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Abstract—The present study deals with the numerical prediction of mixed convection heat and mass
transfer in a vertical rectangular duct with film evaporation along the porous wall. The Boussinesq
approximation is invoked to take into account the buoyancy effect induced by thermal and mass diffusion.
Computaticns are made here for the wetted wall temperature T, = 40°C and 60°C, relative humidity of
moist air at the inlet ¢ = 10, 50 and 90%, and the through-flow Reynolds number Re = 1000 and 2000.
The numerical results, including the developments of velocity, temperature, concentration, Nusselt number,
Sherwood number and friction factor, are presented. Predicted results show that the influences of the
combined buoyancy force of thermal and solutal diffusion on the flow, heat and mass transfer are significant,
Due to the film evaporation along the wetted wall, the mass transfer is found to enhance the heat transfer
rate along the wetted wall. Additionally, the results disclose that the heat transfer along the wetted wall is
predominated by the latent heat transfer connected with film vaporization. Copyright © 1996 Elsevier
Science Ltd.

INTRODUCTION

Many transport processes exist in nature and indus-
trial applications in which the transfer of heat and
mass occurs simultaneously as a result of the com-
bined buoyancy effects of thermal diffusion and
diffusion of species. The processes occurring in nature
include various photosynthetic mechanisms, dis-
charge into bodies of water, calm-day evaporation
and vaporization of mist and fog. The engineering
applications include : the chemical reaction in a reac-
tor chamber consisting of rectangular ducts, mul-
tirectangular-channel solar collectors, chemical vapor
deposition of solid layers and cooling of electronic
equipment.

Convection flows driven by temperature and con-
centration differences have been studied extensively in
the past and various extensions of the problem have
been reported in the literature. With both con-
centration and temperature interacting simul-
taneously, the convection flow can become quite com-
plex. Combined heat and mass transfer along a
vertical plate in natural convection flows have been
studied in great detail. Somers [1] applied the integral
method to investigate the problem of simultaneous
heat transfer and binary diffusion of the driven flow
adjacent to a wetted isothermal vertical surface in

a non-saturated atmosphere ; his result is valid only
around Prandtl and Schmidt numbers of 1.0. Mather
et al. [2] formulated the same problem in terms of
boundary layer differential equations resulting from
force-momentum, energy and chemical species con-
centration at very low concentration. Neglecting iner-
tia effects, the resulting equations were solved by an
analogue computer for Pr = 1.0 and Sc¢ = 0.5-1.0 for
the ratios of species and thermal diffusion buoyancy
effects of 1.0 and 0.5. Gill er al. [3] gave an exact
solution by the improved integral method for the non-
linear system of momentum, heat and binary mass
transfer equations. The effects of variations of
enthalpy, thermal conductivity, viscosity and density,
with concentration were studied individually and in
various combinations. Saville and Churchill [4, 5] ana-
lyzed the asymptotic process in terms of the Prandtl
number and Schmidt number. The dependence of the
transport parameters is found for Pr = Sc -0, for
Pr = Sc— oo, for Pr— 0 and Sc - oo with Sc » Pr.
Soundalgekar and Ganesan [6] investigated the
unsteady characteristics of natural convection heat
and mass transfer along a vertical plate. They con-
cluded that the time required for the temperature field
to reach the steady state is longer for the system with
a higher Sc. Concerning the natural convection heat
and mass transfer in vertical ducts, Lee et al. [7] deter-
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A cross-sectional area of the vertical
rectangular duct [m?]

a channel width in the x-direction [m]

b channel width in the y-direction [m]

c mass fraction of water vapor

C dimensionless mass fraction of water
vapor, (c—cy)/(c,—¢q)

D mass diffusivity [m? s ']

D, equivalent hydraulic diameter, 44/,
[m]

f friction factor, 27,,/(pW3)

g gravitational acceleration [m s3]

Gr,  heat transfer Grashof number,

gB(T,—Ty)Di v

mass transfer Grashof number,

gM M, —1)(cy—co) D2V

heat transfer coefficient [W m—2 K~/
latent heat of vaporization [J kg™']
local mass transfer coefficient [m s™']
thermal conductivity [W m~! K]
number of finite difference divisions in
the x-direction

molecular weight of air [kg/kmol ™'}
molecular weight of water vapor

[kg kmol™]

number of finite difference divisions in
the y-direction

dimensionless direction coordinate
normal to the duct walls

local Nusselt number (latent heat)
local Nusselt number (sensible heat)
overall Nusselt number (= Nu,+ Nu,)
cross-sectional mean pressure of
mixture [N m 2

dimensionless cross-sectional mean
pressure, p/(pw3)

Pr Prandtl number, v/a

Dw partial pressure of water vapor at

=

£x g5

4

B

~ ~EEE

interface

q! interfacial energy flux into air stream,
[Wm~?]

q7 latent energy flux flowing into air

stream [W m™7]

NOMENCLATURE

q: sensible energy flux flowing into air
stream [W m™?)

Re Reynolds number, w,D./v

S circumference of cross-section [m]

S* parameter, equation (19)

Sc Schmidt number, v/D

Sh, local Sherwood number

T temperature [°C, K]

To uniform fluid temperature at entrance
["C, K]

Ty temperature of wetted wall [°C, K]

u, v, w velocity components in the x-, y- and
z-directions, respectively [m s™']

U, V, W dimensionless velocity components
in the x-, y- and z-directions,

respectively, = uD_v, vD.v, w/w,
v interfacial velocity of mixture [m s™']
W mean velocity at the entrance

(Z/Pr =0)
X, ¥, z coordinate system [m]
X, Y, Z dimensionless coordinate
system, = x/(De.), y/(D.) z/(D.Re).

Greek symbols

o thermal diffusivity [m?s™']

B coefficient of thermal expansion (K ~']

¥ aspect ratio, a/b

¢ dimensionless vorticity in the z-
direction

¢} dimensionless temperature,
(T—T)/(Tu—T)

v kinematic viscosity [m? s ™'}

o fluid density [kg m~]

Ty shear stress [N m ™

¢ relative humidity of moist air in the
ambient.

Subscripts

b bulk quantity

0 condition at inlet

w condition at porous wetted wall

wall  duct wall.

mined the temperature and concentration fields
between vertical parallel plates via a finite-difference
solution of the time dependent boundary layer equa-
tions. The negative buoyancy of the gas resulted in a
downward flow along the permeable wall, while heat
transfer at the other wall caused an opposing upward
flow. Chang et al. [8] numerically investigated the
natural convection heat and mass transfer in a vertical
open tube. The effects of tube length and the system
temperatures on the momentum, heat and mass trans-
fer in the flow were examined in great detail. They

found that the heat transfer enhancement through
mass diffusion connected with film evaporation is con-
siderable. The boundary layer forced convection flows
over a flat surface with mass transfer are available in
the literature {9—12]. Hanna [9] used the molar average
velocity to simplify the resuits of isothermal diffusion
in a variable molecular-weight binary gas mixture. He
suggested that for diffusion in a laminar boundary
layer, the constant property assumption may be a
reasonable approximation, particulary if the results
are evaluated at free steam conditions. Manganaro
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and Hanna [10] asymptotically solved the mole frac-
tion formulated boundary layer equation for sim-
ultaneous heat and mass transfer in a variable prop-
erty binary gas mixture for both forced and free
convection flows. The results showed that property
variations are generally more important for free con-
vection than for forced convection. Chow and Chung
[11] studied the evaporation of water into a laminar
stream of hot air and superheated steam. Results were
obtained for variable thermophysical properties and
constant thermophysical properties using the one-
third rules. A similar problem was also examined by
Schroppel and Thiele [12] for liquid-film evaporation
in laminar and turbulent flows. The system of bound-
ary layer equations was numerically solved using an
implicit finite-difference method of the Hermitian
type. They found that mass transfer has a pronounced
impact on forced convection flow and heat transfer.
For fixed convection flows, Santarelli and Foraboschi
[13] examined the effects of natural convection on a
laminar forced convection flow undergoing a chemical
reaction. They concluded that the effects of natural
convection on conversion is greater for exothermic
reactions than for endothermic ones. Yan and his
colleagues [14-17] numerically investigated the lami-
nar or turbulent mixed convection flow in a vertical
channel or tube under simultaneous influence of the
combined buoyancy effects of the thermal and mass
diffusion for an air-water vapor system. Results
showed that the effects of the evaporation or con-
densation of water vapor on the heat transfer are
rather substantial. Recently, mixed convection heat
and mass transfer in horizontal ducts has been per-
formed by Lin et al. [18, 19]. The buoyancy-induced
secondary flow on the heat and mass transfer are
examined in detail.

In spite of its importance in engineering appli-
cations, the mixed convection heat and mass transfer
in vertical rectangular ducts has not been adequately
studied ; this motivates the present work. Consider a
steady three-dimensional laminar flow in the entrance
region of a vertical rectangular duct, as schematically
shown in Fig. 1. A uniform axial velocity w, is imposed
at the entrance (z = 0) and constant wall temperature
and concentration: are imposed in the wetted surface
at z > 0. One of the four vertical walls is porous and
the other three are solid. The porous wall is wetted by
a thin liquid water film and is maintained at a uniform
temperature T, while the other solid walls are kept
thermally insulated. As a preliminary study, the liquid
film is assumed so thin that it can be treated as a
boundary condition. In reality, the liquid film is of
finite thickness and the movement of the liquid film
may influence the characteristics of flow and heat
transfer near the gas-liquid interface. In this work,
the flow of moist air, with relative humidity ¢, enters
the duct from the bottom end. Due to the temperature
and concentration differences between the moist air
in the duct and the wetted porous wall, the forced
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Fig. 1. Schematic diagram of the physical model.

flows would be affected by the combined buoyancy
forces of thermal and mass diffusion.

ANALYSIS

To facilitate the analysis, an order of magnitude
analysis is used to deduce the governing equations by
neglecting the axial diffusion of momentum, heat and
mass [20, 21]. In addition, the thermophysical proper-
ties of the mixture are assumed to be constant except
for the density variation in the buoyancy term of the
momentum equation for the vertical direction—they
are evaluated by the one-third rule [11, 22]. A detail
evaluation of the thermophysical properties is avail-
able in Fujji ef al. [23]. In this work, the Boussinesq
approximation is used to characterize the buoyancy
effect [24]. The viscous dissipation and compression
effects are neglected. By introducing a vorticity func-
tion in the axial direction, & = U/0Y—3V/dX, the
vorticity-velocity formulation of Navier-Stokes
equations can be derived and shown as follows:

8¢ W
2 - ——
VU= 8Y oXéZ M
08\  *w
2 ——— —_— —_
Vv = (ax) 0YdZ @
o0& o¢ o0& oU @
U5}+V5?+Waz+é<ax+5;>

(o)) ()()

a6 oC
—\U2E _ - - =
=V (Gr‘6X+Grm6X> 3)
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where V2 = 3*/0X?+¢%/0Y? It should be noted that
the axial diffusion terms in equations (3)—(6) are neg-
lected under the conditions of high Peclet numbers
[25]. In the present study the symmetry condition is
imposed on the midplane to reduce the computational
domain. Because of the geometrical symmetry in a
rectangular duct, it suffices to solve the problem in the
half-region shown in Fig. 1. Therefore, the governing
equations are subject to the following boundary con-
ditions:
U=V=W=0 88/0n=0Clon=0

(at solid walls)  (7)
W=0, 6=C=1

U=0, V=1V,

(at wetted wall)  (8)
U=20V/oX = 0W/oX = 00/0X = 0C/oX =0
(at the plane of symmetry) (9)
W=1 U=V=¢(=0=C=0
(atentrance Z = 0). (10)

Since the air—water interface is semipermeable (the
solubility of air in water is negligibly small and air
velocity in the y-direction is stationary at the inter-
face), the evaporating velocity of the mixture at the
wetted surface is evaluated by Burmeister [26]

Ve = —(cu—co)*(@C/0Y)/[Sc(1—cw)].  (11)

According to Dalton’s law and the state equation of
ideal gas mixture, the interfacial mass fraction of
water vapor can be calculated by

Cy =prv/[prv+(p_pw)Ma] (12)

where p,, is the saturated water vapor pressure at the
wetted wall. The overall mass flow rate at every axial
location must be balanced in the duct flow :

(1+p)2y (f(1+9)/4
J J wdxdYy

0 0
Z f(1+7)/4
+J J V.dXxdZ.

o Jo

_(A+y?
S 13)
This equation is employed to deduce the axial pressure
gradient in equation (4). After obtaining the develop-
ing velocity, temperature and concentration fields

K.-T. LEE et al.

along the axial direction, the computation of the local
friction coefficient, Nusselt number and Sherwood
number are of practical interest. The dimensionless
friction factor is defined as

JRe = —2(3W/0n) . 14)

The total heat from the wetted surface can be expre-
ssed as [17]

2 " a pthg . ac
q'=q+q'= k<0DW_[l—cw ).

(15

where ¢}, q; and g denote the interfacial heat flux,
sensible heat flux and latent heat flux, respectively.
The locally averaged Nusselt numbers over the porous

wetted wall can then be written as
Nu, = Nu,+ Nu, (16)

where Nu, and Ny can be evaluated by considering
the overall energy balance for axial length dZ

Pr 69.,
o= (1%5) ()
e . (%S
1-6, 0z

where S* signifies the importance of the energy trans-

port through species diffusion relative to that through
thermal diffusion

§* = pDheg(cy — o)/ k(T — To)).

(17)

Nu, = (s* (18)

(19)

For a low mass transfer rate at the interface, a mass
transfer coefficient A, based on overall mass balance
is defined as

phnalAz(c,—c,) = pAwAc(1—c,). 20)

The local Sherwood number S% then becomes
Sh, = by DD = [Sc(1 —c,,)/(1 ~¢,)] *(8C,/0Z).
(21

SOLUTION METHOD

The present work was solved numerically by a vor-
ticity—velocity method for three-dimensional para-
bolic flow [24]. For a given condition, the field solu-
tions are calculated by a marching technique based
on the Du Fort-Frankel scheme [27]. Details of the
solution procedure have been described elsewhere [18,
19] and are not repeated herein.

To verify the proposed numerical scheme, a series
of program tests were performed. First the limiting
case of purely forced convection in a square duct
was obtained. The predicted Nu was found to be in
excellent agreement with that of Neti and Eichhorn
[28]. Then, the mixed convection heat and mass trans-
fer in a horizontal square duct was computed. The
predicted local Nusselt number was compared with
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Table 1. Comparison of local Nusselt number Nu, for various grid arrangements for Case Il with y =1

MxN Z/Pr
AZ|Pr 0.00598 0.0125 0.0252 0.0502 0.101 0.198
212 x 12(‘)‘*“—3 x107%) 39.014 30.137 24.498 20815 18.469 16.688
%? X f(())-“—3 x107%) 38272 29.872 24.383 20.755 18.445 16.735
%g : fg‘s—a x10-%) 38.607 29.995 24.438 20.781 18.454 16.718
?? X 16(())-4—3 x107%) 38.019 29.751 24.305 20.691 18.408 16.805

that of Lin et al. {18, 19] and it is found that the local
Nu agrees within 2% at all axial locations. Finally, to
examine the grid-dependence of the numerical results,
a numerical experiment was performed with various
grid distributions in a cross-section plane (M x N) and
an axial step size (AZ/Pr). In this work, the grid lines
were uniformly arranged in the cross-plane, but non-
uniformly arranged in the axial direction for the
uneven variations of field properties in the entrance
region. Table 1 presents the results of the local Nu,
for four grid systems. It is found from Table 1 that
the differences in local Nu, calculated using either
Mx N =20x40 or 30x60 (AZ/Pr=1x10"*-3x
10~% are always within 1%. Furthermore, the devi-
ations in local ANu, calculated using either M x
N(AZ/Pr) = 20 x40(2 x 107°—3 x 107%) or 20 x 40(1 x
10~*—3 x 10~?) are less than 1%. Through these pro-
gram tests, the adopted solution scheme was con-
sidered to be suitable for the present study.

RESULTS AND DISCUSSION

The preceding analysis indicates that the mixed con-
vection heat and mass transfer in vertical rectangular
ducts depends on Re, Pr, Sc, Gr,, Gr,, and y. It should
be recognized herein that not all the values of the
nondimensional groups can be arbitrarily assigned.
Some of them (i.e. ¢, Gr, and Gr,,)) are interdependent
for a given mist air under certain specific conditions.
Instead of physical parameters—the wetted wall tem-
perature, the relative humidity of the ambient air and
the inlet Reynolds number—are picked as the inde-
pendent variables. In the present study, to focus on
the transport phenomena of heat and mass diffusion:
the unsaturated moist air at the inlet is fixed at 20°C

and 1 atm, the relative humidity of the inlet mixture
is chosen to be 10, 50 or 90%, the porous wetted wall
is kept at a uniform temperature 40 or 60°C and the
through-flow Reynolds number at the inlet, Re, is
assigned to have a value of 1000 or 2000. Based on
the above specified conditions, the dimensionless par-
ameters can then be obtained for several cases, indi-
cated in Table 2. Additionally, in order to investigate
the effects of the aspect ratio, the aspect ratio y is
chosen to have value of 0.5, 1.0 or 2.0. Numerical
solutions were obtained for the distributions of
velocity, temperature and concentration profiles, the
local friction factor, the Nusselt number and the
Sherwood number.

Figure 2 shows the axial velocity distributions in a
channel cross-section at different Z/Pr by using the
lines of equal velocity W for cases II and V. To assess
the influence of buoyancy effects on the mixed con-
vection flow, the results of the limiting case of purely
forced convection are also included in Fig. 2. Since
the flow is symmetric with respect to the middle plane
(X = 0.5), results need only be presented for the left
half of the duct. Near the entrance (Z/Pr = 0.002), the
contours of the axial velocity for the greater velocity of
W in the central core are not shown, since the vel-
ocities are fairly uniform there. Additionally, the
buoyancy effects are still weak and the iso-velocity
distributions are seen to be nearly symmetric with
respect to both X = 0.5and Y = 0.5 lines. As the flow
develops, the velocity in the core region is accelerated
due to the entrance effect. It is clearly seen that in
Fig. 2 the velocity profiles develop gradually from
the uniform distributions at the inlet to the parabolic
ones in the fuily developed region, a situation nor-
mally found in laminar internal flows. In the case of

Table 2. Values of major parameters for various cases

Case Re T.[°C] T, [°C] ¢ [%] Pr Se Gr, Gra

1 2000 40 20 10 0.703 0.592 109840 44200
1 2000 40 20 50 0.703 0.592 109960 38590
I 2000 40 20 90 0.703 0.592 110080 32930
v 2000 60 20 10 0.703 0.592 193880 112990
v 2000 60 20 50 0.703 0.592 194060 108100
VI 2000 60 20 90 0.703 0.592 194240 103170
VII 1000 40 20 50 0.703 0.592 109960 38590
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with buoyancy effects
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Fig. 2. The iso-velocity contours at certain axial locations for cases I and V, for y = 1.

purely forced convection, the contours of the axial
velocity are symmetric with respect to the line ¥ = 0.5
through the duct. But as the buoyancy effects are
taken into account, the velocity profiles are gradually
distorted by the combined buoyancy forces after a
certain axial location. Furthermore, the peak axial
velocity moves towards the wetted wall (¥ = 0) as the
air moves downstream. This is readily explained by
the fact that the value of (Gr8+ Gr,C)/Re is large
near the wetted wall which results in significant buoy-
ancy-aiding effects. A comparison of Fig. 2(a) and
(b), indicates that an increase in wetted wall tem-
perature T, (case V) results in a higher axial velocity
and the distortion of velocity profiles is more sig-
nificant. This phenomenon conforms with a greater
amount of water vapor evaporating into the air stream
for a higher T, and larger combined buoyancy forces
through thermal and mass diffusion.

Shown in Figs. 3 and 4 are the contours of the iso-
concentration and isotherms at different axial
locations, respectively. It is of interest to note that

both 8 and C develop in a very similar way. This is
simply because the Pr and Sc in the gas flow are
of the same order (Pr = 0.7 and Sc = 0.6). Careful
inspection, however, discloses that the mass-fraction
boundary layers develop a little more rapidly than the
temperature boundary layers. This is simply due to
the fact that Pr is slightly larger than Sc in the flow
(Pr = 0.7 and Sc = 0.6). In line with the wall heating
and liquid film evaporation, the temperature and mass
fraction in the central portion of the channel increase
gradually as the moist air goes downstream. It is also
clear in Figs. 3 and 4 that relative to the pure forced
convection results, the developments of temperature
and concentration profiles are slower for the mixed
convection case. This is simply due to the fact that the
flow near the heated wall is continuously accelerated
by the aiding buoyancy effects along the axial direc-
tion, enhancing the heat and mass transfer in the z-
direction and hence, decreasing the advancement of
heat and mass transfer in the transverse directions.
This implies that the temperature and concentration
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Fig. 2. The iso-concentration contours at certain axial locations for cases Il and V, fory = 1.

gradients at the wetted wall are lower for pure convec-
tion, and consequently, a lower wall heat flux due to
sensible and latent heat exchanges is found for the
results without buoyancy effects. As the fluid flows
through the duct, the discrepancy of temperature and
concentration between the side wall and the central
portion becomes more significant. This is attributed
to the side-wall hydrodynamic buoyancy-layer devel-
opment. Although not shown in the results presented
in Figs. 3 and 4, it was found in separate numerical
runs that the temperature and concentration gradients
at Y = 0 are a little steeper for a system with a higher
T,, which in turn causes a higher latent and sensible
heat transfer. This result is reflected by the dis-
tributions of Ny, and Nu, in Fig. 5.

To study the relative contributions of heat transfer
through sensible and latent heat exchanges in the flow,
three kinds of Nusselt numbers are presented in Fig.
5. An overall comparison of the solid (with buoyancy
effects) and dashed (without buoyancy effects) curves

for the corresponding cases indicates the buoyancy
effects have a substantial augmentation in heat and
mass transfer. For pure forced convection cases, it is
observed that the curves of Nu, and Nu, for cases 11’
and VII’ with different values of Re collapse to a
single curve. This is because terms in the momentum
equation (4) can be neglected. Therefore, the velocity
and temperature developments are identical for vari-
ous Re(scaling with Z/Re). It is also noted that for
pure forced convection a larger Nu, is noted for a
lower T, by comparing case II” and V’. This is clearly
related to the weaker evaporation rate for a lower wall
temperature 7,,. Butin Fig. 5(b), the trend is reversed,
i.e. the Nu, is greater for a higher T,,. This results from
the greater latent heat transfer transport connected
with the larger water evaporation from the wetted
wall,

Turning to the case of mixed convection, a com-
parison of case II and V indicates that a larger Nu, is
noted for a higher T,. This is expected because a



1628

(a) Case II, T,=40°C
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with buoyancy effects
without buoyancy effects
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Fig. 4. The isotherm contours at certain axial locations for cases Il and V, fory = 1.

higher T, causes larger buoyancy effects. The influ-
ence of Reynolds number Re on the local Ny, is also
included in Fig. 5(a). A comparison of cases II and
VII shows that the sensible heat transfer Nu; is more
effective for the flow with a lower Re owing to the
larger buoyancy effects (higher Gr/Re and Gr,/Re).
Due to the reasons discussed in the case of pure forced
convection, larger Ny, is observed for a higher T,,. An
overall inspection of Fig. 5(a)-(b) depicts that the
heat transfer due to latent heat transport is much more
effective than that due to sensible heat transport. In
Fig. 5(c), Nu,, the sum of Nu, and Nu, is presented.
The effects of T, and Re on the local Sherwood
number Sh, are presented in Fig. 6(a). In Fig. 6(a),
the distributions of Sk, resemble those of Ny, in Fig.
5(a). This is because in this study the Prandtl number
Pr and Schmidt number Sc are of the same order of
magnitude. It is clearly seen in Fig. 6(a) that a larger
Sh, is found for the flow with a higher T, (by com-
paring case II and V) ; this is due to the larger com-
bined buoyancy effects (i.e. Gr,/Re and Gr.,/Re). Com-

parison of the results between the curves of Re = 2000
(case IT) and Re = 1000 (case VII) shows that the
effect of decreasing Re is to increase Sh,. This can be
explained from the fact that a lower Re causes a smal-
ler binary diffusion effect and a thinner concentration
buoyancy layer, relative to the flow boundary layer.
This results in a larger concentration gradient at the
wetted wall and hence, a larger mass transfer rate and
Sherwood number. Moreover, the result with buoy-
ancy effects has a larger Sh, than that of purely forced
convection. The distributions of friction factor fRe
are given in Fig. 6(b). The local fRe with buoyancy
effects is always larger than that without buoyancy
effects. Additionally, the case with a higher wall tem-
perature shows a greater friction factor.

It is interesting to examine the effect of the relative
humidity of the ambient moist air on the transport of
latent heat. The local latent heat Nusselt number Ny,
with various ¢ is shown in Fig. 7. As seen in Table 2,
a lower ¢ corresponds to a higher Gr,,. For a larger
Gr,, heat transfer is strongly affected by species
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Fig. 5. The axial variations of Nu,, Ny, and Ny, for cases II,
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Fig. 6. The axial variations of Sh, and fRe for cases II, V and
VIIL

diffusion. This is because the species diffusion mech-
anism is more effective at lower concentration levels.
Moreover, the influence of ¢ on Ny, is more pro-
nounced for a flow with a lower T,,. This confirms the
results of a previous study by Lin et al. {17]. This
obviously indicates that the vaporization of the liquid
film is substantially reduced, relative to the original
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Fig. 7. Effects of wall temperature T, on the axial variations
of Nu,.

evaporation, as the relative humidity increases. This
trend is strongest for a low T, wherein the driving
potential for mass transfer Gr,, is smaller, and the
variation of Gr, with relative humidity (in absolute
change and percentage) is smaller. This trend is appar-
ent if the change in Gr, with T, is checked, as given
in Table 2.

To study the effect of the aspect ratio y on the
flow pattern, Fig. 8(a)—(c) presents the iso-velocity
distributions at Z/Pr=0.2 for y=0.5, 1, and 2.0,
respectively. It is clear that the maximum velocity is
greater for the duct with the smaller y. This is due to
the fact that the temperature difference along the Y-
direction is higher for smaller y, which causes a greater
buoyancy force in the fluid flow.

The effect of the channel aspect ratio (y) on the
local Nu,, Sh, and fRe are of practical interest. The
axial variations of Nu,, Sh, and fRe for aspect ratio
y=0.5, 1 and 2.0 are shown in Fig. 9. It is clearly
shown in Fig. 9(a) and (b), that within the range of
the aspect ratio under consideration, larger Nu, and
Sh, are noted for a system with a greater y. This is due
to the wider porous wetted wall for a system having a
larger y, which in turn, causes a greater film evap-
oration into gas flow. It is noted that the fRe of the
wider and more slender duct is greater than that of
the square duct for the flow with the same Re. Com-
parison of the results between y = 2.0 and y = 0.5 for
all cases shows that a larger fRe is observed fory = 2.0
near the entrance region, but the trend is reversed in
the downstream direction.

CONCLUDING REMARKS

The nature of combined buoyancy effects of thermal
and mass diffusion on laminar forced convection in
the thermal entrance region of vertical rectangular
ducts has been studied. The effects of the wetted wall
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Case II: Ty=40C, Re=2000
—————— Case V:T,=60°C, Re=2000

——-—— Case VII:T,=40C, Re=1000
Y 1.0
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Fig. 8. Effects of aspect ratio y on the isovelocity contours at the exit of duct.
Case 11T 240°C.Ren2000 veos temperature, the Reynolds number of the flow, the
Case V:T.=80"C. Rez2000 T st relative humidity of the moist air in the ambient and
. Case VII:T,=40°C,Re=1000 ————7=2.0 the aspect ratio of the duct on the transfer of momen-
tum, heat and mass in the flow, were examined in
36 detail. Following is a brief summary of the major
results:
Nuz 28 u
20 i (1) Heat transfer along the porous wetted wall is
dominated by the transport of latent heat in associ-
12 ation with the vaporization of the water film.
5 (2) An increase in ¢ results in a decrease in Ny
under the same wall temperature 7,.
Shy 4 (3) The buoyancy forces cause an enhancement in
heat and mass transfer. The extent of the aug-
3 mentation increases with an increased in T, or a
decrease in Re, compared with the corresponding
2 results of forced convection.
(4) Higher Nu, and Sh, are observed for a system
24 N ] with a greater aspect ratio y of the rectangular duct.
fRe o, RN Case VII~_ Case V ] (5) The effects of film evaporation along the vertical
AN ——— wall on the Nusselt number Ny, is significant. For case
Bl NS e V (T, = 60°C), the Nu, is nine times the value without
L Case I T film vaporization.
15 | i L ] 1 L 1
0.0 0.05 0.1 0.15 0.2
Z/Pr Acknowledgement—The financial support of this work by
Fig. 9. Effects of aspect ratio y on the axial variations of Nu,,  the National Science Council, Republic of China, through
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