion and F
!

Th represents the thermophoresis force
vector. The first term of Eq. (13) is defined as in Ref. [37]:

F
!

D ¼ CDRep
24z

�
V
!� Vp

�!�
(14)

where Vp
�!

is particles velocity vector, Rep ¼ d│U � Up│/y is the
particle Reynolds number and CD is the drag coefficient and is given
as:

CD ¼

8>>><
>>>:

24
Rep

for Rep <1

24
Rep

�
1þ 1

6
Re2=3p

�
for 1<Rep <1000

(15)

In Eq. (14), z is the particle relaxation time defined as:

z ¼ sdCc
18y

(16)

where d is the diameter of particles, y is the humid air kinetic vis-
cosity, s is the ratio of particles density to fluid density, Cc is the
Stokes-Cunninghum slip correction represented by Ref. [24]:

Cc ¼ 1þ 2g
d

�
1:257þ 0:4e�1:1d=2g

�
(17)

where g is the molecular mean free path of the gas.
The second term of Eq. (13) presents the shear-induced lift force,

F
!

L, which is provided by Saffman [38]:
cal test section.

2
0.35
0.34

, Uin (m/s) 1.5, 2, 2.5, 3, 3.5
e, Pin (Pa) 101,325
ature, Tin (�C) 79.13
humidity, u(%) 50, 75, 100

2
0.35
0.005
2
0.35
0.005

ow rate, _min;w (kg/s) 1.217
ature, Tin,W (�C) 31.07
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F
!

L ¼
2Ky0:5rdij

rpdðdlkdklÞ0:25
�
V
!� Vp

�!�
(18)

where K ¼ 2.594 is the constant in Saffman’s lift force relation and
dij is the deformation rate tensor.

In Eq. (13), the buoyancy, fluid pressure gradient and shear
stress forces are defined as follows:

F
!

G ¼
g!
�
rp � r

�
rp

(19)

F
!

P ¼ � 1
rp
VP (20)

F
!

m ¼ m

rp
V2 V

!
(21)

The last two terms represent the stochastic excitation due to
Brownian motion and the thermophoretic force is defined as
follows:

F
!

B ¼ Gi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
216
p

ykB
rd5s2Cc

T
Dt

s
(22)

F
!

Th ¼ �36m2Cs
�
l
	
lp þ Ct þ Kn



rprd2ð1þ 3CmKnÞ

�
1þ 2l

	
lp þ 2CtKn


 VT
T

(23)

where Cm¼ 1.14, Ct ¼ 2.18 and Cs ¼ 1.17 are constants and Gi and Kn
are zero-mean unit variance Gussian random number and Knudsen
number, respectively.

In order to evaluate the mentioned forces and their effects on
condensation of humid air, the effect of particle size can be inves-
tigated. For particles with a size of 100 nm or larger, turbulence has
a larger effect than the Brownian diffusion [39]. Therefore, the
Brownian force in the particle force balance can be ignored. It
should be mentioned that particle deposition shows a small
amount of spreading near the walls, which is due to the rather low
turbulence fluctuation velocity. Meanwhile for particles with the
order of 10 nm or smaller, both Brownian motion and thermo-
phoresis are the dominant mechanisms. But variation of particle
size has a lesser effect on the cited mechanism. For particles in the
range of 100 nm to 4 mm, thermophoresis could be the dominant
mechanism for particle deposition and for larger particles, ther-
mophoresis is negligible. Therefore, for the investigated particle
sizes in the present study (d ¼ 100 nm), there is no difference in
deposition rate for isothermal channel and heating/cooling chan-
nel. Although the higher temperature gradient causes the greater
thermophoresis effects, for the lower temperature gradients of
10 �C/cm, similar to the present study, particles are still affected by
the thermophoresis mechanism [39].

In order to achieve a more efficient numerical scheme, we
invoke several physically reasonable simplifying assumptions.
Based on the related literature [10,12,23,24,40e42] the following
assumptions are invoked:

� Condensation could occur only at the boundaries (cooling wall)
and no condensation takes place in the form of mist or fog.

� Compared to the z-direction (normal direction), the velocity of
the main flow and condensed film are much larger in the x- and
y-directions.

� There is no slip condition on the surfaces.
Please cite this article in press as: I.Z. Famileh, et al., Effect of nanopartic
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� The multiphase system of nanoparticles and humid air is
assumed incompressible along the channel and, during the
condensation process, the density variation is ignored. In other
words, variation of the density is only important with respect to
the buoyancy effects. Therefore, the Boussinesq approximation
is invoked. The other thermophysical properties of nano-
particles and humid air are assumed constant at the average
temperature of the process.

� In the case of condensation, because of the difference between
molecular mass of the dry air and vapor, the buoyancy force,
which is caused by mass transfer and thermal diffusion, is in a
downward direction. But, based on the prior description, it is not
considerable.

� The gravitational force is the only external body force, which has
an influence on the downward motion of the condensed film.

� The mixture enters uniformly at the inlet under an atmospheric
pressure.

� In comparison with the considered domain, the condensed film
is very thin and it could be assumed that, for each location along
the channel, the condensed film temperature is equal to the
average of interface surface and wall temperature.

� As in several studies, because of the uniform trend of the
condensed film along the z-direction (normal direction), the
filmwise condensation simulation is considered in 2D form.

� Volume fraction of nanoparticles is under 0.5% and the sus-
pension is quite dilute.

� The are distributed randomly at the inlet boundary.
� There is a local thermal equilibrium between nanoparticles and
main flow.

� For impingement of nanoparticles with the walls, the sticky
condition is considered. Because of the low concentration of
nanoparticles, this type of impingement has no considerable
effect on the results.

Applying the above-cited assumptions the governing equations,
i.e., continuity, momentum, energy, transport equations and the
particle force balance can be written as:

Continuity:

V$V
!¼ 0 (24)

Momentum equations:

V$

�
uV
!� ¼ �1

r

vp
vx

þ meff
r

V2u (25)

V$

�
vV
!� ¼ �1

r

vp
vy

þ meff
r

V2vþ g (26)

V$

�
wV
!� ¼ �1

r

vp
vz

þ meff
r

V2w (27)

Energy equation:

V$
�
T V
!
 ¼ leff

rCp
V2T þ 1

rCp
V$

�
Ha

Ma

�
raDa;mixVYa



þ Hy

My

�
ryDy;mixVYy


�
(28)

Transport equation for non-reacting flow can be written as:

V$

�
rYy V

!� ¼ V$

��
rDy;mix þ

mt
Sct

�
VYy

�
(29)

where Sct ¼ 0.7 is the turbulence Schmidt number.
les on condensation of humid air in vertical channels, International
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The Particle force balance can now be obtained by considering
the definition of the drag force, the buoyancy force, fluid pressure
gradient and shear stress force in Eqs. (14) and (19)e(21), respec-
tively, thereby yielding:

3nCDRep
4d2sCc

�
V
!� Vp

�!�þ rp � r

rp
g!� 1

rp
Vpþ m

rp
V2 V

!þ F
!

th

mp
¼ 0

(30)

where mp is the mass of the particles.
Using 2d wall condensation model for the condensed film, the

continuity and momentum equations could be evaluated as
follows:

Continuity:

V$V
!

l ¼ 0 (31)

Momentum equations:

V$

�
ul V
!

l

�
¼ �1

rl

vpl
vx

þ ylV
2ul (32)

V$

�
vl V
!

l

�
¼ �1

rl

vpl
vy

þ ylV
2vl þ g (33)

4. Numerical implementation

Most of the CFD reports for particle transports in single-phase
flow are done using a Eulerian-Lagrangian hybrid method. As it is
elaborated below, the fluid phase is treated as a continuum phase
using the Navier-Stokes equations, while the nanoparticles are
tracked using a large number of particles through the calculated
flow field.

As mentioned before, this problem consists of a convection/
condensation heat transfer in a 3d domain. Additionally, discrete
particles are injected into the main flow. A numerical method using
a CFD commercial software was adapted for our problem. For this
purpose, the species transport model in ANSYS FLUENT 15.0 was
employed for wall condensation of vapor in the presence of NCG
with additional nano-particles. On the basis of several previous
reports [12], wall condensation plays a major role and the volume
condensation is negligible. Therefore, the Eulerian wall film model
is chosen as the wall condensation model. This model is only
applicable for 2d thin film condensation in a 3d domain. The wall
condensation process and particles distribution are executed in
ANSYS FLUENT by user-defined functions (UDF). The SIMPLE algo-
rithm is used for pressure-velocity coupling. The QUICK model is
adapted for heat transfer and the Green-Gauss is used for diffusion
terms. In order to insure that final solutions are converged, a
maximum residual of 10�6 is adopted for all of the equations. The
details of this method can be found in Ref. [43]. Finally, applying a
Lagrangian method, the governing equation of the particle depo-
sition is numerically solved.

4.1. Mesh properties and validation

The mesh structure of the test section is shown in Fig. 2. Ac-
cording to this figure, a 3d structural mesh is used. The finermesh is
performed near the coolant wall, where wall condensation occurs
[44]. It is more noticeable that, the velocity gradient and temper-
ature gradient are more visible in this area. Various ranges of grid
sizes are examined to ensure that the numerical model is inde-
pendent from mesh structure at different inlet conditions. Fig. 3
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presents the total condensate mass flow rate at the outlet for
pure saturated humid air at Uin ¼ 2.5 m/s and Tin ¼ 80 �C. It can be
seen that for grid numbers larger than 106, the variation of
condensate mass flow rate is negligible. The mentioned discrep-
ancy between condensed flow rates for different grid numbers is

defined as Ec ¼
½ _mfinal � _mi�= _mfinal

� 100% where _mfinal and _mi are

total condensate mass flow rate at the finest mesh and the other
coarser mesh size respectively. This error is also shown in Fig. 3 on
the y-axis on the right side. As shown in the right hand side of this
figure, repetition of the numerical calculation with finer mesh had
no effect on the results. As such we had established the grid in-
dependence for our problem. Accordingly, similar comparisons
were performed for various inlet conditions (i.e. inlet velocity,
relative humidity and nanoparticles mass fraction) and the grid size
with sufficient converged results was used. Hence, for mentioned
CONAN test section, the arrangement of mesh with 106 grids is
selected.

In order to validate the present numerical model, some of pre-
sent results are compared with experimental data of Ambrosini
et al. [10] and numerical results of Zschaeck et al. [13] at different
inlet conditions which are listed in Table 2. Fig. 4 illustrates the local
surface heat flux of the cooling wall along the channel which is
obtained for experiment P10-T30-V25 (without nano-particles).
More details of the mentioned experimental results are listed in
Ref. [11]. It is apparent from this figure that the local surface heat
flux, which is predicted by the present study, is in good agreement
with the experimental results. However a small discrepancy (i.e.,
error) exists between the results. The maximum local error is less
than 13% under the same inlet conditions. This discrepancy can be
due to the simplifying assumptions which are used for providing a
simpler numerical model. Constant thermophysical properties at
different temperature and constant density of the humid air near
the interface of the condensed film are important assumptions
which affect the numerical model [12]. The accuracy of the nu-
merical model at different inlet conditions (see Table 2) is evaluated
and shown in Fig. 5. The total condensate flow rate at the outlet of
the channel, for various relative humidities of the pure humid air
(without nano-particles), is calculated and compared with experi-
mental data [10] and numerical results [11]. As indicated in this
figure, the presented results of total condensate flow rate are in
good agreement with the experimental data at different inlet ve-
locities and relative humidities and the maximum error between
the mentioned results is less than 3.8%. Therefore, Figs. 4 and 5
validate the present numerical model.
4.2. Comparison of nanoparticles materials

Using nanoparticle scan effect the thermophysical characteristic
of dilute gas-particle flow and this effect can result in a higher
thermal conductivity which leads to a higher condensation ratio of
the humid air. However, because of the low concentration of the
nano-particles, the variation of thermophysical properties is not
the scope of the present study. The particle deposition effect on
condensation of humid air is an important problem that is
considered in the present research. As mentioned in several works
in the literature, for small particles with diameters in the range
from 50 nm to 1 mm, the deposition effects of nanoparticles are
more pronounced compared with the thermophysical effects [39].
Based on the particle force balance equation, see Eq. (30), for the
same particles size, the variation of particle materials could be
effective under variation of density and the other thermophysical
properties of the nanoparticles has no effect on the condensation
process. In order to evaluate the density of nano-particles, three
different nano-particles, with different densities, are examined at
les on condensation of humid air in vertical channels, International
ci.2016.05.011



Fig. 2. 2d view of mesh sample of the CONAN test section (No scale view).
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Fig. 3. Typical representation of mesh independency.

Table 2
Inlet boundary condition utilized in CONAN typical classical test section.

Experiment Main test channel (humid air) Secondary channel
(cooling water)

Uin (m/s) u (%) Tin (�C) Tin,w (�C) _min;w (kg/s)

P10-T30-V15 1.46 100 82.66 31.24 1.2171
P10-T30-V20 2.02 100 80.61 31.10 1.2173
P10-T30-V25 2.52 97.83 79.13 31.07 1.2168
P10-T30-V30 3.01 87.35 78.73 30.91 1.2160
P10-T30-V35 3.59 96.55 75.02 30.71 1.2159
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different inlet velocities and relative humidities. The thermophys-
ical properties of these nanoparticles (copper, silicon dioxide and
sodium chloride) are listed in Table 3. To compare the physical ef-
fects of these nano-particles, the local surface heat flux along the
cooling wall for pure saturated humid air and the mentioned
nanoparticles added at Uin ¼ 2.5 m/s are presented in Fig. 6. As
illustrated in this figure, using the nanoparticles with lower density
improves the surface heat flux by 5.5%, which leads to a greater
condensation ratio. As mentioned before, density and particle
diameter are the only physical specifications of nanoparticles that
Please cite this article in press as: I.Z. Famileh, et al., Effect of nanopartic
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affect the force balance of the discrete phase. Therefore, additional
silicon dioxide, sodium chloride or copper particles present the
same trend. But it seems that the lower density of silicon dioxide
and sodium chloride causes a little more enhancement. Whereas,
nanoparticles with higher density, such as copper, have lower effect
on surface heat flux. Similar comparisons are done for other inlet
velocities at different relative humidities which have a similar
trend. The maximum surface heat flux was verified when using
sodium chloride for saturated humid air at Uin¼ 3m/s. Therefore, it
could be concluded that for constant particle size, d ¼ 100 nm, the
decrease in density of nanoparticles leads to higher surface heat
flux. This trend is caused by the higher turbulent deposition losses.
The investigation of different nanoparticles with similar size shows
that in the highly turbulent regime, using denser nanoparticles
leads to a lower deposition performance, which is equal to a lower
improvement in the condensation process. In the area of convec-
tion heat transfer for turbulent flow a similar study was done by
Romay et al. [45] presenting similar results.
4.3. Comparison of nanoparticles mass concentration

In order to evaluate the nanoparticles mass concentration, the
Reynolds number of the condensed film at the outlet of the channel
is reported for various values of relative humidity of humid air
(4 ¼ 100 � nanoparticles mass flow rate/humid air mass flow
rate ¼ 0), and, humid air with suspended nano-particles, (4 ¼ 0.5%
and 1%). The present comparison verified that the variation of
nanoparticles mass concentration has a direct effect on the
condensation of the humid air and this trend is analogous to the
one verified at the investigated inlet velocities for a wide range of
relative humilities, u ¼ 50e100%. These results should be inter-
preted with caution because, as mentioned before, there are other
parameters, which were assumed constant or have been ignored in
the present problem. However, additional nanoparticles leads to a
greater pressure drop and this effect is not very encouraging for
convection heat transfer enhancement but it is significant at least in
the phase change process. Accordingly, it could be concluded that
condensation of the humid air in the presence of nanoparticles
would be improved; nevertheless, the effect of mass concentration
of nanoparticles is more considerable at higher relative humidities.
At a constant inlet velocity (Uin ¼ 2.5 m/s), for lower relative hu-
midity (u ¼ 50%), additional 0.5% of nano-particle mass concen-
tration leads to a 10.1% increase in the condensate Reynolds
number. Alternatively, it can be stated that a 1% of nano-particle
mass concentration causes 16.6% increase in the condensate Rey-
nolds number. This improvement is more prominent for saturated
humid air, where using nanoparticles increases the condensate
Reynolds number between 21.8% and 43.6%. Comparison of
condensate Reynolds number shows that, at higher relative hu-
midities, using nanoparticles is more noticeable (see Fig. 7).
les on condensation of humid air in vertical channels, International
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Table 3
Thermophysical properties of nano-particles.

Nano-particles Diameter (nm) Density (kg/m3) Specific heat capacity (J/kg K) Thermal conductivity (W/m K)

Copper 100 8300 420 401.0
Silicon dioxide 100 2220 745 1.38
Sodium chloride 100 2165 853 6.50
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Fig. 6. Comparison of local surface heat flux for different nano-particles.
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4.4. Evaluation of heat and mass transfer parameters

The influence of nanoparticles on condensation of humid air
depends on inlet conditions, such as inlet velocity and relative
humidity. To distinguish between these two parameters, the local
Please cite this article in press as: I.Z. Famileh, et al., Effect of nanopartic
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surface heat flux along the channel for various inlet velocities
(Uin ¼ 1.5, 2, 2.5 and 3 m/s) and relative humidity (u ¼ 50, 75 and
100%) are compared in Fig. 8. As seen in this figure, the effect of
nanoparticles on surface heat flux is more substantial at higher
inlet velocities. Further, this improvement is more intense for
saturated humid air and in the sameway, the local surface heat flux
increases with the rise of relative humidity in the presence of nano-
particles. Particularly, using nanoparticles can be neglected when
the relative humidity is less than 50% (no noticeable increase in
surface heat flux was detected). In order to assess this trend, it
could be expressed that, both interaction of particle inertia and
inhomogeneity of the turbulence in the channel, especially near the
mass transfer interface, causes particle deposition from the more
turbulent region to less turbulent regions-this is called turbopho-
resis [20]. Turbophoresis is due to gradient of velocities that should
be considered at high Reynolds number of themain flowand has an
operative effect on nanoparticle deposition. Hence, based on this
mechanism, for higher inlet velocities, which translates to higher
Reynolds numbers for the main flow, the stronger deposition of
nanoparticles would occur that leads to an increase in mass
transfer. Accordingly, for lower inlet velocities, the fluctuation of
streamline is lower, so that the effect of turbophoresis would
disappear. In terms of the particle force balance, these trends could
be interpreted by deposition efficiency measurement which is
studied by Romay et al. [45] for convection heat transfer in cooling
tube. As they observed, the deposition efficiency of NaCl particles is
almost 1% for smallest particles (100 nm) and 3% for largest parti-
cles (700 nm) at Re ¼ 5517. Meanwhile, corresponding deposition
efficiency are 5% and 43% for smallest and largest particles at
Re ¼ 9656, respectively. Therefore, higher Reynolds number of the
les on condensation of humid air in vertical channels, International
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inlet flow leads to an increase in turbulence levels, which is leading
to an increase in deposition efficiency. This behavior improves both
convection and condensation processes.

Using the nanoparticles influences heat and mass transfer. As
such the Reynolds number for condensed film at the outlet of the
channel is reported for different inlet velocities and relative hu-
midities and compared with pure humid air for each condition (see
Fig. 9). Comparison of the condensate Reynolds number for pure
humid air and humid air with suspended nanoparticles (4 ¼ 0.5%),
reveals that using nanoparticles improves the mass transfer coef-
ficient which accelerates the condensation rate. Similar to local
surface heat flux, this trend is not uniform and strongly depends on
the inlet velocity. For example, compared to the pure humid air
case, the increase in the condensate Reynolds number is between
9.5% and 11.4% when the relative humidity increases from 50% to
100% at Uin ¼ 3 m/s and this variation is between 2.1% and 4.8% at
Uin ¼ 1.5 m/s. As mentioned before, the absorption of nanoparticles
in the condensed film is ignored. This assumption is due to ignoring
the inertial impact. In other words, the strong forward movement
in the turbulent regime reduces the collision of nanoparticles with
thewalls and the surface of the condensed film. Also, because of the
low mass concentration of nanoparticles, 4 ¼ 0.5%, the absorption
of nanoparticles by the condensed film is insignificant in case of a
collision. Therefore, possible absorbed particles have no consider-
able effect on the condensed film.

Using the same conditions employed in Figs. 9 and 10 provides
the results obtained for mean Nusselt number of the condensed
film. The effects of nanoparticles on the mean Nusselt number,
Nuf ¼ ð1=LÞ R Nuf ðyÞdy, for different relative humidities and inlet
velocities are shown in this figure. We can deduce that using
nanoparticles increases the mean Nusselt number, but the Nusselt
number enhancement is not constant and depends on the inlet
velocity. The maximum improvement in the Nusselt numbers is
2.6% for inlet velocity of Uin ¼ 1.5 m/s and 4.7% for Uin ¼ 3 m/s.
There are several explanations for these results. According to the
definition of the condensed Nusselt number, Nuf ðyÞ ¼ hf ðyÞy=lf ,
using nanoparticles causes more condensed flow which leads to a
higher condensate Reynolds number, a shown in Fig. 9, and a higher
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Fig. 7. The effect of mass fraction of nanoparticles on the condensed film Reynolds
number at the outlet for different relative humidities at fixed inlet velocity
(Uin ¼ 2.5 m/s).
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convection heat transfer coefficient in the condensed film. There-
fore, a similar trend of the condensate Reynolds number could be
observed for the mean Nusselt number of the condensed film.

The effects of nanoparticles on mass transfer, can be categorized
through an evaluation of the Sherwood number. For humid air as a
mixture of vapor and NCG, the Sherwood number represents the
ratio of vapor mass transfer to the rate of diffusion and can be
defined as follows [10,34]:

ShðyÞ ¼ y
rD

_m
00
I

log

 
Yn;bulk
Yn;wall

! (34)

where _m
00
I is condensation mass flux at the interface, and Yn is

mass fraction of the air.
The local Sherwood numbers along the channel for different

relative humidities at a fixed inlet velocity, Uin ¼ 3 m/s, are
compared in Fig. 11. It can be observed from this figure that the
nanoparticles augments the mass flux, and this trend increases
along the channel. According to prior results, the effect of nano-
particles is more significant for higher relative humidities. An in-
crease of the turbophoresis effect along the channel results in an
increase in the influence of nanoparticles. Analogous comparisons
were done for various ranges of the inlet velocities in the turbulent
regime and the same trends of the mentioned effects were
observed. As such, using the nanoparticles could be important for a
longer heat exchanger. In the other words, because of the increase
of the nanoparticles fluctuation along the channel and an increase
in the turbophoresis force, the mass flux of the condensate and
consequently the local Sherwood number will increase.

In order to assess the influence of nanoparticles on the total
mass transfer, themean Sherwood number, Sh ¼ ð1=LÞR ShðyÞdy, as
a function of the relative humidity for different inlet velocities is
presented in Fig. 12. The results presented in this figure display the
influence of the nanoparticles on the total mass flux of vapor from
the main flow to the condensed film. It can be seen that when
nanoparticles are added to the main flow, there is no significant
difference on the mean Sherwood number for lower inlet velocities
and a clear benefit of the nanoparticles on the mass flux of the
condensation could not be identified in the presented figure. For
higher inlet velocities, nanoparticles enhance the mean Sherwood
number between 6 and 12.3%. Based on the last two figures, it can
be concluded that, for higher Reynolds number of the main flow,
there is substantial evidence of improvement in the local and mean
Sherwood numbers when nanoparticles were added to the main
flow. As mentioned before, the mass concentration of nanoparticles
was assumed constant, 4 ¼ 0.5%. It is recommended that an
investigation of different nanoparticle mass concentrations and
their effect on heat and mass transfer parameters to be performed
in the future.

Using nanoparticles, as an enhancement method for enhancing
the convective heat transfer, has been investigated in several
publications in the literature especially for natural convection in
closed circuit [24]. The evaluation of particle deposition effect on
both convection and condensation heat transfer is themost striking
result to emerge from the data. Although, the presence of nano-
particles could improve both of the mentioned heat transfer
mechanisms, the assessment of these two mechanisms and finding
the most effective heat transfer method, could be significant. The
effect of nanoparticles on convection/condensation portions of to-
tal heat transfer, which are absorbed by the cooling wall, is shown
on Fig. 13. The convection and condensation heat transfer as two
main mechanisms of heat transfer of the mentioned problem are
measured for different inlet velocities and relative humidities for
les on condensation of humid air in vertical channels, International
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Fig. 8. Comparison of the local surface heat flux at the cooling wall between humid air and humid air with nanoparticles for different relative humidities and inlet velocities.
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Fig. 12. Variation of the mean Sherwood number for different relative humidities and
inlet velocities.
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both pure humid air (Fig. 13(a)) and humid air with suspended
nanoparticles (4 ¼ 0.5%, Fig. 13(b)). The comparison of these two
figures shows that using nanoparticles generally increases the total
heat flux. But, the improvement in the convection portion is more
significant than the condensation portion. A comparison of the
mentioned portions at a fixed relative humidity reveals that this
improvement can possibly be more considerable for higher inlet
velocities. Similarly, for a fixed inlet velocity, nanoparticles are
more effective on convection portion for higher relative humidities,
so that, the average improvement of the convection portion is 16.7%
when nanoparticles are added to the saturated humid air, while this
improvement is 10.1% for the condensation portion. Hence, nano-
particle effects on the condensation process are more limited as
compared to the convection enhancement. It should be mentioned
that this comparison was done for the CONAN test experiment.

The Sherwood number of the mentioned process can be
compared with the Sherwood number over a flat plate where it is
defined as follows [11]:

Shy ¼ 0:0296Re0:8y Sc0:33 (35)

where Shy, Rey ¼ rUiny/m and Sc ¼ m/rD are the local Sherwood
number, the local Reynolds number and the Schmidt number,
respectively. The local Sherwood number can be expressed as fol-
lows [10]:

Shy ¼ m
00
I

MvcD
y ln

 
Xn;bulk

Xn;interface

! (36)

where y is the distance from the inlet, m
00
I is the condensation

rate at interface, c is molar concentration, Mv is molecular weight of
vapor, Xn,bulk and Xn,interface are the molar fractions of air in the bulk
and at the interface, respectively. Fig.14 compares themass transfer
over a vertical flat plate as a function of local Reynolds number and
the calculated local Sherwood number for saturated humid air and
saturated humid air with suspended nanoparticles, u ¼ 100% and
4¼ 0.5% at constant inlet velocity, Uin¼ 3m/s. The improvement in
the local Sherwood number due to additional nanoparticles is
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sensible along the channel. There is little discrepancy between the
presented results and the mentioned correlation which is due to
assumptions described earlier in this paper.

5. Response surface methodology

As mentioned before, the impact of the nanoparticles effects on
heat and mass transfer enhancement is the main directive of the
present study. Therefore, calculation of the perfect size of the
design parameters (Uin, u, 4), using a multi-objective function,
could be an effective solution. A general multi-objective function
can be presented as:

FðxÞ ¼ ½f1ðxÞ; f2ðxÞ; f3ðxÞ; :::; fnðxÞ�;n � 2 (37)

where x ¼ [x1,x2,x3,…,xN] are the N design parameters and fi are
the nth objective functions. The basis of statistical methods is on
allocating the single function with the special weight for each one,
which is formed as follows:

FðxÞ ¼ min
Xn
i¼0

fifiðxÞ (38)

where fi is the estimated weight of the single objective func-
tion. Selection and modification of the single objective’s weight is
the first step in finding the general effects of the nanoparticles in a
wide range of the cited parameters. Also, this method is applicable
in the optimization process [46]. This study uses the response
surface methodology (RSM) to carry out the multi-objective func-
tion of the main process. Generally, this function is unknown and
RSM can propose the suitable approximation of the multi-objective
function. RSM is a group of mathematical and statistical techniques
for empirical model building for design of experiments [47]. In fact,
RSM estimated a response function (output variable) based on a
number of simple numerical or experimental observations on an
independent variable (input variable). In this method, the response
function usually is formed in low-order polynomial (second order).
Proposing the simple response surface, based on fewer simulation
or experiments, is one of the benefits of this method [46]. It should
be mentioned that RSM is one of the available statistical methods
and generally, it is the best methodology. In designing an
les on condensation of humid air in vertical channels, International
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experiment, many techniques are available and each of these
techniques could be utilized for a specific problem. As such in the
present condensation process, RSM is chosen. Details of the ad-
vantages of RSM can be found in Ref. [48]. Originally, RSM was
developed by Box and Draper [49]. In this method several regres-
sion techniques are used to compute the weight coefficients.
Choosing the regression technique and the method of data pro-
cessing, are not the aim of this study and the detailed information
about regression method selection and design of the numerical
simulations can be found in Ref. [50].

The objective function created by RSM is formulated as:

FðxÞ ¼ f0 þ
Xn
i¼1

fixi þ
Xn
i¼1

Xn
j¼1

fijxixj þ… (39)

The objective functions of condensed Reynolds number at the
outlet and the mean Sherwood number of the process are
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Fig. 14. Mean Sherwood number.
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calculated for the range of inlet velocities from 1.5 to 3 m/s. Figs. 15
and 16 show the contour plot of the condensed Reynolds number
(at the outlet) and the mean Sherwood number based on the
variation of relative humidity and mass concentration of nano-
particles for Uin ¼ 2.5 m/s. From Fig. 15, it is apparent that the
nanoparticles have a uniform trend for low relative humidities as
well as higher values. For the lower relative humidity, variation of
condensed Reynolds number is smoother, while for higher relative
humidities, this behavior is more pronounced and variation of
concentration of nanoparticles has a direct effect on the enhance-
ment of the condensation process. Consequently, the mass transfer
has the same effect with respect to the variation of nanoparticles
concentration, where for lower relative humidities, additional
nanoparticles have a lower impact on the mean Sherwood number.
However, an increase in the relative humidity, results in a more
noticeable variation of the mean Sherwood number. It should be
noted that even though nanoparticles improve heat and mass
transfer processes; the influence of nanoparticles concentration is
not substantial at lower humidities, especially when mass con-
centration of the nanoparticles is between 0 and 0.72%.
6. Conclusions

The objective of the present study was the systematically assess
and analyze the effect of using nanoparticles on the filmwise
condensation enhancement. For this purpose, the governing
equations for turbulent flow and mass diffusion were modeled
numerically and the condensation of humid air at different relative
humidities and inlet velocities was simulated. The hydrodynamical,
thermal and diffusion processes for filmwise condensation were
investigated and ultimately, the following results were concluded:

� Using denser nanoparticles leads to a lower deposition effi-
ciency and a lower turbulence level for particles, which results
in an enhancement of the heat and mass transfer process.

� For all of the investigated conditions, using nanoparticles im-
proves the condensation rate. However, the enhancement trend
is not uniform for the cited conditions. The maximum observed
mass transfer improvement is 12.3%.

� For low relative humidities, using nanoparticles has a lower
effect on the condensation process. While, for saturated humid
air, nanoparticles has a pronounced effect on the cited process.
les on condensation of humid air in vertical channels, International
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Fig. 15. Contour plot of Reynolds number of condensed film at the outlet (Uin ¼ 2.5 m/
s).

Fig. 16. Contour plot of Mean Sherwood number (Uin ¼ 2.5 m/s).
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� Concentration of nanoparticles has a significant effect on the
Reynolds number of the condensed film and on the Sherwood
number, where this effects is more impressive for higher relative
humidities. It should be mentioned that for saturated humid air,
using higher concentration of nanoparticles is more significant.

Since the application of humid air condensation is one of the
most important processes for the HVAC equipments, the evaluation
of the condensation process is important. Obviously, using nano-
particles enhances the heat and mass transfer processes The above
results could be useful for finding the optimum conditions for using
nanoparticles to enhance the heat and mass transfer processes.
List of symbols

c molar concentration, (mol/m3)
Cc Stokes-Cunninghum slip correction
CD drag coefficient
Cp heat capacity at constant pressure, (J/kg K)
d diameter of particles, (m)
dij deformation rate tensor
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D diffusivity coefficient, (m2/s)
Ec error, Ec ¼

½ _mfinal � _mi�= _mfinal

� 100%

FB
�!

Brownian force

FD
�!

drag force per unit particle mass

FG
�!

Buoyancy force

FL
!

shear-induced lift force

FP
�!

fluid pressure gradient force

FTh
�!

thermophoretic force

Fm
�!

shear stress force
g gravitational acceleration, (m/s2)
Gi zero-mean unit variance Gussian random number
Gk generation of turbulent energy due to buoyancy
h convection heat transfer coefficient, (W/m2 K)
H molar specific enthalpy, (J/kmol)

J
!

vapor mass flux, (kg/m2 s)
k turbulent kinetic energy, (m2/s2)
Kn Knudsen number
L length, (m)
_mi total condensate mass flow rate at the primary mesh size,

(kg/s)
_mfinal total condensate mass flow rate at the finest mesh size,

(kg/s)
_m
00
I condensation mass flux, (kg/m2 s)

mp mass of particles, (kg)
M molecular weight, (kg/kmol)
Nu Nusselt number
Nu mean Nusselt number
p pressure, (Pa)
Pk generation of turbulent energy due to shear
q00 local surface heat flux, (W/m2)
Rep particle Reynolds number, Rep ¼ d│U � Up│/y
s ratio of particle density to fluid density
S rate of production, (kg/m3 s)
Sc Schmidt number
Sh Sherwood number

Sh mean Sherwood number
t time, (s)
T temperature, (K)
u velocity components in x-directions, (m/s)
U mean velocity, (m/s)
v velocity components in y-directions, (m/s)

V
!

velocity vector
w velocity components in z-directions, (m/s)
x Cartesian coordinate normal to cooling wall, (m)
X molar fraction
y Cartesian coordinate along the channel, (m)
Y mass fraction
z Cartesian coordinate along the width of channel, (m)
Greek symbols
ε turbulent energy dissipation, (m2/s3)
z particle relaxation time, (s)
g molecular mean free path, (m)
l thermal conductivity, (W/m K)
m Dynamic viscosity, (kg/ms)
r density, (kg/m3)
sk turbulent Prandtl numbers for k
sε turbulent Prandtl numbers for ε

t stressed tensor, t ¼ m
��

VV
!þ VV

!T Þ � 2
3VV

!
I
�

y kinetic viscosity, (kg/m s)
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4 mass concentration of nanoparticles
4 ¼ 100*(nanoparticles mass flow rate/total mass flow
rate), (%)

f estimated weight of the single objective function
u relative humidity, (%)

Subscripts
a air
ave average
D drag
eff effective
exp experimental
f film
i initial
in inlet
I interface
j Species j
l liquid
mix mixture
n noncondensable (air)
Ns Number of parameters
p particles
t turbulence
Th thermophoretic
v vapor
w water
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