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Fig. 5 Incremental blowing-induced stability derivative at « =0 as a
function of blowing rate.

shown to exist in the a-range o, ; < o <4° for o, = 0°, 1°, and
2° also would exist for other intermediate o, ~values. It is hard
to- visualize any flow phenomenon that would invalidate this
assumption. On the other hand, the local slopes used at
a=0o,, in obtaining the original fairing imply that
0C,, /007 = 0C,,/0u; i€, the transition movement derivative is
assumed to be zero, Oxpg/0x =0, contrary to experimental
evidence.!

Carpet-plotting the data® also for the other blowing rates
gives the results shown in Fig. 4. At all blowing rates the
destabilizing effect of asymmetric blowing is largest at small
angles of attack near o, = 0. One notices with some concern
that the C,{(x)-slope is negative for zero blowing rate, contrary
to the measured effect of “free” asymmetric transition on a
smooth solid model.>? The reason for this anomaly is the
“breathing” through the porous skin. It has been found that a
porous skin model has substantially less C,, than a solid
model,®7 an effect that can be visualized to result from reduced
streamline displacement due to in-flow through the high pressure
side of the porous skin model. Here, in the case of the asym-
metric porous skin configurations for o, =1° and o, = 2°,
this would mean that the porous skin side is less effective in
displacing the freestream and, as a consequence, a loss of leeside-
to-windward-side pressure differential results. The associated
gain in aft body normal force explains the statically stabilizing
effect of asymmetric porous skin geometry shown in Fig. 4 for
C,=0.

“The incremental effects of blowing-on the static stability
derivative C,,, at a = 0, obtained from Fig. 4 for X ;,(0)/ = 0.93,
are shown in Fig. 5. Also shown are the data for the other aft
body asymmetric blowing configuration tested, i.e., X x(0)/ =
0.80. The results indicate that the destabilizing effect of asym-
metric aft body blowing increases linearly with the blowing
rate, and that the effect decreases in magnitude when the mean
transition point, X ;;(0)/l, moves forward towards the center of
gravity, X s/l = 0.60, all in agreement with the theoretical and
experimental results shown in Ref. 2.
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Cylindrical Wing-Body Configurations
for Space-Limited Applications
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Nomenclature

restdue

wing span

coefficient of lift

lift force

body radius

cross-sectional area

freestream velocity

normal component of velocity
complex potential

abscissa and ordinate in crossflow plane, respectively
side force

streamwise coordinate

complex variable in crosstflow plane
location of the wing in the Z,-plane
angle of attack

vortex strength distribution
distance along vortex sheet

aspect ratio

complex function for the body axis
= freestream density
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Subscripts

1,2, 3 = first, second, and third complex planes
B = base plane of vehicle

[oo) = freestream

Introduction

HE design of a vehicle with cruise capability which can be

stored in a limited space usually involves the use of lifting
surfaces which can be hinged or folded to satisfy the volume
constraint. Several concepts for hinged and foldable wings are
well-known. One such concept is the “scissor wing” which is
hinged about its leading edge and swings out from a cavity in
the fuselage. The primary disadvantage of this design is the
reduction in load-carrying capacity and over-all utility of the
vehicle due to the cavity in the fuselage. Another concept is
the parawing, which is a flexible wing suspended by lines from
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Fig. 1 Cylindrical wing-body configurations.

the fuselage. The parawing is difficult to deploy at high speeds
and has a characteristically poor lift-drag ratio precluding high
performance cruise operation. A third design possibility features
flat wings hinged near the fuselage which, in the folded position,
rest against the surface of the fuselage. The disadvantage of this
particular design is the limited span available, especially if the
vehicle is to be stored in a cylinder. The hinged wing, however,
can be used effectively as a control surface. Another design'
which has been proposed in connection with re-entry vehicles
consists of conical-shaped wings mounted on a half-cone fuselage.
By mounting these wings on hinges at the fuselage, they can be
folded against the fuselage to facilitate vehicle storage.

A promising design concept for hinged wings, studied by
Crowell and Crowe,” is illustrated in Fig. 1a. The wings consist
of two tapered semicylinders which hinge along the top of the
fuselage. When not deployed, the two wings wrap around the
side of the cylindrical fuselage. Theory predicts this wing-body
configuration has a lift-curve slope 35% higher than that of a
flat wing of the same span mounted on the top of the fuselage.
Also, deployment is relatively simple and reliable. The major
disadvantage is that the span is limited to twice the fuselage
diameter and the lift developed may not satisfy design
requirements.

The span and the attendant lift can be increased considerably
by mounting the semicylindrical wings on the side of the fuselage
as illustrated in Fig. 1b. In this case the span is three times the
body diameter which, according to slender body theory, would
result in a lift more than twice that obtained from the top-hinged
wings at the same angle of attack. When not deployed the wings
would wrap, one upon the other, around the underside of the
fuselage. The purpose of this Note is to determine analytically
the lift characteristics of such a wing-body configuration.

Analytic Approach

Slender body theory is used to predict the lift force. A slender
body is characterized by small changes in cross-sectional area in
the streamwise direction, such as a pointed slender fuselage or a
low aspect-ratio wing. Expanding the velocity potential in powers
of a slenderness parameter (such as body thickness or aspect
ratio) and retaining the lowest order terms, Ward® shows that:
1) The flow at infinity for any general slender body becomes
axisymmetric and equal to the flow at infinity around an equiva-
lent axisymmetric body of revolution; and 2) Near the slender
body, the flow differs from that around the equivalent body of
revolution by a two-dimensional constant density crossflow part
that makes the tangency condition satisfied. Thus, the flowfield
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at any section along the body can be subdivided into a velocity
component parallel to the body axis and a crossflow com-
ponent which can be treated as a two-dimensional ideal flow.

Ward? shows that the lift and side force on a slender body is
obtained from :

Y+il= —ipU,2 [, W(Z)dZ+ pU_*[€(z,)S(z,)+
EpS'zp)] (1)

where w(Z) is the complex potential of the crossflow The
contour integral is evaluated at the station corresponding to the
wing’s maximum span (base plane). The variable £(z) is a complex
function for the center of the body’s cross-sectional area, S(z),
with respect to the z-axis. §'(zp) is the rate of change of the
body’s cross-sectional area at the base plane which is zero for the
wing-body configuration under study here. Evaluating the
contour integral by the residue theorem, the equation for lift
can be written as

L=pU_ 2Im[2ra_,(zp)— iaS(z,)] 2
where a_, is the residue of the complex potential for the
crossfiow.

The tangency condition requires that the normal velocity
component at the surface be equal to £'(z,), the velocity at infinity
being zero. It is more straightforward, however, to let the normal
velocity component be zero and the velocity at infinity be
—&'(z). The residue is the same for both cases.

The cross section of the wing-body configuration at the base
plane is shown in Fig. 2a. It is assumed that the side-slip angle
is zero so the flowfield at infinity is a rectilinear flow of
magnitude « in the positive y-direction, the complex potential
beingw = —ixZ,. The flowfield can be constructed by represent-
ing the wings as vortex sheets. Then for each vortex on a wing,
there must be a corresponding vortex of the opposite strength
reflected inside the body to guarantee that the cylindrical fuselage
is a streamline.

The analysis can be simplified by transforming the fuselage
into a vertical slit using the transformation

Z,=2,—(/Z,) ()
where r is the radius of the fuselage. The wings transform into
near circular arcs connected to the body at the origin as shown
in Fig. 2b. The complex potential at infinity remains unchanged.
The flowfield can be solved in this plane by again representing
the wings as symmetric vortex sheets, the fuselage automatically
being a streamline by maintaining flow symmetry about the
y-axis.

It was found, however, that the computation was facilitated by
inverting the Z,-plane onto a third plane

zZ,=1/Z, 4)
The resulting configuration is shown in Fig. 2c. The fuselage is

transformed into two slits along the y;-axis, both extending to
infinity. The wings becomes two slits which originate at +3/8r on

we-iaxZ, we-iaZ,
as Z+o as Z»~w
% ’T'
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ks
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Fig. 2 Transformations of the crossflow plane.
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Fig.3 Comparison of lift coefficient for cylindrical and flat wing-body
combinations.

the x,-axis and asymptotically approach +1/2r as y, decreases
toward infinity. The intersection point between the wing and
fuselage in the Z,-plane is thereby greatly expanded in the
Z,-plane and leads to a more detailed representation of the
complex potential in this region. The rectilinear flow at infinity
in the Z,-plane becomes a doublet pointing downward at the
drigin in the Z,-plane.

The two wings in the Z;-plane can be represented by two
symmetric vortex sheets. Since the y,-axis must be a streamline,
the vortex strength at corresponding y;’s on both wings must

have the same magnitude but opposite sense, according to the .

reflection principle. The complex potential resulting from the
two vortex sheets and the doublet at the origin can be expressed

as
T am[ 720,
wey=i[ o 5 Gle-2 o

where ( is the distance along the wing (vortex sheet) starting at
+3/8r, ({) is the vortex strength distribution and Z_({) is the
complex variable describing the location of the wing in the
Z,4-plane. The velocity component normal to wings must be zero
in order that the wings be streamlines so the following
condition

V, = Im[Z,/()(dw/dZ,)|, ] =0 (6)
must be satisfied everywhere along the wing. This leads to an
integral equation for y({) which was solved numerically by
subdividing the vortex sheet into a series of discrete vortices.
Having determined the vortex strength distribution, the residue
is obtained by expanding the complex potential in a Laurent
series about Z, =0 and writing Z, as a function of Z,. The
result is

a_,(zp) = ior* =2 r YO(Re[Z,)/|Z,") dC 0]
0

which gives a numerical value for the residue of
a_(Z,) = 540 iwr? (8)
The wings in the Z,-plane do not deviate significantly from
the semicircles represented by dashed lines in Fig. 2. If, indeed,
the wings were semicircles, the inversion mapping would have
yielded the two semi-infinite slits indicated also by the dashed
lines in the Z-plane. It would then have been possible to trans-
form the wings onto the x-axis using the Schwartz-Christoffel
transformation, the fuselage still being two slits along the y-axis.

In this case the doublet at the origin in the Z,-plane would

have become a doublet on the y-axis directed in the negative
y-direction so the flowfield analysis would have reduced to the
simple problem of a doublet near a wall. Since the actual

VOL.11,NO. 1

wings in the Z,-plane approximate semicircles, the flowfield
solution for the semicircular wings was obtained and the residue
evaluated to serve as a check on the above result. The residues
differed by less than 5%, that for the actual wing being the
smaller of the two. v

The lift force is predicted by substituting the residue into
Eq. 2. The result is

L =980rpU_ r* 9)

The wing span is six times the body radius so the lift force
can be written as

L = (9.807/36)pU b (10)
The lift coefficient, then, is
C,=171Ax (11)
and the lift curve slope has the value of
C, =171A (12)

Spreiter* has shown that flat wings of the same span mounted
on the side of the fuselage have a lift curve slope of 1.41A.
Thus, the cylindrical wings produce over 20% more lift than
the flat wings at the same angle of attack.

It is interesting to compare graphically the predicted lift
coefficient vs angle of attack for cylindrical and flat wing-body
combinations as illustrated in Fig. 3. Both the top-mounted
and side-mounted cylindrical wings outperform their flat-wing
counterparts. The highest lift curve slope is obtained for the top-
mounted cylindrical wings. However, the highest lift is obtained
for the side-mounted wings since the span is increased from two
to three times the body diameter. The comparatively higher lift
curve slope of the cylindrical wings suggests their suitability for
high performance cruise vehicles which can be packaged in a
limited space. Experimental verification of the predicted lift
characteristics and measurements of other aerodynamic para-
meters, such as drag, are necessary before the relative merits
of cylindrical wings can be realistically assessed.
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