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SUMMARY

modified bodies, was investigated at Mach numbers from 0.60 to 1.20. The
tests, which included measurements of forces and pressure distributions,
were conducted in the Ames 2- by 2-foot transonic wind tunnel. The wing
had an aspect ratio of 6, a taper ratio of 0.5, and NACA 64pAOl5 sections
normal to the mid-chord line which was swept back 35°. The basic body
was a Sears-Haack body having a fineness ratio of 9. One of the modified
bodies was indented according to the area rule so as to reduce the wave
drag at a Mach number of 1. The other two modified bodies were designed
by the ring-vortex method of Kuchemann for alleviating all, or part of,
the adverse interference at the root of the sweptback wing in an attempt
to obtain the full benefit of sweep for delaying the drag rise. Both
methods resulted in considerable reductions in drag at transonic speeds.

INTRODUCT ION

It is well known that the full benefit of sweepback for reducing
compressibility drag at high subsonic Mach numbers is generally not
realized in practice largely because of losses near the wing root and
near the wing tips. Because of reflection at the plane of symmetry the
velocity field near the root of the sweptback wing at subsonic speeds
is distorted from that for the infinite wing (refs. 1 and 2). The veloc-
ity distortion can be corrected to some extent either by altering the
wing geometry or by contouring the body in the vicinity of the wing.

Shaping the body to conform to the streamlines of the oblique wing has

been suggested in reference 3 (see also refs. 4 and 5). The use of

ring vortices for determining the body shape has been studied in con-

siderable detail by Kuchemann and Weber (refs. 6 and 7). Recent experi-

mental investigations (refs. 8 to 10) of the ring-~vortex method of

Kuchemann have shown that considerable reductions in drag at high sub-
sonic Mach numbers can be obtained by use of this method.

|
|
A wing swept back 350, in comwbination with one basic body and three
)
|
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It is realized, of course, that the Kuchemann method cannot be
realistically applied at a design Mach number too close to 1 because of
the general inadequacy of linearized subsonic flow theory which is used.
Near a Mach number of 1, a general rule concerning wave drag (that wave
drag depends only on the axial distribution of cross-=sectional area)
has been demonstrated in a convincing manner by Whitcomb (ref. Ty at
least for configurations of sufficient slenderness. However, this area
rule cannot be expected to provide the ultimate design procedure when
the combination of wing aspect ratio and thickness-to-chord ratio is
large.

The purpose of the present investigation is to extend the previous
experimental investigations of the Kuchemann method to transonic Mach
numbers and to compare tge results with those obtained by application
of Whitcomb's area rule.” The present report gives the results of an
experimental investigation at Mach numbers from 0.60 to 1.20 of one
basic (Sears-Haack) body and three modified bodies in combination with
a wing swept back 350. One of the modified bodies was shaped by appli-
cation of the ring-vortex method of Kuchemann so as to cancel the dis-
tortion velocity in the chord plane at the juncture of the fuselage and
the sweptback wing.

The distortion velocity was assumed to be equal to the sum of the
unmodified-body disturbance velocity and the distortion velocity at the
center line of the sweptback wing. Another of the modified bodies was
" shaped in a manner roughly similar to the Kuchemann modification but the
maximum change in body radius was approximately one half that for the
Kuchemann modification. TPhis model was tested in order that some indi-
cation of the effects of a reduced amount of body modification could be
obtained. The third model was indented according to the area rule in
such a way that the axial distribution of cross-sectional area was
equivalent to that of a Sears-Haack body. i

It should be kept in mind that the area-rule and Kuchemann modifi-
cations are based on entirely different concepts. Kuchemann's method -
uses ring vortices to shape the body so as to follow the streamline of
the oblique wing but does not necessarily involve a change in body
volume, whereas the area rule removes from the body the entire exposed
volume of the wing. Furthermore, it should be recognized that the area
rule is general in its application while Kuchemann's method is restricted
to swept-wing and body cowbinations. 5

1A similar experimental study by Howell and Braslow (ref. 12) has
been published recently. The results presented in reference 12 indicate
that the two concepts can be combined to give greater drag reduction
than can be obtained by either concept alone.
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NOTATION

aspect ratio
wing span

drag coefficient, Qﬁ%ﬂ

1ift coefficient, iﬁgi

pitching moment about &/4

pitching-moment coefficient, -
qS¢c

pressure coefficient,

(local static pressure) - (free-stream static pressure)

q
local wing chord
R b/2
c2dy
wing mean aerodynamic chord, 2

i

e}

chord at wing-body junction (chord through the point of
intersection of basic body and mid-chord line of the
swept wing)

body length (distance from nose to theoretical point of
closure)

free-stream Mach number
wing critical Mach number based on simple-sweep concepts
design Mach number

free-stream dynamic pressure, % pVo2

body radius

maximum body radius

radius of basic body at intersection with mid-chord line of

swept wing
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S wing area

u streamwise perturbation velocity

Vil free~stream velocity

x distance behind body nose

©h angle of attack

A wing taper ratio

Jat angle of sweep, positive when swept back

€ distance behind wing leading edge, dimensionless with
respect to wing chord

gj distance behind the leading edge of the wing-body Jjunction,
dimensionless with respect to the wing chord at the
wing=body Jjunction

o) free-stream density

APPARATUS AND MODELS

Apparatus

The tests were conducted in the Ames 2- by 2-foot transonic wind
tunnel which is of the variable~density type and is equipped with a
perforated test section which permits testing models at any speed from
the subsonic to the low supersonic.

The models were mounted on a sting as shown in figure 1. The normal
and chord forces and the pitching moment were measured with electrical
strain gages enclosed within the model. Multiple-tube mercury manometers,
connected to pressure orifices in the model by flexible tubing, were
photographed to provide records of the pressure distributions on the
models. The force and pressure-distribution tests were made separately.

Models

Plan forms of the four wing-body combinations are shown in figure 2.
The wing used in combination with the various bodies had an aspect ratio
of 6, a taper ratio of 0.5, and NACA 6h2AOl5 sectlons normal to the
50—percent -chord line which was swept back 35°. The center lines of the
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bodies were located in the chord plane of the wing and all bodies were
truncated, as shown in figure 2, to permit mounting on the sting. All
the bodies, basic and modified, had circular cross sections.

Basic model.- The wing-body combination designated basic model, see
Taoiire Eiai, had a body of revolution shaped according to the Sears~Haack
formula

3/4
2
A, l_(l__.}.{_
To . 1/2

The body fineness ratio was 9 based on the theoretical length of body
to closure and the maximum body diameter.

Models 1 and 2.~ Plan forms of models 1 and 2 are shown in
figures 2(b) and 2(c). Before modification, both models were identical
to the basic model described above. Further details concerning the
body shapes in the vicinity of the wing=-body junction are given in
figure 3.

The body for model 1 was shaped arbitrarily and had approximately
one half the maximum radial modification of model 2. (See fig. 3.)
This modification reduced the basic body volume by about 2 percent.

The body shape for model 2 (referred to in the following discussion
of the experimental data as the Kuchemsnn modification) was calculated
by the ring-vortex method of references 6 and 7. Further details concern-
ing the ring-vortex method, as used here, are to be found in the appendix
of reference 8.2 The body was shaped (design Mach number 0.87) so as to
induce at the junction a perturbation velocity of sufficient strength
to cancel the sum of the basic body velocity and the distortion velocity
at the center line of the sweptback wing. No special attempt was made
to cancel disturbances upstream or downstream of the junction. Calculated
values of the perturbation velocities induced by the Kuchemann body modi=-
fication are shown in figure 4. This modification reduced the basic body
volume by about 5 percent.

Area-rule model.- The wing-body combination designated as the area=
rule model was designed by consideration of Whitcomb's rule for the
reduction of wave drag at a Mach number of 1. The body was indented so
that the axial distribution of cross-sectional area for the wing=-body
combination was equivalent to that of a Sears-Haack body having a fine-
ness ratio of 9. Since the exposed volume of the wing was substantial
(approximately 24 percent of the basic body volume) it seemed reasonable

®The additional modification (leading to elliptical, instead of
circular, body cross sections) described in the appendix of reference 8
has not been applied in the present case.
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to increase the body size for this model so that the indented body had
an enclosed volume equal to that enclosed by the original basic body.
Details of the body shape near the wing-body junction are presented .in
fdicnire 18

Axial distributions of cross-sectional areas.- The axial distribu-
tions of cross-sectional areas for the various bodies and the various
wing~body combinations are shown in figure 5.

Iocation of pressure orifices.- The spanwise location of the wing
pressure orifices is shown in figure 2. Nine orifices were along the
wing upper surface, starting at 5-percent chord and terminating at
85-percent chord, and eight orifices were along the wing lower surface,
starting at lO-percent chord and terminating at 80-percent chord.

A single row of 16 pressure orifices, starting at the leading edge
of the wing-body junction line and spaced 0.343 inch apart, was located
at one side of the body. The first 10 or 11 orifices were as close as
feasible to the body intersection line of the upper surface of the wing;
the remaining orifices were in the wing chord plane downstream of the
wing trailing edge.

TESTS AND PROCEDURE

The models were tested through the Mach number range from 0.60 to
. 1.20 with the tunnel operating at atmospheric total pressure. The
corresponding Reynolds number (based on wing mean aerodynamic chord)
varied from approximately 0.8x10% to 1.0x10° (fig. 6). For most of the
Mach number range the gngle of attack was limited because of stress
limits on the balance flexures.

Tunnel-boundary-interference corrections were not applied to the
data. These effects at subsonic speeds were known to have been minimized
by the perforated test section. In the Ames 2- by 2-foot transonic wind
tunnel, for models of the size employed in the present investigation,
the influence of the reflected waves on model characteristics is small
and confined to the Mach number range from 1.00 to about 1.15. The
magnitude of the effects of the reflected waves is not considered suffi-
ciently great to affect the conclusions given in this report.

The drag data have been corrected for an interaction in the balance
mechanism of normal force on chord force and have been adjusted to repre-
sent free-stream static pressure at the model base. Corrections have
been applied to the angle-of-attack settings to account for sting deflec-
tion under aerodynamic loading of the model.
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RESULTS

Force Studies

The drag, lift, and pitching-moment coefficients of the four models
are presented in figure 7. Cross plots, which summarize the more
important of the drag and 1lift characteristics, are presented in fig-

ures 8 and 9.

Drag.- The variation of zero-lift drag coefficient with Mach number
is shown in figure 8(a). The lowest drag at the high subsonic Mach
numbers was obtained by the area-rule modification, the drag rise of this
model being virtually eliminated up to 0.9 Mach number., On the other
hand, at supersonic speeds the Kuchemann modification (model 2) resulted
in the lowest drag. It is significant to note the substantial reduction
of wave drag obtained by the body modification of model 1l, in view of
the fact that this particular model was modified a comparatively slight

amount .

The variation of drag coefficient at 0.3C], with Mach number is
shown in figure 8(b). The reductions in drag obtained by the various
modifications are comparable to the drag reductions at zero lift. The
drag coefficients for the area-rule model and the Kuchemann model are
in close agreement throughout most of the high subsonic Mach number
range but the Kuchemann model had considerably lower drag at supersonic
Mach numbers.,

Lift.- The variation of lift-curve slope (evaluated at zero 1ifs)
with Mach number is shown in figure 9. The four models had approximately
the same values of lift-curve slope at subcritical speeds® but significant
differences occurred at transonic Mach numbers. As might be expected,
the basic model had the lowest lift-curve slopes at high subsonic speeds.
However, the basic model had the highest lift-curve slopes for Mach
numbers above about 1.13. - i

Modifying the body shapes improved the lift characteristics con-
siderably at high subsonic Mach numbers where not only higher values
but also smoother variations of lift-curve slope with increasing Mach
number were obtained., Near a Mach number of 1.0 the highest lift-curve
slopes were obtained as a result of the Kuchemann modification.

Mowent.- An attempt to analyze.the pitching-moment data has not
been made since it is well known that moment data for swept wings are
particularly sensitive to Reynolds number and attempts to use these
data for full-scale configurations would be questionable. It can be

SThe critical Mach number for the swept wing, based on simple-sweep
concepts, is approximately 0.87.
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noted from figure 7(0), however, that the various body modifications had
little effect on the pitching-moment coefficients except near zero lift
where, particularly at transonic speeds, the modifications reduced the
variation of dCp/dCr with CL.

Pressure Studies

Pressure distributions were measured chordwise near the wing wmid-
semispan and along one side of the bodies at the wing-body junction.

Wing pressures.- A comparison of wing pressure distributions at
several Mach numbers, measured near the wing mid-semispan, for the
various models at zero angle of attack is presented in figure 10. The
various body modifications resulted in large changes in the pressure
distributions on the wing, particularly on the after part at the tran-
sonic Mach numbers. The more favorable pressure distributions result-
ing from the body modifications are evident, especially for the area-rule
modification at 0.94 Mach number and for the Kuchemann modification at
a Mach number of 1.00.

Pressures at wing-body junction.- A comparison of pressure distri-
butions at the wing-body junctions for the various models at zero angle
of attack is presented in figure 11l. The pressure distribution near the
wing root of the basic model is considered to be unfavorable since the
point of minimum pressure is far aft of the mid-chord station with the
probable result that the isobars of the swept wing have little or no
sweep near the wing root. The loss of sweep for the isobars is thought
to be undesirable at high subsonic speeds since critical conditions
seem to depend not on the total velocities, but on the velocity compo-
nents in the direction of the pressure gradients (that is, normal to the
isobars) .

The slight body modification of model 1 did much to correct the
unfavorable distribution. The area-rule and Kuchemann modifications
gave somewhat similer pressure distributions at the root chord throughout
the speed range. However, the pressures for the Kuchemann modification
indicate that a region of high velocities appeared at high subsonic Mach
numbers just downstream of the root trailing edge. This region of high
induced velocities was the result of a sudden increase in body radius
due to the abruptness with which the Kuchemann modification was terminated
near the trailing edge. It seems from this investigation that Kuchemann's
method should be extended so as to take into account disturbances forward
and aft of the wing root.
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GENERAL DISCUSSION

It should be emphasized that the area-rule and Kuchemann modifi-
cations to the basic body shape were based on entirely different con-
cepts. The area rule (design Mach number 1.00) was applied in an
attempt to minimize the formation of wave drag; the Kuchemann procedure
(design Mach number 0.87) was applied in an attempt to obtain the same
flow near the root of the wing as that for the infinite yawed wing in
order to realize the full benefit of sweep and consequently to obtain
the highest possible drag-divergence Mach number.

The change in body shape for the area-rule model was considerable
because of the large thickness-to-chord ratio of the wing, and the
indentation occurred along a major portion of the body length due to
the sweepback of the wing. The Kuchemann modification altered the basic
body shape only in the vicinity of the junction, the modification termi-
nating rather abruptly at the junction trailing edge.

The experimental data have shown that both the Kuchemann and the
area~rule modifications resulted in considerably improved aerodynamic
characteristics, not only at the respective design Mach numbers but
also throughout the transonic speed range. The zero-lift drag results
(fig. 8(2)) were somewhat surprising in that the area~rule model had
the least drag at high subsonic Mach numbers while the Kuchemann model
had the least drag at supersonic Mach numbers =— a result contrary to
what might be expected from the bases on which these modifications were
designed. Although it is realized that insufficient pressure data were
obtained to assess accurately the effects of the two body modifications,
some conclusions can be made from the limited pressure data presented
in fioprest 10 and 11,

To begin with, it is interesting to note the probable location of
the shock near the wing mid-semispan as indicated by the pressure data
in figure 10. At Mach numbers of 0.87, 0.90, and 0.94, for the Kuchemann
model the shock appeared to be behind the location for the area-rule
model but at Mach numbers of 1.00 and 1.06 the respective locations
seemed to be reversed., The wing pressure distributions shown in fig-
ure 10 provide some insight to the probable reasons why the area-rule
model had the least drag at high subsonic speeds while the Kuchemann
model had the least drag at supersonic speeds.

At the wing-body junction the pressure distributions were quite
similar for the two models (fig. 11). However, a region of high
velocities appeared on the body downstream of the junction for the
Kuchemenn model. Judging from the pressure distributions, this region
terminated in a shock wave at Mach numbers of 0.90 and 0.9k,
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The considerably higher lift-curve slopes obtained by the Kuchemann
model at transonic speeds (fig. 9) are believed to be due largely to the
annular bump on the body mentioned above since an examination of wing
pressure distributions at small angles of attack (not presented in this
report) showed that the Kuchemann model had considerably higher loading
near the junction trailing edge due primarily to more positive pressures
on the wing lower surface.

CONCLUDING REMARKS

These tests show that important improvements in the aerodynamic
characteristics at transonic speeds of a wing-body combination employ=-
ing a thick swept wing of large aspect ratio can be obtained by modifi=-
cations to the body shape.

In these experiments, the Kuchemann modification resulted in
superior aerodynamic characteristics except with regard to zero-lift
drag at high subsonic Mach numbers where the area-rule modification
gave superior results. However, little difference between the two
models was observed at 0.3 1lift coefficient.

A greater reduction of the zero-lift drag at high subsonic Mach
numbers than that for the model designed by the Kuchemann method is
believed possible if more careful attention is given to the termination
of the body modification near the trailing edge of the wing so as to
avoid large body-induced velocities just downstream of the wing-body
Jjunction. However, a more gradual downstream termination of the
Kuchemann modification might eliminate part of the drag reduction at
the supersonic Mach numbers.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
MoEfettiEield ,\ Calif., Heb. 21, 1955
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— — O — — Calculated perturbation velocity induced by the Kuchemann
body modification, Mgyes = 0.87.

Negative of the calculated distortion velocity at the

junction chord (see Appendix of ref. 8).
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Control points
O

=0 0) 22 4
Junction chord, §;

Figure 4.- Comparison of velocities induced by the Kuchemann body
modification with the negative of the distortion velocities at the
Junction chord.
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Figure 10.- Comparison of pressures at the wing mid-semispan for the various models at zero
angle of attack.
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Figure 11.- Comparison of pressures at the wing-body junction for the various models at zero
angle of attack.
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