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Abstract—A numerical study of finite liquid film evaporation on laminar mixed convection heat and mass
transfer in a vertical parallel plate channel is presented. The influences of the inlet liquid mass flow rate
and the imposed wall heat flux on the film vaporization and the associated heat and mass transfer
characteristics were examined for air-water and air—ethanol systems. Predicted results obtained by including
transport in the liquid film are contrasted with those where liquid film transport is neglected, showing that
the assumption of an extremely thin film made by Tsay and Yan (Wérme- und Stoffiibertragung 26, 23 31
(1990)) is only valid for a system with a small liquid mass flow rate. Additionally, it is found that the heat
transfer between the interface and gas stream is dominated by the transport of latent heat associated with
film evaporation. The magnitude of the evaporative latent heat flux may be five times greater than that of
sensible heat flux.

1. INTRODUCTION

HEAT AND mass transfer are important in processes
such as evaporative cooling for waste heat disposal,
cooling of a high temperature surface by coating it
with a phase-change material, liquid film evaporators,
turbine blade cooling, combustion premixing, dis-
tillation of a volatile component from a mixture with
involatiles, double-diffusion convection in ocean flows
and the simultaneous diffusion of metabolic heat and
perspiration in controlling our body temperature,
especially on a hot summer’s day. With the channel
wall being wetted by a thin liquid film, great aug-
mentation in heat transfer can be expected because of
the simultaneous presence of two buoyancy forces—
thermal and mass diffusion buoyancy forces. One
results from the density non-uniformity due to a tem-
perature gradient and the other due to a concentration
gradient in conjunction with film vaporization, which
causes the transfer of latent heat. This study aims to
examine the effects of combined thermal and solutal
buoyancy forces on laminar mixed convection heat
and mass transfer between vertical parallel plates with
film evaporation.

Mixed convection heat transfer in vertical channel
flows influenced by thermal buoyancy force alone has
been studied in great detail [1-5]. Coupled heat and
mass transfer over flat plates with different incli-
nations or along vertical cylinders and cones in natu-
ral convection flows has been the subject of many
papers [6-9]. Recently, natural convection heat and
mass transfer in vertical channels has been widely
studied by Lee et al. [10] and Yan and Lin [11, 12].
Yan and Lin [11, 12] found that heat transfer is greatly
enhanced due to the presence of solutal buoyancy

force. For forced convection heat and mass transfer,
studies have been carried out for flows over a flat plate
[13, 14] and a wedge [15]. As far as mixed convection
heat and mass transfer is concerned, Yeh ez al. [16]
numerically examined the effects of heat and mass
buoyancy forces on laminar forced convection heat
transfer over a flat plate. Recently, Yan and co-
workers [17-19] investigated the influences of a wetted
wall on laminar mixed convection heat transfer in
vertical ducts. As in the case of natural convection
heat and mass transfer [11, 12], the heat transfer
enhancement through mass ditfusion connected with
film vaporization is pronounced.

Due to the complicated couplings between momen-
tum, heat and mass transfer in gas stream and momen-
tum and heat transfer in the liquid film through their
common interface, the studies [11-19] just reviewed
above all focused their attention on heat and mass
transfer in the gas stream, with the neglect of the liquid
film thickness. The results thus produced are only
good for systems having an extremely thin film thick-
ness. However, in practical situations, the liquid
film along the channel wall is of finite thickness, and
thereby the effects of the momentum and energy trans-
port in the liquid film on the heat and mass transfer
in the flowing gas should be considered in the analysis.
In this connection, the effect of liquid film on the
forced convection heat and mass transfer in a gas
stream has been treated in some studies [20-22].
In these studies, a Nusselt type approximation was
adopted to simplify the treatment of transport in
liquid film. Additionally, the effects of buoyancy
forces of thermal and mass diffusion on the heat and
mass transfer are not considered in their analyses. The
evaporative cooling of the liquid film falling along a
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B liquid mass flow rate per unit periphery
length at inlet

b channel width

»  specific heat

D mass diffusivity

Gry  Grashof number (heat transfer),
9qub* | (va ko)

g gravitational acceleration

A, latent heat of evaporation

s mass transfer coefficient, equation (24)

k thermal conductivity

M, dimensionless accumulated evaporation
rate, equation (29)

mi  interfacial mass flux

Nu,  interfacial Nusselt number for latent heat
transport, equation (23)

Nu, interfacial Nusselt number for sensible
heat transport, equation (22)

Nu, overall Nusselt number, equation (21),
Nu+ Nu,

r mixture pressure

Pn  motion pressure (dynamic pressure),
P—Pe

a7 total interfacial energy flux in gas side,
equation (19)

gy interfacial latent heat flux in gas side (or

net enthalpy flux), #y« Ay,
g% interfacial sensible heat flux in gas side
gw  wall heat flux
Re  inlet Reynolds number of gas stream
S¢  Schmidt number
Sh  interfacial Sherwood number
T temperature
Tp  inlet hquid film temperature

NOMENCLATURE

7,  gas-liquid interface lemperature
U dimensionless axial velocity, u/u,

u axial velocity
U inlet axial velocity
v transverse velocity

W dimensionless mass fraction of vapor,
(W= wq) /(W —wp)

w mass fraction of vapor

w;  mass fraction of vapor at gas-liquid
interface

x coordinate in the flow direction

Y dimensionless coordinate in the transverse
direction, y/b

y coordinate in the transverse direction.

Greek symbols

d local liquid film thickness

0 dimensionless temperature,
(T=T)/(T.—T,)

K molecular dynamic viscosity

P density

7 shear force at the gas-liquid interface

¢ relative humidity in the ambient.

Subscripts

a air

g mixture (air +water vapor or ethanol
vapor)

I condition at the gas-liquid interface

I liquid

0 at ambient condition or inlet
condition

v vapor

W condition of wall.

vertical plate or along channel walls of a vertical chan-
nel was recently explored by Yan and colleagues {23~
25]. Their numerical calculation and experimental
measurement indicate that the efficient heat transfer
is due to the latent heat exchange associated with film
evaporation. It suffices to say that in spite of wide
application in practice, the mixed convection heat and
mass transfer between vertical parallel plates with film
vaporization is still poorly understood from the above
review. This motivates the present study. The main
objective of this work is to extend the previous work
[17-19] to investigate the effects of finite liquid film
evaporation on laminar mixed convection heat and
mass transfer in a vertical channel.

2. ANALYSIS

The geometry of the problem under consideration
is a vertical parallel plate channel with channel width
b. The right vertical plate is heated and kept at a

uniform wall heat flux ¢,,. The left plate is a dry wall
and is kept thermally insulated. The liquid film flows
down over the right, heated vertical plate under the
action of gravity with an inlet liquid temperature T,
and an inlet mass flow rate B. Air at constant tem-
perature T, enters the channel from the top at a con-
stant velocity u,. Part of the imposed wall heat flux is
convected downstream by the liquid film and partly
transferred across the film to the interface, where it is
absorbed by the film vaporization process and lost to
the gas stream through sensible heat transfer. The
liquid film gets heated as it flows downstream, result-
ing in a rise in interfacial temperature and concen-
tration. The thermal and solutal buoyancy forces are
thus generated. Therefore, the forced gas flow in the
channel is modified by these buoyancy forces along
with the shearing effects created by the falling film.
In the present study a detailed numerical study was
performed to investigate the mixed convection heat
and mass transfer by simultaneously solving the con-
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servation equations for various transport processes in
the liquid film and gas stream with interfacial match-
ing conditions treated. Thus the problem is of con-
jugated nature.

2.1. Governing equations

2.1.1. Liguid film. As a preliminary study, con-
sideration is given to a system with a low liquid mass
flow rate and hence the liquid film is assumed to flow
laminarly. Because the film thickness in this study is
about 2 x 10~ * m, it is reasonable to neglect the iner-
tial terms in the momentum equation, as compared
with the diffusional term (viscous term). Moreover,
for the thin liquid film the longitudinal transfers of
momentum and energy are much smaller than those
in the transverse direction. With these simplifications,
the steady laminar momentum and heat transfer in
the liquid film can be described by the following con-
servation equations:

axial-momentum equation

0 = 0(m 0wm/0y)/oy+pg M
energy equation
picuty 0T /0x = d(k, T, /0y)[dy. (2)

2.1.2. Gas flow. The steady laminar mixed con-
vection heat and mass transfer in the gas flow can be
explored, with the usual boundary-layer approxi-
mations, by the basic equations:

continuity equation
3 pgitg) 0x+3(pg0y) /3y = 0 3)
axial-momentum equation
Pply Ol [0x+pov, Ou /0y = —dp,,/dx
+0(1ty 0ug/0y)[0y+9g(pg—po) (4)
energy equation
PeCptty 0T 4/0X 4 pocoty 0T,[/0y = O(k, 0T,[dy)/dy
— ) (0T/0y) - (Ow[0y)  (5)
concentration equation of vapor
pglt, OW/0X 4 p,v, dw/0y = 0(p,D dw/dy)/dy. (6)

In the study of steady mixed convection channel
flow, the overall mass balance at every axial location
should be satisfied :

+pD(c,,

bh—0 x
J; petty dy = Po“o(b_éo)—L peidx. (1)

This equation is used to deduce the pressure gradient
in the gas flow.

2.2. Boundary and interfacial matching conditions
The boundary conditions are:

x=0: uy=uy,, T,=Ty, T1=T, w=w,

®
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y=0: u, =0T,/0y =3w/0y =0 )]
y=b—=5: u=u(x), wu=u(x),

T,=Ti(x), w=w(x) (10)

yv=>b: u=0, k 0T,/0y=q,. 1)

The interfacial matching conditions specified at
v = b—0d are described as follows:

(i) continuity of velocity

w(x) = ugy = w3 12)

(i1) continuity of temperature
Ti(x) = Ty = Ty (13)

(ii1) continuity of shear stress
(%) = pg(Ouy/G¥)1 = w(Om/0y); (14)

(iv) transverse velocity of the air-vapor mixture is
deduced by assuming that the interface is semi-
permeable [26]—that is, the solubility of air in the
liquid film is negligibly small and the y-directed vel-
ocity of air is zero at the interface

o = —D/(1—w) - (@w/0y); (15)

(v) by assuming the interface is in thermodynamic
equilibrium and the air-vapor mixture is an ideal gas
mixture [26], the mass fraction of water or ethanol
vapor at the interface can be evaluated by the relation

wy = M, pi/[M,(p—p) +M,pi] (16)

where p; is the partial pressure of vapor at the inter-
face, and M, and M, are, respectively, the molar
masses of vapor and air;

(vi) vaporizing flux of vapor into the gas stream is

my = p DI(L—wy)* (Gw[0p):; 17
(vii) energy balance at the gas-liquid interface

(k 0T/ ay)i = (k OT[0y)y + 1y~ hy (18)

where #1) and Ay, are the evaporated mass flux and
latent heat of vaporization respectively. It is worth
noting in equation (18) that the first and second terms
on the right-hand side represent the interfacial heat
flux from the interface to the gas stream, gg;, and
the net enthalpy due to the latent heat transfer (film
vaporization), gy, respectively. The term on the left-
hand side of equation (18) stands for the interfacial
heat flux in the liquid side and is regarded as the
interfacial heat flux ¢{. Therefore, the interfacial heat
flux from the interface to the gas stream can then be
expressed as

qi = gsi+4qi = (k 0Ty /0p)gs +mi* by, (19)
The local Nusselt number at the interface, defined as

Nu, = h- (2b)/ky = qi- (2b)/[k, " (T: —T1,)] (20)
can be written as

Nu, = Nu,+ Nuy, 21
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where Nu, and Ny, are, respectively, the local Nusselt
numbers for sensible and latent heat transfer, and are
defined as

Nu, = (k, 0Tyf2y) QO)Ik(T, = T2))  (22)

and

Ny = mf~ hfg(zb)//[kg(Tl ~ Tyl (23)

For a low mass transfer rate at the interface, the mass
transfer coefficient Ay, can be defined as

(1 —~wy) = pohn(wy —wy). (24)

The local Sherwood number then becomes
Sh = hy - (26Y/D = mi- (1 —w)) - (2b)/[ p, D(w; —wy)].
(25)

Note that in the above formulation the thermo-
physical properties of the gas mixture and liquid film
are considered as variable with temperature and mix-
ture composition. They are calculated from the pure
component data by means of mixing rules [27] appli-
cable to any multicomponent mixtures. The pure com-
ponent data [28, 29] are approximated by polynomials
in terms of temperature. The complete details of the
evaluation of these properties are available in refs. [23,
28]. Besides, it is worth noting that the entrainment of
the liquid in the form of droplets into the gas stream
may be important when the relative motion of the gas
flow against the film is large. This process is rather
complex and is neglected in this work because of a
lack of adequate information.

3. SOLUTION METHOD

In view of the impossibility of obtaining an analytic
solution for the non-linear coupled differential equa-
tions, the conjugate heat and mass transfer problem
defined by the governing equations, equations (1)~
(6), is solved by a finite difference numerical scheme.
In the present study the matching conditions imposed
at the gas-liquid interface, equations (14) and (18),
to ensure the continuities of shear stress and heat
flux are cast in backward difference for {(Gy/dy), and
forward difference for (dy/éy), with y denoting u or
T. Therefore, the governing equations in the gas flow
and liquid film can be solved simultaneously.

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 consider-
ation is of boundary-layer type, the finite difference
solution for equations (1)—(6) can be marched in
the downstream direction. The governing equations
are expressed in terms of finite difference approxi-
mations by employing the upstream difference in the
axial convection terms and the central difference in
the transverse convection and diffusion terms. The
resulting system of algebraic equations can be cast
into a tridiagonal matrix equation, which can be
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efficiently solved by the Thomas algorithm [30]. For
a given flow and thermal conditions, the solution
procedures are briefly outlined as follows :

(1) Specify the flow and thermal conditions, 7. g%,
B, Re and ¢.

(2) For any axial location, guess the values of
(—dp./dx) and 6.

(3) Solve the finite difference forms of equations (1)
and (4) for velocities u and u,.

{4) Numerically integrate the continuity equation
of the gas stream for 1,

Ié
By = — === | pui, dy.
Py 0x Jo

(5) Solve the finite difference forms of equations (2)
and (5) for temperatures 7; and 7.

{6) Solve the finite difference form of equation (6)
for mass fraction of vapor w.

(7) Check the satisfaction of the overall conserv-
ation of mass in the gas flow and liquid film. If the
following criteria

(26)

b . ;
f\f Pgliy d}’"’“ [:f)géiq(b”‘éu) +j‘ m;’ dx} {/
o o /
Potteh < 107%  (27a)
and
h ¢ ]4
’B— I:J (pudy)|+j rh;’dx:{ /B<10 4
{ [ o /
(27b)

are met, then test convergence of the velocity, tem-
perature and concentration fields. If the maximum
relative errors for u, T and w between two consecutive
iterations satisfy the criterion

! :f”‘"pﬁj- *}max/fllfl;iilmax <104,

Y=u Tandw (28)

then the solution for the current axial location is com-
plete. Now if equation (28) is not simultaneously met,
repeatedly solve the finite difference equations for
u, v, T and w in gas stream and liquid film until
the condition specified in equation (28) is fulfilled. If
equations (27) are not satisfied, adjust (—dp,,/dx) and
¢ and repeat procedures (2)-(7) for the current axial
location.

{8) Procedures (2)-(7) are successively applied to
every axial location from the inlet to the downstream
of interest.

Due to the presence of strong coupling between the
interface concentration, temperature and evaporation
rate, an inner iteration cycle for temperature and con-
centration equations is introduced in the numerical
program. Besides, to check the convergence of the
iteration process, the overall mass conservation and
the convergence of velocity, temperature and con-
centration between two consecutive iterations must
satisfy the criteria, equations (27) and (28). To
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account for the change in liquid film thickness 4 in
the flow direction due to film evaporation, the finite
difference computational grid used must comply with
the variations of the liquid and gas computational
domains with x. This was accomplished by first locat-
ing the interface at a given x-location, and then divid-
ing the gas stream and liquid film regions in the y
direction into J and L nodes, respectively. Thus, the
interface position was rigorously tracked. This adjust-
ment of grid in the y-direction necessitates numerical
interpolation when calculating the convective terms.
To further account for the drastic variations of vel-
ocity, temperature and concentration in the regions
near the inlet and the gas-liquid interface, the grid
lines were positioned non-uniformly with the highest
grid density being near the inlet and the interface.
During the program tests, solutions for a typical case
were obtained using different grid sizes to ensure that
the solution was grid-independent. It was found in
separate numerical calculations that the differences in
the local Nusselt number, Nu,, from computations
using either 201 x 201 x 81 or 101 x 101 x 41 grids are
always less than 2%. To reduce the cost of compu-
tation, the 101 x 101 x 41 grid is chosen for the sub-
sequent computation. To further check the adequacy
of the numerical scheme for the present study, results
for the limiting case of an extremely thin film thickness
are first obtained. Excellent agreement between these
present predictions and those of Yan et al. [18] and
Tsay and Yan [19] was found. In addition, a com-
parison was also made by comparing the results for
the limiting case of mixed convection in a vertical
channel without film evaporation with the results of
Aung and Worku [5]. The predicted axial variations
of wall temperature are indistinguishable from those
plotted in Fig. 6 of ref. [5]. Through these program
tests, the proposed numerical algorithm is considered
to be suitable for the problem.

4, RESULTS AND DISCUSSION

In view of the large number of parameters and of
the extreme demands of the computational task, a
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full parametric exploration is unrealistic. Rather, the
parameters were varied systematically in order fo
examine the key trends in the results. In what follows,
results are presented for water and ethanol evap-
orations. Twelve cases, shown in Table 1, were selec-
ted to investigate the effects of liquid film evaporation
on mixed convection heat and mass transfer in a ver-
tical channel. In Table 1, the relative humidity of the
ambient air ¢ is assigned as 50% for the air-water
vapor mixture and 0% for the air—ethanol vapor
mixture, which are often encountered in practice.
The inlet liquid and mixture are kept at 20°C. All of
the cases are based on a vertical channel of width
b=0.0153m.

Figures 1-3 show the developments of the axial
velocity, temperature and concentration for the water
film evaporation under various conditions. For com-
parison purposes, the results of an extremely thin film
thickness are also included in these plots. The vel-
ocity profiles develop gradually from the uniform
distributions at the inlet to the distorted ones in the
downstream region, with maximum velocity shifting
toward the insulated wall (Y = 0). The shift of the
velocity peak results from the film evaporation which
causes the flow at the interface to move in the negative
y-direction, equation (15). Moreover, the gas mass
flow rate continues increasing as the air moves down-
stream owing to the evaporation of water vapor into
the air stream from the liquid film. The distortion in
velocity distribution can be made plausible by noting
that both the thermal and solutal buoyancies are in
the upward direction, opposing the direction of main
flow. It is also noted in Fig. 1 that a rise in liquid mass
flow rate B would result in a lower axial velocity U.
This is attributed to the fact that the larger the liquid
mass flow rate B, the lower the gas-liquid interfacial
temperature (by checking Fig. 3). Therefore, less
water vapor evaporates into the gas stream for a larger
liquid flow rate B.

A comparison of the corresponding solid and
dashed curves in Fig. 1 indicates that a larger gas mass
flow rate is noted by the curves for zero film thickness.

Table 1. Values of major parameters for various cases

T, 9w B ¢

Case (°C) (Wm™?) (kgm~'s™) Re Gry Pr Se (%)
Water film
I 20 500 0.02 2000 1453937 0.709 0.597 50
11 20 1000 0.01 2000 290787.5 0.709 0.597 50
i1 20 1000 0.02 2000 2907875 0.709 0.597 50
v 20 1000 0.04 2000  290787.5 0.709 0.597 50
\Y 20 3000 0.02 2000 872362.2 0.709 0.597 50
Vi1 20 1000 0.02 500 290787.5 0.709 0.597 50
VII 20 1000 0.02 1000 290787.5 0.709 0.597 50
Ethanol film
VHI 20 500 0.04 2000 144498.1 0.710 1.311 U]
IX 20 1000 0.01 2000 288996.2 0.710 1.311 0
X 20 1000 0.02 2000  288996.2 0.710 1.311 0
X1 20 1000 0.04 2000  288996.2 0.710 1.311 0
X1t 20 3000 0.04 2000  866988.5 0.710 1.311 0
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(o) Case ], B=001kg/msec
Water Film Y
Finite FilmThickness \

04 ————Zero Film Thickness

b i L4

(b} Case IV, B=Q04 kg/msec\\
Water Film 5

) S T
a6 a8
Y

FiG. 1. Developments of axial velocity profiles.

This implies that more water vapor evaporates into
the gas stream for cases with zero film thickness. Fig-
ures 2(a) and (b) present the axial temperature and
mass fraction developments, respectively. It is inter-
esting to observe that both # and W developin a very
similar fashion. Careful inspection, however, discloses
that the concentration boundary layers develop a little
more rapidly than the thermal boundary layers. This
simply results from the fact that the Prandtl number
Pr is slightly larger than the Schmidt number Sc in
the gas stream. An overall inspection of Figs. 1 and 2
reveals that the distributions of U, 8 and W for zero
film thickness resemble those for finite film thick-
ness. Careful observation, however, indicates that the
differences between these two treatments (i.e. con-
sidering finite film thickness and neglecting film thick-
ness) are substantial, especially in the region close to
the gas-liquid interface. Because the interfacial heat
and mass transfer characteristics play such an impor-
tant role in the overall exchange process, the differ-
ences in the interfacial heat and mass transfer rates
predicted by these two approaches can be rather con-
siderable. In addition, the boundary layers of U, 0

and W for zero film thickness develop more rapidly
than those for finite film thickness.

Figure 3 shows the distributions of interfacial tem-
perature and mass fraction water vapor along the gas-
liquid interface. As expected, the interfacial tem-
perature is higher for a smaller liquid mass flow rate
at the same heating condition. Therefore, the cor-
responding mass fraction is larger for systems with a
smaller B. Comparison of the curves of zero film thick-
ness and finite film thickness indicates that the differ-
ence between these two treatments increases with the
liquid mass flow rate B. This suggests that the assump-
tion of an extremely thin film thickness is a limiting
case and is valid only for systems having a small B.
For a large liquid mass flow rate B, the assumption
of zero film thickness can produce considerable errors.

Figure 4 demonstrates the relative importance of
the sensible and latent heat exchanges along the gas-
liquid interface. Note that both the sensible and latent
heat exchanges increase in the flow direction but
decrease with the liquid mass flow rate B. Even at
B=0.001 kgm~' s, g5/q. is always below 10%,
but ¢1/q:, can be above 70%. For a fixed B, gj; is about

1 LA S T

[(YR]

b weem Caise IV, B=0.04 kg/m-sec
+.oos Cose B, B=0.01 kg/m-sec
0.8~~~ Zero Film Thickness

0.6~ .

o

0.4

Jop=-- Zero Fitm Thickness ’

T

T T T
(b) W

4 — Case Iv,B=004 kaim-sec 7

...... Case I, B=001 kgim-sec 7' ff

FiG. 2. Developments of axial temperature and mass fraction profiles.
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T T T 1 T
Water Film, 3)' -1odOW/m2, Re=2000
Finite Fim Thickness

PTe et ZeroFilm'I"hi’clg\sS-—” .

T -To
X

018 L T T T T T _
Water Film, £,51000W/m2, Re=2000 -
015 Finite FilmThickness ~__.—~~ i

’ ————Zero Fitm Thickness .-~

012 //// -1
Wi -Wo B e 1
Q09 e =

F1G. 3. Axial distributions of interfacial temperature and
mass fraction.

five times larger than g¢,. It is also important to point
out that the computations with the zero film thickness
approximation substantially overpredict the sensible

0.2 T T T T —T T T d

\ (a)

\ Water Film , gy, =1000 W/m? Re =2000
Finite Film Thickness 1
v ———~ Zero Film Thickness

1

Fi1G. 4. Distributions of local dimensionless heat transfer
rates in the gas side along the channel : (a) interfacial sensible
heat flux ; (b) interfacial latent heat flux.
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and latent heat transfer at the interface, especially in
the entrance region and for large B.

To improve our understanding of the interfacial
heat transfer, the variations of the local Nusselt num-
bers for sensible and latent heat transfer at the inter-
face are shown in Fig. 5 for various B. Regarding Nu,
curves, a larger Nu, is experienced for a larger liquid
flow rate B. This is also observed for Ny, in Fig. 5(b).
It is, however, noted that the actual sensible and latent
heat transfer rates shown in Fig. 4 are less effective
for larger B. These results clearly indicate that the
magnitudes of the Nusselt numbers do not reflect the
actual heat transfer rates. The anomaly in the Nusselt
numbers defined in equations (22) and (23) results
from the larger effect of the liquid mass flow rate on
the interface temperature than on g%, and gj;, as is
evident from Figs. 3 and 4. It is apparent that the
magnitude of Nu, is much larger than that of Nu,,
indicating that interfacial heat transfer resulting from
latent heat exchange is much more effective. It is also
clearly seen in Fig. 5(a) that the magnitudes of Nu,
are underpredicted in the case where a negligible film
thickness is assumed.

It is interesting to investigate the influences of the
wall heat flux ¢, and inlet Reynolds number of the
gas stream on the interfacial Nusselt number Nu,.
Figure 6(a) shows that near the entrance (X < 0.04)
a larger Nu, results for a lower wall heat flux, but as
the flow goes downstream (X > 0.12) the reverse trend
is noted. Of particular interest is the significant
increase in Nu, with X in the downstream region at
g% = 3000 W m~ 2. Figure 6(b) shows the effect of Re

s

T T T v T T

@
Water Film ,qJ,=1000 Wim? , Re=2000]

T

0r Finite Fitm Thickness -
~=== Zero Film Thickness
8 3
Nug T
6 -
4 -
b 4
2 } + + +—

1201~ -
Nuy + Case IV,B=0.04 kg/m-sec 1
8o Case I, B=0.02 kg/m-sec N
Case I, B=0.01 kg/m-sec
L J
A
AN —
0 N H L | 1 L L
0 0.04 0.08 0.12 0.16 0.2
X

FiG. 5. Effects of liquid mass flow rate on the interfacial
Nusselt numbers: (a) sensible heat Nusselt number;
(b) latent heat Nusselt number.
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2 T T T T T T T T T 0.004 T T LS LA SN Ay Sy, Sy
L fal . T (a}
Water Fitm, B=002kg/m-sec, Re=2000 e Water Film £, =1000W/mZRe=2000
160 N Finite Film Thickness
Q003 i ’
. = —-——— Zero Film Thickness
Cose |, f=500 W/m2
120 Case I, 21000 W/m? -
Nuy = CaseV, g, 23000 W/m? rhi 0002
(kg/m2.sec)
60k
i 0001
1
0 L L | 1 1 | i 1 0 1 | ) Il !
0 004 008 02 016 020 0 004 608 [$RF] 016 020
X X
200, T T T T T Y T T
- Lo R I FYL A B S B A S B
160 Water Fitm £, =1080W/m?, B=002kg /m-sec | )
i Water Film Bz 1000W/m2, Re=2000 |
- Case VI, Re =500 7 10 Finite Fitm Thickness "
120 Case VI, Re =100 — | —~—~—Zero Film Thickness
Case H, Re =2000 L
Nux o = lI
80}~ | Sh N
40 ﬁ
Ol L 1 L 1 1 1 A 1 i
0 004 Q08 w2 016 020

Fi1G. 6. Effects of wall heat flux g, and Reynolds number of
gas stream Re on the interfacial Nusselt number Nu,.

on the Nu, distributions—for X < 0.12, Nu, is larger
for a smaller Re. This result is opposite to the usual
single phase forced convection heat transfer in
channels.

The distributions of the interfacial mass evap-
oration rate and Sherwood number are presented in
Fig. 7 for various B to illustrate the mass transfer
characteristics. Similar to the results given in Fig. 4(b)
for gi/q.. a reduction in the film flow rate causes a
greater film evaporation and #y increases with X in
the downstream region. These outcomes apparently
result from the higher interface temperature T; at
smaller B. T, increases with X under a uniform flux
heating, as shown in Fig. 3(a). The change in the film
flow rate has a smaller influence on the Sherwood
number variations, as is evident from Fig. 7(b). For
X > 0.1, the Sherwood number is larger for larger B.
It 1s also noted in Fig. 7 that the analysis neglecting
the film thickness overpredicts the mass evaporation
rate but underpredicts the Sherwood number,

The effects of the wall heat flux and inlet Reynolds
number Re on the mass transfer coefficient are of
interest. Figure 8(a) shows that near the entrance a
larger Sh results for a system with a larger gi.
However, downstream the result is reversed. The
Sherwood number is only slightly influenced by the
change in the Reynolds number (Fig. 8(b)). A larger
Re results in a smaller Sh.

As mentioned above, interfacial heat and mass
transfer in this wetted wall system are dominated by
film vaporization. Therefore, the amount of water

0 a0s 008 012 a6 020

F1G. 7. Effects of liquid mass flow rate 8 on the interfacial
mass evaporation rate and Sherwood number distributions.
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F1G. 8. Effects of wall heat flux ¢, and Reynolds number Re
on the variations of Sherwood number $4.
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vapor added to the gas stream due to film vaporization
is important in improving our understanding of the
heat and mass transfer rates. To quantify the film
evaporation a non-dimensional accumulated mass
evaporation rate, M,, is introduced :

evaporating mass flow rate
* 7 inlet liquid mass flow rate

=f i dx/B. 29
0

The distributions of M, for various cases are depicted
in Fig. 9. Again, greater film vaporization is found for
higher ¢, and smaller B. It is worth noting that the
largest dimensionless accumulated mass evaporation
rate at X = 0.2 is about 9% for case V.

After examining the mixed convection heat and
mass transfer with water film evaporation, attention
is turned to the effects of ethanol film evaporation on
the interfacial heat and mass transfer. Figure 10(a)
shows that a rise in the liquid mass flow rate results
in an increase in the local interfacial Nusselt number,
Nu,. For comparison purposes, the predicted results
obtained both in the presence and in the absence of a
finite liquid film are plotted together. It is clearly seen
that the results for zero film thickness underpredicts
the interfacial Nusselt number. The influences of g,
on Nu, with ethanol film evaporation are given in Fig.
10(b). Focusing on the curves of ¢, = 500 and 1000
W m™2, it is observed that a larger Nu, is found for
systems with a smaller g{,, while for ¢;, = 3000 W
m~?%, Nu, is smallest among these three cases in
the region close to the entrance. However, as the
flow moves downstream, Nu, becomes largest for
¢ = 3000 Wm™2.

Figure 11 gives the influences of B and g, on the
distributions of the Sherwood number. Like the
results of water film evaporation, a larger Sh is noted
for systems having a larger B. The results in Fig. 11(b)
indicate that near the channel entrance a larger Sh is
noted for systems with a larger ¢/, while downstream

Q.10 T

-

T T T
= Water Film

Mr

FiG. 9. Distributions of dimensionless accumulated evap-
oration rate M..

3427
500 g p— R e S
{a} ]
] Ethanol Film, gy, =1000 Wim?, Re=2000
200k Finite Film Thickness B
5 T i Tero Fiim Thickress
3001~ b
Nuyg I Case X1,B=0.04 kg/m-s 1
200 Case X,B=0.02 kg/m-5 ]
. Case IX,B=0.01 kg/m.sec
.“‘ p
0o Mo 4
0 : — 3 :
(b)
Ethanol Film, B=0.04 ky/m-sec, Re=20001
400 b
300 Case VH, q5,=500 Wim? e
] Case Xi,gp,=1000WmE |
Nux Case XK, &y =23000Wirm?
200
ol
o] SR N E— PR | <
o 0.04 0.08 o 0.16 02
X

F1G. 10. Effects of liquid mass flow rate and wall heat flux
on the interfacial Nusselt number distributions.

Sk becomes smallest for g7, = 3000 W m™* among the
three cases.

5. CONCLUSIONS

The effects of liquid film evaporation on laminar
mixed convection heat and mass transfer in a vertical
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Fic. 11. Effects of liquid flow rate and wall heat flux on Sh
distributions.
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channel under constant heat flux have been studied.
The influences of the thermal condition, inlet liquid
mass flow rate and inlet Reynolds number of the gas
stream on the momentum, heat and mass transfer in
the flow are investigated in great detail. In particular,
comparative results are presented for both water and
ethanol film evaporations to check the suitability of
the assumption of zero film thickness. What follows
is a brief summary of the major results.

(1) The liquid film vaporization along the gas—
liquid interface dominates the heat and mass transfer.
The magnitude of the evaporative latent heat flux may
be five times greater than that of sensible heat flux.

(2) The assumption of an extremely thin film thick-
ness is only valid for a low liquid mass flow rate
B. However, for a high liquid mass flow rate, the
assumption becomes inappropriate, especially near
the channel entrance.

(3) The larger the wall heat flux ¢,. the higher
the interfacial temperature T,, which in turn causes a
larger latent heat exchange. This is brought about by
the larger latent heat transport connected with the
greater film evaporation for higher 7.

(4) A larger mass evaporation ratc #1y results for
systems with a smaller B, while the reverse is true for
the variations of Sherwood number Sh.

It has been realized during the course of the study
that when g, is well above 3000 W m 2, the upward
combined buoyancy forces may result in flow reversal
of the gas stream in certain parts of the flow for cases
with low Re. Similarly, as the gas stream is pumped
upwards, flow reversal may appear in the region near
the gas—liquid interface. To handle these situations, a
more complicated elliptic flow analysis must be per-
formed. This is a very complex numerical problem and
is beyond the scope of the present study. In addition. it
is also noted that when the system operates at high
gas flow rates, the flowing gas in the channel is tur-
bulent flow. Hence, the results presented in this study,
where laminar gas flow is assumed, become invalid.
In this conncction, it may be worthwhile studying
the effects of film evaporation on turbulent mixed
convection heat and mass transfer. This will be carried
out in the near future.

No experimental work has considered mixed con-
vection heat and mass transfer with film cvaporation
in the open literature. Therefore, therc is no avail-
able data with which the numerical results can be
compared. However, a similar mathematical model
has been used to simulate the natural convection heat
and mass transfer in a vertical channel with film evap-
oration [25]. In ref. [25], comparisons of the numerical
results with the experimental data of Yan et al. [24]
confirmed the adequacy of the mathematical model.
This lends support to the employment of the math-
ematical model proposed for the analysis of the
present problem.

W.-M.
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