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Anexperimental study about the tip-disturbance effects on the asymmetric vortex breakdownof a chined forebody

was conducted using a wing–body model. The vortices of the chined forebody could produce an asymmetric

breakdown at high angles of attackwhen adding an artificial disturbance onto the nose tip. The forebody vortexwith

asymmetric breakdown would further interact with the vortices of the strake and wing, consequently inducing

significant differential loads on two sides of the wing. When the tip disturbance was located on the leeward side and

approached the nose tip, the disturbance had amore prominent effect on the asymmetric breakdown.Moreover, the

asymmetry level of the vortex breakdown would increase with increasing geometric sizes of the tip disturbance.

However, when a splitter plate was placed in the leeward symmetry plane of the model, the asymmetry of the vortex

breakdown would disappear, even adding a tip disturbance.

Nomenclature

Cp = pressure coefficients, Cp� �P � P1�=�1=2�U2�
p1 = freestream static pressure
Re = Reynolds number based on root-chord length of the

wing L, UL=�
U = freestream velocity
� = angle of attack
�x = local nondimensional coordinates based on

characteristic scale that is the sectional circumference at
sections S1–S8 and the curve length of the upper
surface of the section at sections S9–S19

Subscript

x = measurement-sections index, S1–S19

I. Introduction

M ODERN aircraft increasingly used a chined forebody for
lower observability, a larger lift force, and better high-speed

performances. The aerodynamic characteristics of a chined forebody
were very different from the ones of a traditional smoothed-side
forebody at high angles of attack. The smoothed-side forebody could
produce an asymmetric vortical flow at high angles of attack, which
would induce a quite large side force and yawing moment. The
previous studies have revealed that small geometric imperfection on
the nose tip would be responsible for the asymmetric vortex due to
the intrinsic instability of the flowfield itself [1,2]. Many tip-control
techniques to the asymmetric vortex have been proposed and
implemented based on the asymmetric vortex sensitivity to the nose
tip [3,4]. However, for a chined forebody, the vortical flow over it
was relatively stable and almost no asymmetric vortex could be
produced before vortex breakdown occurred [5–7], because its
separation line was fixed at a sharp side edge. Therefore, the flow
feature around a chined forebody more resembles the one around a
high-sweep delta-wing with a sharp leading edge [8,9], rather than

the one around a smoothed-side forebody. Many approaches also
have been used to control the vortex over a chined forebody, butmost
of these approaches required adding large external energy into the
flowfield [10–13], and the methods based on the tip micro-
perturbation became ineffective, because the flowfield itself lacked
the instability like that of the vortical flow over a smoothed-side
forebody.

Although no vortex asymmetry existed over a chined forebody,
vortex breakdown over it was more prone to occur at high angles of
attack than that over a smoothed-side forebody. Kegelman and Roos
[6] and Mange and Roos [7] found that vortex breakdown over an
isolated chined forebody was so asymmetric to induce symmetric
loads on the forebody. They suggested that the asymmetric vortex
breakdown came from imperfection of the nose tip, but no further
work has been conducted to verify this idea. Lowson and Riley [14]
also found that even over delta wings, vortex breakdown was also so
sensitive to the apex that the locations of vortex breakdown could be
accelerated or delayed by using a movable apex flap. The preceding
research implied that the nose tip had an important effect on vortex
breakdown, and little imperfection of the tip might cause a very large
variation on vortex-breakdown patterns. To study the nose-tip effect
on the asymmetric vortex breakdown, a good strategy was to add an
artificial disturbance to the nose tip and then study the response of
vortex breakdown to it, as done in the study on vortex asymmetry
over a smoothed-side forebody [15].

In addition, vortex interactions of a chined forebody with other
components, such as a wing or strake, was also an important problem
studied extensively. The experimental results by Erickson and
Brandon [16] and Hall [17] have shown that a chined-forebody
vortex could delay the wing vortex breakdown through a beneficial
vortex interaction. Therefore, when asymmetric breakdown
occurred for a chined-forebody vortex, how it would affect the
wing vortex is also a problem that should be investigated further.

The objective of the present investigation was to investigate the
response of the asymmetric breakdown of the chined-forebody
vortex to a tip disturbance. Specifically, the following three questions
would be answered: First, could an artificial tip disturbance influence
the asymmetric breakdown of the chined-forebody vortices? And, if
so, how would it influence it? Second, how would the chined-
forebody vortex with asymmetric breakdown influence the wing
vortex and the model loads through vortex interactions? Third,
would the vortex-breakdown asymmetry vary with the position and
magnitude of the tip-disturbance?

II. Experimental Setup

The experiments were conducted in the D4 low-speedwind tunnel
of the Institute of Fluid Mechanics of Beijing University of
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Aeronautics and Astronautics. The wind tunnel is a low-speed, low-
noise, closed-return tunnel that can be run with either an open or
closed test section. The test sections are 1.5 m wide, 1.5 m high, and
2.5 m long, with a turbulence level of less than 0.1%. The open test
section was used in the present experiments.

The experimental model is shown in Fig. 1. Themodel is a strake–
wing–body configuration with a chined forebody. The chined
forebody has a sharp side edge and the included angle of the chine
was 104 deg. The strake and the wing have a small radius, blunt
leading edge and the sweep angles are 72 and 42 deg, respectively.
The strake and wing are coplanar and high mounted. Moreover, the
strake is removable, and can be removed if required. All components
of the model were made from aluminum. The model was sting
mounted. A disturbance was placed on the nose tip of the chined
forebody. Several types of disturbance were used and will be
described in detail in the next section.

The model was equipped with many pressure taps arranged in 19
sections (S1–S19). The pressure taps were distributed across the
leeward and windward surfaces of the model in sections S1–S8, and
only the leeward surface in sections S9–S19. The internal pneumatic
tubing was stainless steel with a 0.8 mm i.d., and the tubing of
stainless steel was connected with the PSI 9816 intelligent pressure
scanivalve through soft rubber tubes. A total of 32 PSI 9816modules
(512 channels) with a pressure range of less than 1 psi (0.7 kPa) were
equipped in the D4 wind tunnel and enough for pressure measure-
ments of the present model.

A smoke-flowvisualization experiment was carried out using steel
wires of 0.1-mm-diam, and the steel wires were placed below the
leading edge of the wing and the side edge of the forebody, but far
away from the nose tip to avoid interference. To know whether the
wires would affect the flowfield, the pressure-measurement results
were compared before and after the wires were added. The results
showed that the wires had almost no effect on the flowfield studied.
The smoking agent was propanetriol, which could be heated to
volatilize when the wires were electrified. A 5W argon-ion laser as a
sheet-light resource was used for illuminating. The recording device
was a Sony DSC-V1 digital camera with a resolution of 5.25 million
pixels.

All experimental data presented in this paper have proved to be
repeatable, including the flow-visualization and pressure-measure-
ment experiments. The sampling rate was set to 10 Hz and the data
were averaged at each 100. The seven repeated pressure
measurements based on the strake–wing–body configuration were
carried out at 34.5 deg angle of attack. As can be obtained, the total
standard deviation of the pressure coefficients was 0.011, the total
uncertainty was�0:027, and the relative total uncertainty relative to
the maximum pressure coefficient was 0.91%.

III. Results

A. Tip-Disturbance Effects on Asymmetric Vortex Breakdown

The investigation focused on the tip-disturbance effects on the
asymmetric breakdown of the chined-forebody vortex, and so a tip
disturbance of 2-cm-diam (a bead) was added onto the tip of the
chined forebody, as shown in Fig. 2. The disturbance on the left side
of themodelwas called a left disturbance and the one on the right side
of the model was called a right disturbance.

Figure 3 shows the smoke-flow photographs at different
measurement sections of the model at 34.5 deg angle of attack, with
and without a disturbance, respectively. For the no-disturbance case,
the forebody vortex (FV) was almost symmetric, as shown at
sections S6 and S7 in Fig. 3. However, after adding the disturbance,
the forebody vortex lost the symmetry. For the left disturbance, the
position of the left-side vortex became higher than the one of the
right-side vortex, and for the right disturbance, the casewas contrary.
The small strake of the model produced a strake vortex (SV), as
shown at section S9 in Fig. 3a. The strake vortex twisted together
with the forebody vortex and formed a single concentrated vortex.
For simplicity, it was called a forebody-strake vortex (FSV). The
forebody-strake vortex kept symmetric for the no-disturbance case,
and no vortex breakdown (VB) occurred yet. However, after adding a
disturbance, the vortical flow of the opposite side to the disturbance
side would burst so that the flow pattern became asymmetric, as
shown at section S9 in Figs. 3b and 3c.

Beyond section S9, the wing vortex (WV) was produced and the
asymmetry of the forebody-vortex breakdown also caused the
asymmetric breakdown of the wing vortex through vortex
interactions, as shown at sections S11, S13, and S16 in Fig. 3. It
should be noted that the vortex pair lost the symmetry even for the no-
disturbance case at section S11, where the right vortex burst. This
was because the tip imperfection arising from manufacturing
tolerance could also cause the asymmetric vortex breakdown, but the
level of the asymmetry was much lower. This also indicated that the
vortex breakdown points for the no-disturbance case almost located
near this section. For the disturbance case, the vortex breakdown on
the disturbance side was delayed significantly, but that of the
opposite side was accelerated. In addition, the wing vortex also
exhibited asymmetric breakdown due to interaction of the forebody
vortex with the asymmetric breakdown.

The asymmetric vortex breakdown and the asymmetric vortex
interaction together caused an asymmetric pressure distribution on
the forebody andwing, as shown in Fig. 4. The pressure distributions
of the left- and right-half parts of the model were almost symmetric
for the no-disturbance case. However, after adding the artificial
disturbance, the suction peak on the wing of the same side with the
disturbance was higher than the one on the opposite side due to the
asymmetric vortex breakdown and vortex interactions. The artificial
disturbance also produced asymmetric loads on the forebody due to
the forebody-vortex asymmetry in the normal direction, but the
asymmetry hand of the forebody loads was opposite that on the
wing loads.

In the experiments, the Reynolds number for the smoke-flow
visualization (0:15 � 106) was relatively low to obtain clear flow-
visualization pictures, and the Reynolds number for the pressure
measurements (1:35 � 106) was relatively high to obtain high
measurement accuracy. Therefore, to analyze the results of the flow
visualizations and pressure measurements correspondingly, it was
necessary to determine the Reynolds number effects on the results.
The pressure measurements at a low Reynolds number (0:15 � 106)
were carried out and the results were compared with the ones at high
Reynolds number, as shown in Fig. 5. It could be seen that Reynolds
numbers have almost no effect on the asymmetric vortex breakdown.

The asymmetry level of vortex breakdown varies with angles
of attack, as shown in Fig. 6. At 19.5 deg angle of attack, the

Fig. 1 Experimental model, in millimeters. Fig. 2 Tip disturbance.
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Fig. 3 Smoke-flow visualization photographs for tip-disturbance effects, �� 34:5 deg, Re� 0:15 � 106.

Fig. 4 Upper-surface pressure-coefficients contour of the model, �� 34:5 deg, Re� 1:35 � 106.
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vortex-breakdown point is located far downstream after section S13.
The vortical flow near section S13 was not influenced by vortex
breakdown yet, and so the pressure distribution was almost
symmetric. With increasing angles of attack, the vortex-breakdown
points developed forward and gradually approached section S13, so
that the level of the flow asymmetry was gradually enlarged, such as
the case at 29.5-deg angle of attack. However, when angles of attack
were high enough (more than 49.5 deg), the vortex-breakdown
points passed the entire wing so that thewingwas located in thewake
of the vortex breakdown. As a result, the pressure distribution
became symmetric again.

B. Effects of Disturbance Magnitude and Position

Three disturbances with various geometric sizes were used to
determine the effects of the disturbance magnitude on the
asymmetric vortex breakdown, as shown in Fig. 7a. Theywere called
disturbance nos. 1, 2, or 3, respectively. The shape of nos. 1 and 2 is
cylindrical and no. 3 is made of a folded cylinder. Figure 7b shows
the asymmetry level increased with increasing geometric sizes of a
disturbance. Therefore, it could be speculated that when the
disturbance was smaller than a certain size, the result would be
almost the same as the case for no disturbance.

Disturbance no. 2 was selected to study the position effects. The
disturbance was placed on three positions, as shown in Fig. 8a. The
results are shown in Fig. 8b, and it can be seen that the positions have
an important effect on the asymmetric vortex breakdown. If the
disturbance was located on the leeward side, the asymmetry level
would become larger when the disturbance approached the nose tip,
as shown in positions 1 and 2. However, the asymmetry almost
disappeared when the disturbance was placed on the windward side,
even if the disturbance had extremely approached the nose tip, as
shown in Position 3.

C. Splitter-Plate Effects

Asplitter platewas placed on the leeward side of themodel aligned
with the leeward symmetry plane to investigate the disturbance effect
when the vortices on both sides of the model were separated, as
shown in Fig. 9a. The results are shown in Fig. 9b. The presence of
the splitter plate prevented vortex interaction between the two sides
of the model, so that the asymmetry of vortex breakdown would
disappear regardless, with or without the tip disturbance.

D. Strake-Vortex Effect

The results in Fig. 3 show that the strake vortex interacted with the
forebody vortex, which made the vortex system over the model
become more complicated, although the strake size was very small.
To determine the effect of the strake vortex on the asymmetric
breakdown of the forebody vortex, flow visualization was performed
after the strake was removed. The results indicated that the tip
disturbance could still cause the asymmetric breakdown of the
forebody vortex. The forebody vortex with asymmetric breakdown
would further cause the wing-vortex breakdown to become
asymmetric even if no strake existed, as shown in Fig. 10.

IV. Discussion

A. Sensitivity of Asymmetric Vortex Breakdown to Tip Disturbance

The schematic diagram of the tip-disturbance effects on the
asymmetric vortex breakdown is shown in Fig. 11 based on the
preceding experimental results. The tip-disturbance effects included
two processes: first, the tip disturbance resulted in asymmetric
breakdown of the chined-forebody vortex; second, the chined-
forebody vortices with asymmetric breakdown further interact with
the vortices over the wing and strake. As a result of this interaction,
the breakdown locations of the wing and strake vortices also became
asymmetric. In other words, the asymmetric breakdown of the
forebody vortex was attributed to the tip disturbance, but the
asymmetric breakdown of the wing and strake vortices resulted from
the asymmetric vortex interaction with the forebody vortex.

Regarding the first process, a tip disturbance on one side caused
the vortex breakdown on that side to delay, but the vortex breakdown
on the opposite side to accelerate. In fact, even with no artificial tip
disturbance, the asymmetric vortex breakdown also existed, as
shown at section S11 in Fig. 3b or in experiments by Kegelman and
Roos [6] andMange andRoos [7]. The nose of the presentmodel was
manufactured with a high degree of precision, so that the natural
imperfection should be very small.

A remaining difficult problem concerned the mechanism of the
tip-disturbance effect on the vortex breakdown. The present results
were not able to answer this question, but it might be explained by
analogy with the asymmetric vortex over a smoothed-side forebody.
The behaviors of the asymmetric vortex breakdownmuch resembled
the ones of the asymmetric vortex over a smoothed-side forebody,
where small tip imperfection would trigger the asymmetric vortex
due to the intrinsic instability of the flow itself. The present results
seemed to indicate that the asymmetric vortex breakdownwould also
be attributed to the spatial convective instability of the forebody
vortex itself. Therefore, the flowfield of the forebody vortices
downstream could be regarded as a disturbance amplifier, so that a
little flow change around the nose tip would be amplified to alter the
flow structure downstream and produce the asymmetric vortex
breakdown. It was believed that the vortex interaction between the
left and right side of the forebody would play an important role
during the formation of the asymmetric vortex breakdown, because
the phenomenon of the asymmetric vortex breakdown would
disappear if theflowfieldwas split using a splitter plate, as depicted in
Fig. 9. However, the specific reason of the flow instability did not
seem to be very clear yet. Lowson and Riley [14] proposed a
candidate interpretation about this when they investigated the effect
of the apex on vortex breakdown over a delta wing. They suggested
that the change of the vorticity gradient in the vortex core would lead
to the flow instability. Specifically, the apex shape would influence
the vorticity distribution near the apex while the vorticity from the

Fig. 5 Reynolds numbers effect at section S13 with left disturbance,

�� 34:5 deg.

Fig. 6 Angle-of-attack effects, at section S13 with right disturbance,

Re� 1:35 � 106.
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apex formed the center of the vortex core. Therefore, the apex change
would directly cause the change of the vorticity gradient in the vortex
core and lead to instability. Nevertheless, this idea itself needed to be
verified using further experimental or theoretical material.

The tip disturbance also made the forebody vortices slightly
asymmetric in the normal direction near the nose, as shown at
sections S6 and S7 in Figs. 3a and 3c. But the forebody-vortex
asymmetry over the wing was not prominent, whereas the
asymmetric breakdown was dominant. Therefore, the vortex

asymmetry in the normal direction would have very little
contribution to the loads on the wing.

The forebody vortex with asymmetric breakdown could produce
an asymmetric vortex interaction and cause the asymmetric
breakdown over the wing and strake vortices. As mentioned earlier,
Erickson and Brandon [16] and Hall [17] have shown that the wing-
vortex breakdown could be delayed through the interaction of the
chined-forebody vortex. Therefore, the asymmetric breakdown of
the chined-forebody vortex would cause a differential interaction to

Fig. 8 Effects of disturbance positions on asymmetric vortex breakdown, �� 34:5 deg, Re� 1:35 � 106.

Fig. 9 Splitter-plate effects on asymmetric vortex breakdown, �� 34:5 deg, Re� 1:35 � 106.

Fig. 7 Effects of disturbance magnitude on asymmetric vortex breakdown, �� 34:5 deg, Re� 1:35 � 106.
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the vortices on the left and right side of the wing. Specifically, the
delay of the wing-vortex breakdown became weaker on the side of
the acceleration of the forebody-vortex breakdown and became
stronger on the other side. Consequently, the wing-vortex break-
down also became asymmetric.

In addition, it should be noted that the chined-forebody vortex also
interacted with the strake vortex besides the wing vortex. However,
the strake vortex did not influence the response of the chined-
forebody vortex to the tip disturbance, as shown in Fig. 10. It only
twisted together with the chined-forebody vortex and enhanced the
intensity of the forebody vortex [18]. Therefore, the main
conclusions of the experiments would be the same with or without
the strake.

B. Control of Asymmetric Vortex Breakdown

The methods for flight control by the manipulation of the vortex
flow around aircraft at high angles of attack have been paid more
attention in recent years [3,4,10–13,19–21], because the separated
flow is dominant at high angles of attack, whereas the traditional
control methods, such as elevator, rudder, and aileron, are inefficient
and even ineffective at this time. The controllable vortex available
focused on the forebody vortex and the leading-edge vortex of a
wing. Recently, Huang et al. [19] implemented the flight control of a
model aircraft with a delta-wing configuration for all three axes by
distributing microelectromechanical system (MEMS) devices along
the round leading edge to control the leading-edge vortex. For the
research on the control of the smoothed-side forebody-vortex, the
results were toomany [3,4], because the asymmetric vortexwould be
produced over it and could provide enough yaw control moments.
The recent studies [20] about it have extended the control scheme
fromopen-loop to closed-loop control to obtain amore robust control
system. In addition, some researchers [21,22] also found that the
vortex over the smoothed-side forebody could influence the wing
loads and induce roll moments, and so could implement the control
for yaw and roll together.

However, the vortex flow over the chined forebody is very
different from the one over the smoothed forebody, and it has no

asymmetry like the smoothed-forebody vortex and is more readily
broken down. The control of vortex breakdownwas a very important
issue and was studied extensively in the flow control field [23], but
the research to control vortex breakdown by a tip disturbance was
quite little, especially for the control of asymmetric vortex
breakdown. Lowson andRiley [14] conducted an experimental study
on the control of vortex breakdown over deltawings by using an apex
flap (it couldmake vortex-breakdownpoints delay ormove forward),
but the asymmetric control was not considered. The present
experimental results about the chined forebody demonstrate that the
level of the asymmetric vortex breakdown could vary with the
geometric sizes of the tip disturbance, as shown in Fig. 8. This
implies that the asymmetric vortex breakdown could be controlled
proportionally by using a variable tip disturbance. The asymmetric
vortex breakdown could induce a large asymmetric load on thewing,
and so this seems to hold a promise of the aircraft’s rolling control at
high angles of attack. However, the controllability for roll needs to be
verified further, such as by free-to-roll experiments.

V. Conclusions

1) The vortices of a chined forebody could produce asymmetric
breakdown by adding an artificial disturbance onto the nose tip at
high angles of attack. The forebody vortex with asymmetric
breakdown would further interact with the vortices over the strake
and wing, and also cause them to produce asymmetric breakdown.
As a result, the significantly asymmetric pressure distribution was
induced on the two sides of the wing.

2) The magnitude and positions of the artificial tip disturbance
could influence the level of the asymmetric vortex breakdown. The
asymmetry level increased with the increase of the geometric sizes of
the tip disturbance. This seems to hold a promise to control
proportionally the asymmetric vortex breakdown by using a variable
tip disturbance. Moreover, the disturbance has a more prominent
effect on the asymmetric breakdown when the tip disturbance is
located on the leeward side and approaches the nose tip.

3) The asymmetry of vortex breakdown would disappear when a
splitter plate was placed in the leeward symmetry plane of the model

Fig. 11 Schematic diagram of disturbance effects on asymmetric vortex breakdown.

Fig. 10 Smoke-flow visualization photographs for wing–body (without strake), at section S13, �� 34:5 deg, Re� 0:15 � 106.
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even by adding a tip disturbance. This implies that the interaction of
the forebody vortex itself would play a key role on the asymmetric
vortex breakdown.
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