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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 solved sim It+eously. Six independent parameters are 
introduced : Prandtl number Pr. mixed convection parameter R mpdrfied Rayleigh number Ra*, buoyancy 
ratio N, aspect ratio 7 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 = 0.222.0. In the study, the mixed convection parameter n ranges 
from 0 to 200, while the modified Rayleigh numbers Ra* are varied from 0 to 10’ for the aspect ratios 
7 = 0.5, I, 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 S/I 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. 21 and in inclined ducts [3-61. Mixed convection in 
the thermal entrance region of horizontal rectangular 
channels under the assumption of large Prandtl num- 
ber were studied by Cheng et ~11. [7] and Ou ct al. 
[8]. The same problems were also investigated for a 
horizontal tube by Hieber and Sreenivasan [9], Ou 
and Cheng [lo] and Hishida et al. [l 11. But these 
results are applicable only to the fluids of large Prandtl 
number. Without the assumption of a large Pram&l 
number, the detailed numerical studies on mixed con- 
vection heat transfer have been studied in horizontal 
ducts [12-181. In many practical situations, the duct 
is not horizontal and the problems of mixed con- 

vection in inclined ducts become important. Abou- 
Eilail and Morcos [ 191 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 et al. [26]. 

In spite of its importance in engineering appli- 
cations, the mixed convection heat and mass transfer 
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NOMENCLATURE 

A cross-sectional area of a horizontal T0 inlet temperature [K] 
rectangular duct [m*] U, V, W dimensionless velocity components 

a, b width and height of a rectangular duct in X, Y and Z directions 

[ml w f fully-developed axial velocity before 
c, C dimensional and dimensionless species the entrance [m s-‘1 

concentration W, dimensionless fully-developed axial 
D mass diffusivity velocity before the entrance 

.P 

equivalent hydraulic diameter, 4A/S % mean quantity for W, 
friction factor, 27,/(p$) -x, Y, z rectangular coordinate [m] 

9 gravitational acceleration [m sm2] I’, Y, Z dimensionless rectangular coordinate, 
Gr Grashof number, gbqLD:/(?k) X = x/D,, Y = y/De, Z = z/(ReD,) 
h average heat transfer coefficient Z* dimensionless z-direction coordinate, 

[W rn- * Km’] z/(PrReD,) = Z/Pr. 

f&4 average mass transfer coefficient 
I, J number of finite difference divisions in Greek symbols 

X and Y directions thermal diffusivity [m’ s ‘1 
k thermal conductivity [W m K- ‘1 ; coefficient of thermal expansion [K ‘1 
m mth iteration B* coefficient of concentration expansion 

I, 
m, mass diffusion flux at the channel wall 6 duct inclination angle 

[kg m* s-‘1 li’ aspect ratio of a rectangular duct, a/b 
N buoyancy ratio, (~*m~/D)/(~q~/k) 0 dimensionless temperature, 
n outward normal direction to the wall (T- T,)M%lk) 
NU local Nusselt number, hD,/k kinematic viscosity [m’ s-‘1 

Pm dynamic pressure [kPa] ; dimensionless vorticity in axial 

P cross-sectional mean pressure [kPa] direction 
P dimensionless cross-sectional mean 

pressure : 
density [kg mm’] 
mixed convection parameter, (Ra/Re) 

P perturbation term about the mean sin 6. 
pressure P 

.p* Prandtl number, v/a Subscripts 
I, 

9w uniform wall heat flux [W mm’] b bulk fluid quantity 
Ra Rayleigh number, Pr Gr f fully-developed quantity before 
Ra* modified Rayleigh number, Ra cos 6 thermal entrance 
RI2 Reynolds number, @De/v 0 condition for purely forced convection 
S circumference of cross section [m] W value at wall. 
SC Schmidt number, v/D 
Sh Sherwood number, h,D,/D Superscript 
T temperature [K] 

_ 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 
the inclined rectangular duct under consideration 

is shown schematically in Fig. 1 with an inclination 
angle S. The u, v and w are the velocity components 
in the x, y and z directions, respectively. A fully- 
developed axial velocity profile wrand a constant inlet 
temperature T,, and concentration c, are imposed at 
the entrance z = 0. The duct walls are subjected to a 

uniform heat flux qt and uniform mass flux rnt. The 
flow is assumed to be steady and have constant ther- 
mophysical properties except the buoyancy terms in 
they and z momentum equations. It was shown in refs. 
[ 13, 151 that the axial diffusion terms in the governing 
equations are negligible when the Peclet npber 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 eqwtion of state for an ideal gas mix- 

ture and assuming a low level of concentration in the 
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t 
b 

6 = 0’ 

FIG. 1. Physical configuration and coordinate system. 

flow, the density variation in the flow can be approxi- 
mated by : 

P =Po[1-B(~--o)-B*(C--o)l (1) 
where pO is the density evaluated at the reference tem- 
perature T,, and concentration co. 

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/De Y = YID, 

Z = z/(Re D,) z* = Z/Pr 

U = uD,/v V = vD,/v 

w = “/@f p = d(POfi2 

p’ = p’/(pOv2/D,2) 0 = (T- T,)l(qCD,lk) 

C = (c-~.“)/(rnl:D,/D) Gr = ,!lqLD:/(v’k) 

Ra = PrGr N = (B*mtJD)l(Bqklk) 

Ra* = Ra cos 6 Q = (RalRe) sin 6 

Pr = v/cl SC = v/D 

y = a/b D, = 4AjS. (2; 

With these definitions and the assumptions made 
earlier, the dimensionless governing equations can 
then be written as follows : 

Continuity equation : 

aujax+avjar+awjaz = 0; (3) 

X-direction momentum equation : 

uaujax+ vdujaY+ waujaz 

= -a~jax+2~ujax~+a~ujay~; (4) 

Y-direction momentum equation : 

uavjaxi v2vjar+ wavjaz 
= -~P’!a’Y+aZviax*+aZviaY* 

+ (Ra*/Pr)(Q+ NC) ; (5) 

Z-direction momentum equation : 

uawjax+vo?wp~+wawlaz 

=.-dp/dZ+?‘WjdX’ +22 W/?Y’ 

+ (RjPr) * (Ht NC) ; (6) 

Energy equation : 

uaojax+ vaepr+ waejaz 

= (aVjax* + a%ja P)/Pr ; (7) 

Concentration equation : 

uacjax+vacjay+wacjaz 

= (8 w/sx* +2'W/2Y2)/Sc. (8) 

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 : 

4 = auja Y-avjax. (9) 

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

aZujax2+22ujar* = tyjau-al wiaxaz, (10) 
i'V/2X2+C:'V/SY' = -2g/2x-d2W/2Y?Z. (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 : 

u>gax+ vagja~+wr:giiz+~(aujsx+av/aY) 

+(awjay.au/az-2wIaxeav/az) 

= c:L~!dX’+c’~5’/(:Y’-(Racos61Pr) 

. (aejrix+~acjax). (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 t;)/(Z;) 

s j 

cl+;)/4 
W*dXdY = (1 +y)‘/(Sy). (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- 
bolicelliptic 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 : 

C’ = v = w = 0 i;e/an = acjsn = 1 

at the duct walls, (14a) 

(: w/(:x = u = F v/ax = csojax = acjax = 0 

at the symmetric plane X = (1 + y)/4, (14b) 

W=W, U=V=<=O=C=O 

at the entrance Z = 0. (14~) 

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, 291. 

After the velocity, temperature and concentration 
fields a?? 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 numberf&, the 
peripherally averaged Nusselt number NM and Sher- 
wood number Sh 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: 

.fRelWWo = (d~ldZ)l(d~lDZ)o, (15) 

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 R and Ra* has reduced the 
number of dimensionless parameters from seven to 
six. Moreover, from equation (2), it is obvious that, 
ash-to: 

sin 6 + 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 6 + 7-r/2 : 

sin6 -+ 1, Ra* + 0, Q --t RajRe, (19) 

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

(R/Pr)*(O+NC) + (Gr/Re)*(Q+NC), (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, 251. 

Thus. it is clear that the introduction of R 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, 291. R 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. 

Nu= l/[W(fI,-@]withW= 1, (16) 

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

Gouring parpmeters 
e governmg equations contain six dimensionless 

parameters: 0, Ra*, N, y, Pr, and SC. R 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 6. Ra* is a modified Rayleigh number given 
by equation (2) and buoyancy ratio N represents the 

SOLUTION METHOD 

The governing equations are solved numerically by 
the vorticityyvelocity method for three-dimensional 
parabolic flow [27]. The equations for the unknowns 
U, V, W, 5.8, C and dP/dZ are coupled. A numerical 
finite-difference scheme based on the vorticityyvel- 
ocity method is used to obtain the solution of equa- 
tions (6)-(8) and (lo)--(12). For given values of 52, 
Ra*, N, SC, y, and Pr, the numerical method of solu- 
tions for unknown U, V, W, <, 8, and C is briefly 
described below. 

(1) The axial velocity at the entrance (Z = 0), con- 
strained to Wr_ 1, is solved independently using 
an S.O.R. method. 
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(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Specify the initial values of U, V, 0 and C, and 
assign a constant for the axial pressure gradient 

(dPldZ) 
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 Wean be tested by the 
satisfaction of the overall conservation of mass, 
equation (13). If the criterion : 

-(1+~)‘/(89 < 10mh, (21) 

is reached, then the values of (? W/8X and (? W/i? Y 
can be evaluated at each grid point. 
The values of ;UiaZ and 8VjaZ are computed 
using a two-point backward difference formula. 
With the known values of U, V and W, the new 
values of 5, f3 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 a* WjaxaZ, a2 W/a Y az, CTg/a Y, and 
at/ax 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 
thewallofX=Ois[16]: 

5,., = -L,-2V2,,/A.x 

+ (uz,J+ I -U,,,p,)/WY). (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, 

E = Max]&I;+’ -&~,]/Max]#‘,+‘] < IO-‘, 

4 = Uor V (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). 
Steps (3)-(7) are repeated at next axial location 
until the final axial location of interest is reached. 

To ensure the accuracy of the present numerical 
results, a numerical experiment with uniform grid9 
was made on the mesh size Ix J and axial step size 
AZ* to determine the grid size required for acceptable 
accuracy. Four arrangements of grid points in the x, 
y and z directions are tested and corresponding results 

are presented in Table 1. It is found that the deviation 
in Nu calculated with Ix J = 16 x 32 and 24 x 48 
(AZ* = 1 x 10 m4-2.5 x 10m4) is always less than 1%. 
Furthermore, the deviation in Nu calculated using 
Ix J (AZ*) = 16x32 (2x 10m5P2.5 x 10m4) and 
16 x 32 (1 x 10-‘-2.5x 10m4) are estimated to be with- 
in 1%. Thus, the computations involving an Ix J 
(AZ*) = 16 x 32 (1 x 10 4-2.5 x 10m4) 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) i$~~cts qf‘mixed comection parameter R 
The bubjiancy effects on the flow characteristics in 

inclined ch%nnels are usually presented by the friction 
factor ratio fRe/(fRe)O, where the subscript ,, rep- 
resents the quantity for purely forced convection. Fig- 
ure 2 shows the axial variations of ,fRe/(,fRe)O for 
different values of R at Ra* = 5 x 104, N = 1, SC = 1.3 
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 R 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),, = I]. 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 R 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 IO-*. The occurrence of the maximum 

\., III., I , , 
,o-3 2 5 10-z 2 5 ,0-l 2 4 

2’ 

FIG. 2. The axial variations of the local friction factor ratio 
forRa*=5x104,N=l,Sc=1.3andy=1withQaspar- 

ameter. 
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Table 1. Comparisons of local Nusselt number Nu for various grid arrangements for the case of 
Pr = 0.7, Ra* = 5 x 104, R = 100, N = 1, SC = 1.3 and y = 1 

IXJ Z* 
(AZ*) 0.006 0.01 0.02 0.04 0.06 0.1 0.4 

12x24 5.698 5.034 4.622 5.23 1 5.394 5.438 5.468 
(1.0 x lO~‘2.5 x 10. “) 

16x32 5.761 5.072 4.633 5.246 5.431 5.457 5.486 
(1.0 x 10-4-2.5 x 10-4) 

16 x 32 5.722 5.071 4.622 5.237 5.434 5.458 5.486 
(2.0 x 10m5-2.5 x 10m4) 

24x48 5.804 5.095 4.636 5.259 5.464 5.471 5.498 
(1.0 x lO-4-2.5x 10m4) 

local friction factor is closely related to the appearance 
of a local maximum secondary flow intensity [18]. 
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 (Hz) 
is a result of combined entrance and buoyancy effects 
[7]. 3 er reaching the first minimum in Nu, maximum 
and minimum local NM 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 

0 
E : Forced Convection 

2,0_3 
2” 

FIG. 3. The axial variations of the local Nusselt and Sher- 
woodnumbersforRa*=5x104,N= l,.Sc= 1.3andy=l 

with 0 as parameter. 

maximum and minimum are also found in the results 
of mixed convection heat transfer in a horizontal duct 
[ 141 and a horizontal tube [ 171. 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 (SC = 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 Sh for 

different modified Rayleigh number Ra* at z2 = 100, 
N = 1, SC = 1.3 and y = 1. From the defining equa- 
tions of Ra* and s2 [equation (2)] it is seen that holding 
Q fixed while increasing Ra* is like decreasing the 
inclination angle 6 and simultaneously increasing the 
Rayleigh number Ra. Alternatively, the same effect 
can be obtained at a fixed inclination angle 6 by 
increasing Ra and Re simultaneously such that the 
value of R remains the same. In any case, the effect of 
increasing Ra* at a fixed R is to increase the combined 
buoyancy effects. It is seen that the effect of Ra* is 
practically negligible when Ra* 6 103. The decrease 

B : 5~10~ 
- c: 1x104 

D : 103-o 
2 I *11,.11*1 0, 
10-3 2 5 10-s 2 5 10-l 2 4 

z+ 
FIG. 4. The axial variations of the local Nusselt and Sher- 
woodnumbersfoPQ= lOO,N= l,Sc= 1.3andy= lwith 

Ra* as parameter. 
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1.8 
n=100 
Ra*= 5~10~ 

- sc=1.3 

1.6- 

1o-3 2 5 10-2 2 5 10-1 2 4 

z* 
FIG. 5. The axial variations of the local friction factor ratio 
for Cl = 100, Ra* = 5 x 104, 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 (S/z) increases. Finally, 
Nu (Sh) approaches an asymptotic value when the 
temperature (concentration) profile becomes fully 
developed. 

(c) Ef;fects oj’buoyancy ratio N 
The effects of buoyancy ratio N on the variations 

of localfRe/(fRe)O, NM and Sh 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 so&al 
diffusion are represented by the term 0 + NC in equa- 
tion (6). When the combination of R, Ra*, N, SC, y 
and Pr is such that 0 + NC > 0, 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 
0 + NC < t), the net buoyancy force will contribute t?~ 
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 

2 
40-3 2 5 10-2 2 5 10.' 2 4 

z* 
FIG. 6. The axial variations of the local Nusselt and Sher- 
wood numbers for R = 100, Ra* = 5 x 104, SC = 1.3 and 

y = I with N as parameter. 

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

(d) IZffects qf Schmidt number SC 
Figure 7 gives the effects of Schmidt number on the 

Nusselt and Sherwood numbers. It is apparent that 

(a) !?a*= 5 ~10' 
n=100 
N=l 
r=1 

10-3 2 5 10-2 2 5 10-l 2 4 

Z* 
FIG. 7. The axial variations of the local Nusselt and Sher- 
wood numbers for 0 = 100, Ra* = 5 x 104, N = 1 and y = I 

with SC as parameter. 
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,(-p 2 5 lo-* 2 5 ,61 2 4 

Z* 

FIG. 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 
buoyaay 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 
thelthermal field. The Sherwood number results, Fig. 
7b, indicate that, for a given R, Ra*, N and y, a larger 
Sh is associated wi_th a larger SC. 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) Ejjk-ts of’uspect 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 
rhtios y = 2 and 0.5 are shown in Figs. 8 and 9, respec- 
tlvely, 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)O 
and NM for aspect ratios y = 2 and 0.5 are qualitatively 
similar to those of y = 1. However, the maximum 

\.,, . -.- 
Rc?= 5x104 
N=l 

a sc=1.3 

21 
10-3 2 5 10-2 2 5 10-l 2 4 

2” 
FIG. 9. The axial variations of the local Nusselt number with 

R as parameter for : (a) y = 2 ; and (b) 7 = 0.5. 

values of the ,fRe/(fRe)o 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 reftangular 
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 104, R = 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 4.415 
Chou and Hwang [I61 4.759 4.191 4.561 4.465 4.408 

- Moms et al. [21] 

6 

FIG. 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 N, 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. 

(1) 

(2) 

(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 R 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 Nusseh 
number 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 diffusiofl 
assists and opposes, respectively, the thermal 
buoyancy force. 
A larger Nu is experienced for a system with a 
smaller SC. 
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