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Abstract-—A numerical study was made to investigate the laminar mixed convection heat and mass transfer
in inclined rectangular ducts. Using the vorticity-velocity method, three-dimensional Navier-Stokes equa-
tions, the energy and concentration equations were solveq simpltaneously. Six independent parameters are
introduced : Prandtl number Pr, mixed convection parameter Q, modified Rayleigh number Ra*, buoyancy
ratio N, aspect ratio y and Schmidt number Sc. The numerical results, including the local friction factor
ratio, local Nusselt and Sherwood numbers, are presented for species diffusion of interest in air (Pr = 0.7)
over a Schmidt number range of Sc¢ = 0.2-2.0. In the study, the mixed convection parameter { ranges
from 0 to 200, while the modified Rayleigh numbers Ra* are varied from 0 to 10° for the aspect ratios
7 = 0.5, 1, and 2.0 with buoyancy ratios N ranging from —0.5 to 2.0. The results show that the buoyancy
effects have a significant influence on the characteristics of fluid flow, heat and mass transfer. Additionally,
the fRe/(fRe),, Nu and Sh are enhanced as the buoyancy force from species diffusion assists the thermal
buoyancy force.

INTRODUCTION

SITUATIONS often arise in which the combined buoy-
ancy forces of thermal and mass transfer, resulting
from the simultaneous presence of differences in tem-
perature and concentration, have rather significant
influences on the velocity, temperature and con-
centration profiles and the associated friction, heat
and mass transfer coefficients in ducts. Outstanding
examples include the chemical distillatory processes,
design of heat exchangers, channel type solar energy
collectors and thermo-protection systems. For vertical
ducts, the gravity force acts in the main flow direction,
and there is no secondary flow in the cross-section.
For horizontal ducts, the combined buoyancy forces
are normal to the main flow direction and they induce
secondary flows in the cross-section. In inclined ducts,
however, buoyancy forces act in both the main flow
and the cross-stream directions.

The fully-developed mixed convection heat transfer
has been investigated for the flow in horizontal ducts
[1, 2] and in inclined ducts [3-6]. Mixed convection in
the thermal entrance region of horizontal rectangular
channels under the assumption of large Prandtl num-
ber were studied by Cheng et al. [7] and Ou er al.
[8]. The same problems were also investigated for a
horizontal tube by Hieber and Sreenivasan [9], Ou
and Cheng [10] and Hishida et al. [11]. But these
results are applicable only to the fluids of large Prandt]
number. Without the assumption of a large Prandil
number, the detailed numerical studies on mixed con-
vection heat transfer have been studied in horizontal
ducts [12-18]. In many practical situations, the duct
is not horizontal and the problems of mixed con-

vection in inclined ducts become important. Abou-
Eltail and Morcos [19] presented a numerical study of
mixed convection heat transfer in an inclined channel.
Photographs of developing secondary flow patterns
in the thermal entrance region of inclined tubes for
laminar mixed convection flow were presented by
Cheng and Yuen [20]. An experimental study on
mixed convection heat transfer in the entrance region
of inclined rectangular ducts was carried out by
Morcos et al. [21]. In ref. [21], an aluminum rec-
tangular channel was used as a test section. Therefore,
the wall conduction effect plays an important role in
their studies. Choudhury and Patankar [22] per-
formed an analysis of the combined forced and free
convection for laminar flow in the entrance region of
isothermal, inclined tubes. Their results revealed that
buoyancy effects have a considerable influence on the
fluid flow and heat transfer characteristics of the devel-
opment flow.

As far as mixed convection heat and mass transfer
are concerned, Santarelli and Foraboschi [23] inves-
tigated the buoyancy effects of thermal and mass
diffusion on laminar forced convection flow under-
going a chemical reaction. Mixed convection heat and
mass transfer in vertical two-dimensional ducts was
performed by Yan [24, 25]. In refs. [24, 25], Yan found
that the combined buoyancy forces of thermal and
solutal diffusion have considerable effects on laminar
forced convection. Recently, mixed convection heat
and mass transfer in a horizontal square duct has been
studied by Lin er al. [26].

In spite of its importance in engineering appli-
cations, the mixed convection heat and mass transfer
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A cross-sectional area of a horizontal
rectangular duct [m?]
width and height of a rectangular duct
[m]
dimensional and dimensionless species
concentration
mass diffusivity
equivalent hydraulic diameter, 44/S
friction factor, 21,,/(pw?)
gravitational acceleration [m s 7]
Grashof number, gBq,,D3/(v*k)
average heat transfer coefficient
Wm2K™]
T average mass transfer coefficient
I,J  number of finite difference divisions in
X and Y directions

k thermal conductivity [W m K]
m mth iteration
iy, mass diffusion flux at the channel wall
[kgm?s~']
buoyancy ratio, (8*m(,/D)/(Bq./k)
outward normal direction to the wall
local Nusselt number, 2D, /k
- dynamic pressure [kPa]
cross-sectional mean pressure [kPa]
dimensionless cross-sectional mean
pressure

P perturbation term about the mean

pressure P

) Prandtl number, v/«

g, uniform wall heat flux [W m~7]

Ra  Rayleigh number, Pr Gr

Ra* modified Rayleigh number, Ra cos

Re Reynolds number, wD./v

S circumference of cross section [m]

Sc Schmidt number, v/D

Sh  Sherwood number, Ay D./D

T temperature [K]

)

>.$m\bb

NOMENCLATURE

T, inlet temperature [K]

U,V, W dimensionless velocity components
in X, Y and Z directions

Wi fully-developed axial velocity before
the entrance [m s™']

W;:  dimensionless fully-developed axial
velocity before the entrance

W;  mean quantity for W;

x,y,z  rectangular coordinate [m]

X, Y,Z dimensionless rectangular coordinate,
X =x/D.,Y =y/D., Z = z/(ReD,)

zZ* dimensionless z-direction coordinate,
z/(PrReD,) = Z/Pr.

Greek symbols
a thermal diffusivity [m?s™']
B coefficient of thermal expansion [K ']
ik coeflicient of concentration expansion
] duct inclination angle
¥ aspect ratio of a rectangular duct, a/b
6 dimensionless temperature,
(T—To)/quD.[k)
kinematic viscosity fm? s~

<

14 dimensionless vorticity in axial
direction
0 density [kg m~Y
Q mixed convection parameter, (Ra/Re)
sin d.
Subscripts

b bulk fluid quantity
f fully-developed quantity before
thermal entrance

0 condition for purely forced convection
w value at wall.
Superscript

average value.

in inclined rectangular ducts has not been well evalu-
ated. This motivates the present investigation. The
purpose of this study is to examine the effects of com-
bined buoyancy forces of thermal and solutal diffusion
on laminar forced convection in inclined rectangular
ducts.

ANALYSIS

Problem statement

¥he inclined rectangular duct under consideration
is shown schematically in Fig. 1 with an inclination
angle 6. The u, v and w are the velocity components
in the x, y and z directions, respectively. A fully-
developed axial velocity profile w; and a constant inlet
temperature T, and concentration ¢, are imposed at
the entrance z = 0. The duct walls are subjected to a

uniform heat flux ¢, and uniform mass flux mj,. The
flow is assumed to be steady and have constant ther-
mophysical properties except the buoyancy terms in
the y and z momentum equations. It was shown in refs.
[13, 15] that the axial diffusion terms in the governing
equations are negligible when the Peclet ngmber is
greater than 100. The buoyancy force resulting from
the concentration difference may assist or oppose the
buoyancy force from the temperature variation in the
fluid. Because of the symmetry inherent in the prob-
lem, the calculations can be restricted to a solution
domain that comprises one-half of the inclined rec-
tangular duct as shown in Fig. 1.

Governing equations
By using the eqyation of state for an ideal gas mix-
ture and assuming a low level of concentration in the
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flow, the density variation in the flow can be approxi-
mated by:

p = po [l =B(T—Ty)—B*(c—cy)] (1)

where pq is the density evaluated at the reference tem-
perature 7, and concentration c¢,.

In order to determine the governing parameters, the
momentum, energy, and concentration equations for
laminar flow are normalized. The independent and
dependent variables are non-dimensionalized by their
characteristic quantities as follows:

X = x/D, Y=y/D.

Z =z/(ReD,) Z*=Z|/Pr

U=uD./v V =uvD,/[v

W = w)i P = p/(powi

P = p'/(pov? /D7) 0 = (T—Ty)/(quD.[k)

C = (¢—¢o)/(mD/D) Gr= g, D;/(v’k)

Ra = Prer N = (B*m,/ D)/ (Bl k)
Ra* = Racosd Q = (Ra/Re) sin é
Pr=vju Sc=v/D
y = afb D, = 44/S. )

With these definitions and the assumptions made
earlier, the dimensionless governing equations can
then be written as follows:
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Continuity equation:
dUJOX+dV]oY+0OW/[0Z =0, 3)
X-direction momentum equation :
UaU/oX+VoU/oY+ WaU/[oZ
= 0P [0X+*UIOX* +2*UjdY?; (4)
Y-direction momentum equation :
UoVioX+ViVieY+WaVioZ
= —dP|0Y+0*V/0X?+0*V/oY?
+(Ra*/Pr)(0+ NC); (5)
Z-direction momentum equation :
U&W/6X+’ Vow[oY+ WoW/[0Z
C — _dPAZ+ WX+ WeY?
+(Q/Pr)- (8+NC); (6)
Energy equation :
UdbioX+Vob/oY+ W ab/oZ
= (020/0X*+320/0Y>)/Pr; (7)
Concentration equation:
UCloX+VaoC/oY+ WaC/oZ
= (PW/[CX* +O*W/eY?)/Sc. (B)

A vorticity—velocity method has been successfully
developed [27] and will be used for the present study.
A vorticity function in the axial direction is defined
as:

E=QU/OY—0V/oX. ©9)

By differentiating equation (9) and combining with
the continuity equation (3), the following equation
can be derived :

QPUIOX? +PUOY? = QEloY—a* WioXx eZ, (10)
OCVIOX 4P VIOY? = ~0EjeX - WjeYeZ. (11)
Then the governing equations (3)-(5) can be put into
the final vorticity-velocity form. The pressure terms
in equations (4) and (5) are eliminated by cross differ-

entiations, and a single equation for the axial vorticity
can now be obtained :

USEIoX +V OL/0Y + W oEIdZ + E(QUIGX +3VIaY)
+(QW)RY- dUJOZ —aW|aX - 3V[0Z)

= *EJOXT 4+ E/AY? — (Racos 8/ Pr)
- (86/0X + N 2CJoX). (12)

An additional constraint which is used to deduce the
axial pressure gradient in axial momentum equation
is that global mass conservation at any axial location
must be satisfied. This constraint is expressed as:

(1+3)(23) ML+7)4
f f W-dxdYy = (1+9)%/8y). (13)
0 0
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In summary, the governing equations for the flow
include: (i) the axial momentum equation (6); and
(ii) the axial vorticity equation (12) and the transverse
velocity components (10) and (11). They are of para-
bolic—elliptic form. This formulation is called the vel-
ocity—vorticity method [27]. Flow temperature and
concentration are determined by equations (7) and
(8), respectively.

Boundary conditions

As mentioned earlier, because of the symmetry
about the symmetric plane as shown in Fig. 1, it is
sufficient to solve the equations over only the left-hand
side of the inclined rectangular duct. The boundary
conditions for this domain are given by :

U=V=W=0 80/on=203C/on=1
at theduct walls, (14a)
WieX = U =0V/]0X = 86/0X = 8C/0X =0
at the symmetric plane X = (1+7y)/4, (14b)
W=W, U=V=(=0=C=0
attheentrance Z = 0. (l4c)

The interfacial velocity at the walls as a result of
mass diffusion process will be neglected in the analysis.
This is because consideration will be given to a situ-
ation in which the concentration level is low. The
validity and the condition for the neglect of interfacial
velocity have been discussed in refs. [28, 29].

After the velocity, temperature and concentration
fields are obtained, the computations of the local fric-
tion factor, Nusselt number and Sherwood number
are of practical interest. Following the usual defi-
nitions, the expressions for the product of peripherally
average friction factor and Reynolds number fRe, the
peripherally averaged Nusselt number Nu and Sher-
wood number S# can be written based on the overall
force balance for an axial length dZ, the temperature
gradient and the concentration gradient at the wall.
The expressions are:

fRe|(fRe)o = (dP/dZ)/(dP/DZ),, (15)
Nu = 1/[W(B, — )] with W = 1, (16)
Sh = 1/[W(C,—-O)], 17

where the subscript , denotes the quantity for purely
forced convection. 0,, and C, represent average wall
temperature and concentration around the perimeter,
respectively.

Governing parameters

he governing equations contain six dimensionless
parameters: Q, Ra*, N, y, Pr, and Sc. Q is a mixed
convection parameter defined by equation (2) that
contains the ratio of the Rayleigh number Ra to the
Reynolds number Re, modified by an inclination angle
factor sin 8. Ra* is a modified Rayleigh number given
by equation (2) and buoyancy ratio N represents the
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relative effect of chemical species diffusion on the ther-
mal diffusion. When N = 0, mass diffusion effect is
negligible and the buoyancy force arises solely from
the temperature difference. The buoyancy force from
mass and thermal diffusion are combined to assist the
flow when as N > 0, whereas they oppose each other
as N < 0. An examination of the dimensionless gov-
erning equations shows that the inclination angle from
the horizontal direction does not explicitly appear in
the formulation. Hence, the introduction of the inde-
pendent parameters Q and Rae* has reduced the
number of dimensionless parameters from seven to
six. Moreover, from equation (2), it is obvious that,
asd —0:

sinéd -0, Ra*— Ra, Q-0, (18)

and equations (6)—(12) become the governing equa-
tions for mixed convection heat and mass transfer in
a horizontal rectangular duct [26]. Also, as § — 7/2:

(19

and the buoyancy term in the axial momentum equa-
tion (6) becomes § — n/2:

(Q/Pr) (0+ NC) > (Gr/Re) - (§+ NC),

sinéd — 1, Ra*—0, Q- Ra/Re,

(20

which is the correct buoyancy parameter for laminar
mixed convection heat and mass transfer in the axial
momentum equation in a vertical duct [24, 25].

Thus, it is clear that the introduction of Q and Ra*
as independent parameters has not only reduced the
number of governing parameters of the problem but
has permitted a compact formulation in which all
inclination angles, including the limiting cases of
horizontal and vertical rectangular ducts, can be re-
covered.

In this work, the results are presented for air
(Pr = 0.7) over a Schmidt number range of Sc = 0.2
2.0. This covers diffusion into air of hydrogen
(Sc = 0.22), water vapor (0.6), ethanol vapor (1.3)
and benzene vapor (2.01) [28, 29]. Q was varied
between 0 and 200 and Ra* was taken between 0 and
10°, while buoyancy ratio N was varied between —0.5
and 2.0 with aspect ratios 0.5, 1 and 2.

SOLUTION METHOD

The governing equations are solved numerically by
the vorticity—velocity method for three-dimensional
parabolic flow [27]. The equations for the uftknowns
U, V, W. ¢ 0, Cand dP/dZ are coupled. A numerical
finite-difference scheme based on the vorticity-vel-
ocity method is used to obtain the solution of equa-
tions (6)—(8) and (10)-(12). For given values of Q,
Ra*, N, Sc, v, and Pr, the numerical method of solu-
tions for unknown U, V., W, £, 0, and C is briefly
described below.

(1) The axial velocity at the entrance (Z = 0), con-
strained to W= 1, is solved independently using
an S.0.R. method.
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(2) Specify the initial values of U, V, # and C, and
assign a constant for the axial pressure gradient
(dP/dZ). .

For any axial location, with the known values of
U, V and assigned (dP/dZ), the axial velocity W
at the current position is obtained from equation
(6), and the convergence of W can be tested by the
satisfaction of the overall conservation of mass,
equation (13). If the criterion:

(1+3)/29) [(L+7)i4
J J w-dxdY

0 0

€)

—(14+7)°/@8y) < 1075, (21)
is reached, then the values of dW/0X and aW/3Y
can be evaluated at each grid point.

The values of 0U/0Z and ¢V/0Z are computed
using a two-point backward difference formula.
With the known values of U, ¥V and W, the new
values of £, 8 and C at the interior points of the
next axial position are obtained from equations
(12), (7) and (8), respectively, by the Du Fort-
Frankel method [30].

The values of *W/0X 6Z, *W/0Y 8Z, 0E/0Y, and
0¢/0X in equations (10) and (11) are calculated
by using the backward difference axially and a
central difference in the transverse directions. The
elliptic-type equations (10) and (11) are then
solved for U and V by an iteration process. During
the iteration process, values of vorticity on bound-
aries are evaluated simultaneously with U and V'
in the interior region. The boundary vorticity on
the wall of X = 0is [16] :

él‘j = —62._1“2V2,//AX
+Usy1 = U,,-1)/Q2AY). (22)

It is noted that the boundary vorticities on the
other walls can also be computed in a similar
expression.

Steps (3)—(5) are repeated at a cross-section until
the following criterion is satisfied for the velocity
components U and V,

“)

&)

6

~—

e = Max|¢!"' —¢7|/Max|¢7" '] < 1077,
¢=UorV (23)

where m is the mth iteration of steps (3)—(5).

The peripherally averaged friction factor, Nusselt

number and Sherwood number are determined

from equations (15)-(17).

(8) Steps (3)—(7) are repeated at next axial location
until the final axial location of interest is reached.

(M

To ensure the accuracy of the present numerical
results, a numerical experiment with uniform grids’
was made on the mesh size /x J and axial step size
AZ* to determine the grid size required for acceptable
accuracy. Four arrangements of grid points in the x,
v and z directions are tested and corresponding results
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are presented in Table 1. It is found that the deviation
in Nu calculated with IxJ=16x32 and 24 x48
(AZ* = 1x107"-2.5x 107 is always less than 1%.
Furthermore, the deviation in Nu calculated using
IxJ (AZ*)=16x32 (2x107-2.5x10"% and
16 x 32 (1 x 107*-2.5 x 10™*) are estimated to be with-
in 1%. Thus, the computations involving an /xJ
(AZ*) = 16x32 (1x107*-2.5%x10"% grid are con-
sidered to be sufficiently accurate to describe the heat
and mass transfer in inclined rectangular ducts. All
the results presented in the next section are computed
using the latter grid.

RESULTS AND DISCUSSION

(a) Effects of mixed convection parameter Q)

The bu'o"yancy effects on the flow characteristics in
inclined chéannels are usually presented by the friction
factor ratio fRe/(fRe),, where the subscript , rep-
resents the quantity for purely forced convection. Fig-
ure 2 shows the axial variations of fRe/(fRe), for
different valuesof Qat Ra* = 5x 104, N=1,8¢c=13
and y = 1. For clear illustration, the results near the
entrance are specifically plotted in the inset in Fig. 2.
The purely forced convection curve, denoted by E in
Fig. 2, has been obtained by setting Q and Ra* to be
zero. In Fig. 2, near the inlet, the buoyancy effects
are insignificant and all the curves follow the forced
convection curve [i.e. the line of fRe/(fRe), = 1]. As
the buoyancy effects become important, each curve of
the friction factor ratio branches out from the line of
fRe/(fRe), = 1. The buoyancy effects are the most
pronounced at the highest value of Q since this
parameter represents a ratio of natural convection to
forced convection effects. At Q = 200, the maximum
value of [fRe/(fRe), occurs at approximately
Z* =2.5%x 1072 The occurrence of the maximum

2.0
1.10;
1.81- A ]
I 1.0& T
2 107 1073 A
o 1.6
&
= - Ra™=5x10%
s N=1
& 1.4 Sc=13
r=1
1.2
1.0

FiG. 2. The axial variations of the local friction factor ratio
for Ra* = 5x 10°, N =1, Sc = 1.3 and y = 1 with Q as par-
ameter.



1862

W.-M. YaN

Table 1. Comparisons of local Nusselt number Nu for various grid arrangements for the case of

Pr=0.7, Ra* =5x104,Q=100,N=1,Sc=13andy =1

IxJ z*

(AZ*) 0.006 0.0 0.02 0.04 0.06 0.1 0.4

12x24 5698 5034 4622 5231 5394 5438 5468
(1.0x 1074-2.5x 1079

16x 32 5761 5072 4633 5246 5431 5457 5486
(1.0 % 1074-2.5 x 107

16 %32 5722 5071 4622 5237 5434 5458  5.486
(2.0x10752.5x 1074

24 x 48 5804  5.095  4.636 5259 5464  S5471 5498

(1.0x107-2.5x 107%

local friction factor is closely related to the appearance
of a local maximum secondary flow intensity [1§].
After reaching a maximum value, the curve decreases
and approaches a limiting value when the velocity
profile becomes fully developed. It may be noted that,
for Q = 200, the enhancement in flow resistance can
be as much as 80%.

The axial variations of Nu and Sh with Q as par-
ameter are shown in Fig. 3. For comparison, the
results near the inlet are plotted in the inset. Due
to the entrance effect, a monotonic decrease in local
Nusselt (Sherwood) number near the entrance is
noted. The onset of buoyancy effects occurs at a spec-
ific distance from the entrance which depends upon
Q. For each curve shown in Fig. 3, a minimum local
Nu (Sh) exists. The location of the minimum Nu (Sk)
is a result of combined entrance and buoyancy effects
[71. Alter reaching the first minimum in Nu, maximum
and minimum local Nu may exist for some cases.
Finally, the curves of Nu approach asymptotic values
when the temperature profiles become fully developed.
The first minimum in Nu and the subsequent

B

Sh

Nu

| E:Forced Convection

2 Lo g
10‘32 5

e | fen

1el
10'2 2 5 10-1 2 4

z*
FiG. 3. The axial variations of the local Nusselt and Sher-
wood numbers for Ra* = 5x 104, N=1,Sc=13andy =1
with Q as parameter.

maximum and minimum are also found in the results
of mixed convection heat transfer in a horizontal duct
[14] and a horizontal tube [17]. In addition, it is found
that the value of Sh is larger than that of Nu. This is
due to the fact that the Schmidt number (S¢ = 1.3) is
larger than the Prandtl number (Pr = 0.7) in the flow
system.

(b) Effects of modified Rayleigh number Ra*

Figure 4 shows the axial variations of Nu and Sk for
different modified Rayleigh number Ra* at Q = 100,
N=1, Sc=13and y = 1. From the defining equa-
tions of Ra* and Q [equation (2)] it is seen that holding
Q fixed while increasing Ra* is like decreasing the
inclination angle J and simultaneously increasing the
Rayleigh number Ra. Alternatively, the same effect
can be obtained at a fixed inclination angle é by
increasing Ra and Re simultaneously such that the
value of Q remains the same. In any case, the effect of
increasing Ra* at a fixed Q is to increase the combined
buoyancy effects. It is seen that the effect of Ra* is
practically negligible when Ra* < 10°. The decrease

10 S

Sh

Nu

4L Ra® -
A :1x10° D
B : 5x10*
FC:1x10% 7
D:10%0
2 gl PR | .
1% 2 5 1072 5 1012 4

z*
Fi1G. 4. The axial variations of the local Nusselt and Sher-
wood numbers fo®Q = 100, N = 1, Sc = 1.3 and y = 1 with
Ra* as parameter.
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2=100
Ra”= 5x10%

fRe/(fRE)o

L4l Lo sagaal P

1022 5 40t 2 4

Zh
FiG. 5. The axial variations of the local friction factor ratio
for Q = 100, Ra* = 5x10* Sc=1.3 and y = 1 with N as
parameter.

of Nu (Sh) in the entrance region is known to be the
entrance effect and the deviation from the results of
Ra* =0 is due to the buoyancy effects. It is clear
that the entrance and buoyancy effects will eventually
balance out and the local minimum Nu (Sh) appears
at some downstream location depending on the value
of Ra*. Subsequently, the buoyancy effect dominates
over the entrance effect and Nu (Sh) increases. Finally,
Nu (Sh) approaches an asymptotic value when the
temperature (concentration) profile becomes fully
developed.

(c) Effects of buoyancy ratio N

The effects of buoyancy ratio N on the variations
of local fRe/(fRe),, Nu and Sk are presented in Figs.
5 and 6. It is seen that, as compared to the case of
N = 0 (i.e. the case in which there is no solutal buoy-
ancy effect and the buoyancy force arises solely from
the thermal variations), the local friction factor, local
Nusselt and Sherwood numbers increase when the
buoyancy force from species diffusion acts in the same
direction as the thermal buoyancy force to assist the
flow (i.e. N > 0) and decrease when the solutal buoy-
ancy force acts in the opposite direction of the thermal
buoyancy force to oppose the flow (i.e. N <0).

Indeed, the combined effects of thermal and soltal

diffusion are represented by the term 8+ NC in equa-
tion (6). When the combination of Q, Ra*, N, Sc, y
and Pris such that § + NC > 6, the net buoyancy force
contributes to an increase in the friction factor ratio,
local Nusselt and Sherwood numbers beyond their
respective values for N = 0. On the other hand, if
f+ NC < 8, the net buoyancy force will contribute to
a decrease in these three quantities below those for
N = 0. Inspection of Figs. 5 and 6 further indicates
that the location at which enhancement begins
advances upstream with increasing N. This effect is
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10

Sh

Nu

|

102 2 5 1ot 2 4

2 PR | .
R

. 7*
Fi1G. 6. The axial variations of the local Nusselt and Sher-
wood numbers for Q = 100, Ra* = 5x10*, S¢=1.3 and
y = 1 with N as parameter.

due to the increase in the combined buoyancy effects
of thermal and solutal diffusion.

(d) Effects of Schmidt number Sc
Figure 7 gives the effects of Schmidt number on the
Nusselt and Sherwood numbers. It is apparent that

10
(a) Ra*=5x10%
I Q=100 |
N=1
r=1
B -
s |
z
6

Ll 2 .

10" 2 4

107 2 5

2 I 2,
103 ¢ 5

Z*
FiG. 7. The axial variations of the local Nusselt and Sher-
wood numbers for Q = 100, Ra* = 5x 10*, N=1andy = 1
with Sc as parameter.



1864

fRe / {fRe),

1.0 . i . i 1
(b) r=0.5
- Ra™ = 5x10%
N=1
1.6 Sc=1.3
2L
€ 1.4
@
o
1.2
Lo s
100 2 5 192 2 5 40 2 4
Zl

F1G. 8. The axial variations of the local friction factor ratio
with Q as parameter for: (a) y = 2; and (b) y = 0.5.

the axial distance of the occurrence of the onset of
buoyaRy effects is shorter with a smaller value of Sc.
Additionally, a larger Nu is noted for a system with a
smaller Sc. This is because a smaller Sc¢ corresponds
to a larger binary diffusion coefficient, which in turn
exerts a larger influence on the flow field and hence
the thermal field. The Sherwood number results, Fig.
7b, indicate that, for a given Q, Ra*, N and v, a larger
Sh is associated wi_}h a larger Se. That is, the mass
transfer rate increases with increasing Schmidt
number. The reason for this is that a larger Schmidt
number corresponds to a smaller binary diffusion
coefficient in a given mixture and hence a thinner
concentration boundary-layer thickness relative to the
flow boundary-layer thickness. This results in a larger
mass transfer rate at the duct walls or a larger Sher-
wood number.

(e) Effects of aspect ratio y

The effect of the aspect ratio of a rectangular duct
on frictional factor and heat transfer results is of prac-
tical interest. The local fRe and Nu for the aspect
ratiosy = 2 and 0.5 are shown in Figs. 8 and 9, respec-
tively, with mixed convection parameter Q as
parameter. In Fig. 9a and b, the lowest curve can be
regarded as a limiting case for purely forced convec-
tion. Comparing Figs. 2 and 8 or Figs. 3 and 9, it is
found that the general behaviors of the fRe/(fRe),
and Nu for aspect ratios y = 2 and 0.5 are qualitatively
similar to those of y = 1. However, the maximum
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FiG. 9. The axial variations of the local Nusselt number with
€ as parameter for: (a) y = 2; and (b) y = 0.5.

values of the fRe/(fRe), and Nu of square channel
(i.e. y = 1) are higher than those with y = 2 and 0.5.
This is due to the greater secondary effects for y = 1
in an inclined rectangular duct.

(f) Comparisons with numerical and experimental
results

Since no experimental or numerical data for mixed
convection heat and mass transfer in inclined rec-
tangular ducts are available in the literature, com-
parisons have been made for the limiting case of mixed
convection heat transfer in a horizontal duct without
mass buoyancy effect. Table 2 presents a comparison
of the calculated Nusselt numbers with the numerical
results of Chou and Hwang [16]. It is found that the
differences in the local Nusselt number Nu are all less
than 1% at every axial location. Additionally, the
comparisons of the limiting case of developing mixed
convection heat transfer in an inclined rggtangular
duct were also made. The good agreement between
the experimental and numerical results in the fully
developed region is clearly depicted in Fig. 10.
However, the deviations between the predicted results
and the available experimental results are relatively
significant in the entrance region. This is due to the
fact that, in the present work, the effect of wall con-
duction is neglected. In fact, the circumferential wall
conduction would increase the already established
secondary flow which, in turn, enhances the value
of Nu [21].
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Table 2. Comparisons of the local Nusselt numbers between the present pre-
dictions and those of Chou and Hwang for Pr = 0.7, Ra* = 6 x 10, Q =0

and N=0
Z*
0.01 0.03 0.05 0.07 0.1
Present work 4.758 4.185 4.555 4.460 4415
Chou and Hwang {16] 4.759 4.191 4.561 4.465 4.408

12 T R ey — T T
—o— Morcos et al. [21]
—a&— Morcos et at. [21]

10 —— Present Work i

r=2.667
8—.
-

6._

4 1 gl T A S R | L

103 2 5 w0 2 10" 2

Z*
10. Comparisons between the predicted Nu and the

available experimental results [21] for mixed convection heat

transfer in an inclined rectangular duct with 6 = 30°.

CONCLUSION

Laminar mixed convection heat and mass transfer
in inclined rectangular ducts has been studied. The
effects of the modified Rayleigh number Ra*, buoy-
ancy ratio &, Schmidt number Sc, aspect ratio y and
Q, a parameter that measures the relative importance
of free and forced convection, on the momentum,
heat and mass transfer were examined in detail. What
follows is brief summary of the major results.

(n

@

3)

4

Variations of local friction factor ratios, local
Nusselt and Sherwood numbers show that the
axial position corresponding to the onset of the
buoyancy effects depends mainly on the mag-
nitude of Q and Ra*.

The distributions of local Nusselt (Sherwood)
number are characterized by a decay near the
entrance due to the entrance effect ; but the decay
is attenuated by the onset of buoyancy-driven sec-
ondary flows. After.a first local minimum being
reached, maximum and minimum local Nusselt
numbter may exist. Finally, Nu approaches an
asymptotic value when the temperature profile
becomes fully developed.

The local friction factor, local Nusselt and Sher-
wood numbers are found to increase and decrease
when the buoyancy force from species diffusion®
assists and opposes, respectively, the thermal
buoyancy force.

A larger Nu is experienced for a system with a
smaller Sc.
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