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Abstract—Measurements are reported for buoyancy-opposing laminar mixed convection flow over a
vertical, two-dimensional forward-facing step, in which the upstream wall of the step simulated an adiabatic
surface, whilz both the step and the downstream wall from the step were heated to a uniform temperature
that was higher than the approaching air temperature. Results presented in this paper are for a step height
of 0.8 cm, over a range of free stream velocities 0.39 ms™' < u,, < 0.71 m s~' and a range of temperature
differences 0°C < AT < 35°C between the heated surface and the free stream. Laser—Doppler velocimeter
and cold-wire anemometer were used to measure, respectively, the air velocities and the temperature
distributions simultaneously. Flow visualizations were also used to observe the nature of the flow and to
measure the length of the recirculation region downstream of the forward-facing step. The results reveal
that the buoyancy-opposing force due to the downstream wall heating affects significantly the velocity and
temperature distributions, the local Nusselt number, and the location and the size of the recirculation
region downstream of the step.

INTRODUCTION

Flow separation arising from a sudden change in flow
geometry, such as forward-facing step, plays an
important role in the design of many heat transfer
devices, such as cooling systems for electronic equip-
ment, high performance heat exchangers, combustion
chambers, chemical processes and energy systems
equipment, and cooling passages of turbine blades.
The forward-facing step flow geometry has been
examined numerically in the past; see, for example,
Fletcher and Srinivas [1] and Baron er al. [2].
Recently, laminar mixed convection flow over hori-
zontal and vertical forward-facing steps has been stud-
ied experimentally by Abu-Mulaweh et al. [3, 4]. All
of these mixed convection studies on the forward-
facing step have considered only the case of buoyancy-
assisting flow condition. The case of buoyancy-oppos-
ing flow condition seems not to have been investigated
in the past and this has motivated the present study.
The present study extends the work of Abu-Mul-
aweh ef al. [3, 4] and deals with buoyancy-opposing,
two-dimensional (2D), laminar air flow over a vertical
forward-facing step under the mixed convection con-
dition. The step and the wall downstream of the step
are heated and maintained at a uniform temperature
while the upstream wall is kept adiabatic. Results of
interest, such as velocity and temperature distri-
butions, recirculation region lengths, and local Nus-
selt numbers are reported to illustrate the effects of
the buoyancy-opposing force (i.e. wall-free stream
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temperature difference) and the free stream velocity
on these parameters.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental study was performed in an exist-
ing low-turbulence, open-circuit air tunnel. Details of
the air tunnel have been described by Ramachandran
et al. [5]. In this experiment, the forward-facing step
geometry was identical to that used by Abu-Mulaweh
etal. [3, 4], except that the orientation of the air tunnel
was changed by 180° to create buoyancy-opposing
flow conditions as shown in Fig. 1. The test geometry
consisted of a heated forward-facing step geometry,
with an adiabatic upstream section (20.0 cm
long x30.48 cm wide), a heated (constant tem-
perature) forward-facing step and downstream sec-
tion (79 cm long x 30.48 cm wide) behind the step,
which spanned the total width of the air tunnel. The
test section of the air tunnel is instrumented with
laser-Doppler velocimeter (LDV) and cold wire
anemometer to measure the velocity and temperature
distributions simultaneously, as described by Baek er
al. [6]. The heated wall of the test geometry was con-
structed of four layers which were held together by
screws and instrumented to provide an isothermal
heated surface. The upper layer was an aluminum
plate instrumented with 18 copper—constantan ther-
mocouples that were distributed in both the axial and
the transverse directions. Each thermocouple was
inserted into a hole on the backside of the plate and
its measuring junction was flush with the test surface.
The second layer consisted of five separately con-
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g gravitational acceleration

Gr,  Grashof number, gf(T, ~ T,.)s’/»*

h heat transfer coeflicient,

H height of computational domain at
inlet section

k thermal conductivity

Nu,  local Nusselt number, As/k

P pressure

P dimensionless pressure,
0+ pgx)/(pous)

Pr Prandtl number, v/o

Re;  Reynolds number, u,s/v
step height

fluid temperature

free stream temperature
heated wall temperature
streamwise velocity
component

free stream velocity

=

o F

component, u/u,,

v transverse velocity
component

14 dimensionless transverse velocity
component, v/u,,

NOMENCLATURE

dimensionless streamwise velocity

x,y streamwise and transverse coordinates
measured from the upper corner of the
step

X, Y dimensionless and streamwise
transverse coordinates, x/s, y/s

X, length of the computational domain
downstream from the step

X length of the computational domain
upstream from the step

X, length of the laminar non-circulating
flow region downstream from the step

X distance from the step where turbulent

flow starts to develop
Xea A,h Xn Xt xe/ss xi/sa xr/s’ xt/s'

Greek symbols

o thermal diffusivity

1) volumetric thermal expansion
coefficient

s boundary layer thickness at the step,
5x/Re{?

AT  temperature difference, (T, — T,,)

0 dimensionless temperature,
(T°‘ Too)/(Tw_ Tao)

v kinematic viscosity

p density.

! Mixing Chamber

! Test Section

[+

TIIrrT

Diffuser

Fan Assembly

Fig. 1. Schematic diagram of the air tunnel.
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trolled heater pads, and an insulation layer formed
the third layer. The bottom layer was an aluminum
plate which served as backing and support for the
structure of the plate. The front edge of this heated
plate was squared to form the heated forward-facing
step. The upstream section of the forward-facing step
geometry was constructed from Plexiglass which was
simulated numerically as an adiabatic surface. Mini-
mum contact was achieved between the upstream
plate and the step by chamfering the Plexiglass
surface, thus minimizing the heat transfer between the
two surfaces. The freestream air velocity in the tunnel
could be varied between 0.25 and 3.0 m s~! and the
heated downstream plate could be maintained at a
uniform and constant temperature between 25 and
75°C by controlling the power input to the individual
heaters. The repeatability of the air velocity measure-
ments was within 3%, and that of the temperature
measurements was within 0.05°C.

Flow visualizations were performed, by using a 15
W collimated white light beam, 2.5 cm in diameter, to
examine the nature of the flow and to measure the
length of the recirculating flow region. The flow was
seeded with Glycerin particles, 2-5 ym in diameter,
which served as scattering centers for flow vis-
ualization and for LDV measurements.
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Fig. 2. Schematic diagram of the calculation domain.

NUNIERICAL ANALYSIS

The experimental geometry and boundary con-
ditions were also modeled for numerical simulation,
as shown in Fig. 2. The upstream wall was considered
as adiabatic, while the wall downstream of the step
and the step itself were considered as being heated to
a uniform temperature T,. The gravitational accel-
eration g is acting vertically downward. The thermal
properties were considered to be constant but evalu-
ated at the film temperature 7, = (T, + T,,)/2.

By utilizing the Boussinesq approximation
(PAT < 0.1 in this experiment), the governing con-
servation equations for the physical problem under
consideration can be written in dimensionless form as
follows:

AUOX+8V/oY =0 )
UdUjoX +VoUjoY
= —3P/0X+(1/Re)(D*U/OX* +3*U/OY?)
—(Gr,/Re)0  (2)
UdV/OX+ VeV[dY = —dP[dY
+(1/Re)(3*VI0X* +82V[aY?)  (3)
Ud0/oX + VaoloY
=(1/PrRe)(0*0/0X*+8*0/0Y?). (4)

The boundary conditions are given by:

1807

Atinlet:
—l<Y<Hls—-1 X=-X.:
U=1 V=0=0 4
At exit:
0<Y<His—1X=X,:
U, V and 0 measured values ©)

Upstream wall :

Y=-1 —-X<X<0:
U=V=0 00/0Y=0 ™
Step wall:
-1<¥Y<0 X=0:
U=V=0 0=1 ®)

Downstream wall :

Y=0 0<X<X.:

U=V=0 0=1 ®
Flat wall:
Y=Hls—1 —-X <X<X.:
U=V=60=0. (10)

For the calculation domain, the upstream length x;,
the downstream length x,, the height of the upstream
flow domain H, and the step height s were 20.0 cm,
15.0 cm, 15.0 cm and 0.8 cm, respectively. The lengths
x;, H and s are identical with the same parameters of
the experimental geometry, but x, is smaller than the
experimentally heated downstream plate which was
equal to 79 cm. The solution procedure, convergence
criterion, grid distributions and numerical uncer-
tainties are presented and discussed by Baek et al. [6].

RESULTS AND DISCUSSION

The uniformity and the 2D nature of the flow were
verified through flow visualizations and through
measurements of velocity and temperature across the
width of the air tunnel, at various heights above the
test surface. These measurements displayed a wide
region, about 80%, around the center of the tunnel’s
width where the flow could be approximated (to
within 5%) as being two-dimensional. All reported
streamwise velocity and temperature distributions in
the transverse, y, direction were taken along the mid-
plane (z = 0) of the plate’s width, and only after the
system had reached steady-state conditions.

Flow visualizations were conducted to determine
the general nature of the flow and to observe the effects
of the opposing buoyancy force on it. For the case of
an approaching laminar forced convection flow (i.e.
AT = 0°C) the following observations were made:

(1) When 4,/s > 1.15, a laminar recirculating flow
region develops upstream of the step and a laminar
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flow with no recirculating flow regions was observed
downstream of the step.

(2) When 0.7 < d,/s < 1.15, a laminar recirculating
flow region develops upstream of the step and a small
shallow laminar recirculating flow region develops
downstream of the step.

(3) When 6,/s < 0.7, a laminar recirculating flow
region develops upstream of the step and the tran-
sition from laminar to turbulent flow starts to develop
at the lower end of the recirculating flow region that
develops downstream from the step.

The present study examines the effects of opposing
buoyancy force (i.e. AT > 0°C) for the case where
d,/s > 1.15 with laminar approaching flow. This
regime was selected because it exhibits a laminar flow
region downstream of the step which can be influenced
significantly by increasing the buoyancy-opposing
force. It offers the opportunity to observe and study
the transition of the flow from laminar to turbulent
which is caused by the buoyancy-opposing force.
Qualitatively, the following flow characteristics were
observed from the flow visualization studies:

(1) When u,, > 0 and the temperature of the down-
stream plate is the same as the free stream temperature
(i.e. AT = 0°C), there is no opposing buoyancy force
and the flow is equivalent to a forward-facing step
forced flow as described by Abu-Mulaweh et al. [4].
The flow is laminar and does not have any recir-
culating flow regions downstream of the step.

(2) When the freestream velocity, u,,, is zero and
the downstream plate is heated (AT > 0°C), the flow
is equivalent to natural convection boundary layer
flow adjacent to a vertical flat plate. Here again the
flow is laminar and does not have any recirculating
flow regions downstream from the step. The direction
of the induced flow for this condition is opposite to
the direction of the forced convection flow imposed
in the above case 1. The conditions in 1 and 2 represent
the two extremes, forced convection and natural con-
vection flows in this geometry.

(3) When both u,, > 0 and AT > 0°C, the mixed
convection buoyancy opposing flow regime prevails.
In such a situation a laminar approaching forced flow
isimposed in the downward direction and a buoyancy-
opposing induced flow develops in the opposite direc-
tion, and these two flow streams interact with each
other. The interaction of these two flows causes the
development of three distinct flow regions adjacent to
the heated plate downstream of the step: a laminar
flow region without any recirculating flow, a laminar
recirculating flow region, and a turbulent flow region,
as shown in Fig. 2. As the bouyancy opposing force
increases as a result of increase in the wall temperature
of the downstream plate, the laminar recirculating
flow region moves closer to the step and its length
decreases. In addition, the turbulent region that
develops at the lower end of the laminar recirculating
flow region moves closer to the step as the opposing
buoyancy force increases. This behavior is similar to
the one reported by Abu-Mulaweh et al. [7] for buoy-
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Fig. 3. Effect of buoyancy force on the recirculation region
downstream of the step (uncertainty in X, and X, is +0.25
and in Gr,/Re? is +4 x 1077).

ancy opposing flow adjacent to a flat plate, and the
observed results from this study are quantified in Fig.
3. In Fig. 3 the solid line represents the length, X,, of
the laminar non-circulating flow region downstream
of the step (i.e. the location downstream of the step
at which the laminar recirculation region starts), while
the dashed line represents the end of the laminar recir-
culation region (i.e. the location downstream from the
step at which the turbulent flow region starts, X). It
can be seen from the figure that the length of laminar
non-circulating flow region, X;, and the length of the
laminar recirculating flow region (X—X,) decrease rap-
idly as the buoyancy level Gr,/Re? increases because
of a decrease in the free streamwise velocity and/or an
increase in the downstream wall heating. The uncer-
tainty in X, and X, is +0.25 and in Gr,/Re? is
+4x 1075

The measured and the predicted velocity and tem-
perature distributions at four different locations
downstream from the step are presented in Fig. 4. In
the figure, the different symbols and the solid lines,
respectively, represent the measured and the predicted
results. As can be seen from the figure, the velocity
gradients at the wall are positive for all velocity dis-
tributions, indicating that these locations are in the
laminar non-circulating flow region downstream from
the step. As expected, the velocity and the temperature
gradients at the wall decrease as the downstream
location from the step increases. Good agreement
exists between the measured and the predicted velocity
and temperature results (within 5%). The uncertainty
inufu, is £0.014,in @is +0.025 and in y/sis +0.022.

The effects of buoyancy-opposing force, from
downstream wall heating, on the streamwise velocity
distributions at three different downstream locations
are shown in Fig. 5. It was found that whenever the



Measurements in buoyancy-opposing laminar flow

1809

3 ) Vs 1 0
1.0p aamn 1.0
0.8] 1 s=0,.8 cm 0.8

u =0.61 m/s
AT=11,5°C .

. 0.6 0.6
2 @
S 0 X=1.23

0.4} A %=3.75 of 10-4
O X=6.25 a
g, ‘
0.0 - - 10.0
-0.25 T 3 3

y/s

Fig. 4. Dimensionless axial velocity and temperature distributions downstream of the step (uncertainty in
ufu, is £0.014, in § is +£0.025 and in y/s is +0.022).

exit boundary of the calculation domain, as expressed
in equation (6) at x, = 15.0 cm, is larger than the
laminar non-circulating flow region (i.e. x. > x,) the
predicted numerical results deviate significantly from
measured values and for that reason they are not
presented for comparison. This deviation probably
arises from the fact that the measured values at the
exit plane for these conditions do not completely and
uniquely specify the state of the flow at the exit plane
(vertical velocity component was not measured) and
are strongly affected by the downstream conditions,
and for that reason the numerical model fails to pre-
dict the measured results in the calculation domain.
The same results were observed by Abu-Mulaweh et
al. [8] for the case of backward-facing steps under
buoyancy-opposing flow conditions. Figure 5 clearly
shows that numerical predictions agree favorably well
with the measured results for the cases of AT = 0 and
11.5°C. For these cases the exit boundary condition
of the calculation domain (x. = 15 cm) is in the lami-
nar non-circulating flow region downstream of the
step. As can be seen from the figure, the effect of
downstream wall heating increases as the streamwise
distance from the step increases. The velocity gradient
at the wall decreases as the wall heating increases (i.e.
as buoyancy-opposing force increases), and some of
the velocity distributions exhibit negative velocities
close to the wall, indicating that these locations for
the given heating conditions are inside the laminar
recirculating flow region. In the recirculation flow
region, the velocity gradient at the wall increases in

the negative sense as the downstream wall heating
increases, which is accompanied by an increase in the
thickness of the recirculation region.

Figure 6 illustrates the effect of the free stream
velocity on the velocity distributions at four different
downstream locations. It should be noted that for the
given conditions in the figure the exit plane of the
calculation domain (i.e. x, = 15 cm) is inside the lami-
nar recirculating flow region and for that reason
numerical predictions are not presented for com-
parison in this figure. The figure shows that as the free
stream velocity decreases (i.e. increasing buoyancy
opposing force) the thickness of the recirculating flow
region increases, and that region moves closer towards
the step. For example, at X’ = 6.25 there is no negative
velocity for u,, = 0.61 m s~!, which indicates that the
laminar recirculating flow region is downstream of
this location. On the other hand, for u, = 0.51 m
s~' and 0.39 m s~', there exists negative velocity at
X = 6.25, indicating that the laminar recirculating
flow region occurs upstream of this location for these
two free stream velocities, with the smaller u,, giving
rise to a smaller X, (see Fig. 3). The velocity dis-
tribution at X = 12.5 for the free stream velocity of
0.39 m s~' is not shown in the figure because the
flow becomes turbulent at this location for the given
conditions.

The effects of buoyancy force, from downstream
wall heating, on the temperature distributions at four
different locations are shown in Fig. 7. In the laminar
non-circulating flow region downstream from the step
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Fig. 5. Effects of downstream wall heating on the velocity distributions (uncertainty in u/u,, is +0.014 and
in y/sis +0.022).

(X = 1.25 and 3.75), the temperature gradient at the
heated wall decreases (i.e. the heat transfer rate
decreases) as the temperature difference increases.
This is the opposite to what was observed for the
buoyancy assisting case. On the other hand, inside the
recirculation region (X = 6.25 and 12.5) the reverse is
true (i.e. the temperature gradient at the heated wall
increases with increasing temperature difference). This
is because the recirculating flow region is being fed
by a lower temperature fluid that is moved by the
buoyancy induced flow, thus causing a larger tem-
perature gradient.

Figure 8 illustrates the effects of buoyancy force,
from downstream wall heating, on the axial variation
of the local Nusselt number. A good agreement exists

(within 8%) between the predictions (solid line) and
the measured results for the case of AT = 11.5°C. For
the conditions that are presented in the figure, the
local Nusselt number decreases as the buoyancy force
increases in the region of X < 5 (i.e. the laminar non-
circulating flow region), while this trend is seen to
reverse inside the laminar recirculating flow region
(X > 5). The uncertainty in the experimentally deter-
mined Ny, is +0.05 and in X is +0.05.

CONCLUSIONS

Measurements of velocity and temperature dis-
tributions for buoyancy-opposing, laminar mixed
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Fig. 6. Effect of free stream velocity on the velocity distributions (uncertainty in #/u_, is +£0.014 and in y/s
is +0.022).

convection flow over a vertical foward-facing step are
reported. The results reveal that the opposing buoy-
ancy force affects significantly the location and length
of the recirculating flow region downstream of the
step as well as the local Nusselt number. It has been
found that the recirculating flow region downstream

of the step moves towards the step and its length
decreases as the downstream wall heating increases.
In the laminar non-circulating fiow region down-
stream of the step, the local Nusselt number decreases
with increasing opposing buoyancy force and the
reverse trend may occur inside of the recirculating
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Fig. 8. Effects of downstream wall heating on the axial vari-
ation of the Nusselt number (uncertainty in Ny, is +0.05
and in X'is +0.05).

flow region. This is opposite to the trend observed for
the buoyancy assisting case.
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