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Sidewash on the Vertical Tail in Subsonic
and Supersonic Flows
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A generalized vortex-lattice method is used for the investigation of sidewash on the single and twin vertical
tails due to rolling wing in subsonic and supersonic flows. The current results of sidewash on the single vertical
tail in incompressible inviscid flow are almost the same as Michael’s calculations. The sidewash on the single
vertical tail through high angle of attack is presented. The difference of sidewash on the single and twin vertical
tail that is induced by the rolling wing in subsonic and supersonic flows is also studied.

Nomenclature

aspect ratio, b/S

— B2, definitely positive

constant;c = las M, <1l,c=0as M, >1
mean aerodynamic chord of wing

local wing chord

influence coefficient matrix, depends on wing
geometry

distance, measured in X' Z’ plane,
perpendicular to longitudinal stability axis,
positive above longitudinal axis

tail height measured in XZ plane, positive
above vortex sheet
jth vortex element

constant; K = 1 for subsonic flows, K = 2 for
supersonic flows

tail arm, measured from (¢/4) of wing to c.p.
of vertical tail

Mach number

total number of wing element

rolling velocity

rolling velocity parameter

real part of {(x — x,)* + BZ[(y — y)* + 21]}'?
position vector of point (x, y, z)

position vector of point (x,, ¥, ;)

influence coefficient, depends on wing
geometry and location of point Q(x', ¥, z')
half-span of the jth wing element

distance between the symmetric axis of jth
wing element and the longitudinal symmetric
plane

tan A

induced velocity components in x, y, and z
direction, respectively

perturbation velocity vector and freestream
velocity

local Cartesian coordinate of the wing element
Cartesian coordinate of the airplane

lateral distance of tail
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a = angle of attack

B = V1 - M?

r = circulation distribution of the wing

I; = circulation strength of jth wing element

v = vortex density vector of filament

£ = downwash angle

A = angle between the y axis and the vector of the
vortex element y

Ay = sweepback angle of quarterchord line of wing

A = taper ratio of wing

ALe = sweepback angle of leading edge of wing

o = sidewash angle

Introduction
AN developed a program for calculating the lateral-di-
rectional dynamic derivatives of nonplanar wings by the
quasi-vortex-lattice method.! Later he extended it to evaluate
the dynamic derivatives through high angle of attack.” Lan’s
methods are limited to subsonic flow, body effects are not
included. Whether the wind-tunnel data is available or not,
the DATCOM method? is good enough for static and dynamic
derivatives estimation in the airplane design stage. But the
semiempirical method of DATCOM is only suitable for sta-
bility derivatives estimation at low angle of attack. For rolling
dynamic derivatives evaluation, Roskam suggested a simple
method* to calculate the vertical tail contribution, but he did
not discuss the important interference effects by the wing.
Previous experience showed that a combination of “strip
theory” and “component build-up method” was a good method
for aircraft dynamic derivatives estimation by using the static
aerodynamic data from forced model tests in a wind tunnel.
Wykes et al.> calculated the dynamic derivatives by the meth-
ods just mentioned for the F-100D fighter in spin analysis.’
They considered that the sidewash effect on the vertical tail
due to rolling wing by Michael’s® method was derived from
the single vertical tail in incompressible inviscid flows.
Considering that modern advanced fighters always use twin
vertical tails and perform high-speed maneuvers, the authors
attempt to expand the previous study to calculate the sidewash
on the vertical tails,” both in the subsonic and supersonic flight
regimes. In addition, some comparisons of current calcula-
tions with Michael’s results are also carried out in this article.

Analytical Method
Circulation Distribution on the Wing in Subsonic
and Supersonic Flows

Weissinger® developed the simplest vortex-lattice method.
His method, which can be applied to wings of any planform
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Fig. 1 Schematic diagram of vortex-lattice element on wing.
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Fig. 2 Geometry definitions of wing and tails.

and aspect ratio, is limited to incompressible inviscid flows.
Since most of the work on conventional vortex-lattice method
concentrated on subsonic flows, the application of this basic
technique of vortex-lattice theory to supersonic flows is ex-
tended and introduced to calculate the sidewash on the ver-
tical tail of a fighter. Based on Miranda’s technique,® the
author combined the above generalized vortex-lattice method
and will briefly discuss this later in this article. In addition,
it is proved that the present method is suitable for the cal-
culation of circulation distribution on the rolling wing and the
sidewash on the vertical tail induced by the asymmetrical
circulation distribution in subsonic and supersonic flows.

If the lifting surface and its wake are considered as being
composed of a large number of discrete flat elements, and
the element is replaced by the vortex filament v;, then the
classical vortex-lattice method showed that the velocity field
generated by the vortex filaments can be expressed as

SB[ Rk
V@R = =5z 28| Td @

The above equation is not appropriate for supersonic flows.
We extended it by considering the contribution of the inherent
singularity to the velocity field induced by the vortex element
v as w*

w* = (—ycos A/2yVB? — ¢* )

This shows that w* do have physical meaning when the vortex
lines are swept in front of the Mach lines, i.e., B? > 7>
Combining Egs. (2) and (1), and letting K = 2, the vortex-
lattice method is now suitable for supersonic flows. For a
noncamber wing without dihedral angle—after modeling—
it can be replaced by a system of wing element with horseshoe
vortices. The skewed horseshoe vortex is arranged as shown
in Fig. 1, where the bounded vortex is placed on the quar-
terchord line and the trailing vortex lines are parallel to x
axis. Although the trailing vortices will roll up when they leave
the wing trailing edge in an actual case, the straight-line trail-
ing vortices are assumed extending downstream to infinity for
simplicity. For engineering applications, the aforementioned
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Fig. 3 Comparison of lift curve slope: a) straight wing—AR = 2.75,
A,y = 0.deg, A = 1.0; b) trapezoidal wing—AR = 2.75, A, = 0
deg, A = 0.5; c) sweptback wing—AR = 2.75, A, = 50 deg, A =
0.5; and d) delta wing—AR = 2.75, A, = 52.4 deg, A = 0.
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Fig. 4 Current results and the comparisons with Michael’s calcu-
lations; sweptback wing: AR = 3.5, A, = 60 deg, A = 0.5, /b/2

= 1.0.

linear theory is always used and suitable accuracy can be
obtained in the preliminary analysis.

The induced velocity at the receiving point g(x,, y,, 2o) due
to the skewed horseshoe vortex is given as

L - Tzp dy
20K Je{(x = xo) + By — yo)* + P2
(32)
_ —Tzp? f dx
2nK e f(x = x) + BA(y — yo)* + ZG[P?
(3b)
w = LZoB? (xr = x)dy — (y — yo) dx
2K Je{(x — xo0)* + B(y — yo) + z3]1*?
(3¢)

In order to integrate Eq. (3), the x coordinate appearing
in Eq. (3) is assumed as x = ¢y and the width of skewed
horseshoe vortex is set as 2s. The induced velocity contributed
by the bounded vortex and the trailing vortices are then ex-
pressed as

_ FZo (Fl — Fz)
“T KX + (22 + Y2 )
,_TZ [ (F-Fy G, G,
2K | x* + (2 + B2)23  yiI 4+ zZ yi+ 23
(4b)
w = _FZO X*(Fl - Fz)t ylGl _ yZGZ
20K |x* + (22 + B223  yr+ 22 yi+ 23

(4
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Fig. 5 Current results and the comparisons with Michael’s calcula-
tions; straight wing: AR = 6.0, A_, = 0 deg, A = 1.0, /b/2 = 1.0.

where
X, = x5 + 15, X, = X5 — 15, x* = X9 — ty,
Yi=Yo ts, Y2= Yo — §
x, + B%, tx, + B,

F,

TN RO tz) P NG rYBOL+ )

G, = adl
'V + BT+ 2))
+CM, <1 C=1 M,>1 C=0)

Xo
P VAl + BAyit )
+CM.<1 C=1 M,>1 C=0)

Because the control point is placed on the midspan and the
three-quarter-chord point of each wing element, the vertical
component of the induced velocity on the control point is
equal and opposite to the corresponding component of the
incident flow. From Eq. (4c), the induced downwash at the
control point due to the wings is

N
w, = > D,T,
j=1
or
[wln x 1 = [D]n x n[Tn x 1 5)
Using the boundary condition w = —Va, Eq. (5) can be
written as
[Dln X aflln x 1 =[-Valn x 1 ©)

If the wing is under a steady roll rate p, Eq. (6) becomes

[Dln X n[lln x 1 = [-(Va + psh)ln x 1 (7)
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Fig. 6 Sidewash on the single and twin vertical tails in subsonic and

supersonic flows; sweptback wing: AR = 3.5, A, = 27.7 deg, A =
0.3, I/b/2 = 1.0.

where s’ is the distance between the symmetric axis of the
wing element and the symmetric axis of the wing. In Egs. (6)
and (7), the unknown circulation can be solved after D is
found from

[[ln x 1 =[D]"'n X n[—Valn x 1, nonrolling wing

®)

[Iln x1={[D]"'n x n[—Va + ps'ln X 1, rolling wing
®

Sidewash on the Vertical Tail Due to Rolling Wing

In the calculation of the sidewash induced by the rolling
wing, the effect of angle of attack must be taken into account.
In addition, the circulation distribution on the wing, the dis-
placement of the vertical tail, and the displacement of the
trailing vortex sheet are directly influenced by the variation
of angle of attack. It is seen that the additional symmetrical
circulation distribution will not cause sidewash on the single
vertical tail that is on the symmetrical plane. However, it
actually causes sidewash on the twin vertical tails because of
the asymmetrical locations of the tails.

If the wing is under a steady roll rate p, the circulation
distribution on the wing can be obtained by Eq. (9). Because
the circulation distribution is known, the induced sidewash
velocity v(x', y’, z') on point Q(x', y’, z'), due to the wing
element, can be calculated by Eq. (4b). From Eq. (4b), the
induced sidewash velocity v(x', y’, z') due to the wing is

N
vix',y',2') = 21 ST; 10)
i<

where j is the jth influencing wing element. The induced side-
wash angle is

Mz
%]
=

<|=
i

A (11)

<=
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Fig. 7 Sidewash on the vertical tail due to rolling wing through high
AOA; sweptback wing: AR = 4.82, A, = 11.25 deg, A = 0.5,
1/b/2 = 0.82, h/b/2 = 0.38 (an example).

and the nondimensional induced sidewash is

dor 2 &
To )
a(pb/2Vy  pb =1

ST (12)

In order to compare with Michael’s calculations, the geometry
definitions of wing and tails are defined as shown in Fig. 2.

Results and Discussion

The comparisons of current calculations and measurement
results of lift curve slope are shown in Fig. 3.1%!* A reasonably
good result is obtained not only in subsonic flows, but also
in supersonic flows. In Figs. 3a and 3b, the current resuits
confirm the linear wing theory at subsonic and supersonic
incident flow, and so the curves are monotonically smooth.
But there is a gap on the C,, curve for these two wings due
to the linear theory limination of M = 1. In addition to this
gap, there is a kink at M = 1.56 and 1.64 in Figs. 3c and
3d, respectively, for these two swept wings at supersonic
incident flow, simply because the flow complexity at the nor-
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mal Mach number equals around 1. Based on the present
theory we only calculate the region outside the Mach cone.
It can be seen that the swept effects do make significant con-
tributions to the curve of C, , vs M. The comparisons of some
results between current calculations and Michael’s result are
shown in Figs. 4 and 5. A good agreement is obtained in
incompressible inviscid flow. Figure 6 shows that the sidewash
on the single vertical tail is greater than that on the twin
vertical tails. From Figs. 4—6 it can be seen that the maximum
sidewash occurs around M = 1.0. Figure 7 represents the
sidewash on the vertical tail induced by a rolling airplane for
a through 29 deg at M = 0.2. It seems that the current method
will be helpful for spin and high angle-of-attack maneuver
analysis of the fighter airplane.

Conclusions

The current calculations show that the sidewash on the
vertical tails induced by the rolling wing is strongly affected
by the wing geometry, the vertical tail location, the angle of
attack, and the Mach number. For more accuracy, the down-
wash angle used in the calculation of sidewash should be
measured from a wind-tunnel test. Combining the force model
wind-tunnel test data and the sidewash calculated by the cur-
rent method, the rolling dynamic derivatives can be evaluated
effectively through high angle of attack and high Mach num-
ber.
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