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Abstract

A detailed numerical study has been performed to investigate the evaporative cooling of liquid falling film through
interfacial heat and mass transfer in turbulent mixed convection channel flows. The effects of gas—liquid phase coupling,
variable thermophysical properties and film vaporization are considered in the analysis. Simultaneous mass, momentum
and heat transfer between liquid film and gas stream is numerically studied by solving the respective governing equations
for the liquid film and gas stream together. In the gas stream, the low Reynolds number turbulent k—¢ model has been
used to simulate the turbulent flow. Results are presented for an air-water system under different conditions. Particular
attention is paid to investigating the role of latent heat transport associated with the film vaporization. Results show
that the heat transfer from the gas-liquid interface to the gas stream is predominantly determined by the latent heat
transfer connected with film evaporation. Additionally, better liquid film cooling is noticed for the system having a
higher inlet liquid temperature 7,;, a lower liquid flowrate B or a higher gas flow Reynolds number Re. © 1998 Elsevier
Science Ltd. All rights reserved.

Nomenclature Nu, overall Nusselt number, eqn (15) (Nug+ Nu,)

b half channel width [m] p1 partial pressure of water vapor at the gas—liquid
B liquid mass flow rate per unit periphery length at inlet interface [kPa]

[kgm™'s™] Pr, turbulent Prandtl number

C,, C,, C, constants appearing in turbulent k— equa- p mixture pressure [kPa]

tions Pm motion pressure, p—p,

¢, specific heat [Jkg ' K] q{ total interfacial energy flux, eqn (14) [W m~?]

D mass diffusivity [m* s™'] gn latent heat flux (or net enthalpy flux), rf- /g,
hg, latent heat of vaporization [J kg™'] [Wm?]

J>, f,  functions appearing in turbulent k—¢ eqns gy sensible heat flux [W m~?]

g gravitational acceleration [m s~ Re gas stream Reynolds number, i 4b/v,

hy mass transfer coefficient R, turbulent Reynolds number, k?/(ve)

k turbulent kinetic energy [m? s 7] Sh local Sherwood number

ry evaporating mass flux [kgs~' m~?] T temperature [K] [°C]

M, molar mass of air [kg K ' mol~'] T, inlet liquid film temperature [K] [°C]

M, molar mass of vapor [kg K~ mol™!] T, inlet temperature of the gas stream [K] [°C]

Nu, local Nusselt number for latent heat transport, eqn u axial velocity [m s™']

(18) u; fully-developed velocity at inlet [m s™']

Nug local Nusselt number for sensible heat transport, i, average inlet velocity [m s™']

eqn (17) u, shear stress velocity, (tw/p)"?

v transverse velocity [m s™']
- w mass fraction of water vapor
* Tel. : 00886 2 26632102 ext. 4038 ; fax: 00 886 2 26631119 x coordinate in the flow direction [m]
e-mail : wmyan@huafan.hfu.edu.tw X dimensionless axial location, x/b
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y coordinate in the transverse direction [m]
y*  dimensionless wall coordinate, (b—y—0) * u,/v.

Greek symbols

o thermal diffusivity [m?s~']

p coefficient of thermal expansion

0 local liquid film thickness [m]

& the rate of dissipation of turbulent kinetic energy [m?
s

/A molecular thermal conductivity [W m~'-°C]
A, turbulent eddy conductivity [W m~"'-°C]

7 shear stress [kPa]

1 molecular dynamic viscosity [N+s m™?]

u, turbulent eddy viscosity [N+s m~?]

p density [kg m~]

¢ relative humidity at inlet

o, turbulent Prandtl number for k&

g, turbulent Prandtl number for e.

Subscripts
a ofair
b Dbulk quantity

g mixture (air+ water vapor)

I condition at gas-liquid interface
¢ liquid film

o condition at inlet

t turbulent

v of vapor

w condition at wall.

1. Introduction

The simultaneous heat and mass transfer between a
liquid film and binary mixture is encountered in many
engineering applications, such as in an air cooler,
condenser, evaporator, cooling tower, drying process and
a heat recovery process from waste heat water. Due to
their widespread applications, heat and mass transfer
between flowing hot liquid film and a cold air stream has
received considerable attention. Whereas a large number
of investigations have been made concerning the heat
and mass transfer problems, the study of the evaporative
cooling of liquid film in turbulent mixed channel flows
has not received adequate attention.

The aiding—buoyancy force on turbulent forced con-
vection heat transfer in a vertical pipe was examined by
Carr et al. [1], Connor and Carr [2] and Ackerman [3].
Their results showed that at high Grashof numbers a
limiting profile shape was approached, with maximum
velocity shifting toward the heated wall. Additionally, it
is found that the heat transfer from the wall is impaired
in the low ranges of the Grashof numbers, but recovers

and may even exceed the pure forced-convection value at
high Grashof numbers. For turbulent mixed convection
in buoyancy-opposed flow in vertical tubes, the heat
transfer is generally enhanced over that for pure forced
convection [4, 5]. Turbulent mixed convection between
vertical parallel plates subjected to different wall tem-
peratures was investigated by Nakajima et al. [6]. In order
to simulate the problem, they adopted a modified mixing
length model to examine the effects of aiding and oppos-
ing buoyancy forces on fully-developed turbulent forced
convection. By employing the modified turbulent k—¢
model, Abdelmeguid and Spalding [7], Tanaka et al. [8],
Cotton and Jackson [9] and Torii et al. [10] successfully
predicted the turbulent mixed convection flow and heat
transfer in vertical tubes.

The detailed analysis of the transfer processes between
the gas stream mixture and liquid film is inherently com-
plex due to the nonlinear couplings between the momen-
tum, heat and mass transfer in the flow. Hence, the early
studies mainly focused on heat and mass transfer in the
gas stream by assuming the liquid film to be extremely
thin. Under this assumption the transport in the liquid
film can be replaced by the approximate boundary con-
ditions for the gas flow. This type of analysis was carried
out for forced convection heat and mass transfer over a
flat plate [11-13] and a wedge [14]. A similar study was
conducted by Chandra and Savery [15] and Chandra [16]
for an upward forced air over a falling isopropyl alcohol
film by the integral method. In their theoretical work the
measured temperature and concentration distributions
along the gas-liquid interface were used to specify the
nonhomogenous boundary conditions for solving the
energy and concentration equations for the air—vapor
flow. As far as mixed convection heat and mass transfer
is concerned, Yan and his colleagues [17-20] numerically
investigated the laminar or turbulent mixed convection
flow in vertical ducts under the simultaneous influence
of the combined buoyancy forces of thermal and mass
diffusion. However, their results are limited by the
assumption that the liquid film on the wetted wall is
negligibly thin.

Heat and mass transfer in vertical tubes with con-
sideration of transport processes in liquid film was
numerically examined by Baumann and Thiele [21, 22].
In these studies, a linear temperature distribution across
the film was assumed. Additionally, the buoyancy effects
were ignored. The evaporative cooling of liquid falling
film in natural convection channel flows was explored by
Yan and his colleagues [23, 24]. The results show that the
evaporative cooling of liquid film in natural convection
channel flows is mainly caused by the latent heat trans-
port connected with film evaporation. Often, in practical
applications, the turbulent forced gas stream over a
vaporizing liquid film is encountered. This motivates the
present study which examines the evaporative cooling of
liquid film in a turbulent channel flow with thermal and
solutal buoyancy effects.
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2. Analysis

Partial filmwise evaporation of air-water mixtures is
considered in a vertical channel with concurrent down-
stream flow of both the gas stream and the falling liquid
film (see Fig. 1). The thin liquid film is fed with an inlet
liquid temperature 7, and inlet liquid mass flow rate B.
The falling liquid film along the channel wall satisfies no
slip condition. The channel walls are thermally insulated
in order to investigate the evaporative cooling of liquid
film, associated with the latent heat transport of film
vaporization. The flow of moist air with relative humidity
¢ enters the channel from the top end with a fully-
developed velocity u; and uniform temperature 7;, and
concentration w,. The interfacial heat and mass transfer
is apparently determined by the coupled transport pro-
cesses in the liquid film and gas stream. The liquid film
evaporates into the gas stream as it flows downstream,
and thus generates thermal and solutal buoyancy forces.
Therefore, the turbulent forced gas flow is modified by

Liquid Film

up To’ Yo

Ty B

Thermal Insulation

Fig. 1. Schematical diagram of the physical system.

these buoyancy forces along with the shearing effect cre-
ated by the falling film.

2.1. Basic equations for liquid film

As shown in the studies of Dukler [25] and Kafesjan
et al. [26], the surface waves on a falling liquid film at
Re, > 16 normally appear except in the region near the
start of the flow. The waves are of three-dimensional and
unsteady characteristics. Due to the complexity of the
wave motion, an assumption of the time-wise steady film
thickness used in numerous investigations [27, 28] is
adopted in the present study. This steady film thickness
can be interpreted as the temporal average of the large
amplitude waves on the surface of the actual film [27].
Additionally, to facilitate the analysis, the inertia terms
in the liquid—film momentum equation are neglected as
compared with the diffusion term [21, 22]. Therefore, the
two-dimensional boundary layer flow in the liquid film is
governed by the axial momentum and energy equations
as follows:
axial momentum equation

0 = 0(u0u,/0y)/0y+p.g (M
energy equation
preptt, 0T, [0x = 0(2,0T,/0y) /0y 2

2.2. Basic equations for gas stream

Steady convection heat and mass transfer in a turbulent
gas stream can be explored, with the usual boundary
layer approximations, by the following equations:
continuity

d(pu)/0x+0(pv)/dy = 0 (3)
axial momentum equation
pudu/0x + pvdu/dy

= —dpw/dx+0[(u+p)ouloyl/0y—(po—p)g  (4)
energy equation

pc,udT/0x+ pc,vdT/0y = O[(A+A)0T/0y]/0y %)
concentration equation of water vapor
pudw/0x+ pvow/dy = d[p(D+ D,)ow/dy]/dy (6)

where p,, 4, and D, denote the turbulent viscosity, con-
ductivity and mass diffusivity of the gas mixture, respec-
tively. It is noted in eqn (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, the following equa-
tion of overall mass balance at every axial location is
used to reduce the pressure gradient in the gas flow.

x

b—o :
J pettdy = poits(b—0J,) *J petr dx @)

0 0
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2.3. Boundary and interfacial conditions

The two sets of governing equations, eqns (1)—(6), are
subjected to the following boundary conditions: at the
channel wall the no-slip conditions for u- and v-velocities
have to be satisfied as well as an insulated wall condition.
On the channel axis all gradients in the mixture flow
will be zero because of symmetry arguments. The inlet
conditions are fully-developed velocity and flat tem-
perature and concentration distributions.

The interfacial matching conditions specified at the
gas—liquid interface, y = b—J(x), are described as fol-
lows :

(1) Continuities of velocity and temperature

u(x) = tgy = tyy, Ty(x) = Tgy = T, (3)
(2) Continuity of shear stress
T1(x) = [(uA4p) *(Qu/0y)]gr = (udu/0y) ©)

(3) Transverse velocity of the air-vapor mixture is
deduced by assuming the interface is semipermeable
[29], that is, the solubility of air in the liquid film is
negligibly small and the y-component of air velocity
is zero at the interface

v = [(D+Dy/(1—wp)](0w/dy) (10)

(4) By assuming the interface to be in thermodynamic
equilibrium and the air-vapor mixture an ideal gas
mixture, the mass fraction of the vapor can be evalu-
ated by [29]

wy = Mp/[M,(p—p) +M,pi] an

where p; is the partial pressure of the vapor at the gas—
liquid interface. M, and M, denote the molar mass of
the water vapor and air, respectively.

(5) Vaporizing flux of water vapor into the gas flow

it = —poy = p(D+D)/(1 —wy) - dw/dy (12)
(6) Energy balance at the gas—liquid interface
(20T/0y)s 1 = [(A+A) *(CT/0p)]g + 1t - heg (13)

Equation (13) states that at the interface the energy
can be transported into the gas stream in two modes.
One is the sensible heat transfer via the gas temperature
gradient, ¢;;. The other is through the latent heat transfer
via the liquid film vaporization, ¢j;. Therefore, the total
interfacial heat transfer from the liquid to the gas stream,
q1, can be expressed as

47 = qa+4qn = [(2+24) *(0T)0y)]gx + ity - hy, (14)

The local Nusselt number along the gas—liquid interface,
defined as

Nu, = h-(4b)[4, = q{*(4D)/[2e "(T1— T})] (15)
can be written as

Nu, = Nu,+ Nu, (16)

where Nu, and Nu, are the local Nusselt numbers for
sensible and latent heat transfer, respectively, and are
evaluated by

Nug = q§+(4D)[[2,(T; — T,)] (17)
and
Nu, = g *(40) A (T — T),)] (18)

Similarly, the local Sherwood number at the interface is
defined as

Sh = hy *(4b)/D = ria*(1—wy) *(4b) /[p D (ow; — wy)]
(19)

Note that in the above formulation the thermophysical
properties of the gas mixture and liquid film are con-
sidered as variable with temperature and mixture com-
position. They are calculated from the pure component
data by means of mixing rules [30, 31] applicable to any
multicomponent mixtures. The pure component data [32]
are approximated by polynomials in terms of tempera-
ture.

3. Turbulence modeling

For simulation of turbulence in the gas flow, a modified
low Reynolds number k—¢ model developed by Myong et
al. [33] and Myong and Kasagi [34] is adopted to elim-
inate the usage of wall functions in the computation
and thus to permit direct integration of the transport
equations to the gas-liquid interface. The equations of
the modified low—Reynolds number k—e model are as
follows :

the turbulent kinetic energy equation
pudk/0x+ pvdk/dy
= 0[(u+ /o) 0k/01/0y + 1, (u/0y)* —pe  (20)

the rate of dissipation of turbulent kinetic energy equa-
tion

pude|0x+ pvoe/dy = 0[(u+ p/o.)0e/dy]/dy
+C e/l (0u)0y)* —pCafre® [k (21)

where

= pC, ke (22)
fo={1=2/9) exp[— (R/6)*]}[1 —exp(—y* [5)]*  (23)
fu=(+4345//R)"[1—exp(—y" /70)] (24)

R =I2|(ve),y™ =(b—y—0)uy/v,u, = (r,/p)'? (25

The other empirical constants take the following values
[33, 34]:



W.-M. Yan|/Int. J. Heat Mass Transfer 41 (1998) 3719-3729

op,=14,0,=13,C,=14,C,=138,C,=0.09 (26)

4. Solution method

Due to the interactions between the liquid film and the
gas stream, through their common interfaces, the solution
for the problem can be better sought by finite difference
procedures. Since the flow under consideration is of a
boundary—layer type, the finite difference solution for
eqns (1)—(6) are in the downstream direction. The gov-
erning equations are expressed in terms of finite difference
approximations by employing the upstream difference in
the axial convection terms and the central difference in
the transverse convection and diffusion terms. The result-
ing system of algebraic equations can be cast into a tri-
diagonal matrix equation, which can be efficiently solved
by the TDMA method [35]. In the present study the
matching conditions imposed at the gas—liquid interface,
eqns (9) and (13), are cast in backward difference for
(0y/0y), and forward difference for (dy/dy), with
denoting u to T. Therefore, the governing equations in
the gas flow and liquid film can be solved simultaneously.

To obtain enhanced accuracy in numerical compu-
tations, grids are nonuniformly distributed in both axial
and transverse directions to account for the uneven vari-
ations of u, T'and w. The grids are transversely clustered
near the gas—liquid interface, and the grid density is also
higher in the region near the inlet. The transverse dis-
tribution of grid nodes is arranged by locating the first
five nodes in the gas-side within the viscous sublayer
adjacent to the gas-liquid interface and expanding the
rest of the grid points to the channel centerline using
a factor of 1.04. To produce grid-independent results,
numerical experiments for several grid arrangements are
performed and a comparison of the local Nusselt number
Nu, for a typical case is shown in Table 1. It was noted
that the differences in the local Nusselt number, Nu,,
from computations using either 201 x201x41 or
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101 x 101 x 21 grids were always within 2%. To reduce
the cost of computation, the 101 x 101 x21 grid was
chosen for the subsequent computations. To check fur-
ther the adequacy of the numerical scheme, computations
were first carried out for the limiting case of turbulent
mixed convection heat and mass transfer in a vertical
wetted channel without consideration of the transport
processes in the liquid film. The predicted results were
compared with those of Yan [19]. Excellent agreement
between present predictions and those of Yan [19] was
found. 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

In view of the large number of parameters and of
the extreme demands of the computational task, a full
parametric exploration is unrealistic. Rather, the par-
ameters were varied systematically in order to examine
the key trends in the results. In what follows, results are
particularly presented for water film evaporation. In the
light of practical situations, certain conditions are selec-
ted in the computations : Unsaturated moist air with rela-
tive humidity ¢ = 50% at 20°C and 1 atm enters a long
vertical channel, with half channel width 5 = 0.04 m,
from the top by the combined action of certain external
force as well as the buoyancy forces of thermal and mass
diffusion. The inlet gas stream Reynolds number Re is
2 x10* or 5x 10* the liquid flow rate B is chosen to be
0.02,0.04 0r 0.08 kgm~'s~', and inlet liquid temperature
T, is 40 or 60°C.

Shown in Fig. 2 are the axial developments of the
interfacial temperature and wall temperature. An overall
inspection of Fig. 2 discloses that the deviation between
the interfacial and wall temperatures is small, except for
the results near the inlet. It is also clear that the liquid
film temperature decreases with X due to the evaporative

Table 1
Comparisons of local Nu, for various grid arrangements for B=0.08 kg m~! s~!, T, = 60°C and
Re=2x10*
X
IxJxK 1.047 5.259 10.104 20.10 40.84 60.0
201 x 201 x 41 6438.87 372.19 326.77 294.10 269.90 263.88
201 x 101 x 21 648.64 372.69 327.30 294.59 270.52 264.51
101 x 101 x 21 638.85 372.39 327.74 294.88 270.82 264.66
101 x51x 11 641.08 37491 329.86 296.80 272.70 266.57
S51x51x11 659.24 378.51 330.91 297.36 273.35 267.09

I: total grid points in the axial direction; J: total grid points in the transverse direction at the gas side;
K: total grid points in the transverse direction at the liquid side
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Fig. 2. Axial distributions of interfacial and wall temperatures.

cooling. This can be made plausible by noting the fact
that due to film vaporization, the energy required to
sustain the evaporation must largely come from the
internal energy of the liquid film which then experiences
a reduction in liquid film temperature. Besides, a smaller
liquid film cooling (i.e. a smaller temperature drop) is
experienced for a larger liquid mass flowrate. This is
readily understood by realizing that the total internal
energy stored in the liquid film (i.e. Bc,AT,) isin a larger
quantity for the system with a larger liquid flowrate B.

Hence for a larger B, AT, is smaller. Additionally, a
larger temperature decrease results for a higher 7,; by
comparing the corresponding curves in Figs 2(a) and
2(b). This is a direct consequence of the larger difference
in water vapor concentration between the interface and
gas stream for a higher 7,; which, in turn, causes larger
film vaporization and temperature drop. By comparing
Figs 2(a) and 2(b), it is found that a larger temperature
drop is noted for a system with a higher Re. This confirms
the general concept that for turbulent convection flow,
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the heat and mass transfer is more effective for a higher
Re. The axial distributions of the interfacial mass fraction
are illustrated in Fig. 3. The water vapor concentration
follows the same trend as the interfacial temperature since
the thermodynamic equilibrium was assumed there. Due
to the evaporative cooling of liquid film, the interfacial
temperature decreases with X. Therefore, the cor-
responding mass fraction of water vapor then decreases
along the channel.

To demonstrate the relative importance of the sensible
and latent heat exchanges along the gas—liquid interface,
the variations of local Nusselt numbers for the sensible
and total heat transfer along the interface are shown in
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Figs 4(a) and 4(b). The total Nusselt number Nu, is the
sum of latent heat Nusselt number Nu, and sensible heat
Nusselt number Nu,. The deviation between the Nu, and
Nu, corresponds to the results of latent heat Nusselt num-
ber Nu,. An overall inspection on these two plots indi-
cates that the interfacial heat transfer due to latent heat
exchange is much more effective. Regarding Nu,-curves,
a smaller Nu, is found for a higher 7}, except for results
at the downstream. This is a direct consequence of the
larger blowing effect (evaporating effect) and opposing
buoyancy effect for systems having a higher 7. Besides,
a smaller Nu, is experienced for a larger liquid flowrate
B. This can be made plausible by noting that a smaller

0.12 1 ' T l L I T ' T ] ||
A (b) T,;=60C
\ —— Re=2x10*
0_09.\; —-——— Re=5x10*

5 006

0.03]

0.00——

-4
—

0.04

5 003

0.02

001

(@) T;;=40C

~————Re=2x10%
———Re=5x10%

Fig. 3. Axial distributions of mass fraction of water vapor at the gas-liquid interface.
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Fig. 4. Axial distributions of local Nu,, Nu, and Sh.

liquid film cooling (i.e. a smaller temperature drop) is
experienced for a larger liquid mass flowrate, which in
turn, causes a greater blowing effect (evaporative effect)
created by the falling liquid film for a larger B.

Also noted in Fig. 4(b) is that a higher 7, shows a
larger Nu,. This is brought about by the larger latent heat
transfer in conjunction with the greater film vaporization
for a higher 7. It is of interest to notice that a larger Nu,
results for a larger B. This is again due to the larger latent

heat transfer for a system with a larger B, i.e. a larger
interfacial liquid film temperature.

The variations of local Sherwood number S are
depicted in Fig. 4(c). A larger Sh results for systems with
a lower T, or a smaller B. This is due to the smaller
opposing buoyancy effect for a lower 7,; or a smaller
blowing effect for a smaller B.

In the study of the evaporative cooling, the total tem-
perature drop of the liquid film as it flows from the inlet
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to the outlet (X = 60.0) is one of the important quantities.
For this reason, the total temperature drop of the liquid
film is presented in Fig. 5 at different conditions. For
comparison purposes, the results without consideration
of buoyancy effects are also included in this figure by the
dashed curves. An overall inspection of Fig. 5 indicates
that the buoyancy effects on the evaporative cooling is
insignificant, except for the results of higher 7;. It is also
found that a larger liquid temperature drop is experienced
for a system with a larger 7, or a smaller B. In addition,
a larger temperature depression is found for the system
with a higher Reynolds number Re. This confirms the
general concept that for turbulent convection flow, the
heat transfer is larger for a higher Re.
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6. Conclusions

The characteristics of the evaporative cooling of liquid
film in turbulent mixed convection channel flows have
been studied. The effects of the inlet liquid temperature
T,, liquid flowrate B and gas stream Reynolds number
Re on the momentum, heat and mass transfer in the flow
are investigated in detail. What follows is a brief summary
of the major results:

1. The cooling of the liquid film is mainly caused by the
latent heat transport associated with the vaporization
of the liquid film.

2. The effects of the evaporative latent heat transfer on
the cooling of the liquid film depend largely on 7,; and

) T

I
(a) Re=2 x10%

40

(C)

arT

I T

With Buoyancy Effects
Without Buoyancy Effects

—

(b) Re =5 x10%

ar

(‘c)

70
T (°C)

Fig. 5. Effects of liquid flow rate B and inlet liquid temperature 7); on temperature drop of liquid film.
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Ac

B. The liquid film experiences a larger temperature
drop for a rise in the inlet liquid temperature 7.

. Larger latent heat Nusselt number Nu, results for the

system with a higher T,; and B. This is brought about
by the larger latent heat transport associated with the
greater film evaporation for a higher 7, and B.

A rise in liquid flowrate B or a reduction in 7 ; causes
a large Nu, or Sh.
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