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Abstract-Mixed convective heat transfer results for two-dimensional laminar flow in an inclined duct 
with a backward-facing step are presented for both the buoyancy assisting and the buoyancy opposing 
flow conditions. The wall downstream of the step is maintained at a uniform heat flux, while the straight 
wall that forms the other side of the duct is maintained at a constant temperature equivalent to the inlet 
fluid temperature. The wall upstream of the step and the backward-facing step are considered as adiabatic 
surfaces. The inlet flow is fully developed and is at a uniform temperature. The effects of the inclination 

angle and Prandtl number on the velocity and temperature distributions are reported. 

INTRODUCTION 

A SUDDEN change of wall orientation in flow passages 
will significantly affect the characteristics of the flow 
near the wall and sometimes causes flow separations 
and reattachments. A typical case is flow over a 
stepped wall where a forward-facing step forms a sud- 

den compression of the flow, while a backward-facing 
step forms a sudden expansion of the flow. The com- 
bination of these two geometries yields a rib or an 
open cavity. Investigations have shown rapid changes 
in heat transfer and friction coefficient near a step or 
a rib, which may provide the potential for optimizing 
some designs of heat transfer devices, such as cooling 
systems for electronic components and reactors, 
cooling passages in turbine blades, combustion cham- 
bers, and many other heat exchanging surfaces. A 
backward-facing step which forms a sudden expan- 
sion in the flow passage, causes flow separation and 
develops a recirculation region behind the step. Owing 
to its relative simplicity, this geometry has been stud- 
ied by many investigators. The existence of the recir- 
culation region provides high heat transfer per- 

formance near the reattachment point of the separated 
flow for turbulent flow, as presented by Aung and 
Goldstein [l] and by Aung and Watkins [2], as well 
as for laminar flow as presented by Aung [3], Sparrow 
et al. [4], and Sparrow and Chuck [5]. Armaly et 
al. [6] experimentally investigated the hydrodynamic 
behaviors, such as the reattachment length and the 
velocity profiles, of a laminar duct flow with a back- 
ward-facing step. Others utilized different numerical 
schemes to study the same problem. Sparrow et al. [4] 
reported on the reattachment length and the location 
of the maximum heat transfer rate for laminar flow in 
a channel with a step, by using the vorticity-stream 
function approach, and Aung et al. [7] reported the 

effects of initial shear-layer thickness on the heat 
transfer. Vradis and Van Nostrand [8] reported the 
effects of variable fluid viscosity, and &igen [9] car- 
ried out an experiment to show the effects of expan- 
sion ratio in turbulent flow. Lin et al. [ 10, 1 l] studied 
the buoyancy force effects when the wall behind the 
step was heated and maintained at a constant tem- 
perature. All of the above studies treated the case of 
uniform wall temperature and only Lin et al. [lo, 1 l] 
considered the effect of buoyancy on the flow and heat 
transfer characteristics. In many practical cooling or 
heating applications, however, the buoyancy effects 
cannot be neglected. Also in some cases, the thermal 
boundary condition at the wall could be better 
described by specifying the heat flux at the wall rather 
than the temperature. None of the previous studies 
dealt with a buoyancy opposing flow or with the effect 
of the Prandtl number on the flow and heat transfer 
behavior. 

In the present study, buoyancy-affected (assisting 
and opposing) laminar mixed convection flow over a 
backward-facing step in a two-dimensional duct with 
a heated wall subjected to uniform heat flux (UHF) 
is investigated. The effects of inclination angle and 
Prandtl number on the flow and heat transfer charac- 
teristics are studied for buoyancy assisting and oppos- 
ing flows. 

ANALYSIS 

Consider a steady-state two-dimensional incom- 
pressible laminar flow in an inclined duct with a sud- 
den expansion behind a backward-facing step as 
shown in Fig. 1. Fluid enters through the smaller end 
of the duct and leaves through the larger end. It is 
assumed that the fluid enters the duct with a uniform 
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NOMENCLATURE 

G wall friction coefficient defined by V dimensionless transverse velocity 

?J(PU~/2) component, v/u0 

Y gravitational acceleration X streamwise coordinate as measured from 

Gr, Grashof number, gj3q,s4/(kv2) the step 

/l channel height at inlet XC calculation domain downstream of step 

H channel height at exit .% inlet length upstream of step 

k thermal conductivity of the fluid .% location of peak Nusselt number 

L length of calculation domain, x,+x, x0 secondary recirculation length 

NM, local Nusselt number, q,s/[k(T,- To)] -? reattachment length 

P pressure x dimensionless streamwise coordinate, x/s 

P dimensionless pressure defined by X, x,, X”, X”, X .%I& .%I& .%I.% x0/s, &IS 

(P+ PLW)l(P&) I transverse coordinate 

Pr Prandtl number of the fluid, v/cc Y dimensionless transverse coordinate, y/s. 

4W wall heat flux 
R expansion ratio, H/s Greek symbols 

Re, Reynolds number defined by u,s/v 

; 

thermal diffusivity of fluid 

S step height volumetric coefficient of thermal 

T fluid temperature expansion 

To temperature of the inlet fluid or the i’ inclination angle as measured from the 
unheated wall vertical axis 

T* temperature of the heated wall 0 dimensionless temperature, 

u streamwise velocity component (T- To)l(q&) 

u, local inlet velocity kinematic viscosity of the fluid 

110 average inlet velocity : buoyancy parameter, Gr,,/Re,f 

u dimensionless streamwise velocity P density of the fluid 

component, u/u0 7, local wall shear stress, ~(&L/@),_,, 
c’ transverse velocity component $ stream function. 

Flow out 

FIG. 1. Schematic diagram of flow domain. 

temperature T, and with a fully developed velocity batic surfaces, while the wall downstream of the step 
profile. The straight wall of the duct is maintained at is heated and maintained at a uniform heat flux qw. 

a uniform temperature that is equal to the inlet fluid The inlet length upstream of the step is x, and the exit 
temperature To. The upstream portion of the stepped length downstream of the step is x,. The gravitational 
wall and the backward-facing step are treated as adia- acceleration g is acting vertically downward, and the 

calculation domain has a length of L, = x,+x, and a 
height of H = h + s. 

In the analysis, the fluid properties (such as thermal 

diffusivity c(, kinematic viscosity v, and thermal expan- 
sion coefficient j) are treated as constant and evalu- 
ated at the inlet temperature To. By employing the 
Boussinesq approximation and introducing the fol- 
lowing dimensionless parameters 

u=u/u,, v=o/u,, x=x/s, Y=y/s (1) 

Q = (T- To)l(q,slk), P = (p+pgx)lpu:, (2) 

Pr = v/z, Re, = u,sjv (3) 

Gr, = gbq,s4/kv2 (4) 

Gr, = Gr,% cos y, Gr,. = Gr, sin y (5) 

the non-dimensional form of the governing con- 
servation equations for the physical problem 
described can be written as 
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Continuity : 

g+g=o 
X-momentum 

D.g+I+ -&+&($+%)+Ss 

(7) 

Y-momentum 

UE,VE= -~+~(~+~j+~~ 

(8) 

Energy 

ae ae 1 

‘Z?+“aY= PrRe, dX* 
-(E+$). (9) 

The last term on the right-hand-side of the momen- 
tum equations (7) and (8) represents the buoyancy 
force contribution which couid become signi~cant 
when the Reynolds number is relatively low and the 
Grashof number is relatively high, as shown by Lin 
et ai. [lo]. The governing equations for the pure forced 
convection case for this geometry are the same as the 
above equations with the exception that the last term 
in equations (7) and (8) are deleted, i.e. there is no 
coupling between the momentum and the energy 
equations. 

The boundary conditions for the above set of 
governing equations are : 

(i) Upstream inlet conditions at X = -Xi and 
1 < Y<R,whereR=H/s: 

u, = Ui/Ugr v=cl, e=o. (10) 

The flow at the duct inlet is assumed to be fully 
developed with an average velocity u,,. Thus, the inlet 
velocity distribution is parabolic and can be expressed 
as 

u,,x_x, =$I- (q&q] (11) 

(ii) Downstream exit conditions at X= X, and 
o< Y<ff: 

a2ujax' = 0, ~2vjax2 = 0, imjax2 = 0 (12) 

{iii) Straight wall at Y = R and -Xi < X < X, : 

u=o, Y=O, o=o (13) 

(iv) Stepped wall 

Upstream of the step at Y = 1 and -X, < X < 0 : 

u=o, v=o, ae/ar=o (14) 

AtthestepX=OandO< Y< I: 

u= 0, v= 0, aejax= 0 (15) 

Downstream of the step at Y = 0 and 0 < X 6 X, : 

u=o, v=o, ae/ar= --I. uf3 
The dimensionless conservation equations and the 

boundary conditions show that all quantities related 
to this problem are function of Pr, Re,y, Gr,?, 0, R, X, 
Y, Xi, and X,. Since the wall upstream of the step is 
adiabatic and the flow entering the duct, at X = -Xi, 
is fully developed, the effect of Xi was found to be 
negligible when X, 2 5. Similarly, the effect of X, was 
also found to be negligible when X, > 30. In this study 
the results will focus on the effect of inclination angle 
and the Prandtl number on the flow and heat transfer 
characteristics. All the other parameters will be fixed 
at Re,v = 100, Gr,r = 609 and R = 2. These magnitudes 
result from an air flow at 293 K with s = 0.0048 m, 
H = 0.0096 m, u0 = 0.314 m s-‘, and qw = 200 W 
rnm2. The effects of Reynolds number, Grashof num- 
ber and the expansion ratio on the flow and heat 
transfer characteristics have already been reported by 
Hong et a2. [123 for air flow in the vertical geometry. 
The results of that study show that increasing the 
Reynolds number increases the reattachment length 
and the Nusselt number, but it decreases the friction 
coefficient; increasing the Grashof number will 
increase the wall friction coefficient and the Nusselt 
number, but it decreases the reattachment length ; 
increasing the expansion ratio will increase the re- 
attachment length when the expansion ratio is less 
than 2.25, but decreases it when the expansion ratio 
is higher than 2.25. 

NUMERICAL PROCEDURE 

Since the buoyancy force term appears in the 
momentum equations, the thermal field and the flow 
field are coupled, and they have to be solved sim- 
ultaneously. The SIMPLE algorithm as described by 
Patankar [13] was utilized to obtain the solution of 
the coupled partial differential equations. The initial 
velocity and pressure distributions inside the flow 
domain were set to zero and the initial temperature 
distribution was set as uniform and equal to the inlet 
fluid temperature. The momentum equations were 
solved first based on the temperature and the velocity 
values from the previous iteration step and then the 
energy equation was solved to update the temperature 
field. This process was repeated for each iteration 
step until a converged solution was obtained. The 
computer code was verified by predicting the exper- 
imental results of Armaly et al. [6] and the numerical 
results of Lin et al. [lo]. 

In this study, the entrance length was set to Xi = 5 
and the length downstream of the step was chosen to 
be X, = 30. These lengths were selected after estab- 
lishing the fact that a longer length will essentially not 
affect the results in the neighborhood of the recir- 
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culation region behind the step. A non-uniform grid 
system was adopted, with grid points of 100 and 50 in 
the streamwise and transverse directions, respectively. 
Grid points were distributed such that they were more 
tightly packed near the walls and near the location 

of the reattachment point where steep variations of 
velocities were expected. Trial runs were made to 
identify more accurately these regions. The grid sys- 
tem was varied smoothly in both the streamwise and 
the transverse directions, forming the minimum and 
maximum step sizes of 0.1 and 1.4 in the X direction, 
and 0.02 and 0.07 in the Y direction, respectively. The 

number of grid points was also doubled (140 x 70) in 
the calculations to assure grid independent solution. 
The maximum changes in NM,,, U, and X, in the recir- 

culation region for these two grid systems are less 
than 1.2, 5.5, and 0.8%, respectively. The numerical 
solution was considered as converged when the 
maximum of the total normalized residuals of mass, 
momentum and energy was less than 0.01. All com- 
putations were performed on an Apollo-10000 com- 
puter and it took about 1000 iterations in most cases 

to reach a converged solution. 

RESULTS AND DISCUSSION 

To investigate the effects of inclination angle on the 
flow and heat transfer characteristics, the inclination 
angle was varied from 0 to 360” while keeping the 
other parameters constant, i.e. Re,\ = 100, Gr, = 609, 
and R = 2 and Pr = 0.712. Similarly, in investigating 
the effects of the Prandtl number the inclination angle 
was fixed at y = 0 while varying only the Prandtl num- 
ber in the range of 0.07 < Pr < 100. 

Effects of inclination angle 
The conservation equations show clearly that 

changes in the inclination angle influence the mag- 
nitude of the buoyancy parameter in both the X and 
the Y directions. The buoyancy parameter in the X 
direction, Gr,lRe:, and in the Y direction, GrJRe.2, 
will vary sinusoidally with the inclination angle and 
the flow will experience buoyancy assisting and buoy- 
ancy opposing effects as the inclination angle changes 
from 0 to 360”. As the inclination angle increases 
from 0 to 180” the buoyancy force in the X direction 
decreases, reaching its minimum value at y = 180”. As 
the inclination angle continues to increase from 180 to 

360” the buoyancy force in the X direction increases, 
reaching its maximum value at y = 0 or 360”. The 
general flow characteristics as affected by increasing 
the inclination angle, y, from 0 to 360” are illustrated 
in Fig. 2. The size of the geometries is based on the 
dimensionless length of the step height. Each of the 
figures for a given angle y captures only a small region 
of the calculation domain to highlight the influence of 
the inclination angle on the recirculation region and 
the reattachment length. These individual figures illus- 
trate the changes in the stream function for inclination 
angles from 0 to 360”. At the vertical position (y = O@), 

the streamwise buoyancy component Gr, has its 
maximum value, whereas the transverse buoyancy 
component Gr,. is zero. At this orientation, the buoy- 
ancy is assisting the forced flow. The opposite orien- 
tation is the downward flow with y = 180”, where the 
transverse buoyancy component Gr, is again zero but 

the streamwise buoyancy component Gr, is opposing 
the forced flow. The influence of the inclination angle 
is clearly seen from the changes in the sizes of the 
primary and the secondary recirculation regions. 

A more quantitative illustration of the sizes of the 
recirculation regions for O- < 7 < 360’ is shown in 

Fig. 3. The reattachment length, X,, increases with 
increasing inclination angle for 0” < y < 180” and 
decreases with increasing inclination angle for 

180” < y < 360’-. The length of the secondary recir- 
culation region, X,, on the other hand, decreases as 
the inclination angle increases for 0” < y < 180” and 

increases as the inclination angle increases for 
180” < y < 360”. A closer examination of Fig. 3 
reveals that the X, curve as well as the X0 curve arc 
not entirely symmetric with respect to y = 180”, which 
means that the direction of the transverse buoyancy 
force influences the sizes of both recirculation regions 
and that it is responsible for causing the nonsymmetry 
in these curves. It is clear from these results that plac- 
ing this geometry at y = 270” would not eliminate the 
influence of the buoyancy force. This orientation has 
been selected by some investigators (i.e. Aung [3]) 
to experimentally measure the forced convection 
behavior in this geometry with the hope of eliminating 
the buoyancy force effects. Figure 3 also shows that 
the influence of the inclination angle decreases as the 
Prandtl number increases and also as the Grashof 
number, Gr,, decreases. In addition, the location of 

the peak Nusselt number, X,, is seen to increase with 
increasing inclination angle from 0 to 180’ and to 
decrease as the inclination angle continues to increase 
from 180 to 360’. The location of the peak Nusselt 
number, X,, is upstream of the reattachment point X, 
(i.e. X, < X,) for the region 110” < y < 250” and is 
downstream of it (i.e. X, > X,) for the inclination 
angles outside that region. 

Correlation equations for the reattachment length 
X,, the secondary recirculation length X0, the location 
of the peak Nusselt number X,, and the maximum 
Nusselt number Nu,,“,,, as a function of the inclination 
angle were developed. They are given by 

X, = [5.462- 1.620~0s (y)][O.95 

+O.O5cos(2y)][l.0+0.02sin(y)] (17) 

X, = MAX{04462cos (y)[l.O-0.50sin (y)],O.O} 

(18) 
X, = [5.472-00.6535~0s (y)][O.98 

+0.02cos(2y)][l.0+0.02sin(y)] (19) 

and 

WWI,, = [l.Ol -O.Olcos(2y)][1.752+O.l5lcos(y)] 

(20) 
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FIG. 2. Streamlines for different inclination angles (Gr, = 609, Re, = 100, R = 2 and Pr = 0.712). 

where MAX{a, b} is a function that returns the larger 
of the two arguments. The above correlation equa- 
tions give maximum deviations from the predicted 
results by 0.04,0.2, 0.08, and 0.02 respectively. 

For the buoyancy assisting cases, 0” < y < 90” and 
270” < y < 360”, the friction coefficient Re,C, at the 
heated wall increases above the value for the pure 

, .,. * ~ ..‘ * 

60 120 180 240 300 360 

r 

FIG. 3. Inclination angle effects on X,, X0 and X. (Re, = 100 
and R = 2). 

forced convection case, and for the buoyancy oppos- 
ing cases, 90” < y < 270”, the friction coefficient 
Re,C, at the heated wall decreases below the pure 
forced convection value due to the corresponding 
increase or decrease in the streamwise buoyancy Gr,. 
The influence of the transverse buoyancy Gr, on Re,Cr 
is generally small in the region away from the recir- 
culation region where the streamwise velocity is rela- 
tively high, but in the recirculation region, where the 
streamwise velocity is relatively small, the intluence of 
the transverse buoyancy force is more pronounced. 

The effect of inclination angle on the local Nusselt 
number is illustrated in Fig. 4. The Nusselt number 
decreases as the inclination angle increases in the 
range of 0” & y < 180”, and it increases with an 
increase in the inclination angle when 
180” < y < 360”. The results in this figure show that 
the dependence of the Nusselt number on the trans- 
verse buoyancy is small even in the recirculation 
region. The largest difference in the magnitude of the 
Nusselt number for the cases with identical streamwise 
buoyancy force and identical but opposite transverse 
buoyancy force, i.e. y = 4.5 and 315”, occurs in the 
neighborhood of the maximum Nusselt number 
region. Although the difference in these two cases is 
small, the positive transverse buoyancy force, i.e. 
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X 

FIG. 4. Inclination angle effects on NM, along the heated wall 
(Gr, = 609, Re, = 100, R = 2 and Pr = 0.712). 

1/ = 45”, results in a higher Nusselt number value than 
the negative transverse buoyancy force. 

The effect of inclination angle on the velocity dis- 
tributions at X = 3 and X = 25 is shown in Fig. 5. At 
X = 25, in the vertical orientation the velocity profile 
is skewed towards the heated wall (Y = 0) due to the 
buoyancy assisting streamwise buoyancy force. By 
increasing the inclination angle, which is equivalent to 
changing the magnitude of the streamwise buoyancy 
force, the peak of the U-velocity profile decreases and 

its location also moves away from the heated wall and 
towards the centerline ( Y = 1 .O) of the duct. At y = 90 
and 270”, the peak of the velocity profile occurs almost 
at the centerline of the duct. As the inclination angle 
continues to increase, 90” < y C 270’, in the buoyancy 
opposing flow regime, the fluid flow in the region 
adjacent to the heated wall is retarded by the opposing 
buoyancy force. For these cases, the peak of the vel- 
ocity profile skews towards the cooler unheated wall 

(Y = 2.0) to maintain mass conservation. Here again 
the transverse buoyancy force does not play a sig- 
nificant role on the velocity field. However, inside the 
recirculation region at X = 3, where the flow velocity 
is relatively small in the region near the wall, the 
transverse buoyancy force plays a more significant 
role. This figure for X = 3 illustrates the increase in 
the reattachment length and the magnitude of the 
velocity in the recirculation region as the inclination 

-O+m t 0.0 0.5 1.0 I.5 2.0 

Y Y 

FIG. 5. Inclination angle effects on U at X = 3 and 25 
(Gr, = 609, Re,? = 100, R = 2 and Pr = 0.712). 

angle increases from 1’ = 0 to )’ = 180 The peak vel- 
ocity increases and the velocity profile skews towards 
the unheated wall as the inclination angle increases 
lirom1;=0 toy= 180. 

The temperature distributions exhibit the normal 
trend of decreasing from the heated wall value to the 

unheated wall value at any cross-section of the duct. 
The temperature gradient at the heated wall is con- 
stant due to the imposed uniform heat flux condition. 
The lowest wall temperature occurs for buoyancy- 
assisting vertical orientation (?; = 0’ ), while the high- 
est wall temperature occurs for buoyancy-opposing 
vertical orientation (y = 180”). The transverse buoy- 
ancy force has very small effect on the temperature 
distribution in the region downstream of the re- 
attachment point, but it has some effect on the 
temperature distribution in the recirculation region 

where the velocity is low. To conserve space, the tem- 
perature profiles are not illustrated. 

Effects of Prandtl number 

The influence of Prandtl number on the flow and 

heat transfer characteristics is examined for only one 
inclination angle corresponding to the case of buoy- 
ancy-assisting vertical flow (; = 0”). Similar trends 

will exist for other inclination angles. Figure 6 displays 
the effect of Prandtl number on the streamlines as 
well as the isotherms in the region near the step for 
Re, = 100, Gr,s = 609, and R = 2. The flow with small 
Prandtl numbers, i.e. Pr = 0.07, is strongly affected 
by the buoyancy force, thus creating another reverse 
flow region near the unheated wall to compensate for 
the accelerated flow in the region near the heated 
wall. This reverse flow region does not exist when the 
Prandtl number is large. Also, the size of the primary 
recirculation region increases, while the size of the 
secondary recirculation region decreases, with in- 
creasing Prandtl number. As in other mixed con- 

vection flows, fluids with a smaller Prandtl number 
are more easily affected by the buoyancy force. The 
isotherms illustrate the temperature field in the sep- 
arated flow region. The first line from the cold wall is 
the line with tJ, = 0.0 1335 for all the Prandtl numbers 
presented in this figure. The most significant infor- 
mation in these plots is the shifting of the 0, line 
for the different Prandtl numbers. For the case of 

Pr = 0.07 this line moves towards the cold wall where 
0, = 0. With increasing Prandtl number, that line 
moves towards the heated wall. The area enclosed 
between the 0, line and the heated wall can be con- 
sidered as the thermally influenced region of the fluid 
by the heated wall. The large region that is associated 
with a smaller Prandtl number indicates the relatively 
strong thermal conduction component in these fluids, 

Figure 7 shows the variation of the reattachment 
length X,, the length of the secondary recirculation 
region X0. and the location of the peak Nusselt num- 
ber X, with the Prandtl number. For small Prandtl 
number fluids (at this level of buoyancy parameter), 
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Pr = 0.712 

m *n 
Pt = 7 

P+=lcMl 
FIG. 6. Streamlines and isotherms for different Prandtl numbers (y = 0”, Gr, = 609, Re, = 100 and R = 2). 

the reattachment length is only about 65% of that for 
the pure forced convection case. However, for large 
Prandtl number fluids, say Pr > 20, the reattachment 
length is about 99% of that for the pure forced con- 
vection. The size of the secondary recirculation region 
decreases only slightly with increasing Prandtl 
number. These behaviors are consistent with the 
observations that low Prandtl number fluids are 
affected more by the buoyancy force due to the large 
thermally affected region as seen in Fig. 6. The 

0 

A 3 
v X0 

~ C”orrelation 
----- X, PureForced 

Pr 

FIG. 7. Prandtl number effects on X,, X, and X, (y = 0”, 
Gr, = 609, RITE = 100 and R = 2). 

location of peak Nusselt number is downstream of 
the reattachment point (X, > X,) for small Prandtl 
number fluids (Pr < 10) and upstream of the re- 
attachment point (A’, < A’,) for higher Prandtl num- 
ber fluids (Pr > 10) for the conditions considered in 
this study. 

Correlation equations for the reattachment length 
X,, the secondary recirculation length X,, the location 
of the peak Nusselt number A’,, and the maximum 
Nusselt number Nu,,,,,, as a function of Prandtl num- 
ber were developed for this part of the study. They 
are given by 

X, =4.9-1.7exp(-Pr/0.4) (21) 

X, = 0.336-0.00165Pr (22) 

X, = 3.53+ 1.71 Pr, 0.07 < Pr < 0.712 (23a) 

X, = 4.753-0.0091Pr+6.786~ lO_‘Pr*, 

0.712 < Pr < 100 (23b) 

and 

WMlW = 0.52+ 1.29JPr. (24) 

These correlations give maximum deviations of 
0.77, 0.15, 0.06, 0.06 and 0.17, respectively, from the 
predicted results. 

In general, the friction coefficient, Re,C,, increases 
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Pure Forced: __ Pr 

15 20 25 30 
X 

FIG. 8. Prandtl number effects on Nu, (y = 0 1 Gr, = 609, 
Re, = 100 and R = 2). 

with decreasing Prandtl number because smaller 
Prandtl number fluids give rise to a higher velocity 
gradient at the heated wall. The difference between 
the shear stress for pure forced convection and that for 
mixed convection decreases with increasing Prandtl 
number. This supports the previous observations that 
the buoyancy force effects decrease as the Prandtl 
number increases. The Nusselt number variation 
along the heated wall for fluids with different Prandtl 
numbers is presented in Fig. 8. The Nusseh number 

increases, whereas the heated wall temperature 
decreases, as the Prandtl number increases. Also, it 
can be seen that fluids with a larger Prandtl number 
give rise to a higher rate of change in the Nusseh 
number near the step and also a larger magnitude. 
This behavior is due to the different heat conduction 
rates in both the streamwise and the transverse direc- 
tions for fluids with different Prandtl numbers. The 
nearly flat curves that are associated with low Prandtl 

numbers reflect the strong streamwise conduction rate 
that reduces the streamwise temperature gradient in 
the fluid. The reverse is true for the higher Prandtl 
number fluids. The buoyancy force does not play an 
important role on the Nusselt number variation for 
the Grashof and Reynolds number considered in this 
part of the study. 

The effect of Prandtl number on the velocity dis- 
tributions at X = 3 and 25 is illustrated in Fig. 9. The 

FIG. 9. Prandtl number effects on U at X = 3 and 25 (y = 0’) 
Gr, = 609, Re, = 100 and R = 2). 

distributions for fluids with Pr > 7 he in between 
those with Pr = 7 and that of pure forced convection 
flow. A high Prandtl number fluid provides a very thin 
thermally affected region, causing the buoyancy effect 
to be confined to this thin region adjacent to the 
heated wall. For this reason the velocity profile for 
high Prandtl number fluids approaches the pure for- 
ced convection flow. For fluids with a smaller Prandtl 
number, the thermally affected region expands from 
the heated wall to the cold wall and so does the region 
that is affected by the buoyancy force. For example, 

in the case of the flow with Pr = 0.07 the velocity 
profile at the location X = 25 approaches the fully 
developed mixed convection profile. The figure shows 
that the length of the recirculation region increases as 
the Prandtl number increases. Also, the wall tem- 
perature increases with decreasing Prandtl number, 
and low Prandtl number fluids reach the fully 
developed state at smaller streamwise locations than 
fluids with higher Prandtl numbers. 

CONCLUSIONS 

The effects of the inclination angle and the Prandtl 

number on the flow and heat transfer characteristics 
of two-dimensional laminar mixed convection flow in 
a duct with a backward-facing step are reported for 
the case when the downstream wall behind the step 
is maintained at constant heat flux. Increasing the 

inclination angle from 0 to 180’ will increase the reat- 
tachment length, but it will decrease the wall friction 
coefficient and the Nusselt number at the heated wall. 
The transverse buoyancy force does not have a sig- 
nificant effect on the flow and heat transfer. Increasing 
the Prandtl number will increase the Nusselt number 

and the reattachment length, but it will decrease the 
wall friction coefficient. Fluids with a smaller Prandtl 

number are more sensitive to changes in the buoyancy 
force and will reach the fully developed condition at a 
smaller downstream location than fluids with a higher 
Prandtl number. 
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