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Abstract: The horseshoe vortex due to a boundary-layer flow past a wing-body junction is common
in engineering applications. The horseshoe vortex may result in vortical flow, non-uniform wake
distribution, and noise signal and affect the efficiency of propulsor. Therefore, the development and
suppression of the horseshoe vortex structure are vital engineering issues. In the present study, we
introduced a strake to the wing-body junction and conducted a computational parametric study of the
strake surface on the development of horseshoe vortex and investigate the effects of suppressing the
vortex. The Spalart-Allmaras turbulence model was employed in the computation. The results were
examined and we found that the horseshoe vortex can be significantly reduced and the wake flow much

improved.
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1. Introduction

Horseshoe vortex is an important three-
dimensional phenomenon in junction flows
which arise when a boundary layer passes an
obstacle protruding from the body surface. It
is quite common in engineering applications
such as bridge piers on the river bed, the wing
on the airplane body, and the sail on the sub-
marine body. Various detrimental effects may
be produced when the horseshoe vortex is pre-
sent. Therefore, many studies on how to con-
trol it or mitigate its effects have been availa-
ble in the literature.

Many control strategies have been pro-
posed in the literature and can be roughly di-
vided into two categories: active control and
passive control. The latter seems more plausi-
ble in engineering applications. There are sev-
eral approaches for this kind of control. The
most common way is to improve the flow field
by introducing some additional parts. For
some examples, Batcho [1] suggested to em-
ploy a lifting structure which induces a posi-
tive lift so as to mitigate horseshoe vortices.
Devenport and Dewitz [2] introduced a curved
fillet and found by experiments that it could
improve wake flow. Later, Zhang et al. [3-4]
explained the mechanism of fillets by compu-
tational fluid mechanics (CFD). Liu et al. [5]
employed a baffle to destroy the horseshoe
vortex core so as to dissipate its energy and
enhance the uniformity of wake flow. Liu and

Xiong [6] later confirmed by CFD that the ef-
fect of baffle was better than that of fillet when
applied to SUBOFF hull form. Recently,
Younis et al. [7] adopted the vortex generator
to develop counter vortices and the horseshoe
vortex could be effectively suppressed in
strength and size.

Devenport and Simpson [8] also pro-
posed to implement a strake at the leading
edge. They found that such a simple structure
could reduce adverse pressure gradient and
the boundary layer separation could be
avoided. Nevertheless, Barberis et al. [9] ar-
gued that the effectiveness of strake on the
control of horseshoe vortex was limited be-
cause it induced another horseshoe vortex.
Fortunately, this view point has been clarified.
Their arguments are only valid when the
strake is not long enough [10].

The control of horseshoe vortex is a vital
issue in many studies. Various methods have
been proposed in the past several decades.
Some of them could be effective but not easily
realized in engineering applications. In fact,
among these methods, fillets and strakes are
the only two which have been implemented in
submarines. This implies that these devices
are applicable in engineering. In this study, we
will focus on the horseshoe vortex control by
a strake. Lee et al. [10] have shown that both
linear and elliptical strakes can effectively
suppress the vortex as long as their length is
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long enough. However, the linear strake could
induce another vortex at the wing-strake junc-
tion. The present study will extend the previ-
ous research by varying the shape of the strake
and explore the possible optimal shape for the
particular wing studied here.

Figure 1. Schematic of flow field.

Figure 2. Schematic of the strake.

2. Physical Model and Numerical
Method

Shown in Figure 1, a flat-plate boundary
layer passes a three-dimensional wing
mounted on the flat plate. The angle of attack
is 0°. The cord length is C, the wing span is H,
and the maximum thickness is T. A Cartesian
coordinate system is specified with its origin
at the leading edge of junction.

The streamwise direction is x, span direc-
tion y, and lateral direction z.

The flow is incompressible and turbulent
and must satisfies
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Where p denotes the fluid density, u, the
velocity with (u; u, u)=@U v w), p
the fluid static pressure, and g the fluid vis-
cosity. The terms with an overbar represents
time-averaged quantities. The coordinate sys-
tem is (X, X, X)=(Xx y z). The last
termin Eq. (2) is the Reynolds stress tensor in
which u/ is the fluctuating velocity compo-

nent. The Reynolds stress must be modelled
by turbulence models. There have been many
choices available in the literature. In the pre-
sent study, we employed the Spalart-Allmaras
model [11]. This is a low-order simple model.
Nevertheless, our previous study show that it
is highly accurate and computationally robust
for the flow which we will study below [12].

In our study, the wing is composed by a
3:2 ellipse and the NACA 0020 section. The
joins together at the maximum thickness. The
wing shown in Figure 1 is implemented with
a strake with geometry shown in Figure 2. The
height of the strake is H and length L. The
level curve describing the strake is

(i) (i) o

Figure 3. Mesh near the strake.
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(c) Wake at x/C = 1.5.
Figure 4. Flow field without a strake.

This is a generalized ellipse. We can
change the steepness of a strake by changing
the value of N. In the present study, we chose
N to be 1.5, 2.0, 2.5, and 3.0. Our previous
investigation showed that the strake could
effectively suppress the horseshoe vortex if
L/H > 2. Therefore, we set L/H =3 and 1 here.

The study was conducted
computationally. The commercial software
ANSYS was employed. The governing
equations were discretized by the finite
volume mehtod. The pressure and velocity
fields were iteratively computed by the
SIMPLE algorithm. Figure 3 shows the local
unstructured hexahedral mesh used in our
study. The total grid number is between 200M
and 300M.

3. Results and Discussion

First of all, we compared our results with
the experimental results available in the
literature. igure 4(a) shows the experimental
results by Devenport and Simpson [13]. The
horseshow vortex can be clearly observed.
The center is at (x/T, y/T)=(-0.2, 0.05) .

Figure 4(b) shows our computations. The
vortex is quite similar to the experimental
resutls. The vortex core is somewhat more
upstream at (x/T,y/T)=(-0.28, 0.04) .
Furthermore, Figure 4(c) shows the wake flow
atx/C =1.5in our computation. The low speed
region at z/T = 1.0 is due to the horseshoe
vortex developed upstream.

31.L/H=10

Figures 5-8 show the computational
results for different values of N and H/T. For
each particular value of N, the vortex is
stronger if the value of H/T is smaller. This
can be observed if we compare parts (a) and
(d) for each figure. This indicates that a small
strake cannot effectively suppress the
horseshoe vortex.

For a particular value of H/T, the low-
speed region upstream of the wing becomes
bigger if the N is bigger. This implies that for
L/H =1, N should not be large if we want to
suppress the vortex or H/T should not be small.

Therefore, the curvature of strake plays a
key factor for the appearance of the horseshoe
vortex. If it is small enough, then the vortex
can be suppressed. On the other hand, if it is
too big, then the horseshoe vortex appears.

Figure 9 exhibits the detailed streamlines
in the enlarged area where the horseshoe
vortex may appear. When H/T = 2.5, the
vortex always exists for all values of N.
Obviously, the vortex cannot be eliminated if
the strake is too short. As H/T increases, the
vortex is evidently decreased. At H/T = 0.5, a
small vortex appears if N is bigger. However,
if H/T keeps growing, the vortex vanishes.
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Figure 5. Vortex development at N = 1.5.
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Figure 6. Vortex development at N = 2.0.
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Figure 7. Vortex development at N = 2.5.
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Figure 8. Vortex development at N = 3.0.
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Figure 9. Detailed flow at H/T = 0.25.
3.2.L/H=3.0

Figures 10-13 show the computational
results for different values of N and H/T. The
curvature becomes smaller when L/H is bigger.
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Figure 10. Vortex development at N = 1.5
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Figure 11. Vortex development at N = 2.0.
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Figure 12. Vortex development at N = 2.5.
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Figure 13. Vortex development at N = 3.0.
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Figure 14. Detailed flow at H/T = 0.25.

This benefits the flow around the strake.
We can find that in all computations, the
vortex is successfully eliminated. Even at H/T
= 0.25, the minute vortex exists only when N
= 3, as shown in Figure 13. A longer strake
can help suppress the vortex. Therefore, the
length of strake is an important parameter in
vortex suppression.

Of course, if the value of H/T is small, the
curvature of the strake is big and the low-
speed region will be bigger. Consequently, if
N is increased beyond some critical value, the
vortex forms. Figure 13(b) is such a typical
example; namely, N takes a big value, and H/T
is not big enough. However, if we compare the
results with those for L/H = 1.

According to the above observations, we
find that the curvature is also an important
factor for vortex control. One of the way to
reduce curvature is to extend the length of the
strake and at the same time, the strake height
should be big enough. As to the value of N, its
value should be too big. For the present wing,
if N takes the value of 3, it would be too big.
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2.3. Wake Improvement

The adoption of the strake help reduce the
vortex in strength and size. A proper choice
can even help suppress it. Since the horseshoe
vortex is the main cause which makes the
wake nonuniform, it is expectable that the
wake would become more uniform when the
horseshoe vortex is fully or partially
suppressed.

1k

(b) HIT=0.25
Figure 15. Wake distribution at
x/IC=15LH=3and N=3.
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Figure 16. Wake distribution at x/C = 1.5, L/IH = 1.

Figure 15 shows the wake distributions at
x/C = 1.5 for the wing implemented with a
strake with N = 1.5 and L/T = 3. We may com-
pare the results with that shown in Figure 3(c)
which is due to the same wing without a strake

and find that the wake is significantly im-
proved. The conditions corresponding Figure
15(a) for which H/T = 1.0 lead to total sup-
pression of horseshoe vortex and, therefore,
we can find that the wake distribution is more
uniform. There is almost no low-speed region.
As to the result shown Figure 15(b) for which
H/T = 0.25 and the horseshoe vortex is not to-
tally suppressed, the wake flow is not so uni-
form even though the vortex is weakened in
strength and size. It appears evident that the
horseshoe vortex has strong effects on the
wake development and distribution. One of
the strategies to improve wake uniformity is
to eliminate effectively the horseshoe vortex.

Figure 16 shows the results for short
strake series (L/T = 1.0). In these cases, we
learned in Sec. 3.1 that the horseshoe vortex is
clearly present. Hence, it is expectable that the
wake cannot be uniform. In fact, the computa-
tional results show that non-uniformity ex-
tends to even higher region. And the center of
low-speed region moves between x/T = 1.0
and 1.25.

4. Conclusions

In the present study, we employ the CFD
approach to study the effect of strake geome-
try on the development of horseshoe vortex.
The level curves of the strake are generalized
ellipses.

The study reveals that the length and cur-
vature of strake are two important parameters
to suppress the formation of horseshoe vortex.
If the strake is enough long or its curvature is
enough small, the implementation can effec-
tively suppress the vortex. A stake is a simple
device to be implemented in existing wing-
body vehicles or structures. Our investigation
also shows that the best value of N is 1.5 and
2.0.

In addition, we also find that the horse-
shoe vortex has significant effect on the wake
non-uniformity. If the it can be totally sup-
pressed, the wake can be significantly im-
proved, which benefits the downstream flow
developmentQl
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