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The characteristics and control of a wingtip vortex are of great significance when considering drag reduction and flight safety of
transportation aircrafts. The associated aerodynamic phenomenon resulting from rolling up of a wingtip vortex includes
boundary layer flow, shear layer separation, and vortex breakdown, while the interaction of a wingtip vortex with the airframe
causes induced drag, wingtip noise, etc. This paper studies a normal blowing method utilized to control the wingtip vortex.
Large eddy simulation (LES) technique applied to a straight NACA0012 wing having a chord length (c) of 0.4m is adopted for
this study. The Reynolds number based on the chord length is 1:6 × 106 and the angle of attack is 12°. The computational
approach utilized the dynamic Smagorinsky-Lilly subgrid model for 3D simulations. Normal blowing from a high aspect ratio
jet from the wingtip lower surface was used to control the wingtip vortex. From 0.05c to 0.30c, the blowing slit width was 1mm,
with the slit exit treated as a velocity inlet boundary condition which supplied the blowing jet with a momentum coefficient of
0.28%. Results of axial velocity and span-wise pressure distribution of the clean airfoil presented good agreement with known
experimental data. LES results indicate that normal blowing suppresses the primary vortex strength, while the vortex core
radius, maximum induced velocity, axial vorticity flux, and pressure peak of the primary vortex are reduced by 25%, 28%, 46%,
and 52%, respectively. Flow field structures before and after blowing show that blowing suppresses the shedding, coiling, and
convergence of the free vortex layers near the primary vortex. This study also shows that normal blowing generates a jet-
induced vortex at the location of the secondary vortex, while backflow, volume expansion, and spiral burst can be observed in
the jet-induced vortex. The bursting jet-induced vortex destroys the jet-like flow structure of the primary vortex at the trailing edge.

1. Introduction

Over the past few decades, wingtip vortex has become a pri-
mary research focus due to increasing usage of aircrafts and
air transportation. Wingtip vortex can typically be regarded
as an axial vortex [1], and its flow phenomenon is overly
complex. Aerodynamic phenomena are often observed in
the rolling up of a wingtip vortex [2–9]; these includes the
boundary layer flow and shear layer separation, wake flow
and vortex breakdown, etc. The interaction of the wingtip
vortex with the edge side and airframe causes effects like
induced drag [10], strain gradient wake flow [9], and wingtip

noise [11]. These effects are potential threats to flight safety
and further reduce flight efficiency through restrictions on
the frequency of take-off and landing [4]. Therefore, a deeper
understanding of the characteristics of a wingtip vortex and
its control is greatly significant for future development of
commercial aircrafts.

For a three-dimensional wing, due to the pressure differ-
ence between the lower and upper surfaces of the wingtip
(especially the flap tip), a crossflow over the side edge of the
wingtip occurs and forms a concentrated vortex. This
three-dimensional effect is strongest near the wingtip, i.e.,
the wingtip vortex. Based on the characteristics of the flow
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field, Albano et al. [12] proposed a spatial division on the evo-
lution of a wingtip vortex: the form-field, near-field, and far-
field regions. Many studies have been carried out through
experiments and numerical simulations [13–18] on the forma-
tion of a wingtip vortex and the flow structure at the near-field
region. These studies concentrated more on wingtip vortex
axial velocity, induced velocity, wingtip vortex strength, etc.
The generation, evolution, dissipation, and instability of the
wingtip vortex were studied and reported. The occurrence of
a jet-like flow in the form-field region of the primary vortex
is often reported and appears to be associated with several dif-
ferent flow features. Chow et al. [16] reported that the axial
velocity in the wingtip vortex core near the trailing edge could
reach 1.77 times the freestream velocity. An experimental
study by Anderson and Lawton [19] reported that the wingtip
vortex strength possesses a linear relationship with axial veloc-
ity. Wu et al. [1], Batchelor [5], and Hoffmann and Joubert [7]
studied the effects of axial velocity on the axial vortex system
and they reported that the axial velocity remains crucial for
vortex breakdown: the bubble burst and spiral burst mode.

Control of the wingtip vortex has drawn increasing
research attention since the 1970s when Whitcomb [20],
who worked in the NASA Langley Research Centre, pro-
posed winglets that could improve the overall aerodynamic
performance. Winglets are now widely used in transport air-
crafts, especially commercial aircrafts. However, as a passive
flow control approach, these winglets are still not suitable for
a variety of application conditions.

In more recent years, documented literatures show that
active flow control (AFC) approach possesses greater poten-
tials for improving the performance of aircrafts. Various
research has been conducted on active flow control of the
wingtip vortex using applications such as plasma [21, 22],
zero mass jet [23], and blowing [24–31]. Related research
results [21, 27, 32, 33] show that span-wise excitation pro-
motes the vortex core to move further away from the wing
by increasing the effective span-wise length of the wing. This
increases the momentum transfer between the shear layer
and main flow, which results in weakening the wingtip vor-
tex. Stream-wise excitation [28, 30] generates the counter-
rotating vortex pair which utilizes cross-stream instability
[31] to weaken the vortex strength and promote viscous dis-
sipation of the concentrated vortex. Yang [32] and Margaris
and Gursul [33] conducted normal blowing on the wingtip.
PIV measurement results showed that normal blowing pro-
motes momentum transport and accelerates the merging of
vortices, which is quite similar to span-wise blowing. How-
ever, it has been challenging for most experimental methods
to observe data at the flow field much nearer to the wingtip.
Therefore, the flow structure and physical mechanism should
be studied further on account of limitations of spatiotempo-
ral evolution data of the form-field and near-field regions.

Majority of published and documented literatures related
to blowing control of the wingtip vortex were more focused
on the span-wise blowing, with normal blowing expected to
be further investigated especially due to lack of detailed analy-
sis of its flow structures. Therefore, in this current paper, large
eddy simulation (LES) is adopted to obtain the spatiotemporal
evolution of the flow field near the wingtip. This study focuses

on the generation, evolution, and breakdown of the wingtip
vortex before and after normal blowing. Some key parameters
such as pressure peak, induced velocity, axial velocity, axial
vorticity flux, and flow structure of the wingtip vortex are dis-
cussed and analysed. Results of this current research paper can
be used to better understand the flow structures of a wingtip
controlled by normal blowing, and findings of this paper will
provide support for the application of blowing as an active
control technology in practical engineering problems.

2. Simulation Methodology

2.1. Governing Equations and Solver. The governing equation
is the three-dimensional unsteady Navier-Stokes (NS) equation,
and this governing equation in integral form is given by

∂
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The expressions of the conservation variable, velocity vec-
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where t is the time,Ω is the volume of the control volume, S is
the unit normal vector of the control volume, and ρ and p are
the density and pressure, respectively. u, v,w are velocity com-
ponents in x, y, z directions, respectively. i, j, k are the unit
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vector in x, y, z directions. e is the total internal energy per unit
mass. τð·Þ and qð·Þ are the stress term and heat conduction
term, respectively.

By filtering the incompressible momentum equation, the
following equations are obtained:
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Here, τij = −ðuiuj − ui ujÞ is also called the subgrid scale
(SGS) Reynolds stress. The commercial CFD code ANSYS
Fluent solver is utilized, where the dynamic Smagorinsky-
Lilly model is used for simulations to overcome excessive dis-
sipation of the Smagorinsky-Lilly vortex viscosity model
[34], which easily ignores the large-scale fluctuations. Lily
[35] and Germano et al. [36] constructed a dynamic process
to solve the momentum equation by a second test filter oper-
ation. The difference between these two filtrations is mainly
caused by the turbulence scale between the first filtering
and the second filtering, which can be used to determine
the Smagorinsky coefficient. The governing equations were
discretized by the finite volume method, and the space dis-
cretization scheme utilized was the bounded central
differencing scheme. By using the green Gauss node-based
method, gradients of variables were calculated. The bounded
second-order implicit scheme for time discretization
combined with the dual time stepping method was applied
to obtain the unsteady flow field. The dimensionless time
step used was t ∗ = Δt ×U∞/c = 0:0015.

2.2. Grid and Boundary Conditions. In the airfoil coordinate
system, x, y, and z directions correspond to the chordwise,
spanwise, and vertical directions, respectively. x = 0 is the
leading edge position of the airfoil. A 3D multiblock struc-
tured O-type grid topology is adopted in this present study,
and the numerical domain size with boundary condition set-
tings is as shown in Figure 1. The computational domain
radius is approximately 25 times the chord length. The pres-
sure far-field boundary condition is used for the far-field

freestream, and the no-slip solid wall condition is used for
the wing surface. To minimize computational costs, the sym-
metry boundary condition is used for the wing root plane.
The side near the wingtip, 2.5c away from the wingtip, is set
as a sliding wall condition. In previous studies, the chord
length is c = 0:4m and freestream velocity U∞ = 60m/s. This
velocity is in the landing speed range of an aircraft. In exper-
iments [37, 38], flow separation was observed near the trail-
ing edge for the angle of attack over 12°. To simulate the
flow field of the flap edge, an angle of attack of 12° is chosen
for all simulation cases.

The span-wise grid near the wingtip is refined and opti-
mized to improve computational efficiency. Details of the
grid utilized is depicted in Figure 2, where the shape of cells
in the span-wise section is optimized. The fine-grid region
is extended by 1.5 times of the airfoil thickness to accurately
capture shedding of the shear layer and roiling of the free
vortex layers. The distance of the inner layer grid to the wall
of the wingtip is consistent with the requirement of the wall
boundary layer.

2.3. Normal Blowing Method. From 5%c to 30%c, the blowing
slit is located on the wingtip lower surface, as shown in
Figure 3, in which the slit width is h = 0:25%c = 1mm and
the blowing velocity U j = 200m/s. The blowing direction is
in the normal direction (negative y direction), and the blow-
ing momentum coefficient is defined as follows:
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where S is the reference airfoil area, l is the chord-wise length
of the slit, and b is span-wise length of the wing. The blowing
slit is set as a velocity inlet condition within the flow domain.

3. Results and Discussion

3.1. Validation of Simulation. Simulation of the clean airfoil
was utilized for numerical verification. Three test cases were
used with their grids and results as shown in Table 1.

The quality of the near-wall grid is always critical for
accurate capture of flow structures within the boundary layer.
Figure 4 shows the y+ values corresponding to the height of
the grid first layer near the wingtip for case 2 (mesh 2). The
simulation numerical results show that the y+ value of the
wingtip area is less than 3, while the y+ in most areas are less
than 1.

Accurate prediction of the axial velocity is highly para-
mount for the numerical simulation of the wingtip vortex
because the wingtip vortex is predominantly the axial vortex.
The axial velocity of the vortex core can be characterized by x
direction velocity u (expressed in U for distinction) to a cer-
tain degree. Table 1 also gives the comparisons for three test
cases against published experimental results. The axial veloc-
ity near the vortex core as predicted by simulation shows to
be in good agreement with previous documented experi-
ments [37, 38] as plotted in Figure 5. Predicted pressure

Y

X

Z

Pressure far field

Symmetry

Nonslip wall

Slip wall

Figure 1: The boundary conditions in simulation.
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distribution within the span-wise section is as shown in
Figure 6, with this also in good agreement with experimental
data. Therefore, while using mesh 2, these results indicate
that the numerical simulation adopted in present study can
capture the wingtip vortex structure and pressure distribu-
tion of the wing. Hence, mesh 2 is utilized in performing sub-
sequent simulations.

3.2. Baseline Flow. The structure of the wingtip vortex at dif-
ferent stream-wise sections is described in Figure 7. The pri-
mary vortex is generated on the upper wing surface, and the
secondary vortex is generated near the wingtip end face
(Figure 7(a)), which is consistent with literatures [15, 16,
19]. The secondary vortex flips from the end face to the upper
surface and merges with the primary vortex at the section of
x/c = 0:70 (Figure 7(b)), thereby forming a big, concentrated
wingtip vortex (Figure 7(c)). The axial velocity of the primary
vortex is significantly different from that of the secondary

vortex. The axial velocity of the primary vortex is higher than
that of the freestream and forms a stable jet-like flow [14–17].
For the secondary vortex, the axial velocity is lower than that
of the freestream and forms an unstable wake-like flow. As

Y

X
Z

(a) Leading edge (b) Near maximum thickness

(c) Trailing edge

Figure 2: The spatial distribution of mesh at the wingtip.

X

Z
Y x/c = 0.30

Tip

Blowing slot

Lower surface
x/c = 0.05

Uj

Figure 3: Schematic of normal blowing at the wingtip.
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shown in Figure 8, the jet-like flow structure of the primary
vortex core expands as the location of the stream-wise section
increases from x/c = 0:50 to x/c = 0:95, which indicates that
the primary vortex plays an important role in the interaction
of two vortices.

Based on Q criterion [39], the 3D structures of the wing-
tip vortex at the trailing edge is obtained. In this present
study, the Q value is normalized as follows:

Qvar =
Q

1/2 Ωk k2 + Sk k2� � = Ωk k2 − Sk k2� �
Ωk k2 + Sk k2� � , ð6Þ

where S is the strain rate tensor, which represents the contri-
bution of pure deformation of fluid under incompressible
conditions.Ω is the eddy tensor, which represents the contri-
bution of fluid rotation to deformation. Qvar represents the
relative magnitude of fluid rotation. Figure 9 shows the iso-
surface near the trailing edge with Qvar = 0:3 (coloured by
the dimensionless axial velocity). It can be found that the
wingtip rolls up and revolves around the jet-like flow struc-
ture of the primary vortex.

Figure 10 shows the instantaneous flow field of the 2D
structure of the trailing edge (x/c = 1:10). Figure 10(a) indi-
cates that the axial vorticity distribution is fragmented in
the wingtip vortex (due to Helmholtz instability) and the vor-
ticity is basically in the same direction. Although the jet-like
flow is in the centre of the wingtip vortex, as shown in
Figure 10(b), yet, the region of the jet-like flow appears to

be surrounded by the regions of the wake-like flow. This phe-
nomenon was also recorded in the experiments conducted by
Birch et al. [17] and Shekarriz et al. [40]. One reasonable
explanation to this phenomenon involves the tangential
velocity and free vortex layer from the boundary layer. Neg-
ative pressure is formed on the axis of the vortex core due to
tangential velocity that develops downward and accelerates
while the corresponding axial velocity is accelerated. The
axial velocity of the free vortex layer is low due to velocity
deficit in the boundary layer. Although the vortex core axial
velocity portrays inhomogeneity under the influence of the
nonuniform tangential velocity and velocity deficit of the free
vortex layer, the jet-like flow is still dominant in the wingtip
vortex because the free vortex layer and wake-like flow is
entrained by the jet-like flow. The documented experiment
of Anderson and Lawton [19] demonstrated that the wingtip
vortex strength possesses a linear relationship with axial
velocity. The result and analysis suggest that the robust jet-
like flow structure within the primary vortex is crucial to
the formation of the wingtip vortex.

3.3. Control Effect of Normal Blowing. In this present study,
the near-field wingtip flow field changes greatly after normal
blowing. The time-averaged flow field as described in
Figure 11 shows that the primary vortex core pressure
decreases to a certain extent upstream (Figure 11(a)), indicat-
ing that normal blowing suppresses generation of the pri-
mary vortex even though it does not directly act on the
primary vortex. For the section of x/c = 0:50 and x/c = 0:70,

Table 1: Test case and grid information used for verification.

Test case Case 1 Case 2 Case 3 Exp

Grid Mesh 1 Mesh 2 Mesh 3 —

Along camber 523 711 1038 —

Along radial direction 91 96 126 —

Along span-wise direction 151 161 188 —

Along maximum wing thickness 97 121 131 —

Total/106 8.46 14.36 25.19 —

Axial velocity, x/c = 0:95 1.38 1.45 1.50 ~1.53
Axial velocity, x/c = 1:10 1.33 1.40 1.46 ~1.45

X

Z

Y

0.01 0.68 1.34 2.01 2.67 3.34 4.00 4.67y+

Figure 4: The distribution of y+ near the wingtip of case 2.
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as shown in Figures 11(a) and 11(b), respectively, the second-
ary vortex becomes stronger and evolves into the jet-induced
vortex. For x/c = 0:95, which is near the trailing edge, the pri-
mary vortex tends to dissipate under the interaction of the
jet-induced vortex and is no longer the centre of the trailing
vortex. Hence, the pressure of the jet-induced vortex
decreases dramatically, which qualitatively coincides with
the experimental results of Yang [32] and Margaris and Gur-
sul [33]. Experimental data of Margaris and Gursul indicated
that in most cases, blowing near the lower surface led to dif-
fused vortices in the near wake.

The primary vortex before and after blowing is quantita-
tively analysed by the method proposed by Burley et al. [41]

as follows:

Cv = ∑ ωxð Þk ⋅ xk, ykð Þ
∑ ωxð Þk

,

Γr =∬ωxdA,

Ur =
Γr

2πr ,

ð7Þ

where the instantaneous position of the vortex core centre
(Cv) is obtained by the method shown in Figure 12. The axial
vorticity flux (Γr) is obtained by integrating the stream-wise
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vorticity (ωx) along the radial direction, and the induced
velocity (Ur) can be calculated subsequently. The induced
velocity first increases and then decreases along the radial
direction, which reaches a maximum (Ur max, nondimensio-
nalized by freestream velocity) at a certain radius (Rcore). The
radius of the vortex core can be characterized by Rcore, and
the corresponding axial vorticity flux (Γcore, nondimensiona-
lized by U/c × 1m2) can be used to represent the strength of
the primary vortex.

Figures 13–15 show the effects of normal blowing on the
radius, the axial vorticity flux, and the maximum induced
velocity of the primary vortex core, respectively. Results of
the clean airfoil show that the radius and strength of the pri-
mary vortex core increase significantly when x/c ≥ 0:70. It
also proves that the primary vortex plays a dominant role
in rolling up of the wingtip vortex near the trailing edge.
The secondary vortex provides many free vortex layers to
the primary vortex and cooperates with the vortex merging
and rolling up of the tip vortex. Under the control of normal
blowing, the radius, maximum induced velocity, axial vortic-
ity flux, and peak value of pressure of the primary vortex core
decrease by 25%, 28%, 46%, and 52%, respectively. Especially
in the downstream of x/c = 0:70, the strength of the primary

vortex is even weaker than that in the upstream (Figure 14).
In addition, in the downstream of x/c = 0:70, the difference
between the baseline and control is larger than that in the
upstream. It is shown that although normal blowing directly
acts in the upstream (x/c = 0:05 ~ x/c = 0:30), the effect of
normal blowing on the primary vortex is mainly concen-
trated in the downstream region, which also coincides with
the results of Yang [32] and Margaris and Gursul [33].

3.4. Vortical Structure. Albano et al. [12] and Chow et al. [16]
proposed the crossflow velocity (Uc =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p
, u, and v are

the stream-wise velocity and the normal velocity, respec-
tively) to describe the rolling up of the wingtip vortex. As
shown in Figure 16, crossflow velocity around the wingtip
of the baseline and control shows that the lateral flow near
the secondary vortex is significantly enhanced but the lateral
flow near the primary vortex is restrained. This is a major
reason for the pressure decrease of the primary vortex shown
in Figure 11(a). It appears that the normal blowing from the
lower surface acts as a virtual wingtip plate to restrain the
rolling up of the primary vortex on the upper surface, which
is like span-wise blowing [25].
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Figure 11: Time-averaged flow field before and after normal blowing.
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The axial velocity around the wingtip flow field after
blowing is analysed as shown in Figures 17 and 18, which
show a comparison of the instantaneous distribution of the
axial velocity. Like the time-averaged flow of Figure 7, the
jet-like flow structure dominates the primary vortex of the

clean airfoil instantaneous flow. After normal blowing, the
axial velocity of the primary vortex tends to decrease. Fur-
thermore, a wake-like flow structure appears in the primary
vortex (Figure 18, section of x/c = 0:875) and there exists a
typical backflow in the jet-induced vortex generated by nor-
mal blowing (Figure 18, section of x/c = 0:25, x/c = 0:375,
and x/c = 0:5). This indicates that the axial velocity in the
vortex attenuates rapidly.

Wu et al. [1], Batchelor [5], and Hoffmann and Joubert
[7] all pointed out that the axial velocity has important effects
on the maintenance, acceleration, coiling, instability, and
breakdown of the axial vortex. Anderson and Lawton [19]
suggested that the strength of the wingtip vortex is linear with
the axial velocity of the vortex core and the robust jet-like
flow structure is crucial to the wingtip vortex stability. The
decay of axial velocity of the primary vortex and the jet-
induced vortex backflow after normal blowing causes a
change to the trailing edge flow field significantly. As men-
tioned previously, Figure 11 shows that the pressure of the
primary vortex decreases and is not dominant for rolling
up of the wingtip vortex after blowing. Furthermore, accord-
ing to the instantaneous axial vorticity distribution near the
trailing edge, as shown in Figure 19, the secondary vortex
and the free vortex layer shedding from the trailing edge pro-
vides momentum and vorticity to the primary vortex contin-
uously. This accelerates the rolling up of the primary vortex
for the clean airfoil. After applying blowing control, the pri-
mary vortex is smaller and weaker than that of the clean air-
foil and the jet-induced vortex is large in scale but its vorticity
is dispersed in different directions (Figures 20 and 21). It is
worthy of note that the blowing results in counter-rotating
vortex pairs (Figure 20, section of x/c = 0:25, x/c = 0:375,
and x/c = 0:5) accompanied by backflow (Figure 18). This
result is likened to the experiment of Margaris and Gursul
[33], even though the airfoil and manner of blowing used in
their study is a bit different. Computational simulations
[28, 29] showed that span-wise blowing near the tip pro-
duced inboard vortices that interacted with the wingtip vor-
tex and reduced its strength. It is also found that the jet-
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induced vortex of normal blowing from the lower surface can
destroy the wingtip vortex thoroughly by eroding the jet-like
flow of the primary vortex.

The bubble burst and spiral burst of the vortex are closely
related to changes of axial velocity [1, 5, 7]. There are some
obvious characteristics in the breakdown of the axial vortex
[1]. Along the vortex axis, an internal stagnation point can
be observed. A limited recirculation flow appears down-
stream the stagnation point and the volume of the vortex core
expands dramatically. The recirculation flow is closely
related to the axial velocity loss in the concentrated vortex
core. The key to forming bubble burst and spiral burst is
the presence of the internal stagnation point of the vortex.
As shown in Figure 22, the position where the jet-induced

vortex begins to break is near the region where the jet-like
flow structure transforms into the wake-like flow structure.
The vortex core downstream appears to explode and a
vortex breakdown in the form of spiral structure can be
observed. It is certain that vortex breakdown is also
responsible for the pressure decline of the jet-induced vor-
tex core shown in Figure 11. As previously mentioned,
normal blowing weakens the jet-like flow structure of the
primary vortex upstream. The wingtip vortex structure
near the trailing edge after normal blowing is shown in
Figure 23. When compared with the clean airfoil as shown
in Figure 9, it is found that the spiral breakdown of the
jet-induced vortex destroys the primary vortex and domi-
nates the flow at the trailing edge.
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Figure 16: The lateral flow near the wingtip before and after normal blowing.
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4. Conclusions

In this study, the normal blowing approach for controlling
the wingtip vortex of a NACA0012 wing was studied using
LES with the Smagorinsky-Lilly model. The flow field was
analysed qualitatively and quantitatively, and some key
parameters of the primary vortex were studied before and
after normal blowing. The flow structures of the jet-induced
vortex and primary vortex were further discussed in more
detail. For the baseline clean airfoil, the primary vortex core
is the jet-like flow structure whose axial velocity is larger than
the freestream velocity. At the trailing edge, the secondary
vortex and other free vortex layers converge to the primary
vortex. The primary vortex plays a dominant role in the roll-
ing up of the wingtip vortex. Normal blowing from the lower
surface of the wingtip was utilized to control the concen-
trated wingtip vortex. It was found that normal blowing,
which acts as a virtual endplate, can restrain the transverse
flow around the primary vortex and the primary vortex tends
to attenuate. In addition, the rolling up of the secondary vor-
tex is accelerated by normal blowing and forms a stronger jet-
induced vortex. A typical backflow can be observed in the jet-
induced vortex, which turns into obvious spiral burst. It
appears that the jet-like flow of the primary vortex decays
and is converted to the wake-flow. Moreover, the spiral
breakdown of the jet-induced vortex destroys the primary
vortex and dominates the flow near the trailing edge. After
normal blowing, the radius, maximum induced velocity, axial
vorticity flux, and peak value of pressure of the primary vor-
tex core decrease by 25%, 28%, 46%, and 52%, respectively.
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