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ABSTRACT

A computational study is reported on the combined heat and mass transfer during evaporation of
binary liquid film. The binary film is falling down on a vertical channel by mixed convection. The
first plate is submitted to a constant heated flux while the other is isothermal and dry. The liquid
mixture consists of ethylene glycol and water while the gas mixture is made up of three components:
water vapour, ethylene glycol vapour and dry air. The results concern the influence of the operating
parameters in the liquid and in the gas on the thickness of the binary liquid film and on the cumulated

evaporation rate of binary liquid film.
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1. Introduction

The heat and mass transfer during liquid films evapo-
ration in air is important and exists in different industrial
applications such as, combustion premixing, drying, indus-
try, desalting, desalination, film cooling and air condition-
ing. The case of the evaporation of pure liquid has been
extensively investigated in many theoretical and experi-
mental studies [1-5]. The case of binary liquid evaporation
has also received considerable attention in many studies
[6-18]. Khalal et al. [6] presented a numerical study of heat
and mass transfer during evaporation of a turbulent binary
liquid film. They showed that the heat transferred through
the latent mode is more pronounced when the concentra-
tion of volatile components is higher in the liquid mixture.
Cherif and Daif [7] numerically analysed the evaporation of
binary liquid film flowing on the internal face of the vertical
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channel. The first plate is wetted and subjected to constant
heat flux while the other is insulated and dry. They showed
the effect of the mixture composition and film thickness on
the coupled heat and mass transfers. Agunaoun et al. [8]
reported a numerical investigation of the binary film evap-
oration flowing on an inclined plate. In fact, they showed
the possibility to increase the cumulated evaporation rate
of water when the inlet liquid fraction of ethylene glycol
is <40%. Palen et al. [9] presented an experimental work of
the liquid mixture evaporation inside a vertical tube. They
showed that the coefficient of heat transfer between the lig-
uid and the gas can fall of 80% compared with the relative
value to the pure water. Hoke and Chen [10] numerically
studied the evaporation of a binary liquid film falling on a
vertical plate. They presented the evolution of Nusselt and
Sherwood numbers. Vijay et al. [11] treated the isotherm
evaporation of a binary film. They measured the mass
transfer coefficient during the evaporation of a binary film.
Baumann and Thiele [12] conducted a study of the binary
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film evaporation. El Armouzi [13] and El Armouzi et al. [14]  2.1. Assumptions
reported a numerical study of the evaporation by mixed
convection of a binary liquid film flowing down into two
coaxial cylinders. They analysed the effect of the volatilities
of the liquid film on the mass and heat transfer. They also
showed that the heat and mass transfers are more important
near the channel inlet and increase with the wall heat flux
density. Saouli et al. [15] studied numerically the evapora-
tion of an Ostwaldian film flowing over an inclined plane
surface. They analysed the effect of the behaviour index of
the liquid film on the thermal and dynamic characteristics
of a liquid—-air system. They showed that the behaviour
index influences considerably the transfers which are . Tor, mor, )
more important for pseudoplastic liquids than for dilatants O iCrigethy glycol [, © Po o |Coi
ones. Cherif et al. [16] presented a comparison between the 2 MR S S
numerical and experimental study of the evaporation of
water film by mixed convection in a vertical channel. They
analysed the effect of inlet parameters, in particular of heat
flux and air velocity on temperatures in the gas phase and
in the film on the evaporation efficiency. Doumenc et al. [17]
presented transient Rayleigh-Bénard-Marangoni convec-
tion due to cooling by evaporation. They presented numer-
ical results as well as theoretical scalings for the critical
parameters for the limiting cases of purely buoyancy-driven
and purely surface-tension-driven convection. Machrafi
et al. [18] presented a time-dependent Marangoni—-Bénard
instability of an evaporating binary-liquid layer including
gas transients. They developed a good-working analytical
model for the description of such delicate transient effects
in the gas. Uguz and Narayanan [19] presented the insta-
bility in evaporative binary mixtures. They investigated the
instability of an evaporating binary mixture underlying its
own vapour in an enclosed container. Serpetsi and Yiantsios :
[20] presented a numerical study of stability characteristics V (a)

of solutocapillary Marangoni motion in evaporating thin X

films. They showed that the systems where the surface ten-

sion decreases with increasing solute concentration are not : . .

immune to instabilities either but there exists a long-wave =0 111—1(1]—0) ..................... Nzl
deformational mode leading to monotonic growth of thick-
ness disturbances.

To the author’s knowledge, the previous studies con-
cerned with a numerical analysis of the binary liquid film
evaporation along the vertical channel, despite their practical
importance, could be useful to be viewed as indicators for
wider and more detailed exploration. Thus, the objective of
this work is to study the influence of the inlet parameters on
the cumulated evaporation rate of binary liquid film and on
the liquid film thickness.

Vapour mixture is ideal gas.

The boundary layer approximations are valuable.
Dufour and Soret effects are negligible.

Viscous dissipation and radiative heat transfer and pres-
sure work terms are negligible.

Liquid mixture is ideal.

e TFlows and transfers in the two phases are steady, laminar
and two-dimensional.

< Wetted plate

=
Il

Al

Liquid film

)

Cooled plate o

2. Analysis

The geometry of the problem under consideration is a
vertical parallel plates with channel height H and channel
width d (Fig. 1). The right plate is dry and isothermal.
The left plate is subjected to a uniform heat flux g, and
wetted by a binary liquid film (water—ethylene glycol).
The liquid film is fed with an inlet liquid temperature :
T,, and liquid mass flow rate at the channel inlet m The Y (b)
air enters the channel with a temperature T, a water and é
ethylene glycol vapour concentrations c,, and ¢, and con-
stant velocity u,,. Fig. 1. Physical model.

liquid-vapour
interface
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e The effect of the superficial tension is negligible. The
gas-liquid interface is in thermodynamic equilibrium.

e The effect of the wave motion in the liquid film is
negligible.

2.2. Governing equations

Following Cherif and Daif [7], Agunaoun et al. [8], Nasr
and Al-Ghamdi [24] and Nasr et al. [25] and in order to fix the
position of the liquid—gas interface, we introduce the follow-
ing transformations (Fig. 1(b)).

In the gaseous phase:

n=(y=8)/(d~5); e=x/H @
In the liquid phase:
=y/5; &=x/H @

Adopting these transformations, the equations governing
the flow and heat and mass transfers in the liquid and in the
gas phases are as follows [7,8,21-25].

2.2.1. For the liquid phase

Continuity equation:

o0& 80 om, & oOm,

x-Momentum equation:

Opu, m, 05 dpu, + E% =0 3)

ou, ( H 11(68]&1 1P

,—+| 7,
o¢ 3 608)on, pO¢ @
H a( 614]
-—= +gH
pd> o, "o

Energy equation:

aT H n,-16510T, H 0 oT,
+uf 1T A,
“aE T\ TS s Jan, T pGo® Lom o,
aT, 66,1}
on, on,

+ p/Df,IZ (Cpf,l p/ 2)

Species diffusion equation:

aoc, H n,—108 oc
u, +| v, —+u, — =
o0& o & o0& )0,

(6)
a
HZ o pD, il 212
p,0° om, 611/

wherec,  +c¢,=1.
Mass flow rate equation:

J.Sp[u[dn[ ={mm —HIpU(&,n:O)dé} 7)

2.2.2. For the gaseous phase

The steady two-dimensional laminar flow is governed by

the following conservation equations.

Continuity equation:

@_n—l@@+ H aﬂzo (8)
0 d-8608 on d-9 on

x-Momentum equation:

u@{vi L@]iu:_@_gﬁ (T-T)- b HY(c,—c,)

ot \ d-s d-dot)om  poe 5 )
P 1 H o0 ou
—_of'H — - =
P ;(C’ C°)+p(d75)2&n[uanj
Energy equation:
6T[ H n- aajaT H {a( 6Tj
Ut | 0t | == ————— | A —
g d-8 d-380¢)0n pC,(d- 5) om\ o (10)

z oT ac,
+ pZ(Dxmcpi - Dg/mcw)a o }

i=1

Species diffusion equation:

éc, ( H n—1a&]ac H
U—+ | V——FtU——— | =7
o \ d-8 d-8dg)on p(d-3)

,
a[ng . C'], i=1,2,3
on’ " on

Mass flow rate equation:

(11)

1 g
[(d=38)pu(&n)dn {(dso)pouo +H[po(en=0)de| (12)

2.3. Boundary conditions

For £ =0 (inlet conditions):

T(O,) =Ty; c,(0,M)=cp; c,(0,M) =cp; u(0O,M) =uy; P=F, (13)

1
T,{(O,m):Tm; 6(0):80; Jpoﬁsou/(ofn/)dne:mw;
0

(14)
Cyi <O’nf) =
Atn =1 (dry plate):
o,
u(g,1)=0; v(g1)=0; T(&1)=T, (8111] =0 (15)
Atm, =0 (wet plate):
1( oT,
U, (alo)ZO; v,(€,0)=0; T4 =X, 5[%;} ’
=0 (16)
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Atn =0 (1, =1) (gas-liquid interface):
The continuities of the velocities and temperatures give:

u,(&m,=1)=u(gn=0); T,(&n,=1)=T(,n=0) (17)

The energy balance at the interface is given by the
equation:

_1%[6%] :_12{6TJ i,
& "\ on, bt d-56 \on =0
2
D .
p; g,nn(a

60,)
M)

<d—6>[1—icf<a,n—o>]

(18)

WlthmZ— d L _zwlx i *

The concentration of species i vapour can be evaluated by:

*
pvs,l

p;sl {pvczi\w/{} [P pvsl p;s,Z]%

1

¢, (en=0)=- (19)

The transverse velocity component of the mixture at
the interface is obtained by assuming the interface to be
semipermeable:

1 2
ﬁZD\ ,m(

0(&n=0)=- (20)

The continuities of shear stress and local evaporated
mass flux of species i give:

1!%[8”/) 1 (8u] 1)
& "\ on, ot Td-5 5 _
D,, (éc, D...(éc
mi _ Yi’lC[i _ p/ £, im (C”J — Vi’lCi _ p 8 (C[] (22)
& \on, et d=8&\om), ,

3. Solution method

To check the adequacy of the numerical scheme adopted
in the present study, the procedure has been tested by com-
paring the present solutions for the total evaporating rate
(M) and the interfacial temperature (T - T,) with the results
of Cherif and Daif [7] for the case of the evaporation of the
binary liquid film (Figs. 2(a) and (b)). The comparison has
been made for T,=29315K, ¢, =0, c,=0, T, =293.15 K,
q,=0, m, =0.02 kg m™ s, Re = 1,000, the geometrical ratio is
d/H =0.015, the imposed wall heat flux is g, = 3,000 W m~ and
the inlet film composition of ethylene glycol is ¢;; .y 1ne gyeor =
0.5. Figs. 2(a) and (b) show a satisfactory Conformlty between
our results and those obtained by Cherif and Daif [7].

4. Results and discussions

All the results have been obtained for the case of
T, =293.15 K and the geometrical ratio is d/H = 0.015. The
effects of the inlet liquid concentration of ethylene glycol
¢, on the liquid film thickness and cumulated evapora-
tion rate are, respectively, illustrated in Figs. 3(a) and (b).
It is shown from Fig. 3(a) that the liquid film thickness d(x)
increases with an increase of the inlet liquid concentration
of ethylene glycol ¢, . i gyeor 1t i generally obvious that
when the inlet hqula concentration of ethylene glycol (the
less volatile component) increases the mixture evapora-
tion rate M, decreases. This result tends to increase the film
thickness d(x). In accordance with the previous results, an
increase of the inlet liquid concentration of ethylene gly-
col (the more viscous) increases the viscosity of the liquid

0.04 T T T T T T

= Present work

[ ® Ali Cherif and Daif[ 12] q+=5000W/m? 1

Q1=1 00

0.03 -
q:=3000W/m*

- (@

Mr* 0.02

0.01

0.0 1
8.00 002 qre) 004 0.06
60 L I L I L I
B Present work
50|~ ©® AliCherif and Daif[12] 4
b
40 (b) _
= [ =5000W/m> i
™ " ar=1000W/m?
H -
20 Q1=300 W/m2
10
[ ]
0
0.00

0.04 0.06
x/(d*Re)

Fig. 2. Comparison of present work with these of Cherif and

Daif [7] with c, = 0.5 (50% water—ethylene
iq, ethylene glycol h , water

glycol mixture): (a) va Eildatlon of calculated total evaporating

rate along the channel and (b) validation of calculated interfacial

temperature along the channel.
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mixture leading to an increase of the liquid film thickness
d(x). It can be noted from Fig. 3(b) that the cumulated evapo-
ration rate of binary liquid film M, decreases with an increase
of the film composition of ethylene glycol. This result can be
explained by the fact that when we increase the inlet liquid
concentration of ethylene glycol, the volatility of the liquid
mixture decreases (the ethylene glycol is less volatile than
the water), consequently the mixture evaporation decreases.
Figs. 4(a) and (b) present, respectively, the axial evolution of
liquid film thickness and the total accumulated evaporation
rate for different inlet liquid mass flow m,,. It is observed

6E-2 T T T I . I r .
CLig, ethylene glycol =1 I
777777 iq, ethylene glyco P
L =0.5
[ =0
4E-2|
) (@)
2E-2|
0E+0 L 1 L 1 L 1 L 1
0.00 0.20 0.40 a 0.60 0.80 1.00
4E-4 T T T T T T T T
- CL' , etl lycol =0
______ iq, ethylene glycol 05
—_— . =0.9 ,'_
EAF | — - — =1 -
2E4
Mr
/]
1E4f |
OE_’_O—"." e o ot = = == = T 7]
0.00 0.20 0.40 g 0.60 0.80 1.00

Fig. 3. The evolution of: (a) liquid film thickness and (b) total
cumulated evaporation rate of liquid mixture, along the
channel with different values of the inlet film composition in the
adiabatic case: ¢, =0, ¢,,=0, T,=20°C, u;=1m s, T, =20°C, m =
0.015 kg m™ s, g, =3,000 W m™

from Fig. 4(a) that the liquid film thickness along the chan-
nel d(x) increases with an increase of the inlet liquid mass
flow m,,. Whereas Fig. 4(b) shows that a decrease of the inlet
liquid mass flow causes a greater mixture evaporation rate
M.. In fact, an increase of the inlet liquid flow enhances the
cooling at the interface and consequently reduces the liquid
mixture evaporation. Figs. 5(a) and (b) show that an increase
of the inlet liquid temperature enhances the mixture evap-
oration M, and consequently reduces the liquid film thick-
ness d(x) along the channel. Fig. 6(b) presents the impact of
the inlet gas temperature T, on the cumulated evaporation

1.6E-2 ————————————————
my_ =0.013 Kg/m.s
------ =0.014
—-—-- 0015 ]
e - — =
1.5E-2 ° T~ .
/ =~ - 1
(a) T~
O ]
I’ Tl -<. -
! Tt - S~ E
1.5E-2 T
142 ——— L '
0.00 0.20 0.40 (t: 0.60 0.80 1.00
5E4 —————
myL =0.013 Kg/m.s ]
4E4 4
3E4
Mr
2E4
1E4
0E+0 L 1 1 1 1 1 1 1
0.00 0.20 0.40 (‘:3 0.60 0.80 1.00

Fig. 4. The evolution of: (a) liquid film thickness and (b) total
cumulated evaporation rate of liquid mixture, along the chan-
nel with different values of the inlet liquid mass flow: ¢, = 0,
€p=0,T,=20°C, uy=1ms", T, =20°C, Cliq, ethylene glycol  Cliq, water 0.5,
g,=3,000 W m™=. )
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rate of liquid mixture M. An analysis of the results deduced
from this figure shows that an increase of the inlet gas tem-
perature T, enhances the evaporation of liquid mixture.
Consequently, the liquid film thickness along the channel d(x)
decreases (Fig. 6(a)). Fig. 7(a) indicates that the liquid film
thickness along the channel d(x) decreases with an increase
of the external heat flux g,. This result can be justified by the
fact that the increase of the external heat flux g, enhances
the mixture evaporation (Fig. 7(b)) causing a decrease of the
liquid film thickness along the channel d(x). Now, we turn
our attention to improve the understanding of the effect of
the inlet concentration of water vapour c,, on the mixture
evaporation and on the liquid film thickness d(x). In Fig. 8(b),
we can observe that a decrease of the inlet concentration of

1.60E-2 ——T——— T
1.40E-2 - (a) -
6 -—-—
120E2~ "~ T T T T — - —-— E
— Ta=20°C
--- =30°C
— - =4oOc
1.00E2——~L—— L 11
000 020 040 £ 060 08 100
BEA—————
— To=20°C
6E-4 [ ---  =30C
— - =400C /
L
/A
M. 4E4F (b) Y ,,'

2E4

1

0.80

1 I 1
0.20 0.40 g 0.60 1.00

Fig. 5. The evolution of: (a) liquid film thickness and (b) total
cumulated evaporation rate of liquid mixture, along the channel
with different values of the inlet liquid temperature: €y =0,¢,=0,
T,=20°C, uy=1ms", my=0.015kgm™ s, ¢
=0.5, ¢, =3,000 W m=.

lig, ethylene glycol - Cliq, water

water vapour ¢, causes greater liquid mixture evaporation
and consequently a smaller liquid film thickness d(x) along
the channel (Fig. 8(a)).

5. Conclusion

The binary film evaporation along a vertical channel by
mixed convection has been numerically studied. The binary
liquid film (water—ethylene glycol) flows down on one heated
plate of a vertical channel. The second plate is dry and iso-
thermal. The effect of the inlet parameters on the liquid film
thickness d(x) and on the total cumulated evaporation rate of
liquid mixture M is analysed. The major results are briefly
summarised in the following;:

1.51E-2

1.50E-2

1.49E-2

1.48E-2

1.47E-2

1.46E-2 : L

1 I 1
0.00 0.20 0.40 & 0.60

4E4

3E4

M, 2E4

1E4

0E+0 I 1 I 1 I 1 I 1

0.00 0.20 0.40 F’ 0.60 0.80 1.00

Fig. 6. The evolution of: (a) liquid film thickness and (b) total
cumulated evaporation rate of liquid mixture, along the chan-
nel with different values of the inlet gas temperature: ¢, = 0,
=0, u,=1ms7, T, =20°C, m,,=0.015 kg m™ s, ¢
c =0.5, ¢,=3,000 W m=.

lig, water

lig, ethylene glycol =
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/
/
Mreq ’

1E4

O0E+) *
0.00 0.20

0.40 E_’ 0.60 0.80 1.00

Fig. 7. The evolution of: (a) liquid film thickness and (b) total

cumulated evaporation rate of liquid mixture, along the chan-

nel with different values of external heat flux: ¢, = 0, c,= 0,

T,=20°C,u,=1ms", T ,=20°C, m,=0.015kgm™s7, ¢
=0.5.

Cliq, water

lig, ethylene glycol

® An increase of the inlet liquid concentration of ethylene

8lycol € wnyiene gryeor the ambient concentration of water
vapour c,, and the inlet liquid mass flow m induces an
increase of the liquid film thickness d(x).

* An increase of the inlet liquid temperature T, the inlet
gas temperature T, and the external heat flux g,, induces
a decrease in the liquid film thickness d(x) along the
channel.

® A decrease of the inlet liquid concentration of ethylene

8lycol € wnyiene giyeor the ambient concentration of water
vapour c,, and the inlet liquid mass flow m benefits the
mixture evaporation.

* An increase of the inlet liquid temperature T, the inlet
gas temperature T, and the external heat flux g,, enhances

the mixture evaporation.

1.52E-2 ——————T———1——

1.51E-2

1.50E-2

1.49E-2

1.48E-2 —L
0.00 0.20

4E4 — T T T T T T

3E4

1E4

E+0 A A A
0.00 0.20 0.40 g 0.60 0.80 1.00

Fig. 8. The evolution of: (a) liquid film thickness and (b) total
cumulated evaporation rate of liquid mixture, along the channel
with different values of ambient concentration of water vapour:

cp,=0, T,=20°C, uy=1ms?, T, =20°C, m,=0.015 kg m™" s,
c =0.5,¢,=3,000 W m=.

Cliq, ethylene glycol = lig, water

Symbols

— Mass fraction for species i vapour

Co; — Mass fraction for species i vapour in the
inlet condition
Cy — Mass fraction for species 7 in the liquid film

(CZI + C€2= 1)
Inlet liquid concentration (composition
or mass fraction) of ethylene glycol in the
liquid mixture (c

Cliq, ethylene glycol -

liq, ethylene glycol =1- Cliq/ water)

c, — Specific heat at constant pressure, ] kg™ K
€, — Specific heat for air, ] kg™ K™

Coui — Specific heat for species i vapour, ] kg™ K

d — Channel width, m

D,,, — Mass diffusivity of species i vapour in the

gas mixture, m?s™
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Mass diffusivity of dry air in the gas
mixture, m?s™

Mass diffusivity of species i in the liquid
film mixture, m? s!

Channel length, m

Grid point index number in the flow
direction

Grid point index number in transverse
direction

Latent heat of evaporation of mixture, ] kg™
Latent heat of evaporation of species i, ] kg™
Local evaporation rate of species i, kg s m=

Local evaporation rate of mixture
(m=ri1, +11, ), kg s m™

Inlet liquid flow rate, kg s™

Total evaporation rate of mixture

g
[Mr = jr‘n(&)d&}[kg.sl.ml]

Total evaporation rate of mixture given by
Cherif and Daif [7] (Mr"= M /0.004)
Pressure in the channel, N m=

Pressure of saturated vapour of species i,
N m™

Partial pressure of species i at the interface
liquid—vapour, N m=

Pressure of mixture vapour at the interface
liquid—-vapour (p° _+p" ,), Nm?

Inlet mass fraction for species i in the liquid
fllm (COU = Cliq, ‘water and C0432= ¢
Absolute temperature, K
Interface temperature, K
Dry wall temperature, K
Wetted wall temperature, K

External heat flux of wetted wall, W m~
Gravitational acceleration, m s
Reynolds number (Re=u d/n,)

Axial velocity, m s™

Transverse velocity, m s™

Coordinate in the axial direction, m
Coordinate in the transverse direction, m

lig, ethylene glycol)

Thermal
W m'K!
Dynamic viscosity of the fluid, kg m™ s
Kinematic viscosity of the fluid, m*s™
Density of the gas, kg m~®

Dimensionless coordinate in the transverse
direction

Dimensionless coordinate in the flow
direction

Liquid film thickness, m

Thermal expansion coefficient—1/p(0p/0T) , K
Mass expansion coefficient -1/0(30/0c),

conductivity of the fluid,

Subscripts

i — Species i (1 for water vapour, 2 for ethylene
glycol vapour and 3 for dry air)

0 — Inlet condition

L — Liquid phase

a — Dry air

m — Mixture

s — Interface

am — Dry air in the mixture

im — Species i in the mixture

Li — Species i in the liquid
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