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The effect of upstream low-drag vortex generators on juncture flows
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Abstract.  Control of horseshoe vortex in the circular cylinder-plate juncture using vortex generator (VG) was studied at Rep (where D is
the diameter of the cylinder) = 2.05x10°. Impact of a number of parameters e.g., the shape of the VG’s, number of VG pairs (n), spacing
between the VG and the cylinder leading edge (L), lateral gap between the trailing edges of a VG pair (g), streamwise gap between two VG
pairs (Syg) and the spacing between the two VG’s in parallel arrangement (Zy) etc. were investigated on the horseshoe vortex control. The
study is conducted using surface oil flow visualization and surface pressure measurements in low speed wind tunnel. It is observed that all
the parameters studied have significant control effect, either by reduction in separation region or by lowering the adverse pressure along the

symmetric axis upstream of the juncture.
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1. Introduction

When hindrances and obstacles come across the flowing
fluid, some very complex flow structures form all around
the obstacles (upstream, downstream and sidewise). The
complex flow structures exert a number of adverse effects
on the obstacle around which they are formed. The results
of such flow structures on the obstacle appear in the form of
vibration, noise, erosion etc. Some of the common flow
structures around an obstacle when it is placed in a fluid
stream are the wake flow (Karman Vortex), tip flow/vortex
and the Horseshoe Vortex (Munson et al. 2009). All of the
above flow structures are caused due to the separation of the
boundary layer from some parts of the obstacle which
results in such vortical flow structures. Horseshoe vortices
are spawned due to the adverse pressure gradient offered by
obstacles and encountered by the incoming boundary layer
on its way. This vortical flow is then, convected
downstream along the two sides of obstacles. (Younis et al.
2014)

Controlling the separated flows in various fluid
mechanics applications have always remained a great
challenge. The horseshoe vortex in junction is also an
undesirable flow phenomenon in many situations which
needs to be controlled in order to avoid the structural
damage. This may be achieved by either using passive or
active methods of flow control (Mohamed 2006).

A number of passive control methods have been
developed. Some for specific applications concerning
Juncture flows like fillets (Kubendran and Harvey 1985,
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Devenport et al. 1990, Zess and Thole 2002) (for aircrafts
wings or for turbine blades junctures) or general purpose e.g.
collars (Bijan 1990) etc. are studied. Fillets use the principle
of reducing the adverse pressure gradients by making the
juncture region more streamline according to the local flow
conditions at that region. Studies suggest that the leading
edge fillets (Kubendran and Harvey 1985, Devenport et al.
1990, Zess and Thole 2002) are more suitable for leading
edge separation control than the fillet along the whole of the
juncture (Devenport et al. 1990). The leading edge fillet
greatly improves the stability of the flow close to juncture
and uniformity of the wake. Leading edge fairing
(Oudheusden et al. 2004) has also been successfully utilized
to eliminate the horseshoe vortex with similar flow control
mechanism to that of the fillets. Gupta (1987) used a delta
wing like device in the base of the juncture region, and
illustrated that the device acts as a barrier to vortex buildup
and generates counter rotating pair of vortices with opposite
sense of rotation to that of horseshoe vortex. Except Gupta,
who used qualitative flow visualization technique for his
analysis, no further detailed studies with this method are
observed in available literature.

Variation in the shape of leading edge (Wei et al. 2008,
Olcmen and Simpson 1994) of the obstacle plays an
important role in horseshoe vortex modifications. Varying
the airfoils (Olcmen and Simpson 1994) and the shapes of
the cylinders (Wei et al. 2008) revealed that the sharp
leading edge produces a weaker horseshoe vortex than a
blunt one. This is due to the fact that sharp leading edges
produce less adverse pressure gradients compared to the
blunt counterparts.

Ribbed surfaces (Kairouz and Rahai 2005) upstream of
the juncture also significantly reduce the horseshoe vortex
strength and displace the separation point more close to the
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juncture. Ribbed surfaces adds momentum to the near wall
region with the introduction of force mixing of the free
stream fluid into the boundary layer region which results in
delayed separation compared to the baseline case.

Fencing is another important passive control method
which is used to reduce the horseshoe vortex structure in the
juncture region. Various ways of fencing (Liu et al. 2010,
Kumar and Govardhan 2011) are used to reduce the strength
of the horseshoe vortex system. Fences change the
mechanism of flow near the juncture region thus the
strength of the near wall vortical flow is reduced. Liu et al.
(2014) also used vortex baffle to control the horseshoe
vortex. Theberge and Ekmecki (2017) used triangular plate
to control the horseshoe vortex.

An inclined thin rod (Wang et al. 2009) attached with
the horseshoe vortex system also mitigates the vortex
structure. Inclined rod separates the incoming boundary
layer before it reaches the juncture, so as due to smaller
adverse pressure gradient than that of the main juncture, the
horseshoe vortex system in this case mitigates greatly. Two
dimensional cavity (Kang et al. 2009) and a small cylinder
placed in front of juncture (Younis et al. 2010) are some
other passive control methods which are effective in
horseshoe vortex control. An innovative idea of horseshoe
vortex control is being carried out by Wang et al. (2011)
who used Venturi tube for the passive suction of the
incoming boundary layer removal. The method gives
promising results on horseshoe vortex control and utilizes
no energy for suction thus called “passive suction”.

In the active flow control methods, boundary layer flow
suction (Philips et al. 1992, Jhonson et al. 1994, Seal and
Smith 1999, Bloxham et al. 2008 and Liu and Song 2017)
to control the horseshoe vortex has been employed. The
purpose of all these studies is to remove the near wall
boundary layer fluid along the surface of the plate in order
to remove the span wise vorticity. This way the formation of
horseshoe vortex has been suppressed, but the design of
suction hole needs careful work such that the corners of the
suction hole shouldn’t disturb the downstream flow.
Blowing (Jhonson et al. 1994 and Bons et al. 2018) the high
momentum fluid into the low momentum near wall flow has
also been done to control the boundary layer separation in
case of juncture flows. The control mechanism is based on
the idea of energizing the near wall flow with the injection
of high momentum fluid which effectively delays the
separation.

Horseshoe vortex control by introducing stream wise
vorticity (opposite to vorticity that of horseshoe vortex legs)
in the downstream moving fluid before its interaction with
the obstacle can be considered as an important control
technique. Though a few studies (Doerffer et al. 2003,
Andoh et al. 2009, 2010, Honami et al. 2011) are carried
out where stream wise vortices are used to alter the
horseshoe vortex, yet no focused and detailed work to
author’s knowledge is found in the available literature. The
above mentioned studies also provide very few information
regarding the horseshoe vortex control using stream wise
vortices, no parametric studies are available as well. The
control method is passive and can be used in a humber of
applications such as flow separation on the airplane wings,

vehicles, turbine blades, and bridge piers etc.

A detailed experimental study is presented, where a
number of parameters of the passive vortex generators are
be evaluated for the reduction in separation region of the
juncture flows (using surface oil flow visualization) as well
as in adverse pressure and its gradient (using surface
pressure measurement) for a turbulent juncture flow.

2. Experimental setup

The experiments are conducted in the open test section,
low speed wind tunnel facility of Institute of Fluid
Mechanics in Beihang University (BUAA). The maximum
attainable speed in the wind tunnel is 50ms™. Experiments
are conducted at a fixed free stream velocity (U.,) of 30 ms™
at which the turbulence intensity was less than 0.3%. The
test section of the tunnel is elliptic in shape with inlet
section size of 1.02 m x 0.75 m and outlet size of 1.07 m x
0.81 m with length of the test section is 1.45 m.

A circular cylinder made of Plexi glass with diameter (D
= 100 mm) and height (H = 250 mm) is mounted over a
wooden flat plate of maximum width 1m and length of 1.3
m, to create a turbulent juncture flow. The cylinder is placed
on the plate symmetric line with its center at 0.95 m from
the plate leading edge so that the plate length based
Reynolds number (at the position where later the leading
edge of the cylinder is placed) is Re = 1.85 x 10°.

The calculated boundary layer thickness (&) at the
position where cylinder leading edge is placed is
approximately 18.5 mm (when cylinder was not positioned).
The schematic diagram of the setup is shown in Fig. 1. The
Reynolds number based on cylinder diameter (D) in this
study was Rep = 2.05 x 10°. The wooden plate is made
stepped in order to insert it inside the inlet of the test section
and clamped with a fixture at 0° incidence angle. The plate
has an elliptic (5:1) leading edge to avoid flow separation
and a triangular trailing edge to avoid trailing edge effects.
The plate was painted black to give a clear surface oil flow
pattern when oil with bright tracer particles were applied on
the plate surface for surface oil flow visualization. Tracer
particles (Titanium-di-oxide) mixed with Silicon oil with
Kerosene oil added for fluidity is brushed on the plate
surface to get the surface flow pattern of the skin friction
lines. A high resolution digital camera is used to capture the
surface pattern. The average non-dimensional distance of
the upstream separation line on the symmetric axis from the
cylinder leading edge X (= xs/ D, where X, is the distance
between the upstream separation point on the symmetric
axis to the leading edge of the cylinder) and average non-
dimensional lateral distance of the upstream separation line
from the cylinder side, Zs (= z,/ D, where z, is the distance
between the separation line and the cylinder at 90° from the
symmetric axis) as shown in Fig. 2, are obtained after
repeating the experiments thrice for each case. The average
non-dimensional distance of the upstream separation line on
the symmetric axis from the cylinder leading edge X; (= xs/
D, where X, is the distance between the upstream separation
point on the symmetric axis to the leading edge of the
cylinder) and average non-dimensional lateral distance of
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D= cylinder diameter = 100mm

H= cylinder height = 250mm

1= 42mm = length of the vortex generator (VG)
h=12mm = height of the triangular VG

1=1r2

h,= h/2 = height of the low drag VG

g= lateral distance between the trailing edges of a VG pair

= 15° = angle of the leading edge of the VG

B = 18° = angle of incidence of the VG to the free stream
L = distance between the leading edge of cylinder to trailing edge

of the most downstream VG. Pair
n = number of VG pairs

S, = streamwise gap between two consecutive VG pairs when

arranged in series

2z = lateral gap between two VG's when arranged in parallel

U, = velocity of the incoming flow = 30m/sec
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Fig. 1 Experimental setup and details of arrangement

the upstream separation line from the cylinder side, Z (= z/
D, where z; is the distance between the separation line and
the cylinder at 90° from the symmetric axis) as shown in
Fig. 2, are obtained after repeating the experiments thrice
for each case. For the surface pressure measurements a total
of 20 holes, each with diameter 1mm, are drilled in the plate
along the upstream symmetric axis to cover a distance of
1.2D starting from the cylinder. The center to center gap
between two consecutive holes was 6 mm and the first hole
was drilled 3 mm upstream of the cylinder. Steel tubes of
1mm external and 0.7 mm internal diameter are inserted in
the holes to measure the surface pressure, one end of steel
tubes is connected to the pressure measuring system,
NetScnner System 9816/98RK-1, using plastic tubes of
maximum length of 1.5 m. The system has an accuracy of
the £+ 0.05% with maximum data sampling frequency of
100Hz. The time averaged surface pressure was measured
for each pressure scanner for 600, 1000, 2000 and 5000

samples and found results didn’t alter much in each case.
Coefficient of pressure (C,) was obtained for all the
pressure ports for the flat plate without the cylinder fixed on
it. The C,, for all the ports was found within the range +0.01,
as it should be for a flat plate boundary layer with no
adverse pressure gradient. For the control of turbulent
juncture flows, passive vortex generators (VG) of two
shapes, a triangular and a low drag are used, as shown in
Fig. 1. Both vortex generators used in the study are made of
0.5 mm thick metal sheet. Low profile vortex generator is
made by cutting the upper half of the triangular vortex
generator so the height for low profile VG is half that of the
triangular VG. The length of each VG is 44 mm with height
h =12 mm and h = 6 mm for triangular and low profile VG,
respectively. The swept angle for both VG’s is fixed (a =
15°). The vortex generators are sticked to the flat plate
upstream of the juncture on the symmetric axis with the
help of thin double tape of thickness less than 0.5 mm.
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Fig. 2 (a) Flat plate and cylinder junction with surface print of the three dimensional flow separation and (b) Surface print
of different flow structures on the plate around the juncture nomenclature used to measure the separation region in the

streamwise and lateral directions

The vortex generators are placed upstream of the
juncture symmetrically in common flow up (CFU)
configuration (shown in Fig. 1) with incidence angles of p =
+ 18". The vortex generators, apart from the shape, will be
analyzed for a number of parameters depending upon their
arrangement in which they are fixed upstream on the
juncture. These include; (1) the distance between the
leading edge of the cylinder and the trailing edge of the near
most vortex generators (L), (2) the lateral gap between the
trailing edges of the VG when arranged in pair (g), (3)
number of VG pairs (n), (4) streamwise gap between two
consecutive VG pairs when arranged in series (Syg) and (5)
lateral gap between two VGs when arranged in parallel (Zyg)
as labeled in Fig. 1.

3. Results and discussion

The results of the experimentation conducted in this
study is divided into two parts, the first is the flow
visualization conducted using surface oil flow and the
second is surface pressure measurement. Both will be
explained separately in two sections.

3.1 Surface oil flow visualization

The incoming boundary layer flow when experiences
the adverse pressure of the cylinder will separate from the
surface of the plate and rollup to form the horseshoe vortex
structure. The spatial horseshoe vortex structure incurred

from the surface print of the oil flow pattern is sketched in
Fig. 2(a). The result is found comparable to that of Baker
(1980) and Zhang (2012) for turbulent flow conditions. The
separation length (distance between the primary separation
point to the leading edge of the cylinder along the upstream
symmetric axis) is represented with Xs while the separation
length between the primary separation line and side of the
cylinder with Zs, as shown in Fig. 2(b). In order to analyse
the effect of the control technique on the separation region,
surface oil flow visualization is conducted for juncture with
and without the vortex generators. The results for three
representative cases (Fig. 3), baseline (without control) Fig.
3(a), control using two Low drag VG pairs (n=2, L=2D, g=0,
Sve=0) arranged in series (Fig. 3(b)) and control using two
Low drag VG pairs (n=2, L=2D, g=0, Zyc=4h) arranged in
parallel (Fig. 3(c)) are presented for reference. In order to
facilitate the direct comparison, same scale is used for the
three cases.

For the baseline case (Fig. 3(a)), there are two clear
separation lines around the cylinder on the plate surface.
The primary separation line, starts from the most upstream
singular point on the symmetric axis at a distance X5 = 0.6
and convects downstream along the two sides of the
juncture with a distance Zs = 0.76 (shown in Fig. 3(a)). The
separation region thus expands on its way downstream and
the two separation lines gets closer. A clear symmetric
surface print of the Karman vortex structure encompassing
two large recirculating zones is observed in the downstream
base region of the juncture.
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The effect of control (reduction in separation region) has
clearly been observed in Figs. 3(b) and 3(c). The separation
region has shrunk both in the streamwise and lateral
directions. The distance Xs has reduced from 0.6 for the
baseline case (Fig. 3(a)) to 0.32 for the case when vortex
generators are applied in series (Fig. 3(b). Zs on the other
hand has lessened to 0.42 from the baseline case value of
0.76. The two separation lines surface pattern has also
reduced to a single separation line. The separation lines are
also not as vivid as were in baseline case, which possibly is
due to weak separation in the case under discussion
compare to the reference baseline case. The Karman vortex
pattern in the base region of plate cylinder juncture is also
found narrowed to a very small area close to the symmetric
line. This shows that the vortex generator not only reduce
the separation region of HSV but also has promising control
effect on the wake region close to the wall as well.

The separation region upstream of the juncture has a
complex surface pattern when vortex generators are applied
in parallel. Interaction of the two streamwise vortices,
originating from two VGs from the same side of the
symmetric axis, has led to a symmetric twin peak surface
structure as observed in Fig. 3(c). A primary separation line
has been extended towards the symmetric axis to draw the
approximate separation length, and drawn using a white
dashed line. Both, primary and secondary separation lines
were observed thick and clear, this indicates a strong
separation for both lines. The approximate separation
distance along the symmetric axis (Xs) is measured to be
0.52, contrariwise Zs = 0.27 is measured for this case. The
surface print of the Von Karman vortex in the rear of the
cylinder is also observed very small. No large rotating
structures are observed as were found in baseline case (Fig.
3(a)).

Comparing the surface oil flow results for two different
arrangements, the series and parallel, it is observed that the
former is effective in reducing the upstream separation
region (Xs) while later exhibits strong reduction in lateral
direction (Zs). Effect of different parameters e.g. shape of
VG pairs, n, L, g, and Syg for series arrangement and n and
Zy for parallel arrangement, on the reduction in size of the
separation zone is discussed below in detail based on
surface oil flow visualization.

3.1.1 Effect of the shape of the vortex generators in
series arrangement

In order to evaluate the effect of the shape of the vortex
generator, two profiles of VG are used as mentioned before,
the triangular and the low drag. The low drag VG is half in
maximum height (h;) compare to that of triangular VG (h).
Xs and Zg for triangular and low drag VG pairs when
arranged in series are presented in Fig. 4. The results revel
that both Xs and Zsare observed slightly larger for triangular
VG compare to the low drag when single VG pair (n=1) is
used (see Figs. 4(al) and (a2)). As “n” is increased, not only
the size of separation region (Xs and Zs) reduces but the
difference in results for triangular and low drag VG pairs
also constricts.

Flat Plate

> Cylinder
Zs=0.76\

N

Surface Print of

(b) With Control
(Two VG pairs are installed
in Series Arrangement)
iX =032

Flat Plate

> Cylinder
Zs=042
Surface Print

/ of the Wake

-

(c) With Control
(Two VG pairs are installed in

Parallel Arrangement) -~ % "5
Xs=0.52

Flat Plate

<« Cylinder
Zs=027

Surface Print
of the Wake

Fig. 3 Surface oil flow print of the flow structure around
the juncture region (top view) (a) baseline case (b) with
control when two pairs (n = 2) of low drag vortex
generators are arranged in series and (c) with control
when two pairs (n = 2) of low drag vortex generators are
arranged in parallel upstream of the juncture, for (b) and
(c) L=2D and flow is from top to bottom in the figures

3.1.2 Effect of the distance between the leading
edge of cylinder to trailing edge of most downstream VG
Pair (L) in series arrangement

Fig. 4 also shows the effect of L (Please see Fig. 1) on
the reduction in separation region. Three values of L are
used in this study that is L= D, 2D and 3D as shown in Fig.
4(a-c). It is found that at L= D (Fig. 4(a)), the separation
region for both shapes (Xs = 0.77 and 0.85 for low drag and
triangular VG pairs respectively) for n= 1, is larger than the
baselines (Xs = 0.6) case.

Zs on the other hand has reduced slightly (Zs = 0.67) for
low drag VG but no reduction is observed for triangular VG
pair (Zs = 0.76) compare to the baseline case (Zs = 0.76).
Increasing the number of VG pairs to n=2, the Xs is found
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Fig. 4 Effect of gap between the trailing edge of the most downstream VGs and the leading edge of the cylinder (L) on
upstream separation length (Xs) (left column) and on sidewise separation length (Zs) (right column) () L =D, (b) L =2D

and (c) L=3D

0.65 and 0.6 respectively for triangular and low drag VG,
while Zs is found 0.57 and 0.54 respectively. Rising the
number of VG pairs to n = 3, a sharp drop in both X5 and Zs
is observed. Xs drops to as low as 0.28 and 0.3 while Zg
drops to 0.31 and 0.3 respectively for triangular and low
drag VG pairs. For n=3, the Xs for both VG pairs is
observed half of that of the baseline case, on the other hand
Zs has dropped by 60% that of the baseline case.

At L= 2D (Fig. 4(b)), the separation region, Xs = 0.47
and 0.45 are observed for low drag and triangular VG pairs
respectively, when n= 1. Zg = 0.53 and 0.51 are observed
respectively for low drag and triangular VG pairs. Both (Xs
and Zg) are observed smaller than the baseline case with a
relatively large reduction in Zs (reduction of ~32%)
compare to the Xs (reduction of ~24%). Using n = 2 and L=
2D, the Xs drops to 0.32 and 0.29 respectively for low drag
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Fig. 5 Effect of distance between the trailing edges of the two vortex generators in a VG pair “g” on the flow separation
region (a) surface oil flow visualization n =1, and (b) the variation in Xs and Zs with varing n, the low drag vortex

generator is placed at L=2D

and triangular VG, while Zs = 0.42 and 0.39 are observed
bringing the overall reduction to nearly 50% for both Xs and
Zs compare to the baseline case. Increasing the VG pairs to
n =3 no further reduction is observed for Xs for triangular
VG pairs while only a slight reduction (Xs = 0.28) for low
drag VG pairs is observed compare to those at n =2 (Xs =
0.32). Zs for both VG shapes drops to Zs = 0.32. For n=3 the
overall reduction in Xs is approximately 55% and for Zs it is
58%. No significant enhancement in reduction in separation
region is observed for n = 3 compare to n = 2 for both Xs
and Zs.

At L= 3D (Fig. 4(c)), the separation regions Xsand Zs
has increased slightly for both triangular and low drag VGs
compare to the corresponding values at L= 2D for all “n”.
The Xg = 0.5, 0.35 and 0.31 is observed for n =1, 2 and 3
respectively for low drag VG. For triangular VG on the
other hand it is, Xs = 0.49, 0.34 and 0.31 respectively for n
=1, 2 and 3. In case of Zs, for triangular VG, Zs = 0.57,
0.43 and 0.35 and for low drag VG, Zs = 0.55, 0.41 and 0.35
respectively for n =1, 2 and 3, in either case. The results
shows that when VGs are placed at L= 3D, the control
effect has lessened slightly compared to when placed at L=
2D. It is also observed that the control effect at L= D, 2D

and 3D with three VG pairs (n = 3) for both triangular and
low drag VG pairs were approximately same (Xs ~0.3 %
0.03, and Zs ~0.32 + 0.03).

From this analysis it is concluded that two pairs of low
profile VG (n =2) arranged in series at L = 2D can provide a
good combination of flow control (reduction in separation
lengths) in the current situation

3.1.3 Effect of the spacing between the two Vortex
generators in a pair (g) (series arrangement)

To evaluate the effect of the gap between the vortex
generators arranged in pairs (g, shown in Fig. 1), g =0 and h
are evaluated forn =1, 2 and 3 at L= 2D.

Flow visualization results for the two cases (g = 0 and h)
when n = 1 and L=2D are shown in Fig. 5(a). It is observed
from the surface oil flow visualization (Fig. 5(a)), that the
surface oil flow structure upstream of the juncture varies
significantly by g. A beak like structure (bright pointed
white region) is observed when g = h, while for g = 0 the
surface structure was qualitatively alike that of the baseline.
Despite the obvious difference in flow structure upstream of
the juncture (intern the Xs), the impact is minimal on the
separation length in the lateral direction (Zs) Comparing the
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Fig. 6 Effect of distance between the two consecutive VG pairs in series arrangement (Syg) on (a) the upstream separation
length (Xs) and (b) the sidewise separation length (Zs) of the juncture. Low drag vortex generator is placed at L=2D

separation length, Xs (Fig. 5(b)), it is observed that it
extends to a large value (due to beak like structure) when g
= h, compare to when g = 0. The beak gets weak gradually
as the number of VG pairs are increased from n = 1 to 2,
and then to 3 where Xs for both g = 0 and h is same (please
see Fig. 5(b)). As already mentioned that separation length
Zs for n = 1 exhibits alike for both g = 0 and h, the same is
observed for n = 2 and 3 as well. Due to the fact that the
separation region upstream of the juncture becomes
gratuitously complex with unequivocally no positive effect
when gap (g) is present between the two VGs used in a pair,
it should be avoided.

3.1.4 Effect of the streamwise gap between two VG
pairs (Syg) when arranged in series

Streamwise gap between two VG pairs (Syg, Please see
Fig. 1) is also evaluated for possible impact on the
reduction in separation region around the juncture. Three
different gaps, Svg = 0, 2h and 4h were tested withn =1, 2
and 3 at L = 2D, and the results are shown in Fig. 6. Clearly
both Xs and Zg for n = 1 should be the same, as the
minimum number of VG pairs needed to evaluate the effect
must be n = 2. When n is increased to 2, both X5 and Zs are
altered slightly for varying Syg. Xs has lowered from 0.32 to
0.28 when Sy is increased from 0 to 4h, when n = 2. A
further increase in n = 3, shown that the gap Syg makes no
difference in separation length (Xs), and all the cases (Syg=
0, 2h and 4h) have identical results. Zsalso shows a similar
trend under the impact of increasing n and Syg as is
observed for Xs. For n = 2, the Zsdrops from 0.42 to 0.35
with increasing Syg from 0 to 4h. Later, for n = 3, Zg
collapse again to same value (as shown in Fig. 6). It is
concluded from the results that a streamwise gap Sy = 4h
gives the best results in the current scenario.

3.1.5 Effect of the lateral gap (Zvc) between two co-
rotating VGs on either side of symmetric axis when
arranged in parallel

After the evaluation of various parameters for series
arrangement of VG pairs for low drag VGs, they are also

arranged in parallel and evaluated for possible
control/reduction of juncture flow. Parallel arrangement of
low drag VG pairs where n = 2 and L = 2D was already
discussed in detail earlier in this section (see explanation for
Fig. 3(c)). In the current section the variation in number of
VG pairs (n =1, 2 and 3) with fixed Zys (= 4h) and L = 2D
were investigated and the results are shown in Fig. 7. The
surface oil flow visualization for the case when n =2 and 3
are used, is shown in Fig. 7(a). Separation length Xs is
observed increasing slightly from Xs = 0.49 when n = 1 to
Xs = 0.52 when n = 2 with lateral spacing Zyc = 4h.
Increasing the number of VGs to n = 3, the separation
length has further increase slightly to Xs = 0.56. Zson the
other hand has shown significant reduction in when two (n
= 2) VGs (Zs = 0.27) on either side are used compare to the
single (n = 1) VG (Zs = 0.53). Increasing the number of
VGs to n = 3, contributes nothing towards the reduction in
separation region. This is due to the fact that the streamwise
vortex generated by the outer most VG in case of n = 3,
bypasses the juncture region without interacting the
juncture flow (see Fig. 7(a)). It only interacts with the
juncture flow as it moves towards the wake region, thus no
further reduction in separation length Zs compare to n = 2.

The effect of gap between the VGs (Zyg) is also
evaluated by changing the Zyg from 4h to 2h (not shown
here). Xs = 0.45 is observed for Z,g = 2h compare to the Xg
=0.52 at Zyg = 4h for n = 2. Conversely a large Zs (= 0.355)
is observed when Zy = 2h compare to Zs (= 0.27) for Zyg =
4h.

It is thus recommended that when the vortex generators
were arranged in parallel, two VG (n = 2) with spacing Zyg
= 4h should be used.

3.2 Surface pressure measurements

The results obtained from surface oil flow visualization
provide us with important basic idea about the reduction in
separation region for horseshoe vortex. On the basis of
these results, the surface pressure (Cp) measurements were
planned and conducted to obtain a measure of the strength
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Fig. 7 Effect of parallel arrangement of VG pairs on juncture flow control, (a) Surface oil flow visualization when n = 2
and 3 with Z,g = 4h and (b) separation lengths Xs and Zs when vortex generators were installed in parallel arrangement at

L = 2D with Zyg = 4h.

of the horseshoe vortex under stream wise vortices
generated from the vortex generators. The experimentation
was done using twenty (20) pressure sensing ports along the
upstream symmetric axis covering the length from -1.7D to
-0.5D. Effects of all the parameters analyzed using surface
oil flow visualization were tested using surface pressure

measurements and the details are given in the following text.

3.2.1 Effect of the distance between the leading edge
of cylinder to trailing edge of most downstream VG Pair
(L) in series arrangement

From the results of the surface oil flow visualization it is
shown that the gap “L” plays a very important role in

reducing the separation length upstream (Xs) of the juncture.

Surface pressures (Cp shown in Fig. 8) were measured for
single (n = 1) and multiple (n = 2 and 3) low drag VG pairs
arranged in series for L = D, 2D and 3D for fixed Syg = 0
and compared with baseline (without control) case.

From Fig. 8(a) it is observed that, for the base line case
as the flow approaches the cylinder leading edge at X = -
0.5D, the boundary layer flow experiences the adverse
pressure of the cylinder. The pressure (Cp) gradually rises
till X = -0.9D (Fig. 8(a)) and then dips down and reaches a
relatively lower value at X = -0.78D. The dip in Cp

corresponds to the primary vortex with vortex core at X = -
0.78D (Baker 1980). Cp, monotonically rises beyond this
point till the cylinder leading edge, close to which (X = -
0.53D) maximum values of Cp (= 0.93) was measured.

Comparing the results of the baseline case to those with
the control applied, it is observed that for n = 1 (Fig. 8(a))
when the VG are placed at L = D, the dip (corresponds to
primary vortex core) moves upstream (X = -0.86D) with
lower Cp (= 0.3) compare to the baseline case. This shows
that the separation length (Xs) elongates upstream along the
symmetric axis, the same is observed in Fig. 4(a) for n = 1,
where Xs = 0.77 is observed compare to Xs = 0.6 for the
baseline case. From this point the pressure inclines and
reaches Cp = 0.87 close to the leading edge of the cylinder.
A hump in Cpbetween -1.7 < X < -1.5 is due to the presence
of VG pairs at this location for L = D in Figs. 8(a)-8(c).

For L = 2D, a slight dip in Cpis observed close to the
cylinder (X = -0.7D) after which a gradual rise takes Cpto a
maximum value of Cp = 0.75). Cp profile exhibits a very
similar behavior when L is increased from L = 2D to 3D.
Surface oil flow also shows a similar value of X5 forn =1
when placed at L = 2D (Xs = 0.57) and 3D (Xs = 0.53).

For n = 2 and L = D (Fig. 8(b)), the dip in Cp
(corresponding to primary vortex core) moves downstream
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(X = -0.71D) compare to the baseline case (X = -0.78D).
The maximum Cp (= 0.78) is observed for this case compare
to Cp = 0.87 for n = 1 and L = D. Though the strong adverse
pressure region has shrunk, the pressure gradient was
similar to that of the baseline case. Placing the VG pairs to
L = 2D, monotonic rise in Cpwas observed. No dip in Cpis
observed, rather a leveling of Cp profile is seen for -0.71 <
X < - 0.65, and corresponds to the location of the vortex
(Baker 1980). This is possibly due to oscillatory nature of
the vortex structure (smoothing effect of horseshoe vortex,
Dargahi 1989). When n = 3 for L = D (Fig. 8(c)), the dip in
Cr (which is observed for both n = 1 and 2) has vanished
instead Cp slightly decreases from Cp= 0.53 (X = -0.71) to
Cp=10.5 (X = -0.65) and then rises to a maximum Cp= 0.67
(X = -0.53). For L = 2D, Cp rises monotonically with a
levelling observed for -0.71 < X <-0.59 and then rises to a
maximum Cp = 0.76 close to the cylinder. For L = 3D, a
monotonic increase in Cp is observed with leveling for -
0.71 < X <-0.65. Cp then rises and reaches Cp=0.78 at X =
-0.53.

3.2.2 Effect of the shape of the vortex generators in
series arrangement

From the surface oil flow visualization it is observed
that more or less both triangular and low drag VGs have the
similar control effect. This was clearly depicted in the
results from Fig. 4 for all the cases, though slight
differences were observed when L =D and n =1 and 2. For
pressure measurements, both triangular and low profiles
VGs were analyzed for L =2D, Syg =0,andn=1, 2 and 3,
the results are plotted in Fig. 9.

From the surface oil flow visualization it is observed
that both Xg and Zs are approximately same for both low
drag and triangular VGs for all “n”. Surface pressure
measurements in Fig. 9 also show that for all n (= 1, 2 and
3) both triangular and low drag VGs have similar Cp
profiles. This also confirms that both VGs have similar
control effect when one, two and three pairs were used in
series.

3.2.3 Effect of the spacing between the two vortex
generators in a pair (g) (series arrangement)

The gap g = h between the two vortex generators is
observed elongating the upstream separation length (Xs) due
to the formation of a beak like surface print compare to the
when g = 0. Other than the surface structure along the
upstream symmetric axis and its close vicinity, the rest of
the pattern is observed similar (Please see Fig. 5(a)). The
surface pressure measurements show a similar Cp profiles
for g = 0 and h, when n=1 (Fig. 10(a)). A dip in Cp is still
present but moves close to the cylinder compared to the
baseline. Though the separation region is longer for g = h
compare to when g = 0 (Fig. 5(a)), the Cpprofile shows no
difference when n = 1. When n = 2 and 3 (Figs. 10(b) and
10(c)), Cp profiles show slight differences in the region
where smoothing is observed. The difference is larger in
case of n = 2 compared to n = 3. The maximum Cp in both
the cases (n = 2 and 3) though is similar for both g = 0 and
h. The pressure gradient is observed least for n = 2 and g =
0 shown in Fig. 10(b).

3.2.4 Effect of the streamwise gap between two VG
pairs (Syg) when arranged in series

Surface oil flow results shows that Syg has no effect on
the separation length Xs (please see Fig. 6). Similar
observations are also made from the surface pressure
measurements (Cp), as plotted in Fig. 11. Monotonic rise in
Cpis observed for all Sy (= 0, 2h and 4h) values used in the
study for both n = 2 and 3. The only difference in the two
cases (n = 2 and 3) is that of the maximum C; value, which
is Cp = 0.74, 0.72 and 0.74 when Syg = 0, 2h and 4h
respectively for n = 2, increase to Cp = 0.77, 0.77 and 0.75
when Syg = 0, 2h and 4h and n = 3. It is concluded from the
results obtained that two pairs of vortex generators (n = 2)
arranged in series with any gap Syg = 0, 2h and 4h can be
used in the optimal arrangement.

3.2.5 Effect of the lateral gap between two co-rotating
VGs on either side of symmetric axis (Zyg) when
arranged in parallel

The effect of gap (Zys) between the VGs when arranged
in parallel on the surface pressure measurements is
evaluated for Z,g = 2h and 4h as shown in Fig. 12. Only two
VGs (n = 2) arrangement is evaluated and results of Cp
distributions are plotted in Fig. 12.
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It is observed that streamwise vortex from third VG in
three VGs (n = 3) arrangement bypasses the juncture region
and interacts with legs of horseshoe vortex downstream of
the juncture (Please see Fig. 7(a)) so not discussed for
surface pressure measurements. Fig. 12 shows that the gap
Zyc has significant effect on the Cp distribution along the
upstream symmetric axis. Zyg = 4h has dip in Cpat location
(0.79 < X £0.71) similar to that of baseline case but has
leveling effect. For Zyg = 2h on the other hand the dip (X =
0.65) moves closer to the cylinder, this shows that the
separation region has reduced. A small dip on the other
hand shows a rather weak horseshoe vortex compared to the
baseline as well as Zyg = 4h case. The maximum Cp for both
Zye = 2h and Zyg = 4h is the same Cp=0.72.

4. Conclusions

In the study a number of arrangement parameters of
passive vortex generators (VG) are applied to reduce the
juncture flow. Two shapes of the VGs, namely, triangular
and low drag profile are used in common flow up
configuration. A number of parameters depending upon the
arrangement of the single and multiple VG pairs are
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evaluated for the control effect. The following conclusions
are drawn from the study.

. The horseshoe vortex can be suppressed using a

counter rotating pair of streamwise vortices generated by
the two vortex generators in common flow up
configuration.

. Both triangular and low drag VGs are observed

having similar control effect on the horseshoe vortex
control. Comparable reduction in separation region and in
the adverse pressure gradients are observed for both shapes
of vortex generators.

. Parametric study shows that multiple VG pairs
arranged in series upstream of juncture improves the
effectiveness of the control method. The distance L plays
important role in reducing the upstream separation length
(Xs), maximum effectiveness is observed when L = 2D. It is
observed that no significant difference in control effect is
observed with variation in streamwise spacing (Syg) when
multiple VG pairs are used in series. Increasing the number
of VG pairs to n =3 and 4, neither the separation region nor
the adverse pressure gradient reduces significantly compare
to n =2. Two low drag VG pairs (n =2) at L=2D and g =0,
in series arrangement provides the best control effect in
current study.

. Parallel arrangement does not show significant
control effect in the upstream symmetric region, the control
is rather palpable on both sides. Varying the span-wise
spacing between two co-rotating vortex generators (Zyg)
shows that the streamwise vortices generated by VG placed
with small spacing (Zyg = 2h) may interfere with each other
thus loose some of their strength on flow control. While for
wide spacing (Zyg = 4h) they might be too wide to interact
with the juncture flow in the upstream region thus of no use
to horseshoe vortex control.
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