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This paper investigates a numerical analysis of coupled heat and mass transfer
during the simultaneous evaporation and condensation in the presence of a binary
liquid film flowing on one of two parallel vertical plates under mixed convection.
The first plate of a vertical channel is externally insulated and wetted by a binary
liquid film while the second one is dry and isothermal. The liquid mixture consists
of water (the more volatile component) and ethylene glycol while the gas mixture
has three components: dry air, water vapour and ethylene glycol vapour. The con-
ducted simulations enable the analysis of the heat and mass transfer during water
evaporation and ethylene glycol condensation for different inlet gas properties. It
is found that an increase of the inlet vapour concentration of ethylene glycol en-
hances the water evaporation while the increase of the inlet vapour concentration
of water slightly enhances the ethylene glycol vapour condensation. The increase
of inlet gas temperature considerably benefits the water evaporation and slightly
influences the ethylene glycol condensation.
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Introduction

The evaporation and condensation of the liquid film in air exist in different industri-
al applications such as desalination plants, drying, air-conditioning equipment, and desalting.
One of the important works on condensation of pure vapours on plates is that of Minkowycz
and Sparrow [1]. In fact, they presented a theoretical study of falling film condensation by free
convection on an isothermal vertical plate. They showed the importance of the effect of non-con-
densable gas at lower pressure levels. Yang [2] studied the condensation characteristics by free
convection inside a vertical tube. Siow ef al. [3] conducted a numerical study of the laminar
film condensation of vapour-gas mixtures in horizontal channels. They analysed the effects of
gas concentration, Reynolds number, pressure, and the inlet-to-wall temperature difference on
the film thickness and on the heat and mass transfers. Agrawal et al. [4] presented a study of the
heat transfer augmentation by coiled wire inserts during forced convection condensation of R22
inside horizontal wetted tubes. Panday [5] numerically treated the film condensation of vapour
flowing in a vertical tube and between parallel plates. They take into account the turbulence
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in the vapour and in the condensate film. They presented the heat flow rate for the condensa-
tion of R123 and the mean heat transfer coefficients for the condensation of vapour mixture
R123/R134a. Chung et al. [6] presented the experimental results comparing film and drop con-
densations. They showed that in the pure steam cases, the heat transfer rates of drop condensa-
tions are much higher than of film condensations. Yan and Lin [7] studied the evaporation and
condensation by natural convection along the wetted walls in vertical annuli. In this study, the
walls are wetted by an extremely thin liquid film. They examined the effects of the wetted wall
temperature, inlet relative humidity, and radii ratio on coupled heat and mass transfers. Using
an parabolic formulation, Feddaoui et al. [8] provided a numerical computation of the evapo-
rative cooling of falling water film in turbulent mixed convection inside a vertical tube. Zheng
Hongfei [9] experimentally studied the falling film evaporation and condensation in the closed
circulation solar still. Their findings show that the thermal performance of the solar still is greatly
improved because of the technology of the forced thin layer evaporation and film condensation
used. Khalal ez al. [10] reported a numerical study of the heat and mass transfer during evapo-
ration of a turbulent binary liquid film. They showed that the heat transferred through the latent
mode is more pronounced when the concentration of volatile components is higher in the liquid
mixture. Nasr et al. [11, 12] presented a numerical analysis of the evaporation of binary liquid
film flowing on a vertical channel by mixed convection. They showed that when the inlet liquid
composition of ethylene glycol is less than 40%, it is possible to evaporate more water than if the
film at the entry was pure water only. This result has been explained by the fact that an increase
in the inlet liquid composition of ethylene glycol has two opposed effects on the accumulated
evaporation rate of water. Ali Cherif and Daif [13] numerically investigated the evaporation of
binary liquid film flowing on the vertical channel. The wetted plate is subjected to uniform heat
flux while the other is dry and adiabatic. They showed the importance of taking into account of
film thickness and mixture composition in the mass and thermal transfers. They showed that for a
particular liquid composition of ethylene glycol, it is possible to evaporate more water than if the
film at the entry was pure water only. Agunaoun et al. [14] numerically examined the evapora-
tion of a binary liquid film flowing on an inclined plate. They showed that the water evaporation
can increase when the inlet liquid composition of ethylene-glycol is less than 40%. Oubella ef al.
[15] numerically studied the heat and mass transfer with film evaporation in a vertical channel.
They showed that the influence of the latent Nusselt numbers on the cooling of induced flows by
evaporation depend largely on the inlet temperature and Reynolds number. They displayed that
the better mass transfer rates related with film evaporation are found for a system with low mass
diffusion coefficient. Senhaji et al. [16] conducted a simultaneous heat and mass transfer inside
a vertical tube in evaporating a heated falling alcohols liquid film into a stream of dry air. They
analysed the influence of the inlet liquid flow, Reynolds number in the gas flow and the wall heat
flux on the intensity of heat and mass transfers.

The previous review reveals that the simultaneous evaporation and condensation under
mixed convection in the presence of a liquid film flowing along one of channel vertical plates,
despite their practical importance, have not been studied. The objective of this work is to study
the combined heat and mass transfers during evaporation and condensation in the presence of a
binary liquid film flowing down. The main objective of this work is to analyse the effect of inlet
gas properties on the heat and mass transfer and on the evaporation and condensation processes.

Analysis

The present work consists of a numerical analysis of coupled heat and mass transfers
with evaporation and condensation under mixed convection in the presence of a binary liquid
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film flowing along one of the vertical plates, fig. 1. . - oy
The first plate is externally insulated and wetted by P \L ! l ’ l”" l vy
a water-ethylene glycol liquid film while the second ™ g™ )
one is dry and isothermal. The binary liquid film enters
the channel with an inlet temperature, 7, , inlet mass
flow rate, m , and an inlet concentration of ethylene

glycol, ¢ The air enters the channel with a N [T7 \L
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Assumptions

For mathematical model of the problem, the fol-
lowing simplifying assumptions are introduced: sm
— Flows and transfers in the two phases are steady,

laminar, and 2-D.
— Vapour mixture is ideal gas. X
— Liquid mixture is ideal.
— The boundary layer approximations are used. Figure 1. Physical model
— Viscous dissipation and radiative heat transfer are
negligible.
— The effect of the superficial tension is negligible. The gas-liquid interface is in thermody-
namic equilibrium.
— Dufour and Soret effects are negligible.

Governing equations

The numerical mode that has been presented by Nasr et al. [11] and Hfaiedh et al.
[17] is used in this paper with following prescribed boundary conditions which describe the
evaporation and condensation of the physical model under investigation:
— for inlet conditions (at & = 0):

T(O,ﬂ) = 7;), 01(0,77) =Coyr> 62(0977) =Cp> U(Oaﬂ) =Uy, pP=PpP, (1)
L
T(0,n)=T,, 6(0)= 5OIPOL50”L O0,m )dn, =my,, ¢, (0,17.)=cq, (2)
0
— for dry plate (at 7 = 1):
oc,
M(ﬁ,l) = O: V(é, 1) = 0’ T(g’l) = Tw 5 a_ =0 (3)
n=1
— for wet plate (at #, = 0):
1 0T, ocy.
u (£,00=0, v =(0=0, g=-A—— , — =0 (4)
5 anL n.=0 677]“ 7.=0

Here c,, is the mass fraction of species i in the liquid film mixture.
— for gas-liquid interface (at 7 = 0 and 5 = 1):
— the continuities of the velocities and temperatures are give:
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u (& =1)=u(&n=0), T,(&n =D=T(n=0) )

— the heat balance at the interface implies [13, 14]:

2 oc,
p : l,D JJm :
i=1 ¢ on

__ L jer -

_1, %%
d-o" on

o ~on

—-mL, with m=-

10 w—&P—Zq@m=m}

(6)

=1

Here L, is the latent heat of evaporation of binary liquid mixture.
According to Dalton’s law, and by assuming the interface to be at thermodynamic
equilibrium, and the air-vapour mixture is an ideal gas mixture, the concentration of species i
vapour can be evaluated by [13-15] :

P,
Cl (é,O) = 1 ]
. . M, .M,
Pui + waz-%p—pm—pmﬂiz

. (7)

pvs 2

¢,(£,0)= :
’ . . M, .M,
pvs,Z + pvs,] E + (p - pvs,l - pvs,2 ) M2

where p7 ;is the partial pressure of species i at the gas-liquid interface [13, 14]:

P =Wl (1), i=1,2 (8)

where p, (T) is the pressure of saturated vapour of species i:

)

Doy = 10174312975/ T+3.6810g(T)] .105’ Prn = 6894.86Xp|:16.44 B 10978.8 :|

(9T /5 — 49)

The transverse velocity component of the mixture at the interface is obtained by as-
suming the interface to be semi-permeable [11, 13-15]:

R oc,

d-55 *"aon|_
W =0)=——— . 10

1-2 (£ =0)

i=1
The continuities of shear stress and local evaporated mass flux of species 7 give [13, 14]:
D D, ., oc,
Ly ouf 1 ol e _ADO L PP lal
s"tom,| . d-6"an|, 5 onl, d-¢6 on|,,

In order to evaluate the importance of the different processes of energy transfer, the
following quantities are used:
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— the cumulated evaporation/condensation rate of species i at the interface is given by:

p D 7 gim. im a ,'
evapl/condl (g) _[m (g)dé Where m (5) mcl A (12)
d-o6 oy _,
— the cumulated evaporation/condensation rate of mixture at the interface is given by:
evapt/condt (/;:) I m(g)dx Z Mr, evapl/cond1 (13)

Solution method

The present conjugated problem defined by the system of equations with the boundary
and interfacial conditions is solved numerically using a finite difference marching procedure
in the downstream direction using rectangular grids in the liquid and gas regions. The mesh is
characterised by a longitudinal step A = 1/(N; - 1) and a transversal step Ay, = 1/(Ny, — 1) in
liquid and An = 1/(Nn — 1) in gas. A fully implicit scheme where the axial convection terms were
approximated by the upstream difference and the transverse convection and diffusion terms by
the central difference is employed. The discrete equations are resolved line by line from the
inlet to the outlet of the channel since flows under consideration are a boundary layer type. To
ensure that results were grid independent, the solution was obtained for different grid sizes for
a typical case program test. Table 1 shows that the differences in the total evaporating rate ob-
tained using 51x(51+31) and 151%(51+51) grids are always less than 1%.

Table 1. Comparison of total evaporating rate (105-Mr) [kgs'm] for
various grid arrangements for: 7;; =20 °C, m,, = 0.015 kg/ms, 7, =20 °C,
T,=20°C, ¢y =0, ¢y = 0, i ater = CLigethylene giyeat = 0-5 (50% water-ethylene
glycol mixture), d/H = 0.015, u, = 1 m/s, g, = 3000 W/m?, and p, =1 atm

Ix(JtK) gridpoint | ¢=02 | &£=04 | ¢=06 | &£=08 =1
51x(51+31) 5.05546 | 10.49324 | 18.59606 | 30.02837 | 43.29377
101x(51+31) 5.08366 | 10.35767 | 18.48970 | 29.97913 | 43.37085
101x(31431) | 4.98680 | 10.27552 | 18.28331 | 30.02837 | 43.37085
101x(51+51) 5.08068 | 10.34552 | 18.48310 | 30.03837 | 43.40185
151x(51+51) 5.10368 | 10.55152 | 18.69310 | 30.04137 | 43.41085

I: total grid points in the axial direction; J: total grid points in the transverse direction in the
gaseous phase; K: total grid points in the transverse direction in the liquid phase.

To verify the adequacy of the numerical scheme adopted in the present work, the
procedure has been tested by comparing the present solutions for the total evaporating rate,
Mr*, and the interfacial temperature (7, — 7,) for different values of heat flux with the results of
Ali Cherif and Daif [13] for the case of the evaporation of the binary liquid film, figs. 2(a) and
2(b). The comparison has been done for 7, = 293.15 K, ¢, =0, ¢,,= 0, T,, = 293.15 K, ¢,= 0,

= 0.02 kg/ms, Re= 1000, the geometrical ratio is d/H = 0.015, the imposed wall heat flux is
q1 = 3000 W/m?, and the inlet film composition of ethylene-glycolis ¢, o000 = 0.5 (50%
water-ethylene glycol mixture). It is seen from figs. 2(a) and 2(b) that the agreement between
our results and those obtained by Ali Cherif and Daif [13] is satisfactory.

Results and discussions

In this study, the results have been obtained for the case of 7, =293.15 K, T = 293.15 K,
m,,=0.015 kg/ms, 1, = 1 m/s, the geometrical ratio is d/H = 0.015, and the imposed wall heat flux is ¢, =0.
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Figure 2. Comparison of present work with these of Ali Cherif and Daif [13]

With ¢, ytene giyeot = Criguwater = 0-5 (50% water-ethylene glycol mixture):

(a) validation of calculated total evaporating rate along the channel,

(b) validation of calculated interfacial temperature along the channel

4, =3000W/m?

SE+4 I Figure 3 shows that the saturated pressure of
water is more important than the ethylene-glycol
and consequently the water is more volatile than
the ethylene-glycol. It is noticed that when the
{ wall temperature, 7, increases, the difference
3B+ between the saturated pressures of water and of
ethylene-glycol becomes more important. Fig-
ure 4 illustrates the progress of the phase change
process of species i and of the mixture along
the channel. It is important to mention that the
1E+4 - total mixture has a tendency to condense. This
result has been justified by the fact that the total
o o P cumulat.ed condgnsation rate of ethylene glycol
0 2 40 © .q ¥ Vvapour is more important to the total cumulated
’ evaporation rate of water and consequently the
Figure 3. The saturated pressure profiles of total mixture has a tendency to condense. Fig-
water, p.,;, and of ethylene glycol, p,, with the o 531 dicates the effect of the inlet vapour con-
wall temperature .
centration of ethylene glycol on the temperature
profile at the channel exit (¢ = 1). It is shown that an increase of the inlet vapour concentration
of ethylene glycol induces an increase of the temperature. This result can be explained by the
fact that an increase of the inlet vapour concentration of ethylene glycol enhances the ethylene
glycol condensation. As a result, the temperature at the interface liquid-gas increases. It can be
noted from figs. 6(a) and 6(b) that the concentrations of water and ethylene glycol vapour at
the channel exit increase with an increase of the inlet vapour concentration of ethylene glycol.
Figure 7 illustrates the influence of the inlet vapour concentration of ethylene glycol
¢,, on the water evaporation rate. The careful observation of curve given in fig. 7 shows that an
increase of the inlet vapour concentration of ethylene glycol enhances the water evaporation.
This result has been justified by the fact that an increase of the inlet vapour concentration of
ethylene glycol benefits the ethylene glycol condensation, fig. 8, which causes an increase of
the temperature at the interface, fig. 5, and consequently improves the water evaporation. As de-
picted by fig. 9, the temperature at the channel exit increases with the increase of humidity c,.

4E+4 F

Pusts Pus2 [Pl

2E+4
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Figure 4. Evolution of the phase change process
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Figure 8. Effect of the inlet vapour concentration
of ethylene glycol on the total cuamulated
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Figure 9. Effect of the inlet vapour concentration
of water on the temperature profile at the
channel exit: ¢, =0.3, T, =20 °C,

=0.5

cLiq, ethylene glycol

This result has been justified by the fact that increasing ¢, decreases the water evaporation as
results the wall cooling decreases. It can be seen from fig. 10(a) that the concentration gradient
of water vapour decreases with the increase of ¢ . Consequently, the water evaporation rate de-
creases when the humidity ¢, increases. This result is confirmed with that found in fig. 11. It is
shown in fig. 10(b) that the humidity variation has practically no effect on the ethylene glycol va-
pour concentration and consequently slightly influences the ethylene glycol condensation rate,
fig. 12. Figure 13 presents the influence of the inlet gas temperature, 7, on the temperature pro-
file at the channel exit. It is generally obvious that the temperature at the channel exit decreases
as the 7 decreases. It is observed from fig. 14(a) that the concentration gradient of water vapour
increases with the increase of 7. Thus, the water evaporation becomes more important for
higher values of T, fig. 15. Observing fig. 14(b), one can see that the inlet gas temperature, T,
has no effect on the concentration gradient of ethylene glycol vapour and consequently has no
effect on the condensation rate of ethylene glycol, fig. 16.
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Figure 10. Effect of the humidity on the concentrations profiles at the channel
exit: (a) concentration of water vapour, (b) concentration of ethylene glycol
vapour ¢y, = 0.3, T, = 20°C, ¢y, emytene giyeat = 0-5
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Figure 16. Effect of the inlet gas temperature
on the total cumulated condensation rate of
ethylene glycol along the channel: ¢, =0,

¢, =0.3, CLiq, ethylene glycol — 0.5

The simultaneous evaporation and condensation in the presence of a binary liquid film
flowing on a vertical channel by mixed convection have been studied numerically. The binary
liquid film (water-ethylene glycol) flows down on one insulated plate of a vertical channel. The
second plate is dry and isothermal. The effect of the inlet gas parameters on the heat and mass
transfers and on the evaporation and condensation rates has been presented and analysed. A

brief summary of the major results are:

® An increase of the inlet vapour concentration of ethylene glycol enhances the water evapo-
ration and the ethylene glycol vapour condensation.

® The increase of the inlet vapour concentration of water slightly influences the ethylene gly-
col vapour condensation and inhibits the water evaporation.

e The observation reveals that an increase of the inlet gas temperature benefits the water
evaporation. On the other hand, the variation of inlet gas temperature has no effect on the
ethylene glycol condensation. This result is due to the high volatility of water compared to

the ethylene glycol.

Nomenclature

¢, — mass fraction for species i vapour, [—]

¢, — mass fraction for species i vapour in the
inlet condition, []

¢,; — inletmass fraction for species i in the
liquid film (¢, = Cliguater AN
0012: cLiq,ethylene glycol = _ qu;water) . .

¢,; — mass fraction for species 7 in the liquid
film (cL1+cL2=. 1)3 -] .

Ciqethylene glycol — inlet liquid concentration

(composition or mass fraction)
of ethylene-glycol in the liquid
mixture (=1 — CLiq,Water)’ [-]

o

mass diffusivity of species i vapour in the
gas mixture, [m?s']

— channel width, [m]

— gravitational acceleration [ms™]
channel length, [m]

— grid point index number in the axial
direction, [—]

grid point index number in transverse
direction in gaseous phase, [—]

total grid points in the transverse
direction in the liquid phase, [-]
latent heat of evaporation of

mixture, [Jkg!]

oim

~omoe A
!

<
|



Nasr, A., et al.: Evaporation and Condensation of Falling Binary Liquid Film

THERMAL SCIENCE: Year 2017, Vol. 21, No. 1A, pp. 211-222 221
M, — molecular weight of air, [kgmol™] x  — co-ordinate in the axial direction, [m]
Mr — total evaporation (condensation) rate of y  — co-ordinate in the transverse direction, [m]

mixture [kgs'm™] Greek symbols

Mr" — total evaporation rate of mixture given by
Ali Cherif and Daif [13] ( = Mr/0.004) 0  — liquid film thickness, [mg]
m, — local evaporation (condensation) rate of n  — dimensional transverse
species i, [kgs'm™] co-ordinate, [= (y — 0)/(d — 9)], [-]
m  — local evaporation (condensation) rate of n. — dimensional transverse
mixture (= m, + 1, ), [kgs 'm™] co-ordinate in the liquid
m,, — inletliquid flow rate, [kgs™'] phase, (= y/9), [-]
p  — pressure in the channel, [Nm2] A — thermal conductivity of the
p,;, — Dbressure of saturated vapour of fluid, [Wm™'K™]
species i, [Nm™] 4 — dynamic viscosity of the fluid, [kgm's™']
pi; — partial pressure of species i at the interface v — kinematic viscosity of the fluid, [m?s™]
liquid-vapour, [Nm] ¢ — dimensional axial co-ordinate (= x/H), [-]
., 17.,,) — pressure of mixture vapour at p  — density of the gas, [kgm™]
the interface liquid-vapour, [Nm2]
g, — external heat flux of wetted wall, [Wm™] Subscripts
Re — Reynolds number (= ud/v,), [-] P
T - absolute temperature, [K] 0  — inlet condition
u  — axial velocity, [ms™'] i — species i (1 for water vapour, 2 for
v — transverse velocity, [ms™] ethylene-glycol vapour and 3 for dry air)
w,; — molar fraction of species 7 in the liquid L — liquid phase
mixture, [—]
References
[1] Minkowycz, W. J., Sparrows, E. M., The Effect of Superheating on Condensation Heat Transfer in a
Forced Convection Boundary Layer Flow, International Journal of Heat and Mass Transfer, 12 (1969),
2, pp. 147-157
[2] Yang, P, Condensation Characteristics Inside a Vertical Tube Considering the Presence of Mass Transfer,
Vapor Velocity and Interfacial Shear, International Journal of Heat and Mass Transfer, 44 (2001), 23, pp.
4475-4482
[3] Siow, E. C,, et al., Fully Coupled Solution of a Two-Phase Model for Laminar Film Condensation of Va-
pour-Gas Mixtures in Horizontal Channels, International Journal of Heat and Mass Transfer, 45 (2002),
18, pp. 3689-3702
[4] Agrawal, K. N., ef al., Heat Transfer Augmentation by Coiled Wire Inserts during Forced Convection
Condensation of R-22 Inside Horizontal Tubes, /nt. J. Multiphase Flow, 24 (1998), 4, pp. 635-650
[5] Panday, P. K., Two-Dimensional Turbulent Film Condensation of Vapours Flowing Inside a Vertical Tube
and between Parallel Plates, Int. J. Refrigeration, 26 (2003), 4, pp. 492-503
[6] Chung, B. J., et al., Experimental Comparison of Film-Wise and Drop-Wise Condensations of Steam on
Vertical Flat Plates with the Presence of Air, International Communication of Heat and Mass Transfer, 31
(2004), 8, pp. 1067-1074
[7] Yan, W.-M., Lin, D., Natural Convection Heat and Mass Transfer in Vertical Annuli with Film Evapora-
tion and Condensation, International Journal of Heat and Mass Transfer, 44 (2001), 6, pp. 1143-1151
[8] Feddaoui, M., et al., The Numerical Computation of the Evaporative Cooling of Falling Film in Turbulent
Mixed Convection Inside a Vertical Tube, International Communication of Heat and Mass Transf, 33
(2006), 7, pp. 917-927
[9] Hongfei, Z., Experimental Study on an Enhanced Falling Film Evaporation Air Flow Absorption and
Closed Circulation Solar Still, Energy, 26 (2001), 4, pp. 401-412
[10] Khalal, L., et al., Numerical Study of Heat and Mass Transfer during Evaporation of a Turbulent Binary
Liquid Film, Thermal Science, 19 (2015), 5, pp. 1529-1540
[11] Nasr, A., et al., Numerical Study of Evaporation by Mixed Convection of a Binary Liquid Film, Energy,
36 (2011), 5, pp. 2316-2327
[12] Nasr, A., et al., Evaporation of a Binary Liquid Film by Forced Convection, Thermal Science, 15 (2011),

3, pp. 773-784



Nasr, A., et al.: Evaporation and Condensation of Falling Binary Liquid Film
222 THERMAL SCIENCE: Year 2017, Vol. 21, No. 1A, pp. 211-222

[13] Ali Cherif, A., Daif, A., Numerical Study of the Transfer of Heat and Mass between Two Vertical Flat
Plates in the Presence of a Binair Liquid Film on One of the Heated Plates, International Journal of Heat
and Mass Transfer, 42 (1999), 13, pp. 2399-2418

[14] Agunaoun, A., et al., Study of the Evaporation in Mixed Convection of a Liquid Film of a Binary Mixture
Flowing on an Inclined Plane Subjected to a Constant Heat Flux, International Journal of Heat and Mass
Transfer, 41 (1998), 14, pp. 2197-2210

[15] Oubella, M., et al., Numerical Study of Heat and Mass Transfer during Evaporation of a Thin Liquid Film,
Thermal Sciences, 19 (2015), 5, pp. 1805-1819

[16] Senhaji, S., et al., Simultaneous Heat and Mass Transfer Inside a Vertical Tube in Evaporating a Heated
Falling Alcohols Liquid Film Into a Stream of Dry Air, Heat and Mass Transfer, 45 (2009), Mar., pp.
663-671

[17] Hfaiedh, C.D., et al., Evaporation of a Binary Liquid Film Flowing Down the Wall of Two Vertical Plates,
International Journal of Thermal Science, 72 (2013), Oct., pp. 34-46

Paper submitted: April 23, 2014 © 2017 Society of Thermal Engineers of Serbia
Paper revised: December 1, 2014 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: February 9, 2015 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions



