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SUMRMARY

Results are given of pressure measurements on a wing
of gross aspect ratio approximately 2/% mounted on a cylindrical
body with an ogival nose, made at a Mach mumber of 2,00 in the
9in, x 9in. supersonic wind tumnel at the College of Aeronautics,
The wing section was a single wedge having a 6° total nose angle,
The ranges of body incidence and roll in these tests were from
0° to 30°, and 0°, 300, 60° and 90° respectively, The normal
force, 1lift, drag and side force coefficients, and rolling and
pitching moments were obtained from the pressure measurenments,
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The pressure dls"crlbuw:lons for small angles of
incidence have been compared with a modified form of _.or:_kawa s
approximnate solution for a semi-infinite wing mounted on an
infinitely long cylindrical body, Fair agreement was obtained
at all roll angles, between this theory and experiment, except
in the reglon of influence of each tip vortex, and far dowm-
stream of the leading edge. A detailed comparison with the
theories of Nielsen and others was not made due to the lack of
appropriate mumerical data, It was noted however that the
effect of the body could crudely be represented by replacing
it by a plane reflection plate at the wing root.

At higher angles of incidence the non~linear effects
on the pressure distribution are large, but ere of opposite
sign on the upper and lower surfaces. Thus the integrated
results for normal force sre almost linear with incidence.

The remaining non-linear effects on normal force and centre of
pressure can be explained in terms of the viscous cross flow
over a wing of small aspect ratio. Then the viscous effects
are included the measured normal force agrees fairly well with
that predicted by the empirical relation of Nielsen and Kaattari,
The measured chordwise centre of pressure at 0° roll moved
downstream from about 0,25 to 0.45 chord as the incidence was
increased from 0° to 30°, Similar results were obtained for
300 and 60° roll, The messured spanwise centre of pressure ab
0° roll for each half wing moved outboard from about 0,60 to
0465 of the semi-span as the incidence increased to 10°, and
then remained approximately fixed up to 30° incidence, At
larger roll angles the outboard movement contimued over a
greater renge of incidence. It was found from the spanwise
pressure distributions and the integrated values of rolling
moments that the sign and approximate magnitude of the rolling
mament could be obtained from the lower surface pressures on
the dowmgoing wing. This was due to the sepesration of flow
on the upper surface of the downgoing wing and the separation
on both surfaces of the upgoing wing as a result of the influence
of the body on the spanwise flow on both wings, The rolling
moment was zero at 0° and 90° roll and reached a maximum at
about 60° roll,
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3e Introduction

This repart presents the results of part of an investi-
gation into the interference between a body and wing of low
aspect ratio at supersonic speeds, The results of the initial
study, by flow visualisation techniques, have been reported
separately in ref, 1, .

The present state of knowledge on the problem of wing
body interference at supersonic speeds has been reviewed recently
by Lewrence and Flex? . At small angles of incidence linearised
theory provides a basis on which calculations can be made,
However, when the aspect ratio is small, the interference effects
are too complex for any accurate theoretical predictions to be
mades In addition, except at small angles of incidence, viscous
effects, detached shock waves, etc., render the problem at
present incapable of solution., Recourse to experiment is there-
fore essential before any adequate theory can be formulated, The
present tests deal with one particular wing-body combination in
which a low aspect ratio wing of single wedge section is mounted
on a cylindrical body with a tangent ogival nose,

Several methods, based on linearised theory have been
proposed for calculating wing-body effects at supersonic speedse
In these methods the problem can be subdivided as follows e~

(ag body alone at incidence

(b) body at zero incidence - wing at incidence
(c) wing at incidence in the presence of the
body alone upwash field,

The methods for the calculations of the pressure dise
tribution over bodieg of revolution at incidence are described
by Lewrence and Flax?, The calculation of the pressure digs-
tribution on a rectangular wing of small aspect ratio has been
given by Gunn?,

: The interference problem is simplified if the wing is
mounted far downstream of the nose of a body of circuler cross-
sections In this case the body upwash field can be taken as
that for an infinite circular cylindert, If the wing has no
sweepback and is of infinite span then the effect on the wing
of the upwash field due to the body, outside the influence of
the root lMach cone, is that calculated by Kirkby and Robinson5.
The modifications to allow for sweepback (supersonic lead:hég
edges) and finite spen have been considered by Bolton=Shaw®,

For wings of infinite aspect ratio mounted on bodies of
finite length, the method of Ferrari! is availsble. On the
other hand, Morikawa® and Nielsen’ have tackled the particular
case of a semi~infinite rectangular wing mounted on an infinite
cylindrical body of circular cross-section at incidence,
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Although Morikawa's method is exact a complete solution is not
yet avallable and the present numerical results for the pressure
distribution on the wings are only approximate, Nielsen's
method has a wider application, but even here complete numerical
results are not available, Bolton=Shew has also proposed a
method for dealing with these cases although no numerical results
have been given., A further account, dealing with wings of large
aspect ratio mounted on bodies of arbitrary shape and circuler
cross-sect:.on, has been given by Chester'Q,  When the wing=body
combination is slender, the results of Ward 1 s Browne, Friedman
and Hodesl2 are availesble, Empirical relations for the inter-
ference of a body on a wing have been formulated by Nielsen and
Kaattari from an examination of a large number of experimental
results on various wing-body conbinationse?3

In view of the lack of appropriate numerical results
from the sbove theoretical methods, especially for wings of small
aspect ratio having rectangular planforms, it has only been
possible to compare the present experimental results with those
of Morikawa, in which a modification for the effect of the tip
has been included. Since this method deals with a flat plate
wing, only the effects of incidence and not of wing  thickness
are compared with theory.

A further discussion on the linearised supersonic theory
of wing~body interference is given in Appendix 1. The pressure
distribution on the wing in the prescnce of the body upwash is
discussed in Appendix 2,

L, Experimental Details

The work was performed in the 9in x 9in supersomc
wind tunnel at the College of Aeronautics, a full description
of which is given in ref, 1, The tunnel was fitted with a
fixed wooden liner gilving = Mach number along the Worlc:mg
section of 2,00 + 0,01,

The model, which is described in the next section, -
was supported through a vernier coupling on a vertical crescent,
The model incidence could be remotely controlled between +30°
- and =5° to an accuracy of + 1 minute, and the roll could be

adjusted in the tunnel to the same degree of accuracy by means
of the vernier coupling. = The tumnel stagnation pressure was
automatically controlled to 20in, Hg within 0,02in Hg, and the
stagnation temperature was maintained at 26°C + or e 1°C, Due
to the limited size of the silica gel drying plant it was
never possible to reduce the moisture content of the tunnel eair
~to less than one part in 2000,
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.. . Pressure tappings on one wing of the model were con=
nected through a pneumatic clamp to a multi-tube vertical mercury
manometere = The tubes were clamped while pressure readings were
taken, = It was found necessary to wait for three minutes after
chenging the incidence setting before clamping the tubes in order
to ensure that the recorded pressures on the manometer had @ .

reached steady state values,

Seventeen holes, forming a chordwise column, could be
pressure plotted simultaneously and a set of readings was taken
at incidences of 0°, 24°, 5°, 749, 10°, 1249, 15°, 174°, 200 25°
and 30° during each run. Each set of measurements was repeated
on six such columns for all roll angles at intervals of 30°,
Since the pressure holes were drilled in one surface of one half-
wing only, the complete pressure distribution on the whole wing
at an angle of roll @ was obtained from measurements at angles
of roll @, 180° - @, 180 + &, and 360° ~ &,

L As described in the next section, nine additionel
pressure holes were made to ensble pressures to be measured closer
to the leading edge, ‘ :

The complete model was tested at a Reynolds number of
2.5 x 106 per foot, The pressure distributions were plotted to
a large scale and integrated to find the area and first moment
using a 'Stanley' integrator,

5s¢ Description of the Model

Fige 1 shows a plan view of the model, indicating its
main dimensions, The cylindrical body is 0.735in, diameter and .
has a tangent ogival head of length 2,18in., with a nose semi-
angle of 20°, The wings are of rectangular planform with a gross
aspect ratio of 0,664 and net aspect ratio 0,422, They have a
6° single-wedge section and are symmetrically placed with respect
to the body centre line, The wing leading edge is positioned
5a45in, from the body nose, and has a radius of 0,001in, The
body is mede in two parts, to enable pressure tubes from the wing
to be connected and led away to the rear of the sting, Sevenbeen
holes were drilled in a spanwise direction through one winge
Six 0,018in, diameter holes were drilled through the upper surface
into each of these spamwise holes giving six columns of seventeen
holes eachs For each test, the holes on five columns were
filled with plasticine, the remaining seventeen holes being
connected through tubing to the mencmeters, After all pressure
measurements had been made with these tappings s three small tubes
of 1mm, outside diemeter were soldered to the undersurface of the
wing., This allowed nine pressure tappings to be made near the
leading edge, where the wing was too thin for spanwise holes to
be drilled, The positions of the holes are shown diagrammatically
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in fig, 1, and their exact co-~ordinates are given in teble I,

The Wing-tip and base were not pressure plotted in
these tests.

6o Reduction and Presentation of Data

6.1 Definition of orientation

. In order to describe the orientetion of the'modél,
we may define sets of wind, (X',Y!',Z') and body, (X,Y,Z) axes
as shown in fig. 2, The wind X'-axis coincides with the up-~
stream direction. The body axes coincide with the wind axes
at zero pitch ©, and roll, f. In these tests the model
attitude is defined in terms of an initial pitch 6 about the
wind X'=axis and then a roll @ sbout the body X-axis, The
model attitude may also be expressed in terms of the angle of
incidence, @, and the angle of sideslip, B.¥

where, as shown in fig, 2, ten a = tan 6 cos #
' sin f = sin © zin R

642 Reduction of the pressure measurements

All pressures were reduced to the coefficient form

P=D,

where Pos Po and uo are the freestream pressure, density
and velocity respectively, Owing to the difficulties of
drilling the pressure holes, forming the columns, some of these
were scatbtered slightly about a mean line, but for purposes of
plotting the results, mean chordwise and spanwise positions of
the holes were taken,

The experimental pressure distributions for values
of incidence below 10° have been plotted in terms of B(CP—C13 )/a

e o

(where B = M?-1, Cp is the value of Gp at @ =0, and a
o)

is the incidence) in order to facilitate comparison with lin-
earised theory. The pressure distributions for higher
incidences have been plotted in terms of C_. In each case,
chordwise distributions have been given forteach column, and
also spanwise distributions at a number of chordwise stations.
The nine pressure tappings near the leading edge were positioned
approximately at regular intervals in the spanwise direction,
# This corresponds to the tangent definition for incidence and
the sine definition for sideslip as described by Warren (refs 16)e
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The pressures obtained from these holes have been interpolated
to give additional values, at the positions of the six main
columns, '

H The local loading (or local normal force coefficient)
Z}Cp is defined as ‘

!:BCP = (CPL - 'CPU-) cos &

where O denotes the wing half nose angle and suffixes L and U
refer to lower and upper surfaces respectively. The local
loading distribution on each column was integrated for each
incidence and roll angle to give the local chordwise loading

C_, and the local chordwise centre of pressure, distance. h
fPom the leading edge, These values of C_ were then plotted
against spanwise position, and integrated t6 give the total
normal force and centre of pressure for the half~-wing,

The ebove quentities, in coefficient form, are defined
as follows

Local chordwise loading coefficient
il

. X"a

Cn - § ﬁ(ﬁ d(c)

1/ O

Local chordwise position of the centre of pressure
measured from the leading edge as a fraction of the wing chord

%H X 73 x)
. BT =
hfz} _ Yo ¢ (%g£0ﬂ
bs) M Ao afE
Jo p e
Normal force coefficient for nefvhalfawing
. "
s 1 1)
Oy =5T= i Chn d{,sf"
ifa/%

Spahwisé position of the centre of pressure for net
half-wing, as aﬂfraction of the gross semi~gpan

C,L ¥ /X
- J@@ n s d{sf
8 = il Y
{ c, df; z)

e}a/é

Chordwise position of the centre of pressure for the
net half-wing as a fraction of the wing chord
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L ==2% | ¢cnat
5’,‘,?' a/s
Cy
where ¢ = wing chord
8 = gross seml spar
a = body radius,

6e3 Resolution and definition of forces and moments

From the pressure plotting results the total normal
force, N, perpendiculsr to the plane of the wings has been
obtalned. The resolutes 1lift, drag,® and side force in terms
of their non~dimensional coef‘ficients are defined as follows,-

1ift coefficient G =0y cos a

drag coefficient ' CD =‘C1\T sin a cos B

side force coefficient CY = CN sin ¢ sin B

where Cy = N2 and S is the net wing
2po o Sw '

alr'cae

The rolling and pitching moments with respect to body
axes have been calculated for the two ha.]i‘-wngs in combination,
from the loading distributions on each wing, Their values are
given by :

‘ 1,
Rolling moment coefficient G, = R«vié-
about body centre line + p u S .8

_ o o 'w
7 A
Pitching moment coefficient C = P '“-
= 1
sbout 1 /l;~ chord locus ,x; L p, uo S

It will be seen that all the sbove coefficients are
defined in terms of the net wing area, ‘ ‘

+ This excludes the skin friction drag.
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6ak. Accuracy of the results

The mercury manometers could be read to an accuracy
of + 0,02in. giving an accuracy in C_. of approximately + 0,003,
A number of repeat measurements taken®at different times during
the programme showed a repeatability in Cp of + 0,01,

Since the pressures on the upper and lower surfaces
of the wing have been measured with the wing in different
positions in the tunnel working section, small errors have arisen
due to variations in pitch and yaw across the working section.
Corrections to the readings have been applied, where these are
significent, and the values of C_ corresponding to zero
incidence have been found by intefpolation, (It will be found,
however, that due to the method of correcting the results slight
discrepancies occur between the plotted values of KQCD and
those found from the qp - Cp CUTrves,) =

: o <

In view of the small errors in pitch and yaw in the
working section it is estimated that the errors in quoted values
of incidence’ and yaw should be within + 0,1%

A The accuracy of the values obtained for force and
moment coefficients depended to a large extent on the accuracy
in plotting and use of the integrator, Careful checks showed
that the values of the coefficients were repeateble to within
+ 0601 except for the rolling moment which was within + 0,02,
The positions of centre of pressure, expressed non-dimensionally
were repeatable to within i 0.01,

645 Presentation of the more important results

o The pressure results for angles of incidence below
107 are given as chordwise distributions of BAC /e, and
chordwise and spanwise distributions of B(C ~C )9& in figse
5 to 434 The pressure results for the highgr Po" incidences
are plotted as chordwise and spgnwise distributions of C_ in
figse 46~73. These graphs include results for 90° roll P angle.

The remaining figures show the values of the forces
and moments. derived from the pressure measurements as described
in 6.3, Figure 74 shows the variation of nermal force coeff-
icient with incidence for each half-wing, at various roll angles, .
while in fige 75, the results for 0° roll only, are compared
with some theoretical predictions. Figs, 76~78 show the move-
ment of the centre of pressure with incidence for various roll
angles. These are followed by the lift, drag and side-force
results, plotted against incidence for the two half-wings in
combination, in figs. 79, 80 and 81, Fig. 82 shows’ the
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variation of the pltching moment coefficient with incidence,
and figure 83 the variation of side force coefficient with
sideslip angle, The rolling moment coefficlent is plotted
ageinst angle of roll, for various angles of pitch, in fig. 83
and against angle of sideslip, for various incidences, in fig.
84, Finally fige 85 shows the spanwise distribution of the
local normal force coefficients for each column of pressure
tappings, at various incidences up to 30°, and roll angles.of
0%, 30° and 60°, o -

7« Theoretical results

As stated in the introduction, the experimental
pressure distributions have only been compared with the approx-
imate results obtained from Marikawa's ~theory®, to which a
modification has been made to account for the effects of the
tipe.. The method of calculating this correction is given in
Appendix 2,

For purposes of calculation, the wing may be divided
into a number of distinct regions by Mach waves from various
points at the extremities of the wing, and their reflections.
These are shown in fig, 3. I‘lg. 4 shows the theoretical
pressure distribution on the wing surface of the wing body
combination, as given by the modified form of Morikawa's theory,

At the leading edge, the pressure coefficients are
equal to those of a wing in an upwash .Lleld. due to an :Lni‘:.n:x.te
cylindrical body, given by c = a(1 + a2/y2) where a 22/y2 is
the apparent incidence of the wing due to upwash, and o is
the common body=wing incidence, Thus the pressure coeffi cients
at the leading edge decrease in a spanwise direction (from the
value of BC /cz = 44,0 at the wing root)s In region I (fig. 3)
the ‘twisted® wing' effect, due to the upwash d:.strlbut:.on,
causes the préssure ooefflclen'ts in this region to increase
slightly in the chordwise direction. Otherwise, the spanwise
distribution is similar to that at the leading edge.

In region II, behind the Mach wave from the leading
edge tip, the pressure coefficients are obtalned by subtracting
the tip correction from the solution used in region I. In
region IIT, there is no influence due to the tip, and thus
Marikawa's solution can be used ummodified, It will be seen
that the effect of the wing-body interference in this region
is to cause the pressure coefficients to fall off gradually
downstream of the root Mach line, The pressure coefficients
in region IV are obtained by subtracting the tip correction
from Morikawa's solution,
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- Theoretically the disturbance from the. opposite wing
root shoula pro;pagate round the body on a constant angle helix
and reach .the wing root at x/Ba = n, In the approximate
results deduced from Morikawa's theory this disturbance reaches
the wing root at x/Ba = 2, Thus no theoretical values for -
the pressure coefficients have been calculated near the root,
beyond x/Ba = 2 (see Appendix 1 and fig, 86). In add.lulon,
for this model configuration, the disturbance from the tip -
strikes the wing=body junction at x/Ba = 1,72, Since the
magnitude of the reflected wave has not been calculated, this
is a further reason why no theoretical values are given beyond
Region IV,

- It should be noted that the theoretical values given
above arz for a flat plate wing. Corrections can easily be
calculated for the finite wing thickness in the region in front
of the root Mach cone, Over the rest of the wing surface, the
thickness correction, far a single wedge aerofoil section, could
be obtained from either Chester',’io or Nielsen's theory9, but by
the method of presentation of the experimental data, the thick-
ness effects have been eliminated,

In the diagrams showing the pressure distributions,
the leading edge values are plotted from shock-expansion theory
allowing for the body upwashe Tt should be noted that these
results do not correspond with those given by linearised theory,
and are not linear with incidence,

It can be shown by linearised theory that the values
of 1lif't, drag and moment coefficients for a flat plate wing

alone hamg the same aspect ratio as the gross aspect ratio
of the wing body combination, are

’ 1
(1- =)
| ‘_l;._a_é 1'....._._1 \-
D~ 7B ‘ ZBA)
__Lka /1
Cm;g =T B Lll-—_ﬂ»%l;)
A , .

and the dls‘came of the cemtre of pressure frcm ’che 1eac1mg

edge is (%———{—2

i

@]
i

where a = W:mg incidence,
B =2 - 1
A = wing aspect ratio,
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The value of normel force coefficient CN' for a wing
having an aspect ratio equal to the net aspect ratio A',
can be obtained by integration from the results given in ref, 3 A
ie6e for A' = 0,422 and M = 2,0, CN = 0480 a, and.the
position of the centre of pressure is at a chordwise distance
of 0425c from the leading edge and 06624 of the semi=-span
from the centre line,

The empirical relation quoted by Nielsen and I{aai;‘{;«,z-:l.13
H_for the normal force on the wing due to the presence of .the body
gives for this wing-body combination a value equal to: 1438 times
the normal force on the wing alone based on the exposed wing
area,

The result obtained from slender body theory for the
1ift LW on the wing in the presence of the body is

- f 2 t
Ly = &_1 y Ly

where L' is the 1ift on the wing alone (based on the exposed
area),  For this wing body combination (1 + a/s) = 14398

Thus the factor due to interference differs only slightly from

that suggested by Nielsen and Kaattari,.

It should be noted that the aspect ratio, based on
exposed, or net, wing area in these experiments is 0,422 and
is therefore in the range where the non=-linear viscous effects
on the 1lift are important, The total normal force coefficient
on a wing of very small aspect ratio in viscous incompressible
flow, given by the empirical formula of Flax and Lavmenc,e14 is

EAa + ka2

Cy = 3

where k is obtained empirically and is approm'mately
equal to 2, A similar relation given by Cheng is

\ = 1
Gy = T'Z-Aa + = (24) /3 05/3,
but this relation does not agree with existing low spee'd‘v
experimental data when A is greater than about O.1.

It has been assumed in comparing the present experi~-
mental data with the above theoretical and empirical results
that the viscous (non-linear) term in C,, is not affected by
the body interference, This is not meant to imply that
such body interference does not exist but rather that the .
effect is considerably less than the body interference on the
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linear terms. - Physically, this can be justified by the crude
argument that the non-linear viscous effects are more related
tothe flow near the wing tips, where the body interference is
small, whereas the linear wing effects are more related to the
flow near the wing body Jjuction where the body interference is
large, :

Similarly the pitching moment coefficient and the -
movement of the wing centre of pressure due to these viscous
ef'fects can be calculated in terms of the crossflow coefficicent
k in the expression for ON above . '

8e Discussion of the experimental results

8.1 Results at low incidence

(1) Roll angle g =0

(2) The chordwise pressure distributions cbtained from
experiment show good agreement with the theoretical values
except near the tip and far downstream from the leading edge.
(Figse 5 to 10), Downstream of the leading edge, near the tip,
(fige 5) the pressure coefficients are underestimated slightly
by the modified Morikawa theory over the forward part of the
lower surface, On the upper surface, large suctions occur
along the whole of the wing +ip at incidences sbove 2°, This
high suction is due to separation of the flow into the tip
vortex, which begins to form almost immediately behind the
leading edge., This is evident in the pressure distributions
as a large non-linear variation of suction with incidence,

Near the leading edge the measured pressures on the
outboard columns (figs. 5 and 6) agree reasonsbly well with
shock expansion theory, but nearer the root (figs. 9 and 10) the
leading edge pressure coefficients given by this theory are too
high, at incidences above 5°, It is suggested that this is due
to a detached shock wave caused by separation of the flow just
ahead of the wing leading edge on the body, From the visual
flow observations described in ref, 1, it was found that the
subsonic flow behind the detached shock wave separated at the
leading edge and formed a separation bubble on the wing upper
surface, - At the point of reattactment of the flow a shock
wave was observed, and the existence of this is supported by
the pressure distributions,

At values downstream of about x/Ba = 2,5 on the
irboard half of the lower surface it can be seen (figs. 8,9,10)
that the pressure is approximately constent. This can )
probably be attributed to a separation of the boundary layer in

W
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the region of the adverse pressure gradient caused by the up-
stream influence of the root disturbance from the opposite wing.
On the upper surface in this same region the effect of the
corresponding disturbance is less marked, There is however
some indication of an expansion beyond x/Be. = 3 but it is
assumed that the main influence in this region will be caused
by trailing edge effects,

(b) Spanwise pressure distribution

The chordwise results shown in figures 5 to 10 have . -
been replotted as spenwise distributions in figure 11. It can
be seen that the lower surface pressure distributions ahead of

x/Ba. = 2,0 are in fair agreement with Morikawa's theory except
in the tip region, The upper surface pressure distributions
on the other hand show the greatest discrepancies at both the
root and tip regions.

(c’) Chordwise distribution of normal force

These results are shown in figures 12 to 17. It can
be seen that since the non-linear effects of incidence on both
the upper and lower surfaces do not always cancel the discrep-
ancies between experiment and theory are more marked than when
the results are plotted separately for each surface, It is
worth noting that linearised theory gives the local loading
with reasonable accuracy.

(&) Tip pressure distribution - comparison with wing alone
theory

The experimental pressure distributions near the wing
tip, where the effect of the body upwash and body interference
is small, are plotted in figures L4 and 45, and are compared
as a matter of interest, with linearised theory for a wing
alone having a span equal to the net semi-span, It 1s seen
that fair agreement between the measured and theoretical pressure
distributions exists on the lower surface but associated with
the presence of the tip vortex, separation of the flow leads to
the approximately constant pressure region on the upper surface.

(e) Comparison with other experimental data

. At the present time few experimental investigations
have been reported on the detailed pressure distribution on
wings in the presence of bodies in supersonic flow, The few
results quoted by Lawrence and Flax,2 agree qualitatively with
the present results, = Similarly the results obtained by Pitts,
Nielsen end Gionfriddoel for a wing of gross aspec*t ratio 3 are
not dissimilar to those obtained here, although in our results
the agreement with linear theory appears to be better and there
is less scatter of the experimental results.
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(ii) Roll angle @ = 30°

(2) Chordwise pressure distribution (figs 18-23)

- These low incidence results have been plotted for“botﬁ_
the upper and lower wings in terms of B(CP—CPO)/b where ¢ = 6 cos @

and is equel® the true wing incidence, The results for 30° roll . .
are in general in close agreement with the results for zero roll
angle, The pressure distributions on the central portion of
both wings (figures 19, 20 and 21) show good agreement with
linearised theory for the smaller incidences, At incidences
above 5°, more non-linearity is present than for the case of
zero roll, The spanwise flow which develops at this angle of
roll in conjunction with the crossflow over the body causes _
some separation of the flow in the region of the upper wing root,
especially close to the leading edge (fig, 23). Near the tip
of the upper wing the influence of the tip vortex is less merked
than on the lower wing (fige 18)s In the latter case the tip
vortex, moving in the stream direction, is swept on to the wing
whereas on the upper wing the vortex is swept outboard from the
tip.

(b) Spanwise pressure distributions

These results are plotted in fig, 2k, and lead to
similar conclusions to those stated in (ii)(a) sbove, and for
# = 0° in paragraph (i)(b), '

(c) Chordwise distribution of normal force (figs. 25 %o 30)

The effect of the tip vortex on the lower wing now
becomes more apparent, (Fig. 25)., On the upper wing, near
the root the leading edge separation arising from the body
crossflow (fig. 30) is more marked than in the figures
illustrating the semarate pressure distributions.

(iii) Roll angle & = 60°

(a) -Chordwise pressure distribution

These results are plotted in the same way as for @ = 30°
and’ are shown in figse 31 to 36, The results for the lower
wing are in good agreement with those at @ = 00 and 30° except
in the tip regions, where the influence of the tip vortex is more
apperent. The results for the upper wing show rather more
variation with incidence than those for 30° and 0°, especially
in the root region, due to the increased spanwise flow (fig. 36). .
It can be seen that near the root the upper surface suctions '
become much smaller than those predicted by linearised theory,
as in this region'the’crossflow sweeping off the body causes



complete separation, Near the tip, as in the case of 30° roll,
the influence of the tip vortex is reduced on the upper wing.

(b) Spanwise pressure distribution

These results are given in fig, 37. The variation
with incidence in the upper wing pressure coefficients due to
the increased spanwise flow at this roll angle is clearly séen.
On the lower wing, however, the agreement with linearised theory
~ is still reasoneble.

(c) Chordwise distribution of normal force (figse 38-43)

Near the tip of the lower wing the effects of the tip
vortex found on the separate wing surfaces combine, to give
normal force values which are considerably different from those
given by linearised theory (fig. 38), Elsewhere the agreement
is generally good,

8¢2 Results at hisgh iﬁcidences

(i) Roll angle g = 0°

The chordwise pressure distributions for increments
in incidence of 5° up to a maximum of 30° are plotted in figs.
L6=51, There possible the appropriate leading edge pressures
calculated fraom shock expansion theory are given. The corres-
ponding sparwise pressure distributions are shown in fig. 52.

It can be shown that the leading edge shock wave from
a 6° total angle wedge allowing for body upwash becomes detached
at the Mach number of these tests at incidences above about 10°
at the root and 17° at the tip, It has, therefore, not been
possible to calculate leading edge values for incidences in
excess of these by shock expansion theory. At incidences where
the shock wave is detached, large values of C_ on the lower
surface were measured close to the leading edge.

Ag the incidence is increased, the iach number behind
the leading shock wave on the lower surface decreases, and con-
sequently the quasi-two dimensional region between the root and
tip Mach lines contracts, Thiz is clearly shown in figsa. 46-50,

From the pressure measurements close to the leading
edge, it was observed that the pressures on the lower surface were
lower  than shock-expansion values near the root, but the agree-
ment became progressively better towards the tip. It is
suggested that this is due to the reduction in body upwash
caused by the downwash from the symmetric vortex pair above
the bodye
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An interesting feature of these pressure distributions
is the region of approximately constant pressure over the complete
upper surface, At 30° incidence the pressure -coefficient
approaches the value of C_ = = 0,357, which corresponds to
zero absolute pressure, P tms at large angles of*incidence it
is the lower surface pressure that largely controls the 1ift on
the wing, = The spanwise pressure distributions shown in fig, 52
show clearly the nearly constant pressure regions on the upper
surface ‘as well as the reduction in pressure on the lower surfage
towards the tipse.

(ii) Roll angle & = 30°

The chordwise pressure distributions are shown in
figs. 53 to 58 and the corresponding Dpaﬁw1se distributions are
plotted in fig. 59, .

The effects noted in the dlscu551on at ﬁ 0° occur
also for this engle of roll,. In addition marked differences
in the pressure distributions between the lower surfaces of the
upper and lower wings, especially near the‘root, are noted as
the incidence increases, This effect is clearly indicated in
figse 58 and 59 and is the result of the separation of the sparwise
flow on the leeward side of the body.

. On the upper surface of the lower wing a marked fall
in pressure occurs at positions on the wing close to the leading
edge at the tip (fig. 53) and.progress:vely further downstream
to Osle at the root (fige 58). It is suggested that this is
the result of the influence of the tip vortex sweeping over the
wing surface,

(331) Roll angle & = 60°

The chordwise pressure dlstributlons are shown in
figs. 60 to 65 and the corresponding SDQHTIS@ distributions
are plotted in fig, 66,

The main feature indicated by these pressure distributions
is the high values of pressure on the lower surface of the lower
wing as compared with the magnitudes of the pressures on the
three other surfaces, This fact will assist in explaining the
large rolling moments present on this type of w1ng4body combina~
tion at large angles of roll and 1n01dence.

The merked fall in pressure which exists on the upper
surface of the lower wing is clearly more extensive than in the
case at # =.30° and is again presumably due to the tip vortex
sweeping over a greater area of the wing surface.
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Near the root of the upper surface of the upper wing
the pressure distribution is influenced by the proximity of the
body vortices, On the lower surface of the upper wing the
considersble reduction in pressures (see figs. 62, 63, 6k, 65
and 66) over the whole surface is probably associated with an
additional separation of the flow from the body. ‘
(iv) Roll anole @ = 90°

The chordw:.se pressure distributions for one sv:cface
only are given in figs, 67 to 72 and the corresponding spanwlise
distributions are shown in £igs 73

The pressures on the lower wing, apart from those
close to the tip, show a regular increase with incidence which
is presumably a sweepback effect.  The suctions near the wing
tip (fig. 67) are due to separated flow aosoc:l_a‘aed with the
finite tip thickness,

At high angles of incidence more and more of the
upper wing will be washed by the body vortices. Their spread,
as the incidence increases, is most clearly seen from the
prescure distribution for 20° incidence in fig. 67. This
explains why the pressures on the upper Wlng are predominantly
negative,

‘8.3 Overall forces and moments

NeBe All force and moment coeff:.clents are based on
net wing area,

(i) Normal Force

From fige 74 it will be seen that the variation of
normal force coefficient ON with angle of pitch is almost
linear at high angles of incidence except for g = 60° (upper
wing)s = This result is not at all obvious from the discussion
of the detailed pressure distributions, especially as the non-
linear effects on the pressures are so larges It appears ,
that although the suctions on the upper surface hardly increase
with incidence, the pressures on the lower surface increase
rapidly, resulting in a pressure difference which is approx-
imately linear with incidence,

In fige 75, the normal force results for 0° roll are
compared with the various theoretical predlctlon;s described in
87. It will be seen that reasonsble agreement is obtained -
with the curve given by Flax and Lawrence's empirical relation
for viscous flow over a wing of small aspect ratio, when this
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ig modified to allow for the effect of the body, . The interfer-
ence factor wused for this corgection, again empirical, is that
given by Nielsen and Keatteri'd, The upper curve, which rather
overestimates the experimental results, is that obtained from a
similar relation given by Cheng for viscous flow, modified by
the aforementioned interference factor., The two lower curves
are obtained from linearised theory and from Nielsen and
Kaattari's empirical relation., Neither of these tekes account
of viscous effects, and so it is not surprising that they show
reascnable agreement only for the low incidence results.

(ii) Centre of Pressure

Figure 76 shows the chordwise and spenwise positions
of the. contre of pressure at the angles of roll 0°, 300 and 60°,
It will be seen that the chordwise position of the centre of
pressure is practically unchanged with roll angle over the whole
range of incidence, The shift in centre of pressure with
incidence is from approximately 0,25¢ at 0° to O.45c at 30°
incidence,s The shift is very small above 20° incidence. It
should be noted that although the centre of pressure position
on the complete wing is almost independent of roll, the same is
not true of the centres of pressure of each half-wing (Figs. 77
and 78), :

o The spamwise position of the centre of pressure at
g =0 is approximately constant at 0,65 of the gross semi span
above 10° incidence, At @ = 30° and 60° a small outboard move-
ment of the centre of pressure occurs on each winge.

In figure 76 are shown the co-ordinates of the centre
of pressure at 0° roll given by linearised theory for a wing
alone having an aspect ratio equal to the net aspect ratio of
the wing~body combination., These are 0,62 of the gross semi~
span in a spanwise direction from the centre line, and 0,25¢c from
the leading edge. A curve showing the estimated chordwise move-
ment of the centre of pressure with incidence is also showne
This was cbtained from an empirical relation given in refs 1le
for the effects of viscosity on the normal force and pitehing
moments  The normal force due to these viscous effects acts in
the region of the half-chord point, and so moves the centre of
pressure aft at high incidences,

(iii) Lirt, drag and sideforce coefficients

Figure 79 shows the variation of 1ift coefficient, Cqs
with incidence for various values of sideslip angle f, Also
shown on this graph is the linearised theory result for a wing
alone having an aspect ratio equal to the gross aspect ratio
of the wing body combination, The present experimental results
show that the 1lift curves are slightly non-linear at small angles
of incidence, but at larger angles of incidence the results are
livear, (Although when extrapolated back the curves do not pass
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through the origin), It will be seen that the variation in the
C. vs ¢ curves with sideslip is less than sbout 10 per cent up
£6 150 sideslip, the greatest variation occurring at the smaller
sideslip angles, It can be seen that the linearised theory:
result for the wing alone underestimates the present experimental
results by sbout 25 per cent,

Figure 80 shows the variation of drag coefficient, Cp,
with incidence and sideslip, The effect of sideslip on C
appears to be similar to that on C;, 'and again the linearised
theory result for the wing alone underestimates the experiméntal
results by about 25 per cente S

Figure 81 shows the results cbtained for the variation
of the side force coefficient C~ with sideslip and incidencea.
The variation of Cy with incidence is approximately linear at
small angles of incidence, It should be noted, as mentioned
sbove, that the side force results have been obtained by inte-
gration of pressures on the wing surfaces, and do not include
the forces on the tips, ’ '

(iv) Spanwise distribution of normal force

. The spanwise distributions of normal force at angles
of roll 0°, 30° and 60° are shown in fig. 85. It can be seen
“that at 0° roll and small incidences the distribution approxi-
mates to the elliptic distribution predicted by slender body
theory'D, At higher incidences the tip effects give increased
loadings on the outboard portion of the wings which results in
the sparwise distribution of normal force being more rectangular.
Above 415° incidence the effects of separation near the root
cause a reduction of loading there but over the outboard portion
of the wing the normal force remains approximately constant,

At roll angles of 30° and 60° similer effects are noted
at small angles of incidence but above about 59 incidence separa~
tion on the upper wing causes large changes in the magnitude and
distribution of the normal force, The effects of this on the
rolling moment are discussed in the following paragraph.

(v) Pitching snd Rolling moment coefficients -

Figure 82 shows the variation of pitching moment
coefficient with incidence for various angles of sideslip, and
figse 83 and 84 the variation of rolling moment coefficient with
~ engles of roll, pitch and sideslip, incidence respectively.
These results are for the two half-wings in combination.

Tt can be seen that the variation of pitching moment
with incidence is rather non-linesr with incidence above about 50.
This is due more to the non-linearity in the normal force at
amall incidences than to the centre of pressure movement,
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_ In fig. 83 only four values of rolling moment
(including those at 0° and 90° roll) are availeble for each
angle of pitch, since measurements have only been taken at
intervals of 30° roll angle s and therefore only tentative
conclusions can be drawn from these curves, However it can
be seen that the rolling moment rises to a meximum in the
region of @ = 60° and incresses almost linearly with incidence,

These effects are evident from the spanwise distribu=
tions of normal force shown in fig, 85, At a given roll angle,
the spanwise flow over the lower wing sweeps round the body, and
separates near the root of the upper wing, The position of
flow reattachment on the upper wing moves outboard as the
incidence and roll increase. At 30° roll it can be seen that
the sparwise centre of pressure is approximately the same on
both the upper and lower wings at all incidences., Since the
normal forces are of similar megnitude, the resulting rolling
moments are very small, At 600 roll and small incidences
although the normal forces are of similar magnitude, the spanwise
centres of pressure on the two wings are different, giving an
appreciable rolling moment, At larger incidences the flow is
separated over most of the upper wing as described above, and
the consequent large reduction in normmal force on this wing
results in a large rolling moment, It should be noted, however,
that a study of the detalled pressure distributions shows the
flow to be separated over most of the upper surface of the lower
wing. Hence the rolling moment at 60° roll and large incidence
is primarily due to the large positive pressures on the lower
surface of this wing., These results are clegrly relevent to the
consideration of the rolling moment that occurs on wing-body
combinations having cruciform or other wing arrangements,
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10, Conclusions .

Measurements have been made of the pressure distribution
on a 6° single wedge low aspect ratio wing mounted on a cylindrical
“Body with an ogival nose. The tests were made at a lach number
of 2,0, at incidences from 0° to 30°, and roll angles of 0°, 309,
. 60° and 90°, The results are compared with various theoretical
predictions, and the following conclusions reached.

(i)' Behind the lach waves from the leading edge tip and
root, the pressure distributions on both wing surfaces show good
‘agreement, for small angle of incidence, with values given by
Morikawa's approximate solution, modified to allow for the effects
of the tip. - ST

(11) At the wing leading edge, the pressure coefficients
are predicted reasonsbly well by shock expansion theory, assuming
an upwash distribution,due to an infinite cylindrical body, acting
on the wing, Near the root, at higher angles of incidence, the
upwash is reduced by the effect of the body vortices, and so in
this region the pressures are overestimated by this method,

(iii) It was found that viscous effects have considerable
influence on the pressure distributions, especially in the regions
of the wing tip, root, and those areas which are influenced by
disturbances from the opposite wing. '

(iv) The non-linear effects of incidence on the pressure
coefficients largely cancel out when the results are integrated
. for the two wing surfaces, and the resulting normal force and
. 1ift curves are roughly linear at the higher incidences, (except
for the upper wing at 0° roll), The residuel non-linear effects
~on normal force and centre of pressure can be explained in terms
of the viscous cross-flow over a wing of small aspect ratio.
Then the latter effects are included, the measured normal force
agrees fairly well with that predicted by the empirical relation
of Nielsen and Kaattari and the slender body result,

(v) At roll angles of 30° and 60°, more non-linearity is
found in the pressure results than for 0°, and the flow over the
upper wing shows evidence of partial or complete separation.
Under these conditions, at high angles of incidence, it is shown
~ that the forces and moments on the wing are governed almost
entirely by the large positive pressures on the under surface
of the lower wing., This results in a rolling moment which
increases rapidly with roll angle, to a maximum in the region
of 60° roll,




APPENDIX T

Discussion of the linearised supersonic flow theory of wing-b
interference.* -

Intr'odll,lotion

A short discussion on the linearised theory of wing-body
interference at supersonic speeds is presented for the restricted
case of a wing of zero thickness and infinite span mounted fax
from the nose of a cylindrical body of circuler cross-section, A
solution far the perturbation velocity potential in terms of an
integral equation is compared wifh the methods_of Morikaws s
Chester ,O, Nielsen’, Bolton-Shaw®, and Ferrari!/, A more complete
discussion on some of these methods is given in the extensive review
on this subject by Lewrence and Flax,.l4

It is noted that this problem of wing body interference
is analogous to a diffraction problem in which the diffraction of
waves around a rigid semi-circular cylinder results from prescribed
impulsive motion of the planes Y =1 to#? and Y = =1 to -z,

Analzsis‘

Consider a wing, in the form of a semi-infinite plate,
mounted on the axis of an infinitely long circular cylinder, The
wing and body are at the common small incidencé, a s Tto the free-
stream direction, defined by the velocity u . (The effects of
wing thickness and finite span are not consiaered. The latter
problem is discussed in Appendix IT, whilst a discussion on the
former problem can be found in reference 10), The flow is known
everywhere upstream of the wing leading edge and on the wing and
body the normal velocity must be zero,

Let x be measured along the body axis with origin at
the point of intersection with the wing leading edge extended
through the body. Iet the wing leading edge be the y-axis so that
the wing lies in the (x,y) plane with the z-axis normal %o it.

According to linearised theory8 this problem can be
replaced by superposition of the solutions to (2) the body alone
at incidence a and (b) the wing, at an incidence g. mounted on

# The authors wish to thank Professor G.N. Ward and Mr. DeJe Green
for certain suggestions relating to the preparation of this
Appendix,
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the body at zero incidence, where @ is equal +to the incidence
a¢ plus an apparent twist imposed by the original upstream flow
induced by the body at incidence,

The solution to problem (a) in terms of the ‘perturbation
~ velocity potential, @, (neglecting the component of flow parallel
to the body axis), is
2:
a
1+ =

&*"
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where r, 6, x are cylindrical pbla:r coordinates and (a) is the
body radius, Since this solution is independent of x it con-
tributes nothing to the pressure component.

The boundary conditions for problem (b) are

gx' (2;08,x) = 0 )
. 2!g aoiuuttu-qo-(1)
IR { a .
= (r,0,x) = - uaill1+=! x>0
r e © K %/
where ¢ satisfies the wave equation
g. &
00 2
err + }3 -+ ""‘"‘2“' - B ¢XX = 0 oii'-o-pooon(z)
" : :
and B = M.z -1 s M is the freestream Mach rumber,

‘ If Rzr/a and X = x/Ba the boundary conditions (1),
on the body, will be applied at R = 1 and equation (2) becomes

gy By |

The pressure coefficient, Cp s 1s determined from

o =2 o
a "auoa oX *

_ Following Morikewa (reference 8) the Laplace transform
Qf, of @ with respect to the freestream direction, X, is given by

- § . Y
LI a@
ﬂ (R,@;p) = - ;’E f iﬁ ai - G anj dai 'aooq-.nttat(ll-)
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where B(R Hip) = Z e~PX #(R,8,X) dX, and

G 1s a Green's fungtion for the trensformed wave equatiop having
the boundery C, @ and its outward normal derivative an are
related on the boundery €, From the boundary conditions stated

. -

A

Contour C

in equation (1) Bn is zero on the body (R = 1) and is equal to

aua
[e]

5 (1 + 12) on the wing,
R

A fundeamental ‘solution of the transformed wave equation
for a fixed point P(R,Gg and a varieble point Q(R',0') is
KO(PP-})a where p% = + R12 2RR'cos(0=0') is the distance

PQ, and K_ is the modified Bessel function of the second kind,
Hence the Green's function, satisfying the boundary condition
aG/an = Q on the wing is

.GJ‘(R’egR”e’) = KO(PP1) '*'.KO(PPZ) ' tionqumocvo(B)

where p2 =R + R? - 2RR'cos(0+6') is the distence between
P and the reflection of Q in the Y axis, The Green's function
for which 8G/on = O on both the wing end body is

@y (Ry03R1,01) = K’OSPP'}) + K (ppy)
| I (p) | |
-2 S Ko(pR) KO(PR!) oostaac.hﬁl“(6)
| K!(p) |
fT{:‘ro -
N 1

> 1 !
2;{_ km-)- K (pR) X (pR')cos nb cos n@’%

e
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Case A The value of ‘53 and QfX obtained from (‘;’r,i

If G, obtained from equation (%) is substituted into
~equation (4) together with the values of on the wing and body

then o
’ - au g | f i 2
g (R,030) = S } 1+ **/) }G1(R, $RY,m) + G, (R,03R" o) ar?
Lf/l\\ T
;s P 3G,
+on | B01,0%m) FEv (B,031,6) @' +an(7)
o :
au_a . i -
o 28 L)k (el RtmrPemr cos 6[%)
’N‘p )& i\‘ R’ /g [ £ ﬁ
L &0 . .
+ K (p RZ4+R124+2RR! cOS 6; E)i
i -
SR (p&,R +1=2R cos(e-e‘)E 2)(41=Recos (6-6).
- ‘%‘{% ¢<4:6'§P)
:
i

oy
= iR + 1= 2R cos(@--e‘)g‘: 2 -
‘

k.

e}

L%

K,l'(pf*:RZH-'-ZR cos(0+61 )g Z)(1-R cos(6+61))

+ a6’
{2 1% '
{R° + 1 - 2R cos (6+61);
L §
obt.obauacto(g)
. 2
The appropriate inverse Iaplace transforms, Wri'hten . 1 are
I - 3 ‘
gkl = 4
o8 L { X {'
. ‘f’ 4 0‘:.;.'.‘0.00(9)
}=1 {27 _ {
L] = o)
1 e’ 1 - -,
Pk (o) 3 x| - —_— X )
{ /2 2
v X - a

casess(10)




,_jg-Jl gK (pa) ;X{ = %,%—  XMa %}
{ | ? ¢ 5 5 \ f

= 0 O X =7 E;:t
oy
and from the product theorem .
, (X
}ﬁ-—‘l { } ]
oA, %F}(P) Fp(@)i = | £,(8) £5(%E) @&  seesense(12)
| 4 o

..1.

where .g';:ﬂ_ z 1 2(P); X{{ = f1 ’2 (X) °

Hence the transformed sblu’cion in Cartesian coordinates on the wing
surface becomes '

Lesneens(11)

f/ §;X+Y ilh’~1 \’ :‘ i""“ ""“‘j “_%
I 3 2 2
gy (%,7,0) = Z{ g + g ;11+%45x4&m [ dn
. . ’[/: : i _f N 'ﬂ L. yand
AN Y-X
XY W :
PRE L Zep (150'5E) (1 = Yoos 01)(%-2) a0" a
i Jo . 13
oo o s"2"
(22+1-2 Y cos 61) | f (x g)2~Y =142 Yeos 0! 1]
‘ 2
where cos V' = L~ (x=2)" .
! 2Y
Similarly on the body (R=1) the transformed solution
becomes
4 1;'(] ! \% 1
au_a § 1 § / - - -y
¢X(156:X) = 7(0 ,g i + 5 § ('1 + 3-5 ‘X2 - - 'nz + 21icos 6g dn
1\%'5 1 I AN n/s v -
L L 'nzf ' .
X pm p
N (1,87,8) (x~E)a8* a
Ly 5 f 22 't.tl!l¢(1l"')
Vo ten %

e g
L (3£)° = 2(1-cos(6-61) lf
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where Mys My = COS 0 + % - sin26

end the third integral in equation (14) is taken over the area
shown in the diagram below, It should be possible to obtain a
solution of these integral equations by the use of numerical methods,

i
I LT EF O
U i 2 R SO P R

g 3

(Wing solution) (Body solution)

. Tt should be noted that the third integral of equation
(13), which represents the body contribution to the wing potential,
is zero outside the influence of the characteristic & = m~l. In
addition, this integral and the corresponding integrals in equation
(14), have zero integrands in the region ahead of the characteristics
from the wing leading edge=body junction, since ¢E,E is zero in this
regiong

The boundaries for the regions of integration in the above
integrals do not correspond to the paths of the Mach lines from the
wing leading edge except in the region outside the influence of the
body. The reason for this lies in the choice of the Green's
function, where, as a result, the body integral represents a
correction +to the wing integral to satisfy the condition of zero
normal velocity on the body surface, The paths of the iach lines
are shown in the diagram below, : ,
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Case Be The value of Q’ and, ﬁ obtained from Gpe (orikawa's

Solution )

If we use the second form of the Green's function given
in equation (6) then '

o

. Ba L N sy .l

Z (Ry02p) = el 1 +-I;-2} iK_(pIR” + R'® = 2RR! cos 6 %)
i - k. A wr

1

ey

; | : PN
Ko(p§R2 + R 4 2BR' cos 6; 2) {aR!

+
{1
eawa |, T (p) »
s ey | o KPR (pR)
Jy N R KI(p)
<=1 (p) |
I' ! ,
22 T ) By ) con o0

=g Lz

tiso,-tl.atﬂo(15)

where Horikawa refers to @ (” as the 'flat plate! solution and
g (2) as the 'body! solution, '

The transformed solution for Qf}({” is identical with

wm.-_-....,-
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the wing integrals in equations (13) end (14). This solution is
equivalent to_that of the wing alone in the presence of the body
upwash, where the body is replaced by en extension of the wing set
at zero incidence.

‘ Morikswa shcy\_rs(jz'?at difficulties arise when the inverse
Laplace transform of @ is ?tgempte&, He finds that an upper
limit for the 'body' solution ¢X2 is obtained when the body is
replaced by a reflection plene situated at the position of the wing-
root=body junction, (This naturally similates the case of a body
of infinite radiu Morikews. also derives an approximate
expression for Z '—) in the vicinity of t}}ne wing leading edge =
body junction. though the errar in @y?) is not estimated
Morikawa shows that it approaches the cortect asymptotic value for
large X, . Morikawa's calculated results foar the chordwise pressure
distribution in the wing root-=body junction sre shown in figure 864
There results have been crudely extended to the region where the
wing pressures are influenced by disturbences from the opposite winge
Figure 86 also shows the calculated results for the 'reflection plane'!
solution and when the body is replaced by an extension of the wing -
at both an incidence of zero and 2a. The latter solution con=
stitutes the pressure distribution obtained from the sum of the
first and second integrals in Chester's solution.

Chester's method

An spproximate solution for the velocity potential has
been cbtained by Chester10 which has the merit that the order of
the error terms are estimated at each stage. In this method the
potential, @, is expressed in the form

F o= ty+ty

m jis the wing alone potential when the wing is extended
through the body and Q)’B constitutes the interference veloclty
potential, The boundaPy conditions applied to g ere equivalent
to those in Nielsen's method discussed below, Al%hough this form=-
ulation of the wing-body interference problem is different from that
adopted above it can be shown that in our notation,

where &

frX+Y 1= - "
au_a (f & § 3 Z
B (XT,0) = —=— 1 i LLuld - (x-mP ! an
X T i 2 1
J 1 '\./z Y""X; ns
2au_a ‘M &
U tex o (o)
" .
) 2auoa ‘ an
S i
J P ¥ ¥ =1+ 20
Y
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where in. the third integral -1€ (T-X) £ and in the fourth

lnteg:ral ,
L Pata

ST te

N -

The f‘:trst and second mteg;c‘als represen“t the contribution
due to- the ‘wing in the presence of the body upwash, The third"
:Lntegral ‘is the contribution from the port:o.on of the equivalent
wing inside the body. This equivalent wing is set at twice the.
incidence of the true wing, The last integral represents a
correction to the third integral to allow for the smaller influence
of the body than is exerted by the equlvalent erlg.

o,

] " :
— SR <G
S { f I
'#
3
- i
(a) (Wing integration) (b) (Bquivelent wing integration)

PRI P U

LRSS 7

() (Body integratian)‘

1t can be seen from equations (13) snd (16) that the 'wing
contribution! to @ in equation (16) is identical with that given in
equation (13) » Whereas the 'body contribution!, represented by the
third and fourth integrals on the R.HeS, of eqlat:_on (16), approximates
to the correct exmression given by the third integral on the RoHeSe
~of equation (13), Mumerical calculations show that obtained
from equation (16) is very sensitive to values of the f'X urth
integral, which according to the assumptions made in the formulation
of the approximate boundary cond_l’clong vresents the source of greatest
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error in this method in the region of the wing root leading edge =
body junctione. The calculated results for the chordwise pressure
distribution in the wing root - body junction are shown in figure 86.
The upper curve (1) represents the sum of the three integrals when
the area of integration in (c) is taken downstresm of the root lMach
line, whereas for the lower curve (2) the area of integration in (e)
is taken downstream ‘of the wing leading edge extension inside the
bodys

Method, of Nielsen

I\Tielsen9 considers the problem of a rectangular wing
mounted at incidence on an infinite cylindrical body of circular
cross—-section at zero incidence, The potential @ is expressed in
the form ' '

# =y +

where #. repreéenﬁbs the wing alone solution with the wing extended
through thc body. On the wing, outside the region influenced by
the wing tips, anW/ 9z = = ua and the corresponding normal flow

at R.= 1 is given by 9 U/aR = -ua sin 6,  Since 37/3R = O at R=1
the interference potential, [

pe must satisfy the boundary conditions
/oy N B
5———:@‘3 =u_¢q 8in © andf—--@-}.-:o.on 6 = Oyn for Y. > Os
\R jpy © L 36

Thus so far Nielsen's method is identical with that of Chester,
except that in the latter case the potential @ is influenced by
both the body at zero incidence and the upwash due to body incidence.
At this point the two solutions diverge. In Cle stert!s method the
value of @. is obtained from the slender-body approximation to the
appropriate Green's function whereas Nielsen expresses ¢B in ‘terms
of a Pourier cosine series in the meridional angle. The final
solution far @, in Nielsen's method, is cbtained from the

Laplace transform method in which the inverse Laplace transform

is evaluated in terms of a new function, Mz (X), involving the
modified Bessel functions X, « It is poin%ed out by Lawrence

and Flex 14 that the Green's 1 function employed by Morikawa could
be used to obtain the seame results, Thus the inverse Laplace
transform which Morikawa was unsble to evaluate, can be expressed

in terms of the Nielsen function I n®

From calculations made by Nielsen and others, it appears
that & very large rnumber of terms in the Fourier cosine series is
requiréd, especially close to the leading edge, in order to cbtain
accurate pressure distributions. In view of the fair agreement
between the experimental pressure distributions reported above and
the calculated velues obtained from Morikawa's approximate solution,
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togetl’ie_r, with the appreciation of the basic limitations of a

linearised theory solution, it appeared unjustified in the present
instance to devote a further considerable effort to the calculation
of more accurate theoretical results on the lines suggested by
Nielsens The value of the chordwise pressure distribubion in the
wing root - body Junction, as given by Nielsen and Pitts! s is:
shown in figure 86, It differs from that given by the Morikawa
approximate solution by about 10 rer cent except close to the
leading edge where it coincides with both Morikawa's and Chester's
solutions., ‘ ' T

Method of Bolton-Shaw

Bol“ton-ShaW6 considers the same problem as Nielsen in
which a rectangular wing at incidence is mounted on an infinite
circular cvlinder set at zero incidence, The solution for o]
in series form is oSbtained by the method of separation of veriables,
in which the boundary conditions on the body and the wing are
satisifed at a finite number of selected control points. However
as yet no numerical caleculations are. available and the rapidity of
the convergence of the infinite series has not been investigated,

" Method of Ferrari

7

Ferrari® considers the general case of arbitrary wing -
body configuration for which the wing alone and body alone solutions
are known, The method,which is an iterative one, involves the
calculation of the potential, @, expressed in the form '

N
F=2 g 4 g

k=0

where 525<k) and Qf}gk) satisfy boundary conditions on the wing
alone and body along respectively, However insufficient numerical
calculations are at Present available to meke a relisble comparison
between Ferrari's results and those obtained from the other methods
and from experiment,
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APPENDTX TXI

The pressure distribution on the wings including the effect of body
‘ , upwash

The pressure coefficient, Cp s 1s given Dby

P-p ' 2
Cp = ; = = "a"'" %‘% DQD‘Cl'oooco(J‘)
2Pt ©
where1 7 P
' 1 dx dy
] 1 i1 9 o Yo _
B(x3y52) = = P | '5%’ (xosyo:o) ; -
Tyl o f 2 24 2, 2;
2 e ) 282 | (5 )]
( H

) ltlﬂﬁttatttt.(z)
x is measured in the stream direction with its origin at the inter-

section of the leading edge (y axis) in the plane of symmetry and

/ 2,2
X, x = Bi(yy,)” + 2

The value of agf/azo in the plene z_ = O is found from

38

3% (xo,yo,()) = = 1u E (XO"YO’O) ca-odooaatta(B)
O

o}

where o is the combined incidence and apperent twist due to the
body upwash, If the body is an infinitely long circular cylinder
having the seame incidence, a, as that of the wing, which is teken
to be of zero thickness, then

N

_ } ; “Lg
a (xolyoso) = a{\% + 1} OQOCQOOOOOCI(A')

Io

Thus from equations (1), (2), (3) and (&)

5 ,‘5 R
2¢ 9 3%!&2 ) o Fo
C R ""‘—"g"""'-}"]} - cbo(5)
Jui Yo S ~’(X~X ) -B (Y"yo)




then, together with X = %Z ‘end Y = 'g- » equation (5) becomes

._CZ:e = %}EE d'.)\‘g F(?\,T}) d'n ' 'cceoooav»oba‘(é)

where £ A}

Case (i) Infinite wing

Yo=Y = (%=x )~ \ AN

2 |
'—a}z = 3% ; an ; F('}\;'ﬂ) dn
/ i/

i
1
=
~~
P4
- .
3.
<

1
% ..a.:noono.o(?)
f

which is the result given by Kirkby and Robinson,
# The upper and lower limits of the integral n=X and n=-X, respectively,

are the values of n at the intersection of the forward Mach cone from
P with the leading edge,




Case (ii) Finite span wing

(T =1 =5 |
I, -
"":.;'Zx\ i YO
 sougrtmrece s XO - S - Yo g
ol _l -
-t X =Y -1 |
.? B
m .
\ SN
Lol N0
X ]
© 1X =28 = 1=Y g
0 o1
Root Mach ' Xo = 23 -YQ ?
line from
opposite wing ; XO _ 5o +Yo

-1 w2 B N
X = ™= cos (1/20) + ..,flo - T

Region T +1&2¥=8-X

m .
—Ez:e = Bquation (7)

Region IT S = Y= X < ¥~1 and Y £ Se

From the diagram above the approprla'be limits of integration
can be found for the double integration in equation (6).




10 oy (19=Y . 132(8=Y)=\
By s § 5 ! U soun)e
Thus 5 = % | an j P(\ym)dn + X | a | (Mgm)an
w8y e W X o=\
{2(S~Y)wX
== F(X,m)dn
s’ ~X
: {w B | _ )
i i .2
L/ , isﬁ;1 5(14%) . it (1=t) (1=17)
I ‘t - -
Y2(1_t2) : ¢ 1+5(27=1) 1+t(27=1)
- Ll—/ﬂ Si.'i.’).«JJ ;:CT .c.nstt:cui0(8)
where t'=X/Y and ’E:-S"%'}; |

which is the result given by Bolton~Shaw,

When X = S-Y , that is X 1ies on the tip Mach line,
=1 and equation (8) reduces to equation (7) above.

Alternatively, for the finite span wing, we can find the
value of C_  which must be subtracted from the pressure coefficient
for the infiRite span wing,

%zm,.Yo

o

1

T (XX ) ’i

%= (S=Y) |

S

H
4
s s rmpens

ZS—YL(X-XO)

‘)a.\-a..-:m%ﬁ
7

In this case, when P(X,Y) is in region IT, 4C_ can be
found from an integration over the shaded ares in the above figure,
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AS=Y 1A
B(4C ) et
%9 ol el some
JX U =M2(SeY)
nX
= - F(X,m) dn
\} 2(8~Y)=X
iw —
1 s B
=~2i1+ 232 +£1:|' sin qu;
| (1=t) | | |
ot el1at) S 2y ]
+ Z 75 ;{ sin™! /"7(1'*1?) L by t(4=t) (1=%t7) {
| Y2(1-1:2) { v 1+t(21-1) 1+t(27=1) |

QO'.C“Q..OU(9)

Thus equation (7) = equation (9) = equation (8), and equation (9)
can be spplied when P(X,Y) is in the region bounded by the tip
Mach line X = 8-Y , the tip ¥ =5, and the Mach line from the
origin X .-.OYO. flien x=% it can be shown that

B(AC,) R 25-Y) (27=8)2 |
----&--P-— =£7% sSin ,/T -2 - é—ﬂT(SM_;)—yZL‘ 00.-(10)

When P(X,Y) is downstream of the Mach line, X, =Y,
but upstream of the Mach line, X = (28=1=Y ) it can be S ’
that the integration over the shaded area gi%es, '
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‘ef - - 4 i i 2 H
_ L Lfm 75 t 'C(“l"!:)(t 1) +51 (8 585-1)
2 (4%1) L1+ 82e1) 0 P

ccaeono:-.oe(11)

where Z = Lt 271 .
148(21-1)

Region TIT

This is the region bounded by the root Mach line, Xo = YO-‘I s
the tip Mach line, Xo = S—YO, the root, and the root Mach line
from the opposite wing,

R

171 f!
(T +/n-1 .

X = ® = cos
o] ;

. In this region the effect of the tip is not felt and the
pressure distribution is the same for a semi-infinite wing mounted
on an infinitely long body.

Region IV

In this region the root Mach line from the opposite wing
lies downstream of the tip Mach line reflection at the body. The
region is thus bounded by the root Mach line, X = Yo - 1, the
reflected root Mach line at the tip, X = 28-1-% s  the tip Mach
line, X =8 =Y, and the reflected %ip Mach 1%ne, X = Se24Y ,

The pressure distribution in this region is then found from the
solution to the semi=infinite wing mounted on an infinitely long
cylindrical body problem with the *tip effect? obtained from
equations (9) or (10) or (11) according as X,<, 537,
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Case‘ (iii) Body replaced by a reflention plane at ¥ o E 4

Y
o . i v}Y
AN A : -0
N
:}:
ol
g
B
i4
@ §
28] ™
=
EY ‘Lx\\ e
3
XO \%

() P(X,Y) ahead of +tip Mach line (XO:{ S = YO)

From the above diagream the appropriate limits for the
double integration in equation (6) can be determined, Thus
A
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(b) P(X,Y) in region IV
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i;‘,f:“:' ' K 3 S 1§i;y
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1= \ 7
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|
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8

The value of -—;9- in this region can be o'bfa:'med‘ from
an integration of F(\,m) over the area shaded(, :7::;}.
. m A, Tz,

Alternatively —EP- can be obtained from the expressions

given in one of equations (12) to (14) from which is subtracted the
integration over the 'tip correction area! shaded i fiH above, If
P(X,Y) is upstresm of the reflected root Mach line, X = (23-1-20),

the correction to BC /o can be found from one of the equations
(9) to (11).. P |

(e) P(X,Y) in region V

wifl H’gﬂ A

3 .jf_f,"‘/P!(x’;Y")
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When P(X,Y) is downstream of the reflected root lMach
line, X = 25=1=Y o? the value of BCp/a can be found from one

of equa'tions (42) to (14) from which is subtracted the appropriate
tip correction,

When P(X,Y) is upstream of the reflected tip Mach line,
= 38~2=Y , eand downstream of the Mach line, X =8~24Y , a
'b:.p correct:.on far both the tip i:mj, and its image f ,%i ij must be
appliede When P(X,Y) is upstream of the Mach line, X = 5=2+Y ,
the image tip correction is zero, Then P'(X' 5I1) £2118 °
downstream of the. reflected tip Mach line, = 35=2=Y_ & different

procedure must be adopted, 5 in order to sat:l.sf’y the boundary
condition that @ =0 beyond the tip,

(d) The cuordwise pressure distribution along the reflection plane

YO =1
BC
X=0 —-al?- = = L -‘.oo¢.nv’l«t(15)
-1 fi-t
BC sin
0% X <1 —2 - A 8 ~ S— =2 ceeea(16)
n(1=t) (1__,6 )
- RBC
X =1 _C-LE = o 2 e %‘K t.lv“ﬁ'!t’.ﬂ<17)
. f2 0
BC A 't"y t -1 /-
1<X<(S = 1) —2 - . 5— n_ - -2

T A1) T (82)2

nlccaoracavi(18)

— o T
(8=1)z X< (25=1) —= = (18) - Zsin T o+ 2

B e s

5V (4221 )7 (1=7)
* 14 3(29-1)

|

vt

1 A2
+ '2' Zn (Z -*fté "1},’§ Il.l.l.'.(19)’

I
x($2~1)

3/2

I

S=1
t

t o+ 27 =~ 1
1 + t(2t=1)

where t=X 5 T=

-

. These results are plotted in figure 86,
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lean chordwise and spanwise positions of holes

~50=

TABIE I

Chordwise stations

Spanwise stations

Hole No, x/c Col, No, y/s y/a
I 0,014 1 0,918 2,494
IT 0041 2 04792 20152
IIT Oe116 3 Ou?ls 12940
1 04161 4 0.598 1,625
2 04207 5 0525 16427
3 04250 6 0,400 1.087
L 0.298 tip holes | 0,901 . 2,450
5 0,340 centre ! 0684 1860
6 O4k35 root ! 0.480 14305
7 0,77 |
8 0.516 c = éhord
9 Of569 s = span

10 04606 a = body radius

1 04659 x = chordwise coordinate
12 04701 ¥y = spanwise coordinate
13 0.745

14 0.791

15 0.885

16 0,926

17 0,968
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FIG. 60. HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT 60" ROLL

y/a =249
X T 10 T
Lower wiNG (0% 120°) UPPER WING (240 300°)
O-u[\ \ as -1
NINAN
5 I \\\, -t o
a\ S~ \
£ 04 R o
NARANN W
g [\:—--\ \ T T —j2s° .\
S 02 P T ©.21% ,z‘s:
e DT~ e BT
A D S ) ?4"\ 5
H " 14 14
F /p’_h e DR ———— £
ﬁ ~2% ~~Jo® [ L] Ppet® | o ¢
!‘( 0% / = / zs
ey 250
g ; 155 e
-0 .Y \@ﬁg& -0 f yan Ho ]
25° 1// o] %—-zo"
=T
0.2 o4 0.6 ) 02 0.4 0.6 0.8

FIG. 6! HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT
60° ROLL y/a=2.15
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FIG.62. HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT 60° ROLL
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FIG. 63. HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT 60° ROLL
yla=1.625
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FI1G. 64. HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT GOoROLL
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FIG. 65. HIGH INCIDENCE PRESSURE DISTRIBUTION ON WINGS AT 60° ROLL
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FIG. 66. SPANWISE HIGH INCIDENCE PRESSURE DISTRIBUTION AT_‘ 60% ROLL
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FIG.73. SPANWISE HIGH INCIDENCE PRESSURE DISTRIBUTION AT 90° ROLL.
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