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Abstract 
 
In this paper, the reverse flow in a square duct with an obstruction at the front (which is a square plate), is investi-

gated using particle image velocimetry (PIV). The gap g between the obstruction and the entry to the duct was system-
atically varied, and it was found that maximum reverse flow occurs around a g/w value of 0.75. The velocity vectors, 
vorticity plots, and other details described indicate that the flow field is different compared with the two-dimensional 
channel case. 
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1. Introduction  

Reverse flow (i.e., flow opposite to the direction of 
the free stream) inside a channel occurs when an ob-
struction is placed at certain positions near the entry 
of a channel, which is placed in another wider chan-
nel. The configuration for the realization of the re-
verse flow is shown in Fig. 1. When the gap between 
the obstruction and the channel entry is sufficiently 
large, forward flow results, but its magnitude even for 
large gap widths will be less than the free stream ve-
locity U∞. 

Some applications in which reverse flow phenom-
ena occurs or can be employed are control of flow, 
especially to obtain low velocities; heat transfer prob-
lems, where it may be required to have different types 
of flows locally; interaction of shear layers at differ-
ent distances apart; and flow past obstruction/con-
striction in arterial flows under certain physiological 
situations [1]. It should be pointed out that the flow 
field will be more complex in arterial flows due to the 
elastic nature of the arteries.  

Gowda and Tulapurkara [2] appear to have been 
the first researchers to observe the reverse flow phe-
nomenon inside a channel. They studied the influence 
of gap (g), the length of the test channel (L), and the 
Reynolds number (Re) based on the channel width 
(w) and the free stream velocity U∞.

.
 They observed 

that
 
the maximum reverse flow occurs for a g/w = 1.5 

and the stagnant flow condition happens for a g/w = 
3.5. 

As the Reynolds number increases, the reverse 
flow increases. Gowda and Tulapurkara also con-
ducted both flow visualization and pressure meas-
urements in a wind tunnel to examine whether the 
aforementioned features, which were observed at low 
Reynolds numbers, also occur at high Reynolds num-
bers. The experiments were carried out at Re = 
26,000. The reverse flow velocity results obtained 
from these measurements show that the behavior of - 
Ui/U∞

  
exhibits trends similar to those at lower Rey-

nolds numbers.  
Gowda et al. [3] investigated the influence of the 

geometry of the obstruction using different shapes 
like squares, circles, triangles, and semicircles. A 
maximum reverse flow of (Ui/U∞) = 0.28 was ob-
tained for the obstruction with a triangular shape. The 
effects of obstructions both at the entry and at the rear  
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Fig. 1. Realization of reverse flow. 

 

 
 
Fig. 2. Experimental arrangement. 
 
end of the test channel were investigated by Tu-
lapurkara et al. [4]. Studies were carried out by plac-
ing flat plates and semicircular scoops at the rear end 
(normal to the channel axis) in addition to the ob-
struction at the front end. Using semicircular scoops 
at the rear end and a flat plate at the front end, a 
maximum reverse flow of 83% of the free stream 
velocity was achieved. Gowda et al. [5] investigated 
the influence of splitter plates a) when placed at the 
front end and b) when placed at the rear end. For the 
latter, a maximum reverse flow of 37% of the free 
stream velocity was obtained. Gowda et al. [6] exam-
ined the mechanism behind the reverse flow phe-
nomenon by conducting both flow visualization and 
pressure measurements. Flow visualization studies by 
Kabir et al. [7, 8] cover a range of Reynolds numbers 
up to 9,000. They confirmed the results found by 
Gowda and Tulapurkara [2] that the reverse flow is at 
its maximum value for the ratio of g/w = 1.5. Bhuiyan 
et al. [1] observed that the reverse flow also occurs in 
non-Newtonian fluid flows.  

In the present study, the reverse flow phenomenon 
in a square duct is investigated. Unlike a two-
dimensional plate (as in the case of a channel), the 
obstruction is a square plate. The flow features are 
different compared with the channel as the study 
deals with duct flow and a square plate as the obstruc-
tion. The flow at the rear end where the shear layers 
interact to generate the reverse flow are also different 

because the flow there is three-dimensional.  
 

2. Experimental arrangement 

All the experiments were carried out in the Flow 
Visualization Facility at the School of Mechanical 
Engineering, Kyungpook National University, Korea. 
Made out of acrylic sheets to ensure transparency, the 
flow visualization tank consists of a tank 2.5 m x 1.5 
m with a depth of 0.3 m. It is filled with water to a 
depth of 200 mm. At one end of the tank two sets of 
aluminum discs (vanes) with suitable spacing in be-
tween them are located. The vanes, when rotated, act 
as paddles and create the flow in the test section. A 
variable speed D.C. motor with suitable gear ar-
rangement is used to rotate the vanes, thus a wide 
range of flow speeds can be achieved in the test sec-
tion. The flow is guided into the test section through 
suitably designed guide blocks. By varying the speed 
of rotation, the velocity in the test section can be var-
ied up to 0.2 m/s without any wavy oscillations in the 
flow. Figure 2 shows the details of the square duct 
used for the reverse flow studies with the obstruction 
(a square plate; b/w = 1), as well as the various di-
mensions used in the test setup. The square duct and 
the square plate obstruction are fixed on a base plate. 
The base plate is inverted and then placed and sup-
ported on the guide blocks. This was done so that the 
struts supporting the duct and the obstruction do not 
interfere with the view, as the camera for the particle 
image velocimetry (PIV) studies and visualization are 
located below the tank (Figs. 3-4). The duct is located 
midway in the channel, below the water level, with its 
center line 100 mm from the water surface. The gap g 
between the entry to the duct and the obstruction is 
systematically varied to get g/w values of 0.125, 0.25, 
0.5, 1.0, 1.25, 1.5, and 2.0.  

A PIV system consisting of a 3 watt Ar-Ion Laser 
(Fig. 3) is used to measure velocities. The seeding 
was done using highly porous polymer particles sized 
80-200 µm. A Readlake MotionPro X3 High-speed 
CCD camera (1280x1024 pixel) was used to record 
the flow details at 150 frames/sec (fps), and the parti-
cle images were processed using a proVISION pack-
age. Figure 4 shows the photograph of the test setup 
with the PIV system. As previously mentioned, the 
camera is located below the tank, normal to the laser 
sheet (Fig. 4).  

The results presented are at a Reynolds number of 
4000, referred to as the free stream velocity and the  
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Fig. 3. PIV system. 

 

 
(a) Ar-Ion Laser (3w) 

 

 
(b) PIV experimental apparatus 

 
Fig. 4. Photograph of the test setup. 
 
width of the duct. The free stream velocity is uniform 
up to a distance of three times the width of the duct 
on either side of the duct center line, both in the hori-
zontal and the vertical planes, with the variation being 
less than 2%. Results are obtained at another Rey- 

 
Fig. 5. Tests at cross sections at various heights. 

 
nolds number of 2,600 in order to compare reverse 
flow magnitudes. The measurements are also done at 
cross sections along various heights of the duct (Fig. 
5). This was necessary as the experiment deals with a 
three-dimensional flow field. 
 

3. Results  

The velocity vectors and the vorticity contours 
along the channel for different g/w values are shown 
in Figs. 6(a) to f (results for g/w = 0.25 and 1.25 are 
not shown). In each figure, two parts representing the 
two portions of the duct (the front and the rear) are 
shown with a small gap at the center to accommodate 
the important features at the front and the rear ends. 
The gap is present to indicate that the flow pattern 
shown at the right half of the figure does not occur 
immediately downstream of the flow shown at the left 
half. In each figure, care has been taken to retain the 
essential features of the flow at both ends of the duct. 

Reverse flow is clearly seen at g/w = 0.125 (Fig. 
6(a)). The flow enters at the rear end and the vectors 
indicate that this flow impinges on the obstruction at 
the front end and exits through the gap between the 
duct entry and the obstruction. The vectors indicate 
the flow pattern and the recirculation regions at the 
rear and front ends. The vorticity plot (given below 
the vector plot) reveals the concentration of vorticity 
at the corresponding positions at the rear end and near 
the two sides of the duct at the front. Further, the vor-
tical patterns are nearly symmetrical. At the rear end, 
there appears to be a stagnation point that is located 
nearly along the center line of the duct, with the flow 
almost symmetrical with respect to the two sides of 
the duct.  

With increase in g/w (Figs. 6b-6c), the reverse flow 
intensifies and the flow pattern and the vorticity con-
tours become similar to those in Fig. 6a. However, the 
stagnation point formed between the forward flow 
and the reverse flow at the exit, slightly away from  
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the rear end, alters its position with g/w. (This aspect 
will be referred to later while discussing Fig. 13).  

At g/w = 1.5 (Fig. 6(d)), the velocity vectors at the 
front end show that the gap between the obstruction 
and the duct entry is just sufficient enough to permit 
the rolling up of the separated shear layers originating 
from the edges of the obstruction, which is also re-
flected in the vorticity contours. Vortical regions are 
created at the front end, the positions of which can be 
expected to affect the reverse flow magnitude. This is 
what happens as indicated by the magnitude of the 
reverse flow velocity, shown  in Fig. 7. At g/w = 

1.75 (Fig. 6(e)), it was observed that the flow alter-
nates between very weak reverse/forward flow, but 
overall the conditions could be described as stagnant. 
As shown by the vector plot and the vorticity con-
tours, the vortical flow behind the obstruction for this 
value of g/w has an effect of “sealing” the entrance to 
the duct, thus giving rise to stagnant conditions. A 
further increase in the gap (g/w = 2; Fig. 6(f)) makes 
the gap between the obstruction and the entry to the 
duct large enough to permit the rolling up of the shear 
layers behind the square plate. There is sufficient 
space between the rolled-up shear layers and the duct  

 

 
(a) g/w = 0.125 

 

 

 
(b) g/w = 0.5 

 
Fig. 6. Velocity vectors and vorticity contours for different g/w ratios (Re = 4,000). 
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entry, which results in forward flow. In each of these 
cases (Figs. 6(d)-6(f)), the vorticity patterns on either 
side at the rear end are nearly symmetrical, as shown 
Figs. 6(a)-6(c). The significance of this symmetry is 
discussed in a later section.  

The reverse flow magnitudes (measured at the cen-
tral section) at various values of g/w are shown in Fig. 
7. The magnitude of the velocity was expressed as a 
ratio of velocity, Ui, in the central part of the test 
channel to the free stream velocity, U∞. In this figure, 
the results for a circular duct [9] and a channel [2] are 
shown for comparison. In the square duct, the varia-

tion is different from the two-dimensional channel 
case. The maximum reverse flow velocity occurs at a 
g/w of about 0.75 at a Reynolds number of 4,000, and 
its magnitude (Ui/U∞ = -0.50) is nearly twice that for 
the two-dimensional case. In addition, the forward 
flow occurs at a much lower value of g/w (about 2) 
compared with that for the two-dimensional case 
(about 4) [6]. However, there are similarities between 
the present and the circular duct cases [9]. The possi-
ble reasons for these observed features are discussed 
in the next section. 
 

 

 
(c) g/w = 1.0 

 

 

 
(d) g/w = 1.5 

 
Fig. 6. Velocity vectors and vorticity contours for different g/w ratios (Re = 4,000; continued). 
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4. Discussion 

Reverse flow in the case under study is expected to 
be triggered due to the low pressure behind the ob-
struction as in the channel case [2]. The primary 
reason for the differences observed between the two 
cases  (i.e., the square duct and the channel) is the 
difference in geometry: the present case is three-
dimensional and the channel case is two-dimensional. 
The effect is clearly seen when the flow at the rear 
end is considered (Fig. 6). The shear layer interaction 
seen in Fig. 6 is different from that for the channel [2]. 
The absence of vortical or recirculating separated 

regions within the duct near the rear and the front 
ends in Fig. 6 should be noted. There is very little 
periodicity at the two ends, particularly at the rear end, 
which is unlike the case of two-dimensional geometry 
[2]. In the latter case, there is vortex formation at the 
rear end and alternate pumping of the fluid into the 
channel. However, in the present case, no such alter-
nating vortical activity is seen and the reverse flow is 
generated by the continuous rolling up of the shear 
layers into the channel. Moreover, the flow enters 
from all sides because the geometry is three-
dimensional. This appears to be the reason for the 
increased reverse-flow magnitude in the present case, 

 

 
(e) g/w = 1.75 

 

 

 
(f) g/w = 2.0 

 
Fig. 6. Velocity vectors and vorticity contours for different g/w ratios (Re = 4,000; continued). 
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Ui/U∞ = -0.50 compared with -0.2 in the channel case.  
To obtain a better physical picture of the flow pat-

terns with time, and to check whether the flow is pe-
riodic or not, a series of photographs was taken at 
intervals of 1/8th of a second over a period of several 
seconds. These should reveal whether periodicity 
exists. A typical set of photographs is presented in 
Figs. 8(a)-8(e). The figures show the streak lines that 
indicate the flow pattern at specific periods. To limit 
the number of photographs to be presented in a single 
figure, flow field is presented at intervals of 2/8th of a 
second over a 1-second period. As shown in Figs. 
8(a) to (e), there is hardly any periodicity in the flow 
at the rear end, which is very much contrary to the 
result in the channel case [2]. As mentioned previ-
ously, in the latter case, vortices are formed alter-
nately at the rear end, which pump the fluid into the 
channel, thus generating the reverse flow. However, 
in the present case, there appears to be a continuous 
flow in the reverse direction into the duct from all 
sides. This is also the reason for the nearly symmetri-
cal patterns of the vorticity distributions on either side 
of the mid-section seen in Figs. 6(a)-6(f), which was 
pointed out in the previous section.  

When dealing with the flow in a square duct, the 
flow can be expected to vary across the height of the 
duct. Due to the finiteness of the square duct, three-
dimensional effects can exist, which may influence 
the flow field at different heights from the center line 
of the duct. To investigate further, the flow patterns at 
cross sections other than at the center, at various 
heights h (Fig. 5) were carried out. These results are 
shown in Figs. 9(a)-9(d). The figures show that the 
flow field (velocity vectors and vorticity patterns) at 
various heights do not display any periodicity and that 
there is a continuous flow into the duct. It is surpris-
ing that there is very little variation across the height 
of the duct. It is probable that the duct corner effects 
are limited to a very small region. The flow at the rear 
end is akin to a “vortex ring”-like flow. 

The other observed difference between the present 
case and the two-dimensional channel case in Fig. 7 is 
in the value of the g/w where the reverse flow ceases 
and forward flow results. This is mostly due to the 
geometry of the obstruction and the flow behind it. 
The recirculation region behind a square plate can be 
expected to be much shorter (due to the three-
dimensional relief effect) than that for a two-
dimensional plate. This is evident when the results in 
Fig. 6 are compared with the corresponding flow  

 
 
Fig. 7. Magnitude of reverse flow velocity at various gaps. 
 
patterns for the channel case [2]. As shown in Figs. 
6(a)-6(d), the reverse flow starts, intensifies, and per-
sists as long as the shear layers separating from the 
edges of the obstruction at the front extend to the 
sides of the duct; this is indicated by both the vectors 
and the vorticity patterns. At g/w = 1.5, there is just 
enough space between the obstruction and the duct 
entry for the shear layers to roll up, which causes a 
reduction in the magnitude of the reverse flow. At a 
slightly higher value of g/w (1.75), the rolled-up shear 
layers almost block the entrance to the duct and a 
stagnant condition results. However, in the case of the 
two-dimensional channel, such situation occurs at a 
g/w of 3.5 [2]. Thus, in the case of the square plate 
obstruction, the shear layers behind can roll up and 
influence the flow in the gap between the plate and 
the entry to the duct at a comparatively lower value of 
g/w than for a two-dimensional flat plate obstruction 
in front of a channel. This roll-up would, in turn, act 
as a type of brake or resistance to the reverse flow and 
thus reduce its value, eventually giving rise to stag-
nant conditions. From the same line of argument, 
forward flow also starts earlier in the duct for the 
square geometry (at g/w =2) compared with the two-
dimensional case (at g/w = 4 [2]), Fig. 7. At a much 
smaller gap compared with the channel case, there 
will be enough space between the recirculating eddy 
behind the square plate obstruction and the duct en-
trance for the forward flow to begin in the duct. 

The aforementioned flow conditions at the front 
end as g/w is varied can be expected to have a corre-
sponding effect at the rear end. This is because the 
occurrence of a reverse, stagnant, or forward flow 
within the channel is due to the interaction between 
the flow conditions at the front and rear ends. To see 
this interaction more clearly and to have a better un-
derstanding of the correspondence between the flow  
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conditions at the front and rear ends as g/w is varied, 
the velocity profiles near the exit of the duct are ex-
amined. This is done for the region near the rear end 
where the shear layers curl up in response to the flow 
conditions at the front end. The profiles are shown for 
three typical values of g/w: (a) g/w = 1 (Fig. 10), 
when there is a strong reverse flow in the duct; (b) 
g/w = 1.75 (Fig. 11), when the flow is stagnant within 
the duct; and (c) g/w = 2 (Fig. 12) when forward flow 
occurs. In each of these figures, X is measured in the 
horizontal direction from the rear end of the duct and 
Y from the duct center, normal to X in the horizontal 
plane. 

The velocity vectors at the rear end in Fig. 10(a) 
clearly show the strong curling of the flow into the 
duct, which results in the high magnitude of the re-
verse flow for this case (Fig. 7). The vector patterns 
on either side of the center are nearly symmetrical, 
which is also seen in the U-profiles shown in Fig. 

10(b). A stagnation point occurs at a value of X/w 
between 0.577 and 0.769 as shown by the U-profiles. 
Beyond the stagnation point, the flow is in the for-
ward direction and relaxes at what appears to be a 
rapid rate.  

In Fig. 11(a), for g/w = 1.75, the flow pattern is 
different compared with that in Fig. 10(a). Here, it is 
seen that there are two recirculating regions that occur 
away from the duct exit, which appear to have a 
“sealing effect;” the vectors indicate very little flow 
into the duct. This and the vortical pattern at the front 
end (Fig. 6(e)) are the reasons for the stagnant condi-
tions within the duct. The U-profiles shown in Fig. 
11b reveal the low values of velocities; particularly 
for X/w = 0, the low values occur right across the 
cross section of the duct. The stagnation point (as 
revealed by the U-profiles) occurs around X/w = 1. 
The profiles beyond the stagnation point relax with 
increased distance from the exit of the duct. However,  

  

 

 
 
Fig. 8. Flow pattern at different instances (Re = 4,000, g/w = 0.5). 
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the relaxation appears to be slower compared with 
that seen for g/w = 1 (Fig. 10(b)). In addition, the 
symmetry of the profiles is weaker compared with the 
earlier case. The reason could be that, for this case, 
the flow is comparatively unsteady. As mentioned 

previously, for g/w = 1.75, the flow within the duct 
also showed some unsteadiness—sometimes slightly 
forward, sometimes slightly reverse, but overall stag-
nant. 

The conditions shown in Fig. 12(a) for g/w = 2 re- 

    

    

 
 
Fig. 9. Mean velocity vectors and vorticity contour at various heights (g/w = 1.0; Re = 4,000). 
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veal that there is hardly any recirculation region at the 
rear end, though the velocity vectors indicate that the 
magnitudes change along the X direction. There is no 
stagnation point. The U-profiles in Fig. 12(b) show 
that the profiles up to X/w = 0.577 have a “top hat” 

shape with high velocity in the central region. For 
higher values of X/w, the shape changes considerably, 
becoming almost flatter and then relaxing like wake 
profiles. However, in this case, the relaxation is very 
slow compared with the profiles in Fig. 10(a) and Fig.  

 

 

 
 
Fig. 9. Mean velocity vectors and vorticity contour at various heights (g/w = 1.0; Re = 4,000; continued). 
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Fig. 9. Mean velocity vectors and vorticity contour at various heights (g/w = 1.0; Re = 4,000; continued). 
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Fig. 10. Velocity profiles at different distances from the end of the test duct (Re = 4,000, g/w = 1.0). 
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11(a). Even at X/w = 1.923, the velocity defect at the 
center (Y = 0) is considerably larger compared with 
the other two cases. It appears that for slow forward 
flow, the shear layers from the sides of the duct inter-
act very slowly, and it would take a considerable dis-
tance downstream for this interaction to be completed. 

The occurrence or non-occurrence of the stagnation 
point and its location seem to have a considerable 
influence on the structure of the flow at the rear end. 
To examine this, the location of the stagnation point 
for some typical values of g/w was determined by 
plotting the U values along X, at Y = 0, that is, along 
the center line from the rear end. Fig. 13 shows where 
the points of intersection of the curves with the hori-
zontal axis for each value of g/w occurs which   
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Fig. 13. Velocity at exit along Y/w = 0.0 for different g/w 
ratio (Re = 4,000). 
 
indicate the location of the stagnation point to a rea-
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Fig. 11. Velocity profiles at different distances from the end of the test duct (Re = 4,000, g/w = 1.75). 
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                                   (a) Velocity vectors                                                                  (b) U-profiles 
 
Fig. 12. Velocity profiles at different distances from the end of the test duct (Re = 4,000, g/w = 2.0). 
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sonable degree of accuracy. It can be seen that the 
location varies with g/w. For stagnant conditions (g/w 
= 1.75), it is located about one width away from the 
duct exit. At g/w = 2, the stagnation point is absent 
and no reverse flow occurs. 

In light of the features discussed, the following can 
be stated: As the shear layers behind the obstruction 
at the front end roll up and adjust themselves depend-
ing on the gap between the obstruction and the duct 
entry, the flow at the rear end appears to respond by 
curling into the duct. Vortical patterns are thus 
formed and a stagnation point occurs at some distance 
away from the rear end. The position of the stagnation 
point seems to play an important role in deciding the 
magnitude of the reverse flow within the duct—low, 
high, or stagnant conditions. When forward flow oc-
curs, the stagnation point disappears. Thus, it is very 
interesting to see the mutual response (communica-
tion) between the flow at the front and rear ends of 
the duct as g/w is varied. 

Most of the results presented and discussed are re-
stricted to a plane passing through the middle of the 
duct (except those in Fig. 9 where the results at cross 
sections are at various heights across the duct), 
though the flow configuration considered is three-
dimensional. In spite of this limitation and in light of 
the features observed in Fig. 9, the results presented 
give a very reasonable picture of the three-dimen-
sional flow considered. 
 

5. Concluding remarks 

Reverse flow occurs in a square duct when an ob-
struction is placed in front of the duct. The magnitude 
of the reverse flow is nearly twice that observed for 
the channel case. The PIV studies conducted have 
brought out the flow features responsible for these 
differences. Primarily, the interaction of the shear 
layers at the rear is quite different for the square duct; 
there is no alternate pumping of fluid (unlike for a 
channel) but a continuous flow into the duct in the 
reverse direction. A vortex ring-like structure can be 
expected at the rear end. The maximum reverse flow 
is nearly twice that for the channel case and occurs at 
a g/w value of 0.75. The increase in the magnitude of 
the reverse flow compared with the channel case ap-
pears to be mainly due to the geometry of the duct. 
However, the values of g/w at which maximum re-
verse flow occurs, stagnant conditions prevail, and 
forward flow begins seem to be decided by the ge-

ometry of the obstruction. 
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Nomenclature----------------------------------------------------------- 

B : Side width of the square plate obstruction 
G : Gap between the obstruction and the duct entry 
H : Distance from one end of the duct indicating the 

height of the cross section 
L : Length of the duct 
U : Mean velocity in the X direction 
Ui : Mean velocity within the duct 
U∞ : Free stream velocity 
X : Distance along the horizontal direction meas-

ured from the rear end of the duct  
Y : Distance measured from the center of the duct 

normal to the X direction in the horizontal plane 
w : Side width of the square duct 
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