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Abstract

In this numerical study, a channel flow of turbulent mixed convection of heat and mass transfer with film evaporation has been con-
ducted. The turbulent hot air flows downward of the vertical channel and is cooled by the laminar liquid film on both sides of the channel
with thermally insulated walls. The effect of gas–liquid phase coupling, variable thermophysical properties and film vaporization are con-
sidered in the analysis. In the air stream, the k–e turbulent model has been utilized to formulate the turbulent flow. Parameters used in
this study are the mass flow rate of the liquid film B, Reynolds number Re, and the free stream temperature of the hot air To. Results
show that the heat flux was dramatically increases due to the evaporation of liquid water film. The heat transfer increases as the mass
flow rate of the liquid film decreases, while the Reynolds number and inlet temperature increase, and the influences of the Re and To are
more significant than that of the liquid flow rate. It is also found that liquid film helps lowering the heat and mass transfer rate from the
hot gas in the turbulent channel, especially at the downstream.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Increasing the maximum temperature of a cycle can
improve both the efficiency and the specific power of contin-
uous fluxes motors such as gas turbines, and rocket nozzle.
It also has to raise the thermal resistance at high tempera-
ture of the material used exposed to the hot gases. However,
the thermal resistance of the material can reach to its limits,
so it is required to cool adequately the exposed surfaces of
thermal resistance material. Wall cooling is an essential ele-
ment in the protection of surfaces exposed to high temper-
atures. Different techniques can be used for protecting
surfaces. Porous media, moist fire-protection materials, dis-
crete injection and falling film are some examples.

Falling film technology has been utilized in many engi-
neering application, both experimental works and theoreti-
cal analyses have been conducted over the last few decades
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[1]. Several parameters can influence the cooling system: the
cooling fluid can be chemically different from the main flow;
the film flow rate can vary and changes the behavior of the
boundary layer. Baumann and Thiele [2] considered the
evaporation of a binary liquid film flowing inside a cylindri-
cal duct. For liquid benzene–methanol mixtures into a hot
air stream, they show that small portions of a second com-
ponent in the liquid film can create significant changes in the
temperature levels as well as in the heat and mass transfer.
Ali Cherif and Daı̈f [3] considered the evaporation of a thin
binary liquid film by mixed convection in a vertical channel.
They showed the importance of the film thickness and com-
position in the mass and heat transfers.

Due to its importance, numerous works investigated
numerically and experimentally on the liquid film evapora-
tion [4–11]. Several of the earlier studies focused on heat
and mass transfer in the gas flow, in which the very thin
liquid film was assumed to be replaced by appropriate
boundary conditions. Therefore, the results produced are
valid only for a system with extremely thin films [12,13].
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Nomenclature

b half-channel width (m)
B mass flow rate of the liquid film (kg m�1 s�1)
C1 constant in turbulent k–e model
C2 constant in turbulent k–e model
Cl constant in turbulent k–e model
Cp specific heat (J kg�1 K�1)
D mass diffusivity (m2 s�1)
f2 function in turbulent k–e model
fl function in turbulent k–e model
g gravitational acceleration (m s�2)
h heat transfer coefficient
hfg latent heat of vaporization (J kg�1)
hM mass transfer coefficient
k turbulent kinetic energy (m2 s�2)
Ma molar mass of air (kg mol�1)
Mv molar mass of water vapor (kg mol�1)
_m00I evaporating mass flux (kg s�1 m�2)
Nul local Nusselt number for latent heat transfer,

Eq. (18)
Nus local Nusselt number for sensible heat transfer,

Eq. (17)
Nux overall Nusselt number, Eq. (15)
p mixture pressure (kPa)
pI partial pressure of water vapor at the gas–liquid

interface (kPa)
pm motion pressure, p–po

q00I total interfacial energy flux, Eq. (14) (W m�2)
q00lI latent heat flux, _m00I � hfg ðW m�2Þ
q00sI sensible heat flux (W m�2)
Re gas stream Reynolds number, �uf �4b

mo

Rt turbulent Reynolds number, k2

me
Sh local Sherwood number
T temperature (K)

Tli inlet temperature of liquid film (K)
To inlet temperature of hot air stream (K)
u axial velocity (m s�1)
u* shear stress velocity, (sw/q)1/2

uf fully developed velocity at inlet (m s�1)
�uf average inlet velocity (m s�1)
v transverse velocity (m s�1)
w mass fraction of water vapor
x coordinate in the flow direction (m)
X dimensionless axial location, x/b
y coordinate in the transverse direction (m)
Y dimensionless wall coordinate, (b � y � d)u*/m

Greek symbols

d local liquid film thickness (m)
e the rate of dissipation of turbulent kinetic

energy (m2 s�3)
k molecular thermal conductivity (W m�1 K�1)
l molecular dynamic viscosity (kg m�1 s�1)
q density (kg m�3)
rk turbulent Prandtl number for k

re turbulent Prandtl number for e
s shear stress (kPa)

Subscripts

b bulk quantity
g mixture (air + water vapor)
I condition at gas–liquid interfaces
l liquid film
o condition at inlet
t turbulent
w condition at wall
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The transport process in both gas flow and liquid film has
been analyzed by Shembharkar and Pai [14], Baumann
and Thiele [15], Yan [16], and Tsay and Lin [17]. Although
they considered turbulent gas flow, liquid film was still
assumed as laminar. The major difference among them
was the definition of liquid film temperature profile. The
first two assumed the temperature profile across the film
was linear, and the later two considered the profile as fully
developed laminar.

The aiding-buoyancy force on turbulent force convec-
tion heat transfer in a vertical pipe was examined by Carr
et al. [18] and Connor and Carr [19]. Their results showed
that a limiting profile shape was approached at high Gras-
hof numbers with the maximum velocity shifting towards
the heated wall. The effects of opposing-buoyancy force
on the characteristic of flow and heat transfer in turbulent
pipe flow were investigated by Axcell and Hall [20] and
Easby [21]. They found remarkable enhancements in heat
transfer rate but a decrease in the friction compared with
the corresponding results of turbulent forced convection.
As far as mixed convection heat and mass transfer is con-
cerned, Yan and his colleagues [22–25] explored the evapo-
rative cooling of liquid falling film in laminar natural or
mixed convection channel flows as well as Feddaoui et al.
[26]. However, heat and mass transfer over a vaporizing
liquid film is always encountered in a turbulent convection
flow in practical applications. Later, researches of turbu-
lent mixed convection of heat and mass transfer with film
evaporation have been conducted by several investigators
[27–29]. In these studies, the liquid film was laminar and
served as an enhancement of cooling with heating from
outside of computational domain.

The objective of the present study is to analyze the tur-
bulent mixed convection heat and mass transfer processes
in moving laminar liquid film. Two-dimensional incom-
pressible boundary layer model is employed for liquid
film and gas flows. The effects of inlet conditions on the
performance of falling film evaporation are examined.
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The parametric study is focused on the effects of gas veloc-
ity and temperature as well as the liquid mass flow rate.

2. Analysis

The present study deals with a numerical analysis of
water evaporation into hot air by turbulent mixed convec-
tion of heat and mass transfer in an insulated vertical chan-
nel. Hot air is flowing downward with concurrent flow of
thin liquid water film falling on both sides of the channel
walls as shown in Fig. 1. The channel walls are insulated
in order to investigate the evaporative cooling, associated
with the latent heat transport of film evaporation. The width
of the channel is 2b and the thin liquid film flow is laminar
and fed with an inlet temperature of Tli and a mass flow rate
of B. The hot air stream is turbulent and enters the vertical
channel with a fully developed velocity uf obtained from a
fully developed turbulent channel flow and a uniform tem-
perature To assuming no water vapor within. The inlet tem-
perature of the liquid film is always less than that of hot air
stream. Apparently, the liquid film serves as a thermal pro-
tection from the hot air. The liquid film evaporates into the
hot air stream as a result of the heat from the hot air trans-
ferring to the liquid film. Therefore, the thermal and solutal
buoyancy forces are generated through the heat and mass
transfer between hot air and liquid film, which is determined
by the coupled transport process of the liquid and air. The
turbulent air flow can be modified by these buoyancy forces
Fig. 1. Schematic diagram of the physical system.
with the shearing effect created by the falling film. In this
study, a detailed numerical analysis is performed by simul-
taneously solving the conservation equations for various
transport processes in the liquid film and turbulent hot gas
flow with the interfacial matching conditions treated. An
attempt has been made to model the process with the follow-
ing simplifying assumptions:

1. Two-dimensional and boundary layer flow is considered
for the hot gas flow.

2. The secondary effects such as radiation heat transfer,
viscous dissipation effects are negligible.

3. The liquid film flow is laminar with a low mass flow rate
such that the time-wise steady film thickness from former
investigation [30,31] can be used. This steady film thick-
ness can be interpreted as the temporal average of the large
amplitude waves on the surface of the actual film [30].

4. The inertia terms in the momentum equation of the
liquid film are small compared with the viscous term
following Baumann and Thiele [15].

5. The gas–liquid interface is in thermodynamic equilib-
rium and semi-permeable [32]. That is, the solubility of
air in the liquid film is negligibly small and the y-compo-
nent of air velocity is zero at the interface.

6. The air–vapor mixture is an ideal gas mixture.

2.1. Governing equations

2.1.1. Basic equations for the liquid film
With the assumptions mentioned above, the two-dimen-

sional boundary layer flow steady laminar momentum and
heat transfer equations for the liquid film can be expressed
in the following equations:

Axial momentum equation

0 ¼ o

oy
ll

oul

oy

� �
þ qlg ð1Þ

Energy equation

qlCpl
ul

oT l

ox
¼ o

oy
kl

oT l

oy

� �
ð2Þ
2.1.2. Basic equations for the gas stream

Turbulent steady convection of heat and mass transfer
in the gas flow can be explored by the following equations
with the usual boundary layer approximations:

Continuity equation

oqu
ox
þ oqv

oy
¼ 0 ð3Þ

Axial-momentum equation

q u
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þ v

ou
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� �
¼ � opm
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� ðqo � qÞg

ð4Þ
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Energy equation

qCp u
oT
ox
þ v

oT
oy

� �
¼ o

oy
ðkþ ktÞ

oT
oy

� �
ð5Þ

Concentration equation of water vapor

q u
ow
ox
þ v

ow
oy

� �
¼ o

oy
qðDþ DtÞ

ow
oy

� �
ð6Þ

where lt, kt, and Dt are the turbulent viscosity, conductiv-
ity and mass diffusivity of the binary gas mixture, respec-
tively. It is noted in Eq. (4) that the third term on the
right hand side represents the buoyancy forces due to the
variations in temperature and concentration.

In the study of steady channel flow, an additional equa-
tion is necessary to solve the pressure gradient term in the
axial momentum equation. The overall mass balance equa-
tion at each axial location is utilized to serve this purpose
and expressed as the following:Z b�d

0

qgug dy ¼ qo�ufðb� doÞ �
Z x

0

qgvI dx ð7Þ
2.2. Boundary and interfacial conditions

The boundary conditions subject for equations of liquid
film and gas stream, Eqs. (1)–(6), are as the following: at
the channel wall the no-slip conditions for u and v have
to be satisfied as well as the insulated wall condition.
Due to the symmetry argument, all gradient in the mixture
flow on the channel axis will be zero. The inlet conditions
are fully developed velocity and flat temperature distribu-
tion with no water vapor.

The matching conditions at the gas–liquid interface,
y = b � d(x), are given as the following:

(1) continuities of velocity and temperature

uIðxÞ ¼ ug;I ¼ ul;I; T IðxÞ ¼ T g;I ¼ T l;I ð8Þ
(2) continuities of shear stress

sIðxÞ ¼ ðlþ ltÞ
ou
oy

� �� �
g;I

¼ l
ou
oy

� �
l;I

ð9Þ

(3) transverse velocity of the air–vapor mixture

vI ¼ �
Dþ Dt

1� wI

� ow
oy

� �
I

ð10Þ

(4) the mass fraction of the vapor

wI ¼
MvpI

Maðp � pIÞ þMvpI

ð11Þ
where pI is the partial pressure of the vapor at the
gas–liquid interface. Mv and Ma are the molar mass
of the water and air vapor, respectively.
(5) vaporizing flux of water vapor into the gas flow

_m00I ¼ �qvI ¼ q
Dþ Dt

1� wI

� ow
oy

ð12Þ
(6) energy balance at the gas–liquid interface

k
oT
oy

� �
l;I

¼ ðkþ ktÞ
oT
oy

� �
g;I

þ _m00I hfg ð13Þ

It is described from Eq. (13) that the energy at the inter-
face can be transported into the gas stream in two modes.
One is the sensible heat transfer through the gas tempera-
ture gradient, q00sI, and the other is through the latent heat
transfer via the liquid film vaporization, q00lI. Therefore,
the total interfacial heat transfer from the liquid film to
the gas stream, q00I , can be expressed as

q00I ¼ q00sI þ q00lI ¼ ðkþ ktÞ
oT
oy

� �
g;I

þ _m00I hfg ð14Þ

The local Nusselt number along the gas–liquid interface is
defined as

Nux ¼
h � 4b

kg

¼ q00I �
4b

kgðT I � T bÞ
ð15Þ

It can also be written as

Nux ¼ Nus þ Nul ð16Þ

where Nus and Nul are the local Nusselt numbers for sensi-
ble and latent heat transfer, respectively, and evaluated by

Nus ¼ q00sI �
4b

kgðT I � T bÞ
ð17Þ

and

Nul ¼ q00lI �
4b

kgðT I � T bÞ
ð18Þ

In a similar manner, the local Sherwood number at the
interface is defined as

Sh ¼ hM �
4b
D
¼ _m00I �

ð1� wIÞ � 4b
qgDðwI � wbÞ

ð19Þ

It should be noted that the thermophysical properties of
the gas mixture and liquid film in the above formulation
are considered as variables with temperature and mixture
composition. They are calculated from the pure component
data by means of mixing rules [33,34] applicable to any
multi-component mixtures. The pure component data [35]
are approximated by polynomials in terms of temperature.

In order to improve the understanding of heat and mass
transfer process, a non-dimensional accumulated mass
evaporation rate is introduced as Ref. [27]:

M r ¼
Z x

0

_m00I
B

dx ð20Þ
3. Turbulence modeling

The k–e turbulence model is utilized to compute the
turbulent viscosity lt. Therefore, the transport equations
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for the turbulent kinetic energy and turbulent energy dis-
sipation must be included for the analysis. For simulation
of turbulence in the gas flow, a modified low Reynolds
number k–e model developed by Myong et al. [36] and
Myong and Kasagi [37] is adopted to eliminate the usage
of wall function in the computation and thus k and e
at the film surface are 0. Therefore, this model permits
direct integration of the transport equations to the gas–
liquid interface. The equations of the modified low Rey-
nolds number k–e model are:

Turbulent kinetic energy equation

q u
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oy

� �
¼ o
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oy
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þ lt
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� �2
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rate of dissipation of turbulent kinetic energy equation
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Fig. 2. Axial distribution of interfacial sensible heat flux with effect of (a)
liquid flow rate, (b) Reynolds number, and (c) free stream temperature.
where

lt ¼
qClflk2

e
; f 2 ¼ 1� 2

9
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2
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p
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; Rt ¼
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e
;
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m
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ffiffiffiffiffi
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q
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and the other empirical constants taken the following val-
ues [36,37]:

rk ¼ 1:4; re ¼ 1:3; C1 ¼ 1:4; C2 ¼ 1:8; Cl ¼ 0:09

ð24Þ
4. Numerical approach

In this work, an implicit finite-difference scheme was
used to solve the coupled Eqs. (1)–(6) using a marching
solution procedure. There are 101 non-uniform grid points
in the axial direction. In the transverse direction (y), 101
Fig. 3. Axial distribution of interfacial latent heat flux with effect of (a)
liquid flow rate, (b) Reynolds number, and (c) free stream temperature.
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non-uniform grid points were employed at the gas side and
21 non-uniform grid points were employed at the liquid
side. The grids are transversely clustered near the gas–
liquid interface, and the grid density is also higher in the
region near the inlet. It was noted that the differences in
the local Nusselt number, Nux, from computations using
either 201 · 201 · 41 or 101 · 101 · 21 grids were always
within 2%. Therefore, the 101 · 101 · 21 grid was chosen
for the subsequent computation. The governing equations
are expressed in terms of finite difference approximations
by employing the upstream difference in the axial convec-
tion terms and the central difference in the transverse con-
vection and diffusion terms. The resulting system of
algebraic equations can be cast into a tri-diagonal matrix
equation, which can be solved by the TDMA method
[38]. The matching condition imposed at the gas–liquid
interface from Eqs. (8)–(13) are cast in backward difference
for (ou/oy)g and forward difference for (ou/oy)l with u
denoting u to T. To check the adequacy of the numerical
scheme used in this work, the results for the limiting case
Fig. 4. Axial distribution of total interfacial heat flux with effect of (a)
liquid flow rate, (b) Reynolds number, and (c) free stream temperature.
of turbulent mixed convection heat and mass transfer in
a vertical wetted channel without consideration of the
transport processes in the liquid film. Results were com-
pared with those of Yan [39]. Excellent agreement between
the present predictions and those of Yan [39] was found.
The results for the limiting case of turbulent mixed convec-
tion heat transfer in a vertical pipe were also obtained. The
predicted results agree with those of Tanaka et al. [40] and
Cotton and Jackson [41]. In view of these validations, the
present numerical algorithm and employed grid layout
are adequate to obtain accurate results for practical
purposes.

5. Results and discussion

Results of water film evaporation are presented in order
to study the effects of flow conditions on the film cooling
mechanism on the turbulent mixed convection heat and
mass transfer in a vertical channel. A number of physical
parameters such as the inlet film temperature, free stream
Fig. 5. Axial distribution of interfacial Nusselt number for sensible heat
flux with effect of (a) liquid flow rate, (b) Reynolds number, and (c) free
stream temperature.
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temperature and velocity, liquid flow rate, channel width
appear in this study. The parameters were varied systemi-
cally to examine the key trend in the results. The selected
parameters are the liquid flow rate B, the free stream tem-
perature To, and the Reynolds number Re due to their influ-
ences on the film cooling. The values of these parameters are
0.01, 0.02, and 0.05 kg/m s for B; 200, 400, and 600 �C for
To and 1 · 104, 2 · 104, 5 · 104 for Re, respectively, where
B = 0.02 kg/m s, To = 400 �C and Re = 2 · 104 are selected
for the base case. The inlet film temperature was remained
fixed at 20 �C with the half-channel width of b = 0.04 m.

To study the relative contribution of the heat transfer
through local sensible, latent and total heat flux, all the
heat flux in the gas side with various effects are shown in
Figs. 2–4, respectively. Fig. 2 presents the axial distribu-
tions of the interfacial sensible heat flux. The negative val-
ues of sensible heat flux represent that the direction of heat
transfer is from the hot gas stream to the interface. It is
seen that the sensible heat flux increases dramatically at
Fig. 6. Axial distribution of interfacial Nusselt number for latent heat flux
with effect of (a) liquid flow rate, (b) Reynolds number, and (c) free stream
temperature.
the entrance (X < 10) and then decreases along the axial
direction. An overall inspection of Fig. 2 reveals that the
interfacial sensible heat flux increases as B, Re, and To

increases, respectively. It also shows that the influences of
Re and To on the sensible heat flux significantly. The axial
distributions of the interfacial latent heat flux with various
effects are shown in Fig. 3. Apparently, the values of the
latent heat flux are all positive, and this indicates that the
direction of the latent heat flux is from the interface to
the hot gas stream. It is noted that the latent heat flux
increases in the flow direction, with increasing Reynolds
number and free stream temperature, but decreases as the
liquid flow rate. This stems from the fact that larger con-
vection is noted for a system with higher Reynolds number
and temperature difference between liquid and gas. The
reason for the decrease of latent heat flux with higher liquid
flow rate is that the total internal energy stored in more
liquid film resulted less evaporation. In Fig. 4, the total
interfacial heat flux, the sum of interfacial sensible heat flux
Fig. 7. Axial distribution of overall interfacial Nusselt number with effect
of (a) liquid flow rate, (b) Reynolds number, and (c) free stream
temperature.
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and latent heat flux, is illustrated. It is observed that the
effectiveness of protecting from the hot gas with liquid film
is much better at the down stream.

For a better understanding of the interfacial heat trans-
fer, the local Nusselt number for the sensible, latent and
total heat flux with various effects are depicted in Figs.
5–7, respectively. In Fig. 5, Nus increases as B, Re, and
To increases as sensible heat flux behaves. However, Nus

remains almost constant at the downstream (X > 20).
Fig. 6 presents the axial distribution of the local Nul. The
negative values are resulted directed from its definition,
Eq. (18). That is, a negative Nul implies that the direction
of latent heat exchange is opposed to that of sensible heat
exchange. It is found in Fig. 6 that the Nul increases with
increasing Re and To, but with decreasing B. The same rea-
son is explained as mentioned above. The Nux along the
axial direction is shown in Fig. 7. This result clearly indi-
cates that the magnitude Nus is much larger than that of
Nul. It is interesting to see that the Nux increases as B,
Re, and To increases near the entrance. However, the Nux

increases with the decrease of Re and To at the down-
Fig. 8. Axial distribution of local evaporating mass flux with effect of (a)
liquid flow rate, (b) Reynolds number, and (c) free stream temperature.
stream. This indicates that the liquid film helps lowering
the heat transfer rate from the hot gas in the turbulent
channel, especially at the downstream.

The distributions of the interfacial mass evaporation
rate, Sherwood number and non-dimensional accumula-
tion mass evaporation rate are presented in Figs. 8–10,
respectively, for various effects to illustrate the mass trans-
fer characteristics. It is apparent that the profiles are the
same as that for latent heat flux. It is clear from Eq. (18)
that the ratio of latent heat flux to the mass evaporation
rate is the water latent heat. It is observed that a reduction
of liquid flow rate causes greater film evaporation and there
exists a maximum as the film evaporation is high. This is
the result of decrease of the free stream temperature along
the axial direction. The effects of B, Re, and To on the Sher-
wood number along the axial direction are illustrated in
Fig. 9. It is clearly seen that the change in B has little effect
on the Sherwood number and a larger Sherwood number is
noted for systems with both higher Re and To. This is due
to a smaller blowing effect for a smaller B and the larger
interfacial evaporation rate for higher Re and To, which
Fig. 9. Axial distribution of local Sherwood number with effect of (a)
liquid flow rate, (b) Reynolds number, and (c) free stream temperature.
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with effect of (a) liquid flow rate, (b) Reynolds number, and (c) free stream
temperature.

J.-H. Jang, W.-M. Yan / International Journal of Heat and Mass Transfer 49 (2006) 3645–3654 3653
in turn results in a larger Sherwood number. The axial dis-
tributions of non-dimensional accumulated mass evapora-
tion rate are shown in Fig. 10. It is clear that a reduction
in B causes a larger Mr. The largest Mr is about 32%. It
is also observed that Mr increases with increasing Re and
To. The largest Mr with effects of Re and To are 35% and
28%, respectively.

6. Conclusions

The problem of a turbulent mixed convection of heat
and mass transfer channel flow with film evaporation has
been analyzed. The effects of liquid flow rate B, Reynolds
number Re and free stream temperature To on heat and
mass transfer have been studied in detail. Brief summaries
of the major results are listed in the following:

1. As the liquid flow rate increases, the sensible heat flux
increases, but the latent heat transfer decreases as well
as the mass evaporation rate. This is due to a small
blowing effect with higher liquid flow rate.

2. Higher Re and To cause a larger sensible and latent heat
transfer as well as a better mass transfer.

3. The Nusselt number for total heat transfer increases as
Re and To increases near the entrance, while decreases
as Re and Toincreases at the down stream. This is
because the direction of latent heat transfer is opposing
to that of sensible heat transfer. This implies that the
effectiveness of protection is better for higher Re and To.

4. The effect of B on the heat and mass transfer is insignif-
icant, while the effects of Re and To are considerable.
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