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ABSTRACT

A numerical study was conducted to investigate the coupled heat and mass transfer during
the evaporation of a water/ammonia liquid film under mixed convection. This binary liquid
film is falling down on one plate of a vertical channel. The wetted plate is adiabatic while
the dry plate is isothermal. Parametric computations were performed to investigate the
effects of the inlet parameters of the water/ammonia binary liquid film on the temperature
at the liquid–gas interface and on the mixture evaporation rate.

Keywords: Water/ammonia film; Evaporation; Heat and mass transfer; Mixed convection;
Binary liquid film

1. Introduction

Falling film evaporation is found in many
industrial applications such as chemical engineering,
combustion premixing, refrigeration technology,
desalination, separation processes, cooling towers, air
conditioning and heat transformers.

Hoke and Chen [1] numerically investigated the
binary liquid film evaporation on a vertical plate.
They analysed the evolution of two dimensionless
numbers (Nusselt and Sherwood). Wang [2] presented
the evaporation of the ternary liquid film. The simulta-
neous mass and heat transfer in evaporating multi-
component films was presented and investigated.
Armouzi et al. [3] numerically analysed the evapora-
tion of a binary liquid film flowing inside a cylindrical
channel. They analysed the effect of the volatilities of

the liquid film on the evaporation and on the coupled
mass and heat transfer. Palen et al. [4] experimentally
treated the evaporation of an ethylene glycol–water
mixture liquid film. An approximate film-theory
formulation was used with the mass-transfer coeffi-
cients for the falling films found from the experimen-
tal data. The correlations in terms of Sherwood,
Schmidt and Reynolds numbers were presented. A
numerical study of the combined mass and heat trans-
fer in evaporation of a two-component liquid film flow
was performed by Baumann and Thiele [5]. The influ-
ence of the phase equilibrium on the benzene-metha-
nol evaporation was analysed. O’Hare and Spedding
[6] experimentally studied the evaporation of the
water–ethanol binary liquid mixture on a horizontal
plate. The effect of the composition of binary liquid
mixture on the total evaporating rate was studied.
Ziobrowski et al. [7] theoretically and experimentally
studied the evaporation of water/isopropanol binary*Corresponding authors.
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liquid film. The numerical and experimental data of
evaporation of water–isopropanol binary liquid film
were compared. Cherif and Daif [8] conducted a
numerical study of the evaporation of binary liquid
film flowing of one of the two parallel plates. The
influence of the inlet liquid composition on the heat
and mass transfers was analysed. Results revealed that
the film thickness cannot be neglected for the second
mixture (ethylene glycol–water). Agunaoun et al. [9]
numerically investigated the binary liquid film evap-
oration on an inclined plate. Results indicated that it
is possible to evaporate more water when the inlet
liquid mass fraction of ethylene glycol is less than
40%. Nasr et al. [10] reported a numerical analysis of
binary liquid film evaporation on a vertical plate.
Results showed that, it is possible to increase the
water and the mixture evaporation, when the inlet liq-
uid concentration of ethylene glycol is less than a par-
ticular value. Hfaiedh et al. [11] numerically treated
the water–ethylene-glycol film evaporation on a verti-
cal channel. Results indicated that from an inversion
distance and from a liquid inversion concentration of
ethylene glycol, it is possible to evaporate more water
than if the film at the entry was pure water only.

This literature review shows that the problem of
the numerical study of evaporation of water/ammonia
mixture liquid film falling on vertical plate has not
been sufficiently studied. The purpose of this paper is
to discuss the effects of the inlet parameters of the bin-
ary film on the temperature at the liquid–gas interface
and on the total cumulated evaporation rate of liquid
mixture.

2. Analysis

This paper presents the results of a numerical
analysis of the evaporation under mixed convection of
a binary liquid film falling along a vertical channel
(Fig. 1(a)). The studied channel is consisting of two
parallel plates. The first plate is adiabatic and wetted
by a binary liquid film (water–ammonia), while the
second one is dry and isothermal. The falling mixture
liquid enters the first plate with an inlet temperature
T0L, inlet mass flow rate mL0 and inlet liquid composi-
tion of ammonia cliq,ethylene glycol. The air enters the
channel with a temperature T0, water and ammonia
vapour concentrations c01 and c02 and velocity u0.

2.1. Governing equations

The equations governing the flow and coupled
mass and heat transfers in the liquid and in the gas
phases (Appendix 1) are as follows [8,9].
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Fig. 1. Physical model.
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(1) For the liquid phase

The liquid mixture consists of two components
(water + ammonia).

Continuity equation
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where DL is the mass diffusivity of species i.

Species diffusion equations
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where cL1 þ cL2 ¼ 1:

The overall mass balance equation
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(2) For the gaseous phase

The gas mixture consists of water vapour, ammonia
vapour and dry air.

Continuity equation
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where Dg;im and Dg;am are respectively the mass
diffusivity of the vapour i and of dry air given by
[9,12,13].

Species diffusion equations
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where c1 þ c2 þ c3 ¼ 1:

The overall mass balance equation
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2.2. Boundary conditions

For n ¼ 0 (inlet conditions):

Tð0; gÞ ¼ T0; c1ð0; gÞ ¼ c01; c2ð0; gÞ ¼ c02;

uð0; gÞ ¼ u0; P ¼ P0

(11)
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with cLi is the mass fraction of species i in the liquid
film mixture.

At g ¼ 0 ðgL ¼ 1Þ (liquid–gas interface):

The continuities of the velocities and temperatures
give:

uL n; gL ¼ 1ð Þ ¼ u n; g ¼ 0ð Þ;
TLðn; gL ¼ 1Þ ¼ Tðn; g ¼ 0Þ (15)

The heat balance at the interface implies [8,9,14,15]:
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where Lv is the latent heat of evaporation of liquid
mixture.

the concentration of species i vapour can be
evaluated by [8,9]:
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where p�vsi is the partial pressure of species i at the
gas–liquid interface given by [8,9,13]:

p�vsi ¼ wLipvsiðTÞ ði ¼ 1; 2Þ; pvsiðTÞ is the pressure of
saturated vapour of species i given by [8,9,14,15]:

pvs1 ¼ 1017:443�½2975=Tþ 3:68 logðTÞ� � 105;

pvs2 ¼ 6894:8 exp½16:44� 10978:8=ð9T=5� 49Þ�

The transverse velocity component of the mixture at
the interface [8]:
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The continuities of shear stress and local evaporated
mass flux of species i [8,9] give:

Table 1
Comparison of total evaporating rate (105 Mr) (kg s−1 m−2) for various grid arrangements for T0 = 20˚C; T0L = 10˚C;
m0L = 0.001 kg/m s; Tw = 20˚C; cLiq,water = cLiq,ammonia = 0.5 (50% water–ammonia mixture); c01 = 0; c02 = 0; q1 = 0;
p0 = 9 bars; d/H = 0.015; u0 = 0.75 m/s

I × J × K grid point x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1

51 × (51 + 31) 13.4607 19.8265 24.9689 30.4598 35.8932
101 × (51 + 31) 13.3546 19.7192 24.7733 30.5067 35.9063
101 × (31 + 31) 13.5511 19.9013 24.5764 30.4485 35.8801
101 × (51 + 51) 13.7518 19.8017 24.6978 30.6153 35.8519
151 × (51 + 51) 13.1332 19.6986 24.9041 30.5396 35.9105

Notes: 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.
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In order to evaluate the importance of the different
processes of energy transfer, the following quantities
are used [8–11]:

The cumulated evaporation rate of species i at the
interface is given by:
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Fig. 2. The saturated pressure profiles of water and of
ammonia with the wall temperature.

Fig. 3. Axial distribution of the cumulated evaporation
rate of water (Mr1), of ammonia (Mr2) and of liquid
mixture (Mr = Mr1 + Mr2): T0L = 10˚C, T0 = 20˚C, q1 = 0,
m0L = 0.001 kg/m s, cLiq,ammonia = 0.5 (50% water–ammonia
mixture).
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The cumulated evaporation rate of liquid mixture at
the interface is given by:

Mr ¼
Zn

0

_mðnÞ dn ¼ Mr1 þ Mr2 (21)

3. Solution method

The present conjugated problem defined by the
system of Eqs. (1)–(10) with the boundary and interfa-
cial conditions ((11)–(19)) is solved numerically using
a finite difference marching procedure in the down-
stream direction using rectangular grids in the liquid
and gas regions. The mesh is characterized by a
longitudinal step Dn ¼ 1=ðNn � 1Þ and a transversal
step DgL ¼ 1

NgL�1 in liquid and Dg ¼ 1
Ng�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 programme test. Table 1
shows that the differences in the total evaporating rate
obtained using 51 × (51 + 31) and 151 × (51 + 51) grids
are always less than 1%.

4. Results and discussions

The results of this study have been obtained for
d/H = 0.015; c01 = 0; c02 = 0; u0 = 0.75 m/s and
P0 = 9 bars.

Fig. 2 shows that the saturated pressure of water is
less important than the ammonia and consequently
ammonia is more volatile than water. The observation
of the curves of Fig. 2 shows that the difference
between the saturated pressures of ammonia and of
water is important for the higher wall temperature.
Fig. 3 shows that the water evaporation rate is clearly
negligible compared to that of ammonia (the more
volatile component) and consequently the mixture
cumulated evaporation rate approaches the ammonia
cumulated evaporation rate. This result has been

justified by the fact that the saturated pressure of
water is clearly negligible compared to that of ammo-
nia and particularly for high temperature values.

One can see that the temperature at the interface
liquid–gas increases with an increase in the inlet
gas temperature T0 (Fig. 4) and consequently the

Fig. 4. Influence of inlet gas temperature T0 on the interfa-
cial temperature: T0L = 10˚C, q1 = 0, m0L = 0.001 kg/m s,
cLiq,ammonia = 0.5.

Fig. 5. Effect of the inlet gas temperature T0 on the
cumulated total evaporation rate of liquid mixture Mr:
T0L = 10˚C, q1 = 0, m0L = 0.001 kg/m s, cLiq,ammonia = 0.5.
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evaporation rate of mixture increases (Fig. 5). Fig. 6
reveals that a significant increase in the interfacial
temperature when the density heat flux q1 increases.
Consequently, the cumulated evaporation rate of liq-
uid mixture is significantly enhanced when q1
becomes important (Fig. 7). Fig. 8 illustrates the effect
of the inlet liquid temperature T0L on the interfacial

temperature. It is shown that an increase in the inlet
liquid temperature induces an increase in the interfa-
cial temperature. Consequently, the evaporation rate
of the liquid mixture increases (Fig. 9).

Fig. 10 gives the interfacial temperature progres-
sion for various inlet liquid mass flow m0L. As
expected, the interfacial temperature is higher for a

Fig. 6. Effect of the density heat flux q1 on the interfacial
temperature: T0L = 10˚C, T0 = 20˚C, m0L = 0.001 kg/m s,
cLiq,ammonia = 0.5.

Fig. 7. Effect of the density heat flux q1 on the cumulated
total evaporation rate of liquid mixture Mr: T0L = 10˚C,
T0 = 20˚C, m0L = 0.001 kg/m s, cLiq,ammonia = 0.5.

Fig. 8. Effect of the inlet liquid temperature T0L on the
interfacial temperature: T0 = 20˚C, q1 = 0, m0L = 0.001 kg/m s,
cLiq,ammonia = 0.5.

Fig. 9. Effect of the inlet liquid temperature T0L on the
cumulated total evaporation rate of liquid mixture Mr:
T0 = 20˚C, q1 = 0, m0L = 0.001 kg/m s, cLiq,ammonia = 0.5.
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smaller liquid mass flow. Concerning Fig. 11, one can
observe that an increase in the inlet liquid mass flow
rate inhibits the liquid mixture evaporation. This
result can be justified by the fact that, an increase in
the inlet liquid mass flow enhances the cooling at the
interface liquid–gas and consequently reduces the liq-
uid mixture evaporation. It is found from Fig. 12 that

an increase in the inlet liquid concentration of
ammonia enhances the liquid mixture evaporation.
This result is justified by the fact that the liquid mix-
ture volatility increases with an increase in the inlet
liquid concentration of ammonia (the more volatile

Fig. 10. Influence of the inlet mass flow m0L on the
interfacial temperature: T0L = 10˚C, T0 = 20˚C, q1 = 0,
cLiq,ammonia = 0.5.

Fig. 11. Effect of inlet mass flow m0L on the cumulated
total evaporation rate of liquid mixture Mr: T0L = 10˚C,
T0 = 20˚C, q1 = 0, cLiq,amonnia = 0.5.

Fig. 12. Influence of inlet liquid concentration of ammonia
cLiq,ammonia on the cumulated total evaporation rate of
liquid mixture Mr .: T0L = 10˚C, T0 = 20˚C, q1 = 0,
m0L = 0.001 kg/m s.

Fig. 13. Influence of the inlet liquid concentration of ammo-
nia cLiq,ammonia on the interfacial temperature liquid–gas:
T0L = 10˚C, T0 = 20˚C, q1 = 0, m0L = 0.001 kg/m s.
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component). Therefore, the evaporation rate of liquid
mixture increases which results in enhancement of the
cooling at the liquid–gas interface. This result is
confirmed by that found in Fig. 13.

5. Conclusion

The combined heat and mass transfers during
evaporation of a binary liquid film falling on a vertical
channel is numerically investigated. The model under
investigation is a channel consists of two parallel
plates. The first plate is wetted by a mixture liquid
film, while the other is dry. The wetted plate is adia-
batic and the second plate is isothermal. The influence
of the inlet liquid parameters on the coupled heat and
mass transfer and on the cumulated evaporation rate
of liquid mixture has been studied. The finding of this
study can be summarized as follows:

(1) Reducing the amount of liquid film or increas-
ing its inlet temperature benefits the evapora-
tion of binary liquid film.

(2) The combined mass and heat transfer during
binary liquid film evaporation strongly affected
by the inlet liquid film composition.

(3) The increase in the inlet liquid concentration of
ammonia benefits the liquid mixture evapora-
tion and consequently enhances the cooling of
the interfacial liquid–gas.

Nomenclature

ci — mass fraction for species i vapour
c0i — mass fraction for species i vapour in

the inlet condition
cLi — mass fraction for species i in the

liquid film (cL1 + cL2 = 1)
cLiq,ammonia — inlet liquid concentration

(composition or mass fraction) of
ammonia in the liquid mixture (cLiq,
ammonia = 1 − cLiq,water)

cp — specific heat at constant pressure
(J kg−1 K−1)

cpa — specific heat for air (J kg−1 K−1)
cpvi — specific heat for species i vapour

(J kg−1 K−1)
d — channel width (m)
Dg,im — mass diffusivity of species i vapour in

the gas mixture (m2 s−1)
Dg,am — mass diffusivity of dry air in the gas

mixture (m2 s−1)
DL — mass diffusivity of species i in the

liquid film mixture (m2 s−1)
H — channel length (m)
I — grid point index number in the flow

direction

J — grid point index number in transverse
direction

Lv — latent heat of evaporation of mixture
(J kg−1)

Lvi — latent heat of evaporation of species i
(J kg−1)

_mi — local evaporation rate of species i
(kg s−1 m−2)

_m — local evaporation rate of mixture
ð _m ¼ _m1 þ _m2Þ (kg s−1 m−2)

mL0 — inlet liquid flow rate (kg s−1 m−1)
Ma — molecular weight of air (kg mol−1)
Mri — total evaporation rate of species i

(kg s−1 m−1)
Mr — total evaporation rate of liquid

mixture (kg s−1 m−1)
M�

r — total evaporation rate of mixture
given by O’Hare and Spedding [6]
(M�

r = Mr/0.004)
p — pressure in the channel (N m−2)
pvsi — pressure of saturated vapour of

species i (N m−2)
p�vsii — partial pressure of species i at the

interface liquid–vapour (N m−2)
pvsm — pressure of mixture vapour at the

interface liquid–vapour (p�vs1 þ p�vs2)
(N m−2)

p0 — ambiant pressure (N m−2)
c0Li — inlet mass fraction for species i in the

liquid film (c0L1 = cLiq,water and
c0L2 = cLiq,ammonia)

T — absolute temperature (K)
Ts — interface temperature (K)
Tw — dry wall temperature (K)
Tp — wetted wall temperature (K)
q1 — external heat flux of wetted wall

(W m−2)
q2 — external heat flux of dry wall (W m−2)
qLi — latent heat flux of species i
qL — latent heat flux of liquid mixture
qS — sensible heat flux
g — gravitational acceleration (m s−2)
Re — Reynolds number (Re = u0·d/ν0)
u — axial velocity (m s−1)
v — transverse velocity (m s−1)
x — coordinate in the axial direction (m)
x* — dimensionless axial coordinate
y — coordinate in the transverse direction

(m)
wLi — molar fraction of species i in the

liquid mixture
wi — molar fraction of species i vapour

Greek symbols
λ — thermal conductivity of the fluid

(W m−1 K−1)
μ — dynamic viscosity of the fluid

(kg m−1 s−1)
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Appendix 1

The summary of derivation of equations

(1) For the liquid phase

Continuity equation

@qLuL
@x

þ @qLvL
@y

¼ 0

x-momentum equation

qL uL
@uL
@x

þ vL
@uL
@y

� �
¼ �qLg�

dP

dx
þ @

@
lL

@uL
@y

� �

Energy equation

qLcpL uL
@TL

@x
þ vL

@TL

@y

� �
¼ @

@y
kL

@TL

@y

� �
þ qLDLðcpL;1

� cpL;2Þ@TL

@y

@cL1
@y

ν — kinematic viscosity of the fluid
(m2 s−1)

ρ — density of the gas (kg m−3)
η — dimensionless coordinate in the

transverse direction
ξ — dimensionless coordinate in the flow

direction
δ — liquid film thickness (m)
β — thermal expansion coefficient—

1/ρ(∂ρ/∂T)p,c (K
−1)

β* — mass expansion coefficient—1/
ρ(∂ρ/∂c)p,T

Subscripts
i — species i (1 for water vapour, 2 for

ammonia vapour and 3 for dry air)
0 — inlet condition
L — liquid phase
0L — inlet condition in the 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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Species diffusion equations

uL
@cLi
@x

þ vL
@cLi
@y

¼ 1

qL

@

@y
qLDL

@cLi
@y

� �
; i ¼ 1; 2

The overall mass balance

Z d

0

qLuL dy ¼ m0L þ
Z x

0

qvðx; 0Þ dx

(2) For the gaseous phase

Continuity equation

@qu
@x

þ @qv
@y

¼ 0

x-momentum equation

u
@u

@x
þ v

@u

@y
¼ � 1

q
dP

dx
� bgðT � T0Þ � g

X2
i¼1

b�i ðci � ci0Þ

þ 1

q
@

@
l
@u

@y

� �

Energy equation

qcp u
@T

@x
þ v

@T

@y

� �
¼ @

@y
k
@T

@y

� �

þ q
X2
i¼1

Dg;imcpi �Dg;amcpa
� � @T

@y

@ci
@y

Species diffusion equations

u
@ci
@x

þ v
@ci
@y

¼ 1

q
@

@y
qDg;im

@ci
@y

� �
; i ¼ 1; 2; 3

where c1 + c2 + c3 = 1.

The overall mass balance described by the following
equation should be satisfied at every axial location:

Zd

d

qu dy ¼ ðd� dÞq0u0 þ
Zx

0

qvðx; 0Þ dx

(3) Equations transformation

In order to fix the position of the liquid–gas interface, we
introduce the following transformations (Fig. 1(b)):

In the gaseous phase:

g ¼ ðy� dÞ=ðd� dÞ; n ¼ x=H

In the liquid phase:

gL ¼ y=d; n ¼ x=H

n ¼ x=H et gL ¼ y=d xð Þ

(4) In the liquid phase

@

@y
¼ 1

dðxÞ
@

@gL
et

@

@x
¼ 1

H

@

@n
� g1
dðxÞH

@d
@n

@

@gL

Adopting these transformations, the equations governing
the flow and heat and mass transfers in the liquid phase
are as follows.

Continuity equation

@qLuL
@n

� gL
d
@d
@n

@qLuL
@gL

þ H

d
@qLvL
@gL

¼ 0

x-momentum equation

uL
@uL
@n

þ vL
H

d
� uL

gL
d
@d
@n

� �
@uL
@gL

¼ � 1

qL

dP

dn
� H

qLd
2

@

@gL
lL

@uL
@gL

� �
þ gH

Energy equation

uL
@TL

@n
þ uL

gL � 1

d
@d
@n

þ H

d
vL

� �
@TL

@gL

¼ 1

qLcpL

H

d2
@

@gL
kL

@TL

@gL

� ��

þ qLDL cpL;1 � cpL;2
� �H

d2
@TL

@gL

@cL;1
@gL

�

Species diffusion equations

uL
@cLi
@n

þ uL
gL � 1

d
@d
@n

þ H

d
vL

� �
@cLi
@gL

¼ 1

qL

H

d2
@

@gL
qLDLi

@cLi
@gL

� �
; i ¼ 1; 2

The overall mass balance

Z1

0

dqLuL dgL ¼ m0L �H

Zn

0

qvðn; g ¼ 0Þ dn
2
4

3
5
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(5) In the gas phase

@

@y
¼ 1

d� dðxÞ
@

@g
et

@

@x
¼ 1

H

@

@n
þ g� 1

ðd� dðxÞÞ
1

H

@d
@n

@

@g

Adopting these transformations, the equations governing
the flow and heat and mass transfers in the in the gas
phase are as follows.

Continuity equation

@qu
@n

þ g� 1

d� d
@d
@n

@qu
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þ H

d� d
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¼ 0

x-momentum equation
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Energy equation
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Species diffusion equations
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The overall mass balance
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