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Previous study (Cui, Y. D., Lim, T. T., and Tsai, H. M., “Control of Vortex Breakdown Over a Delta Wing Using

Forebody Slot Blowing,” AIAA Journal, Vol. 45, No. 1, 2007, pp. 110–117.) shows that a forebody slot blowing

technique significantly delays vortex breakdown over a delta wing. Blowing only on one side while delaying vortex

breakdown has an opposite effect on the nonblowing side. Although the authors provided a plausible explanation for

the observed behavior, no concrete evidence was given. In this paper, we address this issue and further evaluate the

effects of symmetric and differential blowing on the aerodynamic loads. Flow visualization and force measurement

were carried out in a water tunnel at a Reynolds number of 8:5 � 104. Our study shows that the differing effect of

differential blowing can be traced to a combination of forebody slot blowing itself and the interaction of the vortices

from both sides resulting in a side-slip-like effect. Moreover, symmetrical forebody slot blowing, apart from

producing a significant delay in the formation of vortex breakdown, increases the lift by more than 5%. Differential

blowing can be used to manipulate the vortex breakdown position and change the roll moment of the wing, which

suggests that the method can be a potential means for roll control.

Nomenclature

Aj = slot area
CL = lift coefficient, lift=�qS�
Cl = roll moment coefficient, roll moment=�qSc�
C� = blowing momentum coefficient, �Q2=�AjqS�
C�P = blowing momentum coefficient for port side slot
C�S = blowing momentum coefficient for starboard side

slot
c = root chord
Q = volume flow rate of blowing
q = dynamic pressure of freestream
Re = Reynolds number, Uc=v
S = area of delta wing
U = freestream velocity
Vj = average slot exit velocity
Xb = vortex breakdown position from the apex of the

wing
Xbmean = mean vortex breakdown position
�Xbmean�P = mean port side vortex breakdown position
�Xbmean�S = mean starboard side vortex breakdown

position
� = kinematic viscosity of water
� = density of blowing fluid

I. Introduction

I T IS known that vortex breakdown over a delta wing, first
reported by Peckham and Atkinson in 1957 [1] has detrimental

effects on not only the aerodynamic characteristics of the wing, such
as a reduction in lift, an increase in drag, and changes in moment
characteristics, but also heightened structural fatigue due to strong
pressure fluctuations, unsteadiness, and vibrations. The overall
aircraft’s performance, controllability, and maneuverability can be
severely affected. Over the decades, much effort has been attempted
to understand the physics of this flow phenomenon [2–7].

On the other hand, the need to control vortex breakdown over a
delta wing at high angles of attack hasmotivatedmany researchers to
propose various flow control techniques (see the review article by
Mitchell and Délery [8]). These include mechanical devices such as
leading-edge flaps [9–12], apex fences [13], canards, strakes,
leading-edge extensions (LEXs), or double-delta wing [14–22] and
pneumatic techniques such as trailing-edge blowing [23–28] or
suction [29], along-the-core blowing technique [30–34], spanwise
blowing (SWB) [35–37], and some other blowing/suction
techniques [38] with different blowing/suction locations and
orientations.

It is generally believed that trailing-edge blowing [23–28] or
suction [29] techniques delay vortex breakdown by decreasing the
downstream pressure gradient, and along-the-core blowing
technique [30–34] delays vortex breakdown by increasing the axial
velocity (i.e., a reduction in the swirl number). Dixon [35] believed
that SWBon the wing provides sweeplike effects as the SWB jets are
entrained in the leading-edge vortices. Bradley and Wray [38]
credited the success of their blowing technique to the increase in the
vortex stability, which to some extent is related to the longitudinal
flow in the vortex core. Passive vortex breakdown control devices
such as strakes, LEXs, or double-delta wings [14–22] are used in
numerous aircrafts. They modify the flowfield by inducing a
nonuniform distribution of local angles of attack at the wing, leading
to the generation of a nonconical vortex formation and a
corresponding delay in vortex breakdown over the wing [16,18,21].

In our previous study [39], we proposed a control methodwhich is
referred to as forebody slot blowing that exploits the benefits of both
the spanwise slot blowing and the effectiveness of canards. Flow
visualizations show that this technique can be used to delay vortex
breakdown on a delta wing more effectively than some existing
blowing techniques. However, due to the constraints of the
experimental setup, the study did not resolve the issue ofwhy a single
side blowing delays the formation of vortex breakdown on the
blowing side but has an opposite effect on the nonblowing side. In
this paper, we attempt to address this issue by systematically
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isolating the possible causes. To this end, a delta wing-body
configuration model that effectively incorporates two separate
compartments for blowing was fabricated. This model also enables
us to carry out force measurement and to evaluate the aerodynamic
effects of symmetrical and differential forebody slot blowing.

II. Experimental Details

The experiments were conducted in the water tunnel located in
Temasek Laboratories of the National University of Singapore. The
test section of the water tunnel measures 1.0 m high (height of the
water surface), 0.75 m wide, and 2.25 m long. It is surrounded by
tempered glass on the two sides and at the bottom,which allows high-
quality flow visualization from almost any angle. Although thewater
tunnel can achieve amaximumvelocity of 0:9 m=s in the test section,
the speed selected for the present study was about 0:29 m=swith the
corresponding turbulence intensity of about 1%. Figure 1 shows the
schematic drawing of the experimental setup in the water tunnel. A
level supporting platform was constructed over the test section for a
reference plane. A rotation gauge with resolution of 1=60 deg was
mounted to this platform to adjust accurately the side-slip angle. A
force balance was then mounted on this rotation gauge on one end
and connected to an anglemechanism on the other end, which in turn
was connected to a streamlined strut. The angle of attack (AOA) was
set by predetermined pin holes on an inclined angle mechanism with
the accuracy of about 0.5 deg. The force balance has an accuracy of
about �0:10 N for the lift measurement, which corresponds to an
error of about�3% for the maximum lift coefficient at the operating
water tunnel speed. No side slip or roll angle was considered in the
present investigation; therefore, these angles were carefully set to
zero to ensure flow symmetry. The experimental model was set
upside down to avoid interferences from the free surface and for ease
of capturing flow images.

A delta wing-body configuration model was used in the
experiment (see Fig. 2). This model has a sweep angle of 60 deg, root
chord length of 300mm, thickness of 5mm, and was fabricated from
a marine-grade aluminum plate. The leading edges of the wing are
beveled at 45 deg on the windward sides. To afford differential
forebody slot blowing and to ensure the uniformity of the slot exit
velocity, a relatively large forebody was used in this study, though
additional drag can be caused by this. The forebody was fabricated
from a cylindrical brass bar of 24 mm outside diameter (D) with a
tangent ogive tip with a fineness ratio of 1.5. The ogive tip was
located 6:25D upstream of the apex of the wing. Additional tests
show that tip vortices from the forebody had minimal influence on
the flowfield around the wing. Two separated hollow cavities inside
the forebody served as chambers fromwhich the blowingfluid can be
separately ejected to realize differential blowing. Each chamber was
connected to a flexible tube via a copper tube inside the model (see
Fig. 2). These flexible tubes were connected to a piping system
including a pump, a ball valve for flow rate control, and a flowmeter
for flow rate measurement. They were also used to allow free

movement to reduce the coupling forces between the jet feed
system and the model. The blowing slots with a rectangular shape
were machined at the center plane of the forebody cylinder and
parallel to the wing. Each slot has a predetermined length of 40 mm
and width of 0.5 mm, and the end of the slot is located at the apex of
the wing. Four reference lines parallel to the trailing edge were
marked on the delta wing for the purpose of identifying vortex
breakdown position. At a high angle of attack of 30 deg, the blockage
ratio of the model in the water tunnel is about 3.5% and as such the
blockage effect of the model is insignificant for the purposes of the
present study.

To visualize the flow, a mixture of food dye and water (diluted
with alcohol to achieve the specific gravity of approximately 1) was
released slowly through the dye ports embedded in the model. The
flow rate of the dye was regulated via miniature valves to minimize
flow interference. In all cases, flow images were captured by a
charge-coupled device (CCD) video camera for subsequently
analysis.

The Reynolds number based on root chord length and the
freestream velocity (about 29 cm=s) was about 8:5 � 104. The flow
was studied at angles of attack of 17, 22, 26, 28, and 30 deg. The
effect of slot blowing is quantified by a common parameter called
blowing momentum coefficient, which is defined as C��
�Q2=�AjqS�, where � is the density of the blowing fluid, Q is the
volume flow rate through slot(s), Aj is the slot area, q is the dynamic
pressure of the freestream, and S is the area of the delta wing.
Assuming the slot velocity is uniform, the corresponding slot
velocity ratio (Vj=U) can also be obtained by using this momentum
coefficient, that is, Vj=U� 0:5C�US=Q, where U is the freestream
velocity. For completeness, Fig. 3 provides the slot velocity ratio
variation with C� for one blowing slot at the parameters used in this
study, though the slot velocity ratio is not used as a control parameter
in the following sections.

Fig. 1 Schematic of the experimental setup used.

Fig. 2 Generic delta wing-body model with a 60-deg sweep angle.
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Fig. 3 Relationship betweenC� and slot velocity ratioVj=U for one slot

at the parameters used in this study.
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III. Results and Discussions

Changes in the vortex breakdown location and normal force are
used to evaluate the effects of forebody slot blowing. Because the
model used in the present experiment is different from the one in our
previous study, some flow visualization was carried out to check for
repeatability with the earlier results. As in the previous study [39],
time-averaged images were used to determine the mean breakdown
location with uncertainty of less than 2%.

To assess the force measurement system, a preliminary test was
carried out for a plain 65-deg delta wingmodel. This delta wing has a
sweep angle of 65 deg, root chord length of 300 mm, thickness of
6 mm, with the leading edges of the wing beveled at 45 deg on the
windward sides. Figure 4 shows the presentmeasured lift coefficients
together with the available published lift coefficient data [40] which
was made at 10 times higher Reynolds number. As to be expected of
sharp-edged delta wings, the results indicate that the lift coefficient is
insensitive to Reynolds numbers when it is below the maximum
value. Previously, Munro et al. [41] also reported force
measurements over a 65-deg delta wing in a water tunnel, but only
normal force rather than lift coefficients are presented and hence
could not be included for direct comparison. It is seen in Fig. 4 that
the present results are in good general agreement with the published

data [40], thus indicating that our force measurement system is
suitable for the present study to evaluate the aerodynamic behavior of
the control devices. Small differences at higher angles of attack can
be attributed to minor differences in the model/sting and the
experimental conditions used in the other measurements.

Before presenting the forcemeasurements, it is worthwhile to note
how the measurements were made. The effects of the sting and the
strut on the forcemeasurement are not taken in consideration because
the force contributed by them (without the delta wing) is
comparatively small so that it is outside the working range of the
force balance. Nevertheless, to minimize the error measured by the
force balance due to uncertainties, the following strategy was
adopted. At any given angles of attack, the normal force from the
balancewithout blowingwas first obtained andwas repeated twice to
obtain an average value. The force balance system was then zeroed
and the changes in the normal force due to blowing were taken when
the blowing was applied. This process was repeated several times to
obtain the averaged value. It should be noted that the blowing itself
has some effects on the force measurement. It was found that the
blowing produced a small negative normal force at the condition of
“pure blowing,”where thewater tunnel speedwas zero. For the force
data presented here, the effect of pure blowing was not taken into
account because the small magnitude of the force is outside the
working range of the force balance. Thus, the presented data are
relatively conservative. For the study involving differential blowing,
because the blowing plane was not the same as the force balance
reference plane, it would therefore produce an additional roll
moment. Hence, for the roll moment data presented here, the effect of
differential blowing was taken into account by subtracting the
additional roll moment due to pure differential blowing only.

A. Symmetrical Blowing

Figures 5 and 6 present typical time-averaged flow images for
symmetrical blowing at the angles of attack of 17 and 28 deg and
Re� 8:5 � 104. The overall effects of symmetry blowing on vortex
breakdown locations are summarized in Fig. 7, which are consistent
with our previous study [39] where the vortex breakdown location
increases with increasing blowing momentum coefficient C�. With
increasing angles of attack, larger blowing momentum is necessary
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Fig. 4 Comparison of the measured lift coefficient with published data

for a 65-deg delta wing to verify the accuracy of the force balance.

a) Cµµ µ µ µ µ = 0.0 b) C  = 0.016  = 0.028  = 0.042  = 0.062 c) C d) C e) C

Fig. 5 Time-averaged images of vortex breakdown structures for different blowing momentum coefficient C� for symmetric blowing at

AOA� 17 deg. Arrows indicate the direction of forebody slot blowing.

a) Cµµ b) Cµ c) Cµ d) Cµ e) Cµ = 0.0  = 0.028  = 0.062  = 0.559  = 1.162 

Fig. 6 Time-averaged images of vortex breakdown structures for different blowing momentum coefficient C� for symmetric blowing at

AOA� 28 deg. Arrows indicate the direction of forebody slot blowing.
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to increase the vortex breakdown location. Asymmetric breakdown
can occur as the blowing momentum coefficients are increased even
at the condition of symmetric blowing. This is likely due to a slight
alignment error in the apparatus as well as the interaction of the two
main separated vortices.

Figure 8 shows the effects of blowing on the lift coefficient at three
different angles of attack demonstrating the expected increase in lift
when vortex breakdown is delayed. The selected angles are those
where vortex breakdown is obvious and demonstrative. It can be seen
from the figure that although the lift coefficient increased with the
blowing momentum coefficient C�, the rate of increase is higher at
low blowing momentum and attained a maximum value of about 5%
at C� � 0:2. Above C� � 0:2, there is no significant increase in CL.
This result is consistent with the flow visualizations which show that
low blowing momentum coefficients are sufficiently effective in
delaying the initiation of vortex breakdown. At low values of
momentum coefficientC�, the measured data appear to be scattered.
This could be attributed to the sensitivity of the vortex breakdown
location on the blowing rate, and a small variation of the blowing rate
may cause a large fluctuation on the vortex breakdown position.

B. Differential Blowing

Figure 9 presents the flow visualization results atAOA� 22 deg
with differential blowing. It is observed that with only the port side
blowing, the port side vortex breakdown position is delayed, but the
starboard side vortex breakdown position is promoted forward
toward the apex. For example, in Fig. 9d when C�P � 0:086 and
C�S � 0:0, it can be seen that the port side vortex breakdownposition
is significantly delayed beyond the root of the wing, while the
starboard side vortex breakdown position is promoted toward the
wing apex. While keeping C�P � 0:086, increasing C�S to 0.022
leads to a delay in the breakdown position at the starboard side and
the promotion of vortex breakdown position at the port side (see
Fig. 9e). Similar results were obtained for AOA� 28 deg (see
Fig. 10). These results clearly show that the forebody slot blowing
has favorable effect on the blowing side and unfavorable effect on the
opposite side.

The above flow visualization results clearly indicate that
differential blowing leads to asymmetric vortex breakdown, which
will undoubtedly affect the roll moment. This is evident from the roll
moment measurements presented in Fig. 11 for differential blowing
for AOA� 22 deg and 28 deg. It can be seen from the figure that
with the port side blowing, the overall roll moment increasedwith the
port side blowing momentum C�P. This is consistent with the flow
visualization results which show that the port side blowing delays

Fig. 7 Vortex breakdown location versus blowing momentum
coefficient C� for various angles of attack.

Fig. 8 Measured lift coefficient versus blowing momentum coefficient

C� for three angles of attack.

= 0.086,a) CµµP= 0.0, 
CµS = 0.0 

b) CµP= 0.031, 
CµS = 0.0 

c) CµP= 0.055, 
CµS= 0.0 

d) CµP

µS =0.0 
e) CµP= 0.086, 
    CµS= 0.022 C

Fig. 9 Time-averaged images of vortex breakdown structures for differential blowing at AOA� 22 deg.

a) CµµP= 0.0, b) CµP= 0.014, 
CµS= 0.0 CµS= 0.0 

c) CµP = 0.055, 
CµS= 0.0 

d) CµP= 0.055, 
    CµS = 0.014 

e) CµP= 0.055, 
    CµS= 0.031 

Fig. 10 Time-averaged images of vortex breakdown structures for differential blowing at AOA� 28 deg.
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vortex breakdown on the port side and promotes vortex breakdown
on the starboard side, resulting in a lift differential between the two
sides. It is noted that the roll moment initially decreases for small
blowingmomentum. Interestingly, flow visualization pictures reveal
that at such low blowing momentum, the vortex breakdown at the
nonblowing side was also delayed rather than promoted (compare
Fig. 10b with 10a), which gives rise to the negative roll moment. It is
not clear as towhat contributes to this vortex breakdown delay on the
nonblowing side at such low blowing momentum. The
corresponding lift coefficients are presented in Fig. 12. It can be
seen that for port side blowing only, increasing the blowing
momentum results in an increase in the lift coefficient until a
maximum value is attained, and further increase in the blowing
momentum leads to a reduction in the lift coefficient. This is due to
the fact that at a relative small blowing momentum condition, the
favorable effect of the port side blowing is stronger resulting in a net
gain in the lift coefficient, and that at a higher blowing momentum
condition, the unfavorable effect of the port side blowing is stronger
resulting in a net loss in the lift coefficient (see Figs. 9b, 9c, 10b, and
10c).

C. Further Discussion on a Single Side/Differential Forebody

Slot Blowing

From the flow visualization results of differential blowing, it can
be observed that blowing on one side delays the vortex breakdown
position on that side, but promotes the vortex breakdown on the other
side. In our previous study [39], we postulated that the unfavorable
effect of blowing on the nonblowing side is possibly caused by side-
slip effect due to blowing as the entrainment of theflowby the ejected
fluid potentially creates a crossflow component from the nonblowing
side. Similar observations were also reported by some earlier studies
with other control techniques such as asymmetric trailing-edge
blowing [23,27] or asymmetric along-the-core blowing [34].
Mitchell et al. [27] postulated that “the asymmetric blowing blocks
the flow on the side where it is applied, and as a result, the flowworks

its way to the other side” in their asymmetric (i.e., single side)
trailing-edge blowing study. Although in their asymmetry along-the-
core blowing study,Mitchell et al. [34] believed that “the asymmetry
flow control influences both the controlled and uncontrolled leading-
edge vortices, denoting an interaction between the two leading-edge
vortices.” However, how these vortices interact is not well
understood.

In a vortex breakdown study without flow controlled over a delta
wing by Menke et al. [42], the authors believe that the interaction
between the opposite leading-edge vortices is the result of a
streamwise instability, resulting in an antisymmetric motion of these
vortices. However, under controlled circumstances, the fact that
different asymmetry-control techniques (trailing-edge blowing,
along-the-core blowing, and forebody slot blowing) lead to similar
observations, suggests that the interactions between the two leading-
edge vortices play an important role.

To further understand this observed phenomenon in the present
case of forebody slot blowing, an experiment with various fins was
conducted. Three half-delta shape vertical fins with the same height
of 10 cm, and different lengths of 30 cm (short fin), 36 cm (medium
fin), and 42 cm (long fin) were tested (refer to Fig. 13). They were
attached to the model along the centerbody using two brackets near
the trailing edge so as to minimize its effects on vortex breakdown.
All fins were cut from 1-mm thick aluminum sheet and secured with
white adhesive paper. The aim is to systematically isolate the effects
of the slot blowing and vortex interaction by compartmentalizing the
port and starboard sides with the vertical fin. The fins of different
lengths are used to isolate the degree of starboard and port side
interactions occurring not only on the downstream of the apex of the
wing but also in the vicinity upstream of the apex. A long fin will
effectively isolate any interactions and crossflow.

Figure 14 presents typical flow images with/without the presence
of fins at AOA� 22 deg for different blowing conditions. Without
blowing (Fig. 14a), it can be seen that vortex breakdown locations are
delayed slightly for all three fins, indicating the existence of the
interactions between the two leading-edge vortices. With blowing
(Figs. 14b and 14c), all fins influence the vortex breakdown locations
to some extent. For example, for port side blowing only (Fig. 14b), it
is clearly shown that the port side vortex breakdown location moves
upstream and the starboard vortex breakdown location moves
downstreamwith increasing the fin length. It is alsoworth noting that
for a fixed blowing momentum, vortex breakdown on the blowing
side without fin is delayed considerably downstream compared to a
long fin configuration [see Figs. 14b (1) and (4)]. This implies that a
much higher blowing momentum is needed for the long fin
configuration to achieve the same delay in vortex breakdown
position as in the no fin configuration. Figures 15 and 16 summarized
other blowing conditions with various fins at AOA of 22 deg. It can
be observed that as port side blowingmomentum increases, a delay in
the port side vortex breakdown position is the smallest for the long
fin, and there is almost no promotion of starboard side vortex
breakdown position for the long fin.

From the above observations, it can be deduced that the long fin is
the most effective in preventing the unfavorable effect on the
starboard side for port side blowing only. The short fin is less
effective while the medium fin has an effectiveness intermediate
between the long and the short fins. Similar observations are also

Fig. 11 Roll moment coefficient Cl with C�P for port side blowing only
(C�S � 0) at AOA� 22 deg and 28 deg.

Fig. 12 Measured lift coefficientCL withC�P for port side blowing only
(C�S � 0) at AOA� 22 deg and 28 deg.

10cm

30 cm

36 cm 

42 cm

Fin

Wing

Fig. 13 Photographs of the model with a short fin of 30 cm long. [The

other two longer fins (36 and 42 cm) are indicated with two lines.]
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obtained for AOA� 17, 26, and 28 deg (results not shown here for
brevity). It should be noted that all the fins have the same height with
only slight differences at the front part of the fins (see Fig. 13). This
implies that the flow interactions occur not only downstream of the
apex of thewing but also in the vicinity upstreamof the apex.A likely
explanation for the interaction is that the presence of slot blowing
will cause flow entrainment into this slot jet. As the jet is blown in a
cross-stream direction, it will entrain fluid from the non or weaker
blowing side of the forebody. A longer fin will significantly isolate
this effect.

Moreover, a delay in vortex breakdown will also have a more
persistent suction effect which thereafter contributes to the increased
vortex lift. Further, the suction effects of one vortex may also affect
the vortex on the opposite side. The net effect is that the vortex on the
side of stronger blowingmay cause some crossflow over the fuselage
from the opposite side with little or no blowing. The end result is a
further delay of vortex breakdown on the sidewith stronger blowing,
while promoting the vortex on the opposite side. These effects are
summarized as depicted in Fig. 17. The overall effect is similar to a
delta wing at a side-slip angle which promotes vortex breakdown on
the windward side and delays vortex breakdown on the other side.
Thus, the detrimental effect of forebody slot blowing on the other
side can be a combination of blowing itself and the interaction of the
vortices on both sides resulting in a side-slip-like effect. The effects
of differential blowing may also be explained in terms of swirl
number of wing vortices. On the blowing side, the ejected fluid has a
velocity component which is opposite to the swirl velocity of the
vortex forming on the blowing side. This causes the swirl velocity or
swirl number of the wing vortex to decrease, and thus stabilizing the
vortex. In contrast, blowing induces some crossflow from the
nonblowing (or weaker blowing) side, and this increases the swirl
velocity or swirl number of the wing vortex on the nonblowing or
(weaker blowing) side and hence promoting vortex breakdown.

Blowing 
Conditions (1) No Fin (2) Short Fin (3) Medium Fin (4) Long Fin 

a) CµP = 0 
CµS = 0 

b) CµP = 0.086 

CµS = 0.0 

c) CµP = 0.086 
CµS = 0.022 

Fin

Fig. 14 Time-averaged imageswith andwithoutfins atAOA� 22 deg for different blowing conditions.Note that black lines indicate the location of the
fin.
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Fig. 15 Effects of fins on vortex breakdown position on port side with

port side blowing only at AOA� 22 deg.
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IV. Conclusions

Flow visualization and force measurement were conducted in a
water tunnel to examine the effects of forebody slot blowing on
vortex breakdown and load over a generic delta wing-body
configuration for the Reynolds number 8:5 � 104, and the angles of
attack of 17–30 deg. Time-averaged flow images show that this
technique leads to a significant delay in the formation of vortex
breakdown. Correspondingly, the force measurements verify that
delaying vortex breakdown increases the lift coefficient, while
promoting vortex breakdown causes a reduction in lift coefficient.
Symmetrical forebody slot blowing on the other hand, apart from
producing a significant delay in the formation of vortex breakdown,
increases the lift by more than 5%.

Both visualization studies and load measurements show that
differential forebody slot blowing can be used to manipulate the
vortex breakdown position and change the roll moment of the wing,
which suggests that the method can be a potential means for roll
control. Although blowing only on one side delays vortex
breakdown, it has an opposite effect on the nonblowing side. This is
analogous to a side-slip effect, like a delta wing at a certain side-slip
angle leading to the occurrence of highly asymmetric vortices.

To systematically examine this possible explanation, the port and
starboard sides of the model are compartmentalized with a vertical
fin. The degree of starboard and port side flow interactions in the
vicinity upstreamof the blowing slot location and the deltawing apex
can be controlled by using fins of three different lengths. The results
obtained using the three fins suggest that flow entrainment by the slot
jet causes a crossflow component, and this crossflow component is
further enhanced by the vortex induced suction of themore persistent
vortex (before vortex breakdown) over the delta wing on the side
where the blowing is stronger. Therefore, the asymmetric vortex
breakdown can be traced to a combination of this forebody slot
blowing itself and the interaction of the vortices from both sides
resulting in a side-slip-like effect.
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