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Suppression of the Wing-Body Junction Vortex by Body
Surface Suction

D. B. Philips,* J. M. Cimbala,t and A. L. Treaster#
Pennsylvania State University, University Park, Pennsylvania 16802

A horseshoe-shaped vortex, known as a wing-body junction vortex or horseshoe vortex, forms when spanwise
vorticity in the boundary layer along a surface wraps around a wing protruding from the surface. In the past,
various techniques of suppressing the wing-body junction vortex have been attempted. Reported here is a novel
approach whereby the oncoming wall boundary layer is removed by suction along the body surface immediately
upstream of the wing. The idea is that elimination of the boundary layer essentially removes the spanwise
vorticity, and inhibits the formation of a wing-body junction vortex. To test this concept experimentally, velocity
data were acquired via five-hole probe surveys in a plane normal to one of the walls of a semi-infinite symmetrical
airfoil. Differentiation of these data yielded mean streamwise vorticity contours and values of net circulation.
In the unmeodified (no suction) case, the streamwise leg of the horseshoe vortex was clearly identified. The
addition of suction successfully reduced the size and circulation of the large scale vortex. In fact, at a suction
volumetric flow rate of about twice that through the boundary layer, the large scale horseshoe vortex could no

longer be found for our configuration.

Nomenclature

Q. = boundary-layer volumetric flow rate

0O, = suction volumetric flow rate

o* = nondimensional suction volumetric flow rate

= 0J/0u

T = maximum wing thickness (140 mm)

U. = freestream velocity (X direction)

X, Y, Z = Cartesian coordinate system (See Fig. 1)

r = circulation

r= = nondimensional circulation = I'/(TU.,.)

A = grid spacing in measurement plane

) = 99% boundary-layer thickness

o* = boundary-layer displacement thickness

6 = boundary-layer momentum thickness

w,, w,, o, = Cartesian vorticity components
Introduction

HE flowfield at a wing-body junction is complicated be-

cause of the three-dimensional interaction between the
approaching body boundary layer and the pressure field pro-
duced by the wing. Because of the adverse pressure gradient
imposed on the body boundary layer, the flow separates ahead
of the junction, and a vortex is formed from the spanwise
vorticity (w,) in the boundary layer. This vortex is stretched
and intensified as it is forced to wrap around the wing. This
phenomenon is also referred to as a “horseshoe vortex,” be-
cause of its shape (see Fig. 1). The coordinate system used
in this study is also shown in Fig. 1.

The effects of the horseshoe vortex on the flowfield and
downstream mechanical devices are usually undesirable. The
vortex structure is well-known to be unsteady, and thus can
create unwanted vibration and dynamic stresses. Further-
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more, the swirling action of the vortex acts to pump high-
momentum fluid from the freestream into the near body re-
gion. This can adversely affect the wing lift characteristics, as
well as increase surface shear stresses and thus drag. This
pumping action can also increase local heat transfer properties
at the surfaces, which at times may be of concern.

Previous Studies

There have been many attempts to reduce the strength of
the horseshoe vortex by modifying the geometry of a standard
blunt nosed airfoil. In the 1984 paper of Mehta,! he reports
the findings of an experimental study comparing the effect of
various two-dimensional wing leading-edge shapes on the vor-
tex size and strength. As predicted by theory, a somewhat
weaker and smaller vortex is created when a less blunt leading-
edge geometry is used.

Kubendran et al.? performed experiments with leading-edge
swept fairings, while Sung and Lin® studied the use of both
leading- and trailing-edge swept fairings. In both of these
studies, the vortex strength was reduced. Devenport et al.*
showed that complete fillets in the wing-body corner effec-
tively created a larger nose radius and thus a blunter wing
leading edge. Therefore the vortex seemed actually stronger
and larger with the fillet than without. Recent experiments
of Maughmer et al.” showed that drag can be reduced by
careful design of the wing-body junction region.

The above geometry modifications aimed at reducing the
horseshoe vortex strength were somewhat successful, but none
could eliminate the phenomenon totally, since spanwise vor-
ticity in the wall boundary layer was not removed. Barber®
varied the distance from the wing-body junction to the body
leading edge, effectively controlling the approaching body
boundary-layer thickness. It was found that the smaller the
boundary layer, the smaller was the region of influence of the
vortex; but no quantitative data were presented from which
the vortex strength could be estimated. Barber’s work also
showed that due to the lack of the large vortex, and thus its
inherent mixing action, separation off the wing trailing edge
occurred prematurely.

There has also been at least one attempt to directly remove
the horseshoe vortex downstream of the wing-body junction
region. Vortex generators were applied by McGinley’ to can-
cel the vorticity in the streamwise vortex legs. This system
worked well, but the correct location, size, and orientation
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Fig. 1 Schematic of the flowfield and coordinate system.

of the generators may be too sensitive to too many factors
for this approach to work well in an operating system.

Current Objectives

It can be seen that many passive methods for manipulating
the horseshoe vortex have been tried, and often with some
success. But none have been totally successful in eliminating
the undesired structure. The possibility of using suction at the
body surface to reduce the vortex strength was investigated
in this study. Suction at a wing-body junction was also in-
vestigated previously by Goldsmith,® but his efforts were con-
centrated on producing a laminar flowfield, and the horseshoe
vortex problem was never specifically addressed. In the pres-
ent study, two possible suction schemes were initially consid-
ered, i.e., suction of the approaching body boundary layer,
and suction of the streamwise legs of the horseshoe vortex
from the flowfield downstream of the junction. Only the for-
mer approach was explored. The idea is that elimination of
the body boundary layer eliminates the spanwise vorticity
from which the horseshoe vortex develops, and hence should
inhibit its formation. This technique is therefore the only one
that directly attacks the source of the horseshoe vortex, i.e.,
spanwise vorticity in the body boundary layer.

Experimental Apparatus and Procedure

Wind Tunnel and Instrumentation

This experimental research project was performed in the
Subsonic Wind-Tunnel Facility of the Pennsylvania State Uni-
versity Mechanical Engineering Department. This open-loop,
suction-type wind tunnel had an operating range of 0-15
m/s, a freestream turbulence intensity below 0.2%, and a test
section 310 X 970 mm in cross section and 2.4 m in length.

An MKS Baratron differential pressure transducer in con-
junction with an MKS high-accuracy signal conditioner sup-
plied all pressure measurement needs for determining veloc-
ities in the wind tunnel. This system has a 1.0 mm Hg maximum
range, with resolution down to 107 mm Hg. A Scanivalve
system was employed to enable the monitoring of multiple
pressures with this single transducer.

The high-pressure side of the transducer was connected to
the stagnation pressure line of a pitot-static probe in the free-
stream. This acted as a universal reference pressure. The low-
pressure side was connected to the output line of the Scani-
valve, which could be switched to any of the holes of a
five-hole probe. The five-hole probe was used in the non-
nulling mode to make all of the three-dimensional velocity
measurements. This angle-tube-type five-hole probe had a tip
diameter of 1.7 mm and was hand made at the Pennsylvania
State University’s Applied Research Laboratory.

The five-hole probe was mounted on a two-dimensional
traversing system, with computer-controlled stepper motors.
The traversing system was installed to allow velocity mea-
surements in a Y-Z plane. This system enabled positioning
accuracy down to =6 um.

Model Description

The wing-body junction was produced at the intersection
of a wing model with the wind-tunnel wall. The model’s lead-
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ing edge was built around a 102-mm-diam aluminum duct.
The body flaired out from this 102 mm thickness to a maxi-
mum constant thickness of 7 = 140 mm from the downstream
half of the model. The total chord length was 900 mm, where
the wing was chopped off sharply. The wing was 203 mm in
span (Y direction), being supported on lag bolt legs. The
mode] skeleton was wrapped with two layers of black poster
board to provide sufficient rigidity. The goal was to create a
model similar in shape to a symmetric airfoil with a semiin-
finite chord. The final model presented a physical blockage
of 9.3% of the test section cross-sectional area. The wing
model was centered in the wind tunnel (Z direction), and its
leading edge was 1.43 m downstream of the test section inlet.
For all experiments, the boundary layer was tripped 610 mm
upstream of the wing leading edge, the trip wire being 3.5
mm in diameter.

Suction System

Boundary-layer suction was applied through a 150-mm-wide
(in the Z direction) by 190-mm-long (in the X direction) rec-
tangular hole, located just upstream of the leading edge of
the wing model, along the tunnel wall. The inside surface of
this wall segment was covered with dense screening, to pro-
duce the required porous wall. Suction was applied at the hole
by a variable-power centrifugal pump. By placing a pitot-static
probe in the pump exit flow at various points, the suction
volumetric flow rate Q, was determined.

Experimental Procedure

The five-hole probe was calibrated at a velocity of 8.2
m/s. To minimize Reynolds-number effects on the five-hole
probe, the wind tunnel speed was adjusted such that the probe
took measurements near its calibration velocity. During mea-
surements, a pitot-static probe was placed at approximately
the same position as the five-hole probe, but on the opposite
side of the model. This probe served two purposes; namely,
it provided symmetry of the flowfield, and it monitored the
streamwise velocity in the vortex leg. All experiments were
performed at a freestream approach velocity of U, = 7.4
m/s. Using the maximum wing thickness T as a length scale,
this corresponds to a Reynolds number of 6.5 X 10* The
five-hole probe was mounted on a Y-Z traversing system such
that the probe tip was in a plane located at a streamwise
position of X = 215 mm, where the wing thickness was 124
mm, i.e., still forward of the maximum thickness region. Grid
points for data acquisition were evenly spaced at intervals of
A = 2.0 mm. The grid spanned an area from Y = 2.0 mm
to Y = 40.0 mm, and from Z = 70.0 mm to Z = 154.0 mm
(0.50 < Z/T < 1.10). The minimum Z position of 70.0 mm
was 8§ mm from the wing surface, at that streamwise location.
These parameters specified a spatial grid of 860 points.

Once the velocity data were acquired, streamwise vorticity
in the leg of the vortex could be determined by differentiation.
However, since differentiation amplifies any randomness in
the original data, the velocity data were first Fourier filtered
by a two-dimensional Fourier algorithm, taken from the text
by Press et al.? Cutoff wave numbers for the low-pass filter
were 50 m~* for the Y-frequency component, and 35 m~* for
the Z-frequency component. These cutoffs were used for all
data sets. The filtered velocity data were then differentiated
numerically to obtain streamwise vorticity data. Three dif-
ferent finite-difference techniques were used to calculate vor-
ticity from the filtered velocity data—a diamond cell, a square
cell, and a third-order scheme. The results were nearly in-
distinguishable for the three cases.

Utilizing the calculated vorticity values for this rectangular
data grid with uniform spacing A, a net circulation was found
using the following simplified equation:

F=N2% .
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The summation operation was performed over the spatial
range from Y = 7.0 mm to Y = 27.0 mm, and from Z =
80.0 mm to Z = 150.0 mm. The net circulation provided a
single value that summarized the measurements for an entire
experiment. For further details on this procedure and the
reported experimental results, see Philips.’®

Experimental Results

For the first case, the suction system described previously
was installed in the wind tunnel, but with no suction power
applied. The pump exhaust was taped over to eliminate any
chance of a net flow through the suction system. The 99%
boundary-layer thickness 8 was measured to be approximately
30 mm at the location of the leading edge of the wing model,
but with the wing model removed. The boundary-layer dis-
placement thickness was calculated to be 8* =~ 9 mm, and the
momentum thickness was 8 = 5 mm.

The measured (unfiltered) mean velocity vectors in the Y-
Z plane are shown in Fig. 2. This measurement plane slices
through one leg of the horseshoe vortex at a streamwise po-
sition of X = 215 mm (X-T = 1.54 mm). The wing model
surface was located at Z = 62 mm at this streamwise position.
(The wind-tunnel wall coincides with the X-Z plane, as seen
in Fig. 1.) The flow pattern in Fig. 2 seems odd at first glance.
It is not at all obvious that a streamwise vortex is present.
Keep in mind, however, that the streamwise location at which
these data were measured corresponds to the forward portion
of the wing, which is growing in thickness. Thus, the gross
direction of the flow is to the right (away from the wing
surface) in Fig. 2. There is also an upward flow (Y direction),
probably due to the growing boundary layer on the body.
Differentiation of these data to calcrlate streamwise vorticity
effectively cancels out this gross flow direction. The computed
streamwise vorticity contours corresponding to this velocity
field are shown in Fig. 3. The contours are plotted in incre-
ments of 25 s 1, with the thicker contour lines being multiples
of 50 s~!. Negative vorticity contours are shown as dashed
lines, and the contour of 0 s~! has not been plotted, for clarity.
The observed flattened shape of the vortex agrees with the
observations by Dickinson,!* where he described it as a “‘tank
track.” The contour of maximum vorticity in Fig. 2 has a
value of 100 s, implying that the greatest calculated vorticity
value was slightly in excess of 100 s~!. In nondimensional
form, w,7T/U.. was somewhat greater than 1.9. There appears
to be a double peak in the vorticity contour of Fig. 3. This is
most likely due to lateral meandering of the vortex leg, which
is quite unsteady. Similar bimodal results have been reported
by Devenport and Simpson.'? The net circulation for this case
was calculated to be 0.086 m?s, or nondimensionally, I'* =
I'/(TU.) = 0.083.

The porous section in the wind-tunnel wall through which
the suction was applied was 150 mm wide (in the Z direction).
The volumetric flow rate through a control volume enclosing
the solid wall boundary layer, and being as wide as this porous
section was calculated to be Q,, = 0.026 m%s. If the suction
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Fig. 2 Unfiltered velocity vectors in one leg of the horseshoe vortex
for the case with no suction (Q* = 0.0).
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Fig. 3 Streamwise vorticity contours in one leg of the horseshoe vor-
tex for the case with no suction (@* = 0.0).
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Fig. 4 Streamwise vorticity contours in one leg of the horseshoe vor-
tex for the case with body suction applied (Q* = 1.2).
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Fig. 5 Unfiltered velocity vectors in one leg of the horseshoe vortex
for the case with body suction applied (Q* = 1.9).

could be applied with 100% efficiency, Q,; would be the min-
imum required flow rate to remove the entire boundary layer.
Therefore this is a reference volumetric flow rate, to allow
nondimensionalization of suction volumetric flow rates.

Suction experiments were performed at four different val-
ues of Q,, the suction volumetric flow rate: 0.03 m3/s, 0.04
m?/s, 0.05 m%s, and 0.09 m3/s. When divided by the boundary-
layer volumetric flow rate, these correspond to nondimen-
sional suction volumetric flow rates of Q* = 1.2, 1.5, 1.9,
and 3.5. The streamwise vorticity contour plot for the first of
these is shown in Fig. 4. For small suction flow rates such as
this, the horseshoe vortex was reduced in size and strength,
but not completely suppressed. The net circulation for the
case with Q* = 1.2 was calculated to be 0.025 m?*s (I'* =
0.024), a 71% decrease compared to that of the no-suction
case.

The velocity vector and vorticity contour plots for the case
with @* = 1.9 are shown in Figs. 5 and 6, respectively. At
this suction rate, the leg of the large scale horseshoe vortex
was no longer identifiable. The net circulation for this case
decreased to about 0.014 m?/s (I'* = 0.013).

With further increases in Q*, the large scale vortex structure
remains suppressed, but smaller spots of vorticity begin to
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Fig. 6 Streamwise vorticity contours in one leg of the horseshoe vor-
tex for the case with body suction applied (Q* = 1.9).
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Fig. 7 Streamwise vorticity contours in one leg of the horseshoe vor-
tex for the case with body suction applied (Q* = 3.5),
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Fig. 8 Net nondimensional circulation in one leg of the horseshoe
vortex as a function of nondimensional suction volumetric flow rate.
Symbols represent the finite difference scheme used to calculate vor-
ticity from the velocity field: ¢ = diamond cell, [] = square cell, O
= third-order technique.

appear. For example, a spot of relatively high streamwise
vorticity appears in the vicinity of ¥ = 10 mm and Z = 145
mm in Fig. 7 for the case with Q* = 3.5. (A similar spot can
also be seen in Fig. 6.) The position of this new structure
implies that its origin was very likely the edge of the suction
hole parallel to the X axis. This can be shown by adding half
the wing thickness to half the suction hole width, yielding a
sum of 145 mm. This vorticity production seems to have been
due to the interaction between the normal flow (with a bound-
ary layer—thus having a positive Y velocity) and the suction
flow (boundary layer removed—thus having a negative Y
velocity). This Y-velocity gradient is of the correct sign and
location for generating the observed positive streamwise vor-
ticity spot.
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The calculated net nondimensional circulation for each of
these suction experiments is summarized in Fig. 8 as a function
of nondimensional suction volumetric flow rate. As men-
tioned previously, three different finite difference schemes
were used to calculate the vorticity, but the results are nearly
insensitive to the choice of scheme, as can be seen in Fig. 8.

Discussion and Conclusions

It has been shown that suction of the boundary layer along
the body just upstream of the leading edge of a wing-body
junction has a significant effect on the horseshoe vortex. Spe-
cifically, 1) The size and significance of the large scale horse-
shoe vortex structure can be reduced by sucking off the up-
stream boundary layer which acts as the source of spanwise
vorticity from which the horseshoe vortex is generated. This
technique is far more successful than previous passive tech-
niques. 2) A nondimensional volumetric flow rate of about
1.9 was required to almost totally suppress the large scale
horseshoe vortex in the present experimental setup. 3) The
streamwise edges of the rectangular suction hole used here
acted as a streamwise vorticity source, thus making it impos-
sible to reduce the circulation to zero.

It is probable that a small horseshoe vortex still exists, even
in the higher suction flow rate experiments, because the no-
slip condition requires the existence of a body boundary layer,
however small. But this small boundary layer develops in a
region where the flow is nearly stagnated, so the small scale
vortex would be weaker than normally expected. A small and
fairly weak vortex would have little effect on the flowfield,
and it has thus been shown that body suction can virtually
eliminate the wing-body junction vortex.

Further studies will need to be performed to address some
of the concerns stemming from the above conclusions as well
as other issues that are more applications-oriented in nature.
The following are recommendations for future investigations:

1) More efficient suction geometries can be designed to
reduce the suction hole edge vorticity production. The study
performed by Goldsmith® on laminar flow control at a wing-
body junction may give some guidance for future work.

2) The possibility of early separation off the wing when the
approaching boundary layer is removed needs to be studied
on a complete airfoil model at angle of attack; this problem
was observed by Barber.¢

3) The effectiveness of suction at off-design conditions needs
to be evaluated. Here, suction flow rate is adjustable, and in
that sense should be more adaptable than passive vortex
suppression techniques.

In conclusion, it has been shown that the application of
suction to the approaching boundary layer can reduce and
even eliminate the large scale horseshoe vortex. This ap-
proach was shown to be capable of a more complete suppres-
sion of the horseshoe vortex than known passive techniques.
Further research and development must be performed to de-
termine the most efficient method of applying the suction, as
well as to determine the effect of varying operating conditions.
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