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Effect of Wing Sweep Angle on The Vortex Interaction of a Tail-Wing

Configuration

I. Bahman-Jahromi!, M.R. Soltani?, and M. Masdari?

The goal of this investigation is to study the effect of wing sweep angle on hori-
zontal wing-body- tail configurations in subsonic flow. For this purpose, a series
of wind tunnel tests were conducted on a model having a moveable horizontal tail
and a wing planform with different sweep angles. Tests were performed at dif-
ferent tail deflection angles. Static surface pressure distribution over the suction
side of wing was measured for both static and dynamic changes of the tail angles
of attack. The strength of the vortices over different wings was compared and the
effect of tail deflection on the wing flow field was investigated. It is seen that the
wing sweep angle is a dominant factor for the strength of the vortices over the
wing and hence the maneuverability of the vehicle.

Keywords: Tail, Delta Wing, Vortex, Wind Tunnel

Nomenclature
vV, Freestream Velocity (7 /sq()
C, Pressure Coefficient= (P(-]Zm)
P Wind Tunnel Static Pressure
q., Dynamic Pressure= (1/2 p_ VwZ(N/mZ)
P, Air Density (58/,,,3)
Re Reynolds Number= P, V., C
C Wing Root Chord (cm) "
b Wing Span (cm)
Q¢ Tail Angle of Attack (Deg)
Oy Wing Angle of Attack (Deg.)
Aa Tail Deflection Angle=a,- a, (Deg.)
A, Wing Sweep Angle
AR Wing Aspect Ratio
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Abbreviation
AOA Angle of Attack (Deg)
LE Leading Edge
PSD Power Spectrum Density

1 Introduction

Control surfaces are used in combat aircraft to control
the pitching moment and to help the vehicle perform
high angle of attack maneuvers. For delta wing con-
figuration, the flow characteristics around the horizon-
tal tail depend on the wing and tail flow field and on
their interactions. The flow over delta wing is mainly
characterized by strong vortices. These vortices move
downstream and affect the tail flow field making the
problem more complicated. Many researches have been
performed aimed at developing a practical method for
shape optimization of the vehicle equipped with these
types of wings [1-3]. In the next section, some infor-
mation is presented to describe the importance and dif-
ficulties of predicting and designing efficient control
surfaces.

The most efficient means to control projectiles and,
hence, guide them to the desired target is through con-
trolling their fins. The maneuvering force is generated
in two different ways for aerodynamically controlled
projectiles: rotation of the projectile to higher alpha as
in tail or canard controlled projectiles, or by direct ac-
tion near the center of gravity as in the mid-wing con-
trolled projectiles [4].



Tail is the most useful control surface for long range
projectiles. This control surface increases maneuver-
ability of the projectile significantly. In addition, its al-
most linear aerodynamic interferences is another factor
that makes its usage in the tail control projectiles more
attractive. Usually a constant wing is added to these
projectiles to gain a better lifting force [4].

Even though CFD is used to find the optimal fin shape
and aerodynamic characteristics of the projectile, this
method can be expensive and time consuming even af-
ter the exponential growth in the computational power
nowadays. To avoid this dilemma, there are few engi-
neering codes that can predict the aerodynamic charac-
teristics of various configurations operating at different
angles of attack and Mach numbers. All of these codes
are based on the wind tunnel tests.

An example of using Experimental data to validate
the predicted data is presented in Ref. [5]. Experimental
data for a wing-body-tail configuration has been report-
ed By Blair [6]. A few aerodynamic coefficients are es-
timated using a prediction code for a free stream Mach
number of 1.7 and for a range of angle of attack from
-2 to +18 deg. Comparison between the estimated and
experimental data is presented in Ref. [5].

Roshanian presents some formulations for the mul-
tidisciplinary design optimization (MDO) [7]. Engi-
neering codes have been validated for A.O.As up to 90°
for different configurations [8]. Several Experimental
data are available for canard controlled models for both
fixed and rolling tail fins [9]. Engineering codes have
also been validated with these experimental data. Da-
halan [10] presents user friendly and in-house software
which is able to estimate the aecrodynamic coefficients
for different wing, body, wing-body, and wing-body-
tail combinations.

Tests indicate nonlinearities associated with the vor-
tex interactions between fin sets and body. To have a
good prediction code, one must be familiar with physics
of the vertical flow interactions between all parts of the
projectile. One of the most complex configurations is
wing-body-tail configuration. To author’s knowledge,
most of the present engineering codes are not still ca-
pable of an accurate prediction of the aecrodynamic co-
efficients of this complex configuration especially at
moderate to high angles.

In this research, a configuration including body, wing
and tail was tested in a subsonic wind tunnel. Variations
of the surface pressure distribution on the wing with ef-
fects of upwash caused by different tail deflections were
tested for wings with sweep angles of 30 and 60 degree
and AR=0.5. The effects of tail upwash on the surface
pressure distribution of all wings were analyzed and
the effects of wing sweep angle on the interaction were
investigated. Tests were performed for both static and
dynamic changes of the tail angle of attack at various
fixed wing and body angles of attack.
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2 Experimental Setup and Procedure

This section is divided into three subsections, namely:
wind tunnel and test facility, model, and test procedures.

2.1 Wind Tunnel and Test Facility

Experiments were carried out in a subsonic closed cir-
cuit wind tunnel with a closed test section of 0.8x0.8x2
m?. Figure 1 shows the wind tunnel and the test section.
The maximum attainable speed in the test section is 100
m/s. Turbulence intensity of the wind tunnel is about
0.1%.

Surface pressure measurements were obtained by us-
ing differential transducers with +1 and £5 psi measur-
ing limits. Prior to the tests, all transducers were care-
fully calibrated.

Figure 1. Wind tunnel and the test section.

2.2 Model

The model has three separate parts: body, wing and tail.
The angle of attack of the body and the tail can be var-
ied independently. Fig. 2 shows the model installed in
the test section of the aforementioned wind tunnel.

Wing

Tail Body

Figure 2. Model in the wind tunnel test section.

Tests were conducted for two different wings with
two different sweep angles: 30 and 60 degrees. Fig.3
presents different wings and tail geometry that were
used in this investigation. 64 pressure sensors were ap-
plied to plot the wing surface pressure contour.
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Figure 3. Wings and tail dimensions.

2.3 Test Procedures

Surface pressure, only upper surface, was measured at
a free stream velocity of V=80 m/s corresponding to
the Re=1.65x10°, based on a wing root chord for all
wings (As the vortex structure is independent of Reyn-
olds number before the wing stall, this test can be used
to understand the physics of vortex interactions at the
original size model which may differ slightly from this
Reynolds number) and the angles of attack of the wing
were varied as o, =10°, 15° and 20°. Several tests were
performed for static and dynamic oscillation of the tail
deflections. All tests were conducted on 2 different
wings with sweep angles of 30° and 60°. An important
parameter that was used in the results is the difference
in the angle between the tail and the body-wing direc-
tion (Aa= a- a ). Fig. 4 represents this definition, Aa,
schematically.
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Figure 4. Definition of Aa.

A procedure similar to this was done for the dynamical
changes of the tail A.O.A. The tail was oscillated with an
oscillation frequency of 2 Hz and with oscillation am-
plitude of 5°. Surface pressure on the suction side of the
wing was measured during all tests.

In order to account for the possible errors in the mea-
sured data, various data reduction schemes were ap-
plied to the raw data to reduce the effects of electrical
and mechanical noises and other sources of errors.

3 Results and Discussion

This section is divided into two subsections, namely:
wing with A =30°and wing with A _=60°.

3.1 Wing with A =30°

Figure 5 shows the surface pressure contour for the wing
with A _=30° and at o, =10°, o =15° and o, =20°when
Aa=0. The structure of the leading edge vortex can
be seen on the wing. Note that for this wing having a
sweep angle of 30°, the flow field is not dominated by
the vortices unlike delta wings with leading edge sweep
of 60° and above. The flow over these wings is of vortex
type ones. A small part of the wing is affected by the
vortex like flow at o, =10° and the leading edge vortex
covers a large portion of the wing suction surface by
increasing the A.O.A (a ).

A,=30° AR=0.5

x'b
a) a, =10°

A,=30° AR=0.5

b

b) a, =15°

A,=30°, AR=0.5

b
c)a, =20°
Figure 5. Contour of surface pressure coefficient on the 30° wing.



Figure 5a indicates that the maximum suction over
the wing surface occurs around the leading edge, thus
the zone near the leading edge plays an important role in
the lift force produced by the wing. However, the pow-
er of the vortex on this zone decreases by increasing aw.
Wing surface pressure coefficients are compared with
each other for all a’s at two different wing sections, y/
b=0.57, and at the leading edge of the wing in Fig. 6.

A,=30°, AR=0.5
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Figure 6. Wing surface pressure coefficient.

From Fig. 6a, it is clearly seen that the vortex-like
flow is developed on the wing’s upper surface as a is
increased. However, there exist some instabilities near
the wing’s leading edge at o, =15° and a =20°. Fig. 6b
shows that the vortex strength at the wing’s leading
edge is weakened at o =15° and o =20°. There exists a
weak and unstable vortex on the wing’s leading edge at
o, =20°. Fig. 6b shows that the vortex onset at o =10° is
not located at the apex of the wing.

Variations of Cp are shown for the wing’s leading
edge in Fig. 7 to study the case better. The vortex on
the leading edge of the A _=30° is weak and unstable at
a, =20°, Fig. 7c. Thus, any instability in the downstream
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flow influences the strength and stability of the wing
with A =30° when set to o, =20°.
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Figure 7. Cp at different o, for the leading edge of the wing.

Figure 7c shows that the pressure distribution over
the wing surface is highly influenced by the upwash
of the tail at a =20°. The flow is very unstable at the
wing’s leading edge at o =20° (Fig. 6b). Figure 7c in-
dicates that, at Ao=0(a=20°) and Ao>0(a=30), there
exists pressure suction associated with the vortex-type
flow over the wing’s leading edge. However, the vortex
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is completely diffused for Aa<0. In Fig. 8, the reason
for the aforementioned phenomenon is schematically
shown.

path of the body vortices
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Figure 8. The path for body vortices.

This figure shows that at o =20° and for Aa<0, vor-
tices that are generated by the body merge with each
other down stream of the wing through the path that
tail makes. These vortices are very strong at o =20° and
affect the formation of the vortex at the wing’s leading
edge.

Figure 9 shows the surface pressure contour at o, =20°
for both Aa=0(a,=20°) and Aa=-35° (a=-15°) for the
wing with A =30°. It is clearly seen that that instabil-
ities associated with the body vortices at a =20°have

influenced the wing surface pressure noticeably.
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Figure 9. Effect of at on the contours of surface pressure coefficient.

It is seen that Aa<0 results in noticeable instabilities on
the wing surface pressure but Aa>0 has less effect on the
pressure distribution. To investigate the physics of this
phenomenon in depth, specially for Ao=+10, a time his-
tory of Cp at the apex of the wing is presented in Fig. 10.
From this Fig, it is seen that the strongest vortex is gener-
ated at 0,.=20° or Aa. =0° and there is no vortex structure at
0,=-15° or Ao =-35° as expected from our previous analy-
sis. However, at a,=30° or Aa. =+10° the up wash related to
the tail deflection has influenced the surface pressure near
the leading edge of the wing in a different manner. There
seems to be a delay in the onset of leading edge vortex
formation at a.=30° or Aa. =+10°.

The power spectral density function of the Cp is ex-
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Figure 10. Time history of Cp at the apex of the wing for a_=20°.

tracted from the Cp time history for the pressure channel
located at the apex of the wing. Variations of the PSD for
different tail deflections are presented in Fig. 11. Investi-
gation of the PSD plot indicates that the peaks of power
spectral density of the surface pressure coefficient are
detected for a, =20°. Here, for o, =20°, a main peak re-
lated to the leading edge vortex is generated at the fre-
quency of about 2.5 Hz. At a, =30° the vortex frequency
is increased (a weaker peak of PSD is aligned with the
frequency of 3.5 Hz). It seems that the generated vortex
is slightly unstable at o =30°, (Aa=+10°). Another point
is that the vortex kinetic energy does not exist at differ-
ent frequencies (unlike the case of o, =20°). The reason
for this phenomenon is the existence of the tail at the
wing down stream that reduces the vortex core veloci-
ty for Ac>0. The important point is that there exists no
strong peak for o,=-15°, Fig. 11. This may indicate that
the kinetic energy of the leading edge vortex has been
damped when the tail is set to o, =-15°, (Ao =-35°).
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Figure 11. Frequency analysis at the apex of the wing for different Ac.

Figure 12 shows the power spectral density of the
pressure channels at the leading edge of the wing when
the tail is oscillating with an oscillation frequency of 0.5
Hz and with an amplitude of 5° at o, =15°.
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Figure 12. PSD of the pressure Channels at leading edge of the

wing for oscillating tail.

There is a peak at a frequency of 2 Hz in Fig. 12
which shows the kinetic energy is induced to the vortex
by the oscillating tail. Thus, the wing vortex is clearly
affected by the tail upwash.

It is very important to know which parts of the wing
suction are most affected by the oscillating tail upwash.
The PSD values of all pressure channels for an oscilla-
tion frequency of 2 Hz are shown on the wing surface
for a =15 in Fig. 13.
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A,=30° AR=0.5

Figure 13. PSD values for all channels at o =20°, f=1/2 (Hz).

Comparing Fig. 13 with Fig. 5c, we realize that the
influence of the tail upwash is at the place which is as-
sociated with the leading edge vortex on the wing. Fur-
thermore, this figure clearly shows that the tail upwash
affects almost the entire surface pressure over the wing
surface when set to o =20°.

3.2 Wing with A =60°

Figure 14 shows the contour of the surface pressure co-
efficient over the wing with A =60° for o, =10°, 15°,
and 20° and at Aa=0. The structure of the leading edge
vortex can be seen over the wing surface. A small part
of the wing is affected by the vortex like flow at a =10°
and the leading edge vortex covers a portion of the
wing suction side by increasing A.O.A, o . The vortex
strength and its stability increases by increasing the o, ,
Fig.14.

A,=60°, AR=0.5

a) a,-10°

Figure 14. Contour of surface pressure coefficient on the 60° wing.
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Figure 14. Cont’d.

Wing surface pressure coefficients are compared
with each other for all aw’s and for two different wing
sections, i.e. y/b=0.57 and leading edge, in Fig. 15.

a) y/b=0.57

Figure 15. Wing surface pressure coefficient.
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Figure 15. Cont’d.

From Fig.15a, it is clearly seen that the vortex-like
flow develops over the wing’s upper surface as ow
increases. The width of this region, low pressure, in-
creases as the angle of attack is increased from a =10°
to o, =20°. Fig. 15b shows that the suction strength of
the vortex-type flow on the wing’s leading edge also
increases by increasing the aw. Thus, here the vortex at
the leading edge of the wing is highly stable for these
angles of attack, unlike the wing with A_=30°, (Fig. 6b).

The effects of tail upwash on the wing surface pres-
sure are shown in Fig’s. 16-17. Figure 16 shows vari-
ations of the wing Cp at y/b=0.57 section of the wing
associated with the static changes in the tail angle of
attack for different o, ’s.
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Figure 16. Cp at different o, at y/b=0.57.
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This figure indicates that the wing vortex is not af-
fected by the tail upwash for the corresponding angles
of attack of a =10°, a =15° and o =20°. To study the
case better, variations of Cp are shown for the wing’s

leading edge in Figure 17.

n Tail A.0.A
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w
Figure 17. Cp at different at at leading edge.
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Figure 17. Cont’d.

This figure shows that a strong and stable vortex
structure is generated on the wing’s suction surface
which is not influenced by the tail upwash easily. How-
ever, as seen from Figure 17b, for Aa>0, a jump in the
Cp data for all y/b appears. Figure 18 shows time histo-
ry of the Cp at the wing’s leading edge for a =20° and
for different at’s. From this figure, it is seen that the tail
deflection does not affect the apex for positive Aa’s and
for a=-10° (Aa=-30°). However, when the tail angle is
increased to 0,=-20° (Aa=-40°), the |Cp| value reduces
to almost zero, Figure 18, which may indicate that this
tail setting has caused a complete flow separation over
the wing surface all the way thru the wing apex. One
may think of this tail setting as an aerodynamic break
which will cause the lift to deteriorate completely.
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Figure 18. Time history of Cp at the apex of the wing for a_=20°.

Figure 19 shows the contour of the surface pressure
over the 60° swept wing at o =20° and at Ao=-40°. This
figure indicates that the vortex structure is diffused over
the entire wing surface at this tail deflection while, for
Ao=0, Fig’s. 14-15 showed that a portion of wing sur-
face is covered by the low pressure vortex-type flow.

Figure 19. Contour of surface pressure on the 60° wing at o =20°
and (Ao=-40°).

Figure 20 shows the power spectral density of the
pressure channel at the leading edge of the wing when
the tail is oscillating with an oscillation frequency of
/2Hz and with an amplitude of 5° at a, =20°.
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Figure 20. PSD of the pressure Channels at leading edge of the
wing for oscillating tail.

There is a peak at the frequency of 0.5 Hz in Fig. 20
which shows the kinetic energy induced to the vortex by
oscillating the tail. Thus, the wing vortex is affected by
the tail upwash. This figure indicates that the tail oscil-
lation can even affect the highly stable vortex structure
over the 60° wing.

It is very important to know which parts of the wing
suction surface are affected the most by the oscillating
tail upwash. The PSD values of all pressure channels for
an oscillating frequency of “2Hz are shown in Fig. 21 for
0,,=20° and for an amplitude of 5°.

Figure 21. PSD values for all channels at uw=20°, f=1/2 Hz.

It is seen from this figure that the Cp of the vortex
onset at the apex of the wing is the most affected pres-
sure channel. Comparing Fig. 21 with Fig.14c, we re-
alize that the influence of the tail upwash is at the place
which is associated with the leading edge vortex on the
wing.

Figure 22 shows the PSD of the pressure channel lo-
cated at the apex of the wing when the tail is oscillating
with the frequency of /2Hz at different wing A.O.As. It
is seen that the PSD value for the frequency of '2Hz,
increases by increasing a. .
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Figure 22. PSD value of the wing apex at different o, for oscillating tail.

The reason for the aforementioned phenomenon is
that the strength of body vortices increases by increas-
ing o . Thus they cause more instability in the wing
down stream flow.

Figure 23 shows the static surface pressure at the
leading edge channels of wings with sweep angles of
30° and 60° at aw=20° and for Aa=0.
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Figure 23. Surface pressure at the leading edge channels of all
wings, a =20° and Ao=0.

This figure shows a strong vortex is formed on the
suction surface of the 60° wing. The stability and
strength of the vortex structure at this sweep angle leads
to the low influence of the tail upwash on the surface
static pressure on this wing.
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4 Conclusion

A series of wind tunnel tests were performed to inves-
tigate the influence of tail deflection up wash on the
leading edge vortex of two wings with different sweep
angles in a body-wing-tail configuration. The Influence
increases by increasing o, . The reason for this phenom-
enon is that the vortices generated by the body merge
with each other and make a strong instability at the
wing down stream by increasing o . It was shown that
this influence directly depends on the sweep angle of
the wing. In other word, the vortex on the wing with 30
deg sweep angle is significantly affected by the up wash
related to the tail deflection. For this wing the vortex on
the wing is completely diffused at some tail deflections.
For a wing with 60 deg sweep angle, there is no change
on the leading edge vortex by the normal changes in the
tail deflection. The reason for this phenomenon is due
to the vortex strength and vortex stability. Note that the
leading edge vortex strength and stability increases by
increasing the wing sweep angle.

The quality of the leading edge vortex variations with
static changes in the tail deflection directly depends on
Aa. The strongest and the most stable leading edge vor-
tex is seen at Aa=0 where body, wing and tail are at the
same condition. Any change in Ao results in a weaker
leading edge vortex formed over the wing surface. The
effects of Ao>0 and Ao<O are different. Aa<0 makes
more instabilities at the wing downstream.

The tail upwash due to the Oscillation affects the
wing surface pressure more than the case for the static
changes of the tail deflection. In this case the tail up
wash affects the places on the wing surface where the
vortex type flow is dominated. The most influenced
pressure channel is the onset of the vortex at the wing
apex for a =20°. The effects of oscillating tail up wash
increases by increasing o, .
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