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INTRODUCTION

IN THIS note mixed convection heat transler results for two-
dimensional laminar flow in an inclined duct with a back-
ward-facing step are presented. The results focus on the
effects of inclination angle (buoyancy force) on the flow and
heat transfer characteristics under buoyancy-assisting flow
conditions. Results on laminar forced convection flow over
a backward-facing step have been reported [1- 10]. The pre-
vious studies. however, did not account for the buoyancy
effects on the flow and heat transfer. Recently it has becn
shown that the buoyancy forces influence significantly the
flow and heat transfer characteristics in a vertical duct with
a backward-facing step [11]. The present note reports an
extension of that study and examines the effects of inclination
angle on the flow and heat transfer characteristics under
buoyancy-assisting flow conditions.

ANALYSIS

The geometry and the boundary conditions that are used
in this study are identica! to those used in ref. [11] with the
exception that the duct now is inclined us shown in Fig. 1.
Under the constant property assumption and the Boussinesq
approximation. the governing conservation equations can be
written in the non-dimensional form as
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where U is the dimensionless streamwise velocity component.
w/u,; u the streamwise velocity component; u, the average
inlct velocity . I the dimensionless transverse velocity com-
ponent, r/u, . v the transverse veloeity component; X the
dimensionless streamwise coordinate, x/s: s the step height:
x the streamwise coordinate as measured from the step: ¥
the dimensionless transverse coordinate. 1/s 7 1-the transverse
coordinate; P the dimenstonless pressure. (p+pgy cos )
+ pgy sin )/ (puly; p the pressure ;o the angle of inclination
from the vertical: p the density: ¢ the gravitational accel-
cration; ¢ the dimensionless temperature, (T—7)/
(Tw— T, T the temperature: 7, the inlet temperature; 7,
the temperature of the heated wall; Re, the Reynolds
number, wsv: Gr,o= Gr, cos vy Gr,o= Gr, sin o Prothe
Prandtl number, v.z: Gr, the  Grashol  number.
g, — T,)s* /v % the thermal difTusivity ; # the volumetric
thermal expansion coefficient ; and v the kinematic viscosity.
The thermal properties are evaluated at the film temperature
Ti=(T+7)2

['he boundary conditions are given below.
{a) Upstream inlet conditions at

l < ¥ < His:

X=—-X and

U=um, 1=0=0 (Say

ity = 6l =17 +(H+5)y— Hs|/(H - 5
where H is the channel height at the exit : /i the channel height
at the inlet: i the local inlet velocity: x, the inlet length
upstream of the step; and X, = x5

(by Downstream exit  conditions at ¥ = X,
0= Y < His:

CURX = F0CXT = 210X =0 (5¢)

{5h)

and

along with an overall mass conservation check at the exit,
and where v, s the calculation domain downstream ol the
steprand X, = Y.

(¢) Straight wallat ¥ = Hisand —X, < X < Y_:

U=} = (=1, (5d)
(d) Stepped wall:
upstrcam of the step.at ¥ = 1 and -
U= =d:cY =0 (5¢)
atthestepat X =0and 0 < Y < i
L=, V=00 000X =0 (50
downstream of the stepat ¥V =0and 0 < X < X,
U=V=0. =1 (51)

The length v, from the step to the downstream end of the
calculation domain was chosen to be 100 steps (i.c.
X, = 100). Calculations have verified that the flow will
become fully developed at the end of this section. The length
x, for the upstream calculations demain was chosen to be
five steps (i.e. X, = 5). Details of the solution scheme are
eiven in ref. [11].

The results presented in this study were generated by using
a non-uniform grid density ol 128 % 50. The number of grid
points used in the v-coordinate for the upstream inlet domain
(which is five steps) were limited to 15 grid points. The
reniaining 113 grid points in the v-coordinate were dis-
tributed along the calculation domain downstream of the
step (which is 100 steps long). The computer program was
run on a CRAY X/MP supercomputer. and a solution con-
verged in less than 1000 iterations while utilizing approxi-
mately 2-4 min of CPU time.

RESULTS AND DISCUSSIONS

In this study attention is focused on a specific backward-
facing step geometry, with an expansion ratio of 2 and a step
height of 0.48 cm. The straight wall of the duct is maintained
at the inlet air temperature of 20°C. The stepped wall of the
duct is maintained adiabatic for the upstream section of the
step and for the step itself. while the downstream section
behind the step is maintained at a higher but uniform tem-
perature of 35 C. It has been assumed in this study that the
flow remains stable and laminar throughout the calculation
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domain, an assumption which must be verified exper-
imentally. The inclination angle was varied while the other
variables were fixed to study its effect on the flow and heat
transfer characteristics. Calculations were performed for a
Reynolds number Re, of 50.

The developments of the velocity and the temperature
profiles throughout the calculation domain are shown,
respectively, in Figs. 2 and 3. These two figures display the
behaviors of the velocity and the temperature profiles at
several downstream locations, for several inclination angles.
The development of the velocity distribution from its inlet
parabolic distribution to its fully developed distribution far
downstream from the step, Fig. 2, indicates that the fully
developed velocity distribution is different for different incli-
nation angles (i.e. different values of the streamwise buoy-
ancy parameter) and could include regions of reversed flow,
as discussed by Aung and Worku [8]. Approximate analytical
expressions for the fully developed velocity and temperature
distributions were developed by neglecting Gr, in the Y-
momentum equation and are given by

U= GryRe, (= bY+1Y=)Y—1r’+}Y ()
=1, ™

The transverse component of the Grashof number, Gr,.
has a small effect on the velocity and temperature profiles in
the fully developed regime, and a good agreement (less than
1% error) exists between the numerically predicted and the
analytically derived fully developed profiles. The analytical
treatment neglected the effects of Gr, but that parameter was
a part of the numerical solution. The streamwise component
of the Grashof number, Gr,, is the parameter that strongly
influences the flow behavior.

As the angle of inclination increases, the streamwise buoy-
ancy force decreases and the reattachment length increases.
Similarly, the temperature profiles, Fig. 3, develop through
the separation region from its inlet uniform distribution to
its fully developed linear distribution far downstream from

the step. The fluid temperature increases as the inclination
angle increases, as can be seen in Fig. 3. This latter behavior
is attributed directly to the changes in the velocity dis-
tribution and the required energy balance.

The Nusselt number at the heated and the unheated wall
as defined by Nu,=[(T,—T)/(Tw—T)I(—00/0Y)y_,
for the heated wall and Nu = [(T, — T,)(T,— T)(— 20/
éY)|y . . for the unheated wall where 7, is the bulk tempera-
ture, decreases as the inclination angle from the vertical
increases. The effect of inclination angle on the Nusselt num-
ber at the heated wall is illustrated in Fig. 4. At the heated
wall, the Nusselt number starts with 2 minimum at the base
of the step, increases as a function of distance X from the
step to a maximum value at X, (where X, = x,/s and x, is
the location of peak Nusselt number), then decreases
asymptotically to its constant fully developed value. At the
unheated wall, the Nusselt number increases monotonically
as a function of the distance from the step. The fully
developed value of the Nusselt number for a given inclination
angle is the same at both the heated and unheated walls
because a linear temperature profile develops in that region.
The effect of inclination angle on the shear stress or
the friction factor, C; Re, (where C;=1,/(pu?/2) and
T, = pdu/dyl,), on the heated wall is illustrated in Fig. 5.
The shear stress at the heated wall decreases, whereas at the
unheated wall it increases, as the inclination angle increases.
Results for the unheated wall are not presented graphically
due to space limitations. It is also clear from Fig. 5 that the
reattachment length, X, (X, = x,/s where x, is the re-
attachment length), and the recirculation region behind the
step increases as the inclination angle increases. For the
conditions presented, reverse flow was not detected adjacent
to the unheated wall.

An increase in the inclination angle will result in an
increase in the reattachment length as shown in Fig. 6. This
increase is due to a decrease in the streamwise buoyancy
force caused by the increase in the inclination angle. A higher
streamwise buoyancy force induces a higher positive velocity
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component near the wall, This will decrease. or cancel. the
negative velocity component in the recirculation region.
causing the reattachment length to decrease. The location
where the Nusselt number at the heated wall reaches its peak
value. v, also increases. almost linearly. as the inclination
angle increases (see Fig. 6).
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The results presented indicate that {or some convective
flow conditions in a backward-facing step geometry. buoy-
ancy clfects andror inclination angle can play a signiicant
role and should be included in the analysis.
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FiG. 6. Effects of inclination angle on reattachment length
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