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The occurrence of reverse flow in a channel when a bluff body is kept at the entry is already known.
In the earlier investigations, attention was focused on the generation of the reverse flow with bluff
bodies, such as flat plate and other geometries, having the same width as the channel. The separation
of the shear layers from the obstruction at the front end and the interaction of the shear layers at the
rear end are mainly responsible for the reverse flow. To gain further insight into the phenomenon,
the effects of the width of the obstruction at the front and that of placing another at the rear end in
tandem with the front one are examined in this study. It is observed that the reverse flow occurs even
when the width of the flat plate (b) is less than the channel width (w); the lower limit being
b/w=0.6. At this b/w the reverse flow velocity is small, but it increases progressively with b/w
until a maximum of about 30% of the forward velocity is attained for blw~2.0
However, reverse
flow as high as 0.6 times the free-stream velocity is obtained when another plate is kept close to the
rear end in addition to the front plate. Further increase in the reverse flow to 0.83 times the
free-stream velocity has been achieved by replacing the flat plate model at the rear with a
semicircular scoop. © 1994 American Institute of Physics.

I. INTRODUCTION

The reverse flow phenomenon was reported by Gowda
and Tulapurkara. 1 In their experiments a channel was kept
inside a wider channel. The inner channel is referred to as the
test channel. A flat plate of the same width as the test channel
was kept ahead of the entry and reverse flow (Le., flow in the
direction opposite to the free stream) was seen under certain
conditions [Fig. l(a)]. Stagnant and forward flow also occurred under certain other conditions. They conducted several experiments in a water channel and in a wind tunnel for
different values of parameters like gap between the entry to
the channel and the flat plate, g, the length of the channel, L,
the Reynolds number based on outside velocity, U 0, and the
channel width, w. They found that the reverse flow was observed for Reynolds number greater than 2000 and that the
velocity in the reverse direction was maximum for g/w=1.5.
Further, the value of the reverse flow, indicated by the ratio
U/U o (U i being the velocity inside the test channel), increased with Reynolds number up to 4000. Wind tunnel experiments at higher Reynolds number (26 000) indicated that
the trend in the variation of U/U o can be expected to remain
the same beyond Re=4000.
Gowda et al. 2 have investigated the influence of the geometry of the obstruction on the reverse flow. Circular, semicircular, triangular, and rectangular shapes were studied.
Among all these geometries, the triangle with the flat face
facing the free stream gave the maximum reverse flow of
0.28Uo. For the rectangular models, the one with length to
width ratio (II b) of 0.5 had the highest reverse flow of
0.25Uo·
There appears to be no other earlier study of this type.
However, there are investigations which deal with flow conPhys. Fluids 6 (12), December 1994

trol using different types of valves, e.g., Davis and
Sorenson,3 Hutchison,4 and Eom. s Apart from these, studies
on the mechanism of vortex formation and shedding behind
bluff bodies over a wide range of Reynolds number have also
been reported. Gerrard6,7 investigated the mechanism of vortex formation behind bluff bodies. Abernathy and Kronauer8
studied the interaction of two shear layers with different
spacing in between. Perry and Steinner9 and Unal and
Rockwell10,1l also investigated the vortex formation process.
Further studies like the properties of two-dimensional vortex
were investigated by Dritschel 12 and the merging of the vortices by WaughP Val Healy14 studied the effect of using a
flat plate to control the turbulent flow on a backward facing
step.
Some of the applications where the reverse flow phenomenon can occur or can be employed are: control of flow,
especially to obtain low velocities; heat transfer problems
where it may be required to locally have different types of
flows; interaction of shear layers at varying distances apart;
and flow past obstructions/constrictions in arterial flows under certain physiological situations.
In the earlier studies,1,2 the attention was focused on the
generation of reverse flow with flat plate obstructions and
other geometries. It appears that the shear layer separation
from the obstruction at the front end and the interaction of
the shear layers at the rear are mainly responsible for the
reverse flow. In all the cases studied earlier, the width of the
obstruction was always equal to the width of the channel. It
would be interesting to investigate what would happen when
the obstruction width is either less or more than that of the
channel. The conditions created in such a case might or
might not trigger the reverse flow. Also, it might be possible
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4000 based on the channel width of 25 mm. The channel
length was 600 mm. Flat plates of different widths were kept
ahead at various distances from the channel entry. Further,
flat plates and semicircular scoops of different widths were
used at the rear end in tandem with the front obstruction. The
distance between these and the channel exit was varied systematically. An SLR Pentax Camera with a wide angle lens
was mounted at a suitable location above the channel and
photographs of the flow field were taken; the speed being 1/8
s. Proper lighting was obtained with halogen lamps.

III. RESULTS AND DISCUSSION
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The reverse flow velocity is obtained by measuring the
time taken by a tracer particle to traverse a specified distance
in the central portion of the test channel. For each case, such
measurements were repeated five to six times and the average taken. Photographs for some typical cases are presented.
The most important features of the flow are found to occur in
the regions near the entry and the exit of the test channel. To
capture these flow details in photographs of manageable
and exit of the channel
length, only portions near the ~ntry
are printed. Since the central part of the test channel is not
included in the photographs, the two parts of the photographs
are pasted side by side with a small gap (Figs. 2, 3, 6 and 8).
The gap is present to indicate that the flow pattern shown in
the right-half of the figure does not occur immediately downstream of the flow shown in the left-half, though both the
halves represent flow at the same instant of time. In each
figure, care has been taken to retain the essential portions of
the flow at both ends of the test channel.
A. Effect of flat plate width (b/w)

FIG. 1. (a) The test arrangement. (b) Schematic view of the flow visualization tank.

to either suppress or augument the reverse flow by interfering with the flow field at the exit of the channel. The aim of
the present study is to look into some of these aspects and
obtain further insight into the reverse flow phenomenon. Investigations are carried out to determine the influence of (i)
different widths of the flat plate obstruction at the entry and
(ii) the influence of another obstruction at the rear in tandem
with the front one.
II. EXPERIMENTAL SETUP

The experiments were carried out in a recirculating water channel shown schematically in Fig. l(b). It consists of a
tank, 2.5X 1.5 m with a depth of 150 mm, at one end of
which are located two sets of aluminum disks (vanes) with
suitable spacing in between them. When these vanes are rotated, they act as paddles and create a flow which is suitably
guided to' the test section where the test channel is placed. A
variable speed DC motor is used for rotating the vanes and a
fairly wide range of flow speeds can be achieved in the test
section. The fluid in the tank is water and fine aluminum
powder is used as tracer medium. The free stream velocity
was fixed at 0.16 mls which gave a Reynolds number of
3848
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Earlier ~xperimntsl
with b/w=1.0 showed that the
maximum reverse flow was around 0.23Uo for g/w= 1.5. To
systematically examine the effect of the flat plate width, b/w
was varied from 0.4 to 2.8. Each plate was kept at different
locations ahead of the channel to study the effect of the gap.
Initial trials during the present experiments indicated that the
reverse flow can occur for b/w as low as 0.6. For 0.6~b/w
< 1.0, the maximum reverse flow velocity is lower than
o.2 3 U o. With increase in b / w, the reverse flow increases
gradually and reaches a maximum of 0.3Uo for b/w~2.0
Experiments were limited to b/w=2.8, as it was felt that the
blockage due to the model would be too high for larger
widths.
Figure 2 shows the flow patterns for various b/w values
when g/w=1.5. As noted earlier, the maximum reverse flow
was observed at this g/w for b/w=1.0. Figure 3 shows the
flow patterns in selected cases when the flow is stagnant in
the test channel. Figure 4 gives a plot of the reverse flow
velocity for various g/w values with b/w as parameter. The
important features of the flow phenomenon are described below.
In Fig. 2(a), with b/w=O.4 at g/w=1.5, the shear layers
separating from the flat plate roll up in the gap between the
plate and the channel. The vortices shed, being smaller in
size than the channel width, result in forward flow inside the
test channel. Same is the case at other values of g/w; the
Tulapurkara, Lakshmana Gowda, and Swain
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FIG. 3. Flow patterns for stagnant flow for various blw values.
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the reverse flow velocity for this b/w is included in Fig. 4.
This b/w shows an interesting behavior of the flow inside the
channel. For g/w<0.3, the flow is in the forward direction
and it is stagnant at g/w=O.3. With increasing g/w, it is
noticed that (i) stagnant flow persists till g / w = 0.4, (ii) reverse flow occurs for O.S';;;g/w<1.2, (iii) flow becomes stagnant again at g/w=1.2, and (iv) flow in the forward direction
takes place for g/w>1.2 (Fig. 4). Tlie behavior of the forward flow taking place in two different ranges of g/w is not
seen for other b/w values. This could provide interesting
possibilities for flow control.
In Figs. 2(a) and 2(b), the shear layers separating from
the flat plate roll up and move inside the channel. However,
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FIG. 2. Flow patterns for various blw values at g/w=1.S.

magnitude of the forward flow velocity however increases
with g/w and equals 0.9Uo for large values of g/w (Fig. 4).
For b/w=O.6, the flow patterns at g/w=l.S and 0.3 are
shown in Figs. 2(b) and 3(a), respectively. The variation of
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FIG. 4. Effect of blw on reverse flow.
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FIG. 5. (a) Effect of blw on maximum reverse flow. (b) glw for stagnant
flow.

a significant difference in the flow patterns is observed at the
channel exit. In Fig. 2(a), the vortices are smaller compared
to those in Fig. 2(b) and the merger of the shear layers takes
place over a longer distance. The reasons for the observed
differences are as follows. The formation of the shear layers
at the exit of the test channel is due to the difference in the
velocities of the streams inside and outside of the test channel. When this difference is small, as for the case shown in
Fig. 2(a) (see Fig. 4 for magnitudes of velocities), the vortices formed are smaller. But when the difference in the velocities is higher, as in the case in Fig. 2(b) (see Fig. 4 for
magnitudes of velocities), the shear layers roll up into vortices quite close to the exit of the test channel. Also, the size of
the vortices for this case is comparatively larger than that for
the case in Fig. 2(a).
For the cases shown in Figs. 2(c)-2(h), the flow is in the
reverse direction for g/w=1.5. The flow patterns in these
figures show that with increase in b/w, the shear layers separating from the flat plate reattach progressively at longer distances downstream of the channel inlet. It should be added
here that the flow near the entry and exit of the channel is
unsteady. The vortex shedding near the entry and/or exit
causes the flow to enter or leave the test channel from its
left-half or right-half [Figs. 2(e)-2(h)]. Sometimes it may
also leave in a symmetric manner [Fig. 2(d)]. However, the
flow in the central portion of the test channel, away from the
entry and exit, has fairly steady average velocity.
Figure 3 shows the flow patterns for various blw values
when the flow is stagnant inside the channel. Such a pattern
is seen only for b/w~O.6
Gowda et al. 2 observed that stagnant flow inside the channel can be attributed to the apparent
sealing of the entrance by vortices that are shed from the
front obstruction. This is also observed in Figs. 3(b)-3(d). In
these figures, the vortices near the inlet have velocity components almost perpendicular to the channel. This also seems
to create vortices inside the channel similar to the flow past a
cavity (Chang,15 p. 277, gives the pattern of flow in a cavity).
However, this may not be the case always as seen in Fig. 3(a)

(0)

1.0

( b)

2.8

FIG. 6. Flow patterns with front plate (blw =2.8) and rear plate.
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where b/w is 0.6 and g/w is 0.3. Due to the small gap
between the obstruction and the channel, the shear layers
separating from the former reattach on the channel and at the
same time just enclose the channel entry. This appears to be
the mechanism which results in stagnant conditions for this
b/w. However, owing to the velocity discontinuity between
the flow inside the channel and outside, vortices are still
formed at the entry to the channel.
From the results presented above it appears that there are
three possibilities of flow within the test channel, viz., reverse flow, stagnant flow and forward flow. This depends
mainly on the width between the shear layers separating
from the obstruction: If the width is small, the shear layers
roll up into vortices in the gap and forward flow occurs;
otherwise, i.e., if the width between the shear layers is sufficiently large so that they envelope the channel entry, reverse flow or stagnant flow could result. Occurrence of any
of these possibilities in turn depends on the width of the flat
plate (b) and the gap (g).
The streamline pattern at the rear end of the channel
show similarity for slow forward flow and stagnant flow
[Figs. 2(b) and 3]. However, in the cases when reverse flow
occurs, the vortices appear to roll up very close to the channel exit. This is perhaps due to the fact that the difference
between the velocities inside and outside the channel has
increased further as compared to Figs. 2(b) and 3. Another
factor which might be contributing to the above feature is the
influence of possibly higher suction pressure at the exit induced by the lower pressure at the channel entry for these
values of b/w in Figs. 2(c)-2(h). (Measurement of the pressure distribution in the flow field would throw more light on
these conjectures and such measurements are in progress.)
The shear layers, in the process of rolling up, entrain external
fluid and eject it into the test channel due to their proximity
to the exit and cause reverse flow. This process, however,
occurs alternately from the two sides of the channel [e.g.,
Figs. 2(c) and 2(d)].
The reverse flow velocity increases with increase in the
flat plate width and reaches a maximum of 0.3Uo for b/w
=2.8 (Fig. 4). For b/w of 2.0 and 2.8, a plateau region,
where the reverse flow is nearly constant over a wide range
of g/w, is seen. The existence of the plateau region can be
explained as follows. Observation of flow patterns in Figs.
2(d), 2(t), and 2(g) shows that, as the width of the obstruction {b) increases, the reattachment of the shear layers separating from the obstruction occurs on the channel walls at
larger and larger distance from the entry to the channel.
However, for a given obstruction width, for example b/w=2,
the reattachment points shift towards the channel entry as
g/w increases. As long as the reattachment points occur on
the sides of the channel, reverse flow persists giving a plateau region. When the reattachment points occur just at the
channel entry, stagnant conditions prevail [Fig. 3(d)]. The
photographs corresponding to the various gap widths in the
plateau region are not shown for the sake of brevity.
Figure 5(a) shows that the increase in the reverse flow is
not significant beyond b/w of 2.0. The value of g/w at which
the stagnant flow is observed increases with b/w, this being
almost linear for b/w>0.8 [Fig. 5(b)].
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FIG. 7. Ca) Reverse flow with rear plate (blw=2.8, glw=1.5). (b) Peak
reverse flow for various rear plate.

It may be relevant to point out here that the magnitude of
the reverse flow achievable using flat plate obstructions with
b/w~2.0
is even slightly higher than that achieved using
different shapes. 2 This indicates that reasonable reverse flow
magnitude can be achieved using a simple obstruction-like
flat plate.

B. Effect of obstructions placed near the channel exit

When an obstruction is placed at the front end, low pressure is created behind the obstruction which triggers the reverse flow. Simultaneously, the shear layers at the rear end
respond to the changed situation by rolling up, forming vortices, and entraining the outside potential flow. This is
pushed into the test channel from either side in an alternate
fashion [Figs. 2(d) and 2(h)] resulting in a steady reverse
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FIG. 8. Flow patterns with front plate (b/w=2.8) and semicircular scoops.

flow condition in the major portion of the test channel. The
magnitude of the reverse flow for a particular value of g/w
appears to be controlled by the resulting vortices at the rear
end. A pressure drop can be expected across these vortices
which governs the magnitude of the reverse flow. It can be
conjectured that if the rolling up of the shear layers at the
rear is interfered with, the pressure drop mentioned above
could be altered resulting in higher values of reverse flow.
Further, a larger quantity of outside fluid could be entrained
by obstructions placed normal to the flow at the rear end.
With this in view, studies were carried out by placing obstructions at the rear end. With splitter plates at that end,
reverse flow of O.4Uo was achieved for b/w=1.0 (Gowda
et aI. 16 ). The influence of plates and semicircular scoops
placed normal to the free-stream direction at the rear end in
tandem with the obstruction at the front end is reported in
this section.
1. Rear plate

Experiments were conducted with flat plates kept simultaneously at the entry and the exit of the channel. Plates of
1.0, 2.0, and 2.8 times the channel width were employed.
The front plates were kept at g/w=1.5 (the location where
maximum reverse flow occurs with front plate alone) and the
rear plates of width, b pn were moved at different positions
behind the channel to vary g/w from 0.2 to 6.0 (gr being the
gap between the model at the rear and the channel exit).
Figure 6 shows typical flow patterns with the front plate of
b/w=2.8 and rear plates of b p/w=1.0 and 2.8 at gr/w=0.5.
When the rear plate is positioned at small gr/w it interferes
with the shear layer interaction and the vortex formation process at the channel exit resulting in higher reverse flow [Figs.
7(a) and 7(b)]. The reverse flow velocity increases rapidly
with gr/w, as seen in Fig. 7(a), till it reaches a peak at (i)
gr/w=1.0 for bp/w of 1.0 and (li) gr/w=0.5 for bp/w of 2.0
and 2.8. Beyond this, the reverse flow weakens till it attains
the value corresponding to the case with the front plate
3852
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alone. The maximum reverse flow for the chosen b/w, increases with bp/w, reaching a peak for b p/w"'2.0. For b/w
=2.8 and bp/w = 1.0, 2.0, and 2.8 the maximum reverse flow
velocities are, respectively, 0.4 U 0, 0 .55 U 0, and 0.6 U 0
[Fig. 7(a)]. At a particular value of b/w (i.e., 1.0,2.0, or 2.8)
the peak reverse flow will not vary significantly beyond
b p/w=2.0 [Fig. 7(b)].
2. Semicircular scoops

Experiments with flat plates at the rear showed that the
free-stream fluid enters the channel mostly from one side and
a recirculation zone is formed inside the channel near the
rear end (Fig. 6). This zone appears to cause blockage and
higher reverse flow velocity seems possible if it is eliminated. To achieve this, semicircular scoops of varying width
Cb sr) were introduced at the rear end.
Models with bs/w of 1.5,2.0, and 3.0 were investigated
by varying g r/w between 0-10 and the width of the front
plate between 1.0 to 2.8. Figures 8(a) and 8(b) show the flow
patterns for the front plate of b/w=2.8 and two different
semicircular scoops at the rear. Unlike the previous cases
[Figs. 6(a) and 6(b)], the fluid enters the channel symmetrically from the two sides near the exit, for b srlw;;a.2.0. The
smooth guidance of the external fluid into the test channel
results in substantial augmentation of the reverse flow and
- U/Uo of 0.83 was achieved for b s/w=3.0 [Fig. 9(a)]. For
all the three cases, the maximum reverse flow occurs for
gr/w-0.5. As gr/w increases beyond 0.5 there is a steep
decrease in the reverse flow magnitude up to gr/w=2.0, and
then the reverse flow weakens till it attains the value corresponding to the case with the front flat plate alone. The peak
values of the reverse flow obtained for different combinations of blw and bs/w are shown in Fig. 9(b). Taking into
consideration the results shown in Figs. 7(b) and 9(b), it is
interesting to note that for both the geometries at the rear
end, the reverse flow does not change significantly for
b/w>2.0.
Tulapurkara, Lakshmana Gowda, and Swain
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same time, the shear layers at the front and the rear end, on
both sides of the channel, roll up giving rise to complex
vortex formation. The combination of the low base pressure
and the vortex formation process determine the magnitude of
the reverse flow. The present investigation has revealed that
the width of the obstruction relative to that of the channel,
plays an important role on the reverse flow phenomenon.
Flat plates with width (b) as low as 0.6 times the channel
width (w) can trigger the reverse flow. As b/w increases
beyond 0.6, the reverse flow increases and reaches a maxiWhen another flat plate is kept
mum of 0.3Uo for blw~2.0
close to the channel exit, a maximum reverse flow of 0.6 U 0
could be achieved. Further increase in the reverse flow magnitude is obtained when the rear plate is replaced by a semicircular scoop; the maximum obtained so far being 0.83Uo.
Detailed measurements of pressure field along the channel
and at the ends would throw more light on this complex
phenomenon.

(0)

1·0
0·8

-o-b/w = '·0
---.- b/w = 2·0

-o-b/w = 2·8

,(

c

E

0·6

0

::J

0·4

::::l

0·2

a

,·0
bsr/w

2·0

3·0

(b)
FIG. 9. (a) Reverse flow with various semicircular scoops (blw=2.8, glw
=1.5). (b) Peak reverse flow for various semicircular scoops.

IV. CONCLUDING REMARKS
The low-base pressure created by the obstruction near
the entry to the channel triggers the reverse flow in it. At the
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