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RESEARCH MEMORANDUM

INVESTIGATION OF INTERFERENCE LIFT, DRAG, AND PITCHING
MOMENT OF A SERIES OF RECTANGULAR WING AND
BODY COMBINATIONS AT MACH NUMBERS
OF 1.62, 1.93, AND 2.41

By Donald E. Coletti
SUMMARY

An investigation was made of a series of rectangular wing and body
combinations at Mach numbers 1.62, 1.93, and 2.4l to determine thé effects
of aspect ratio, incidence angle, and forebody length on the interference
1ift, drag, and pitching moment. Also, a limited investigation was made
to determine the effect of Reynolds number on the wings in the presence
of the body.

The models consisted of a series of 6-percent biconvex circular-arc
rectangular wings of aspect ratio.2, 3, and I with incidence angles of
approximately 0° and 3° on bodies of finemess ratio 9.13 and 10.27.

The results of the investigation indicated no effect of forebody
length on the interference quantities. The values of interference 1lift,
pitching moment, and drag were found to be functions of both Mach number
and aspect ratio. In addition, Reynolds aumhgy was found to have appreci-
able effect upon the wings in the presence 6f tHe body.. The method of
Tucker gave the best prediction of the interference 1ift on the wing due
to the body. A modified slender-body theory was in favorable agreement
with the experimental 1ift of the wing in the presence of the body at
the higher Reynolds numbers'at all Mach numbers. The methods of Tucker
and of Nielsen and Kaattari gave good predictions of the experimental
1lift on the body due to the wing.

INTRODUCTION

For some time it has been realized that the interference between a

wing and body may be of such magnitude that it would have considerable
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effect on the aerodynamic characteristics of supersonic aircraft and
missiles. Consequently, a great deal of effort is being devoted both
to obtaining experimental information on this interference and to the
development of theoretical methods which will predict its magnitude
reliably.

Numerous analytical approaches have been made towards the solution
of the problem (refs. 1 to 14). One of the first attempts to make an
approximation of wing-body interference was made by Spreiter (ref. 1).
On the assumption that the wing-body combination to be very slender and
of very low aspect ratio, the flow was approximated by considering it
to be two dimensional in planes perpendicular to the body center line.
The high-aspect-ratio problem was considered by Ferrari (ref. 3), who
devised an iteration procedure for solving it. First-order approximations
of the pressure field acting on the wing were obtained by assuming the
wing to be acting in the field of the body alone. By assuming the body
to be acting in the field of the wing alone, the pressure field acting
on the body was spproximated. Continuing the calculations beyond the
first approximation becomes increasingly long and difficult. Lagerstrom
and Graham (ref. 8) used the slender-body theory of Spreiter as a basis
for applying corrections for both planar and nonplanar systems. The
corrections for these systems were "estimated from considerations of
planar systems where exact linearized solutions exist and from a general
theorem gbout low-aspect-ratio configurations." Nielsen, Katzen, and
Tang (ref. 12) also used slender-body theory as a basis for applying
corrections to nonslender wings of wing-body combinations. They have
shown that the ratio of the 1ift of the wing-body combination to that
of the "wing alone" is accurately predicted by slender-body theory. This
method is limited to triangular wing-body combinations. However, Nielsen
and Kasattari (ref. 13) extended this method to include other wing plan
forms. In addition to this, a prediction of the interference lift on
the body due to the wing was obtained by the use of several simplifying
assumptions as to the process by which the 1ift is carried over from the
wing onto the body. In reference 14, Tucker presents an approximate
method for obtaining thelift components of wing-body combinations for
rectangular and trisngular wings. The principal assumption is that the
body is flat and the various components of 1ift may be calculated by
standard linearized theory methods. Some experimental work has been
performed in obtaining interference characteristics (refs. 15 to 19);
however, a portion of the work was somewhat isolated in that it was done
for the purpose of correlation with a particular theory.

The purpose of the present investigation was to provide force data
from tests of a systematic series of rectangular wing-body configurations
over a range of supersonic Mach numbers in order to assess the various
theoretical estimates and to determine the relative importance of various
interference quantities. This test program investigated at Mach numbers )
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of 1.62, 1.93, and 2.41 the interference effects of configurations con-
sisting of wings with aspect ratio 2, 3, and 4 at incidence angles of
approximately 0° and 3° using two different forebody lengths. In addi-
tion, an investigation was made on the wings in the presence of the
body at the three Mach numbers over a range of Reynolds numbers.

SYMBOLS
A aspect ratio, b/c
o/ angle of attack of body
b total wing span
c wing chord
CL, 1ift coefficient, Lift/qS
Cp drag coefficient, Drag/qS
Cm pitching-moment coefficient about 50-~percent chord, Mbment/ch
Cx longitudinal force coefficient for total wing in presence of
body, X/aS
dCy,
CLa = e at C =0
aCr,
Cry = I at C, =0
Cma = gg? at Cy, =0
d body diameter
i angle of wing incidence
L total body length
M Mach number
n fineness ratio, L/dmex

o .

<
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a dynamic pres;ure, pve/2

o} stream density

R ' Reynolds number, _ch/u

S total wing area including portion submerged in body

t maximum wing thickness

t/c thickness ratio

X longitudinal force, positive rearward

b longitudinal coordinate from nose of body

n coefficient of viscosity

A.C. aerodynamic-center position relative to 50-percent chord,
positive forward

Subscripts:

min minimum

max maximum

Configuration identification:

Direct measurements

B body alone
W total wing alone
We exposed wing alone excluding portion submerged in body

WB total wing and body in combination
W(B) total wing in the presence of the body

Derived measurements

WB - [W(B) + B]

W(B) - We

b(w) interference on body due to wing

w(b) interference on wing due to body

CoT————
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APPARATUS AND TESTS

Tunnel.- The Langley 9~inch supersonic tunnel is a closed-throat,
single-return, continuous opersting tumnel in which the test section is
approximately 9 inches square, The Mach number may be changed by means
of removable two-dimensional nozzle blocks which form the top and bottom
walls of the test section. The pressure and humidity can be controlled
at all times during the tunnel operation. »

Models,~ The basic models consisted of a body having interchangeable
noses to give fineness ratio of 9.13 and 10.27 and a series of biconvex
circular-arc rectangular wings having design aspect ratio of 2, 3, and
4 with each aspect ratio consisting of two wings with two incidence
angles (approximately 0° and 3°). Table I gives the body coordinates
and wing-shape parameters. A sketch of the models is shown in figure 1.

A change from one model configuration to another is readily provided
as illustrated in figure 2, The wing was mounted on a three-component
strain-gage balance located in a hollow chamber of the body. A cover,
forming the outside body surface, was placed over the balance and the
rectangular center section of the wing. Two rectangulser slots, 180°
apert, were cut through the body shell to accommodate the wing. An
average gap of gbout 0.007 inch was maintained around the wing in the
slot to prevent fouling. N

Internal balance.- The internal strain--gage balance was designed to
obtein the 1lift, drag, and pitching-moment of any type wing in the pres-
ence of the body. The balance was comprised of three strain-gage beams,
the wing carriege, and the flexure pivots. (See figs. 1 and 2.) Each
beam had four strain-gage grids mounted near the point of maximum
bending moment of the beam. The beams were then wired into a full bridge
circuit independently of one another. The forces were indicasted by an
SR-4 indicator. The summation of the forces of the two beams labeled I3

and Lo (fig. 1) obtained the normal force, and the beam labeled D

obtained the longitudinal force in the direction of the body axis. The
pitching moment was obtained by resolving the forces of L3, Lo, and D

about the reference point of the wing. In order to minimize the inter-
action between the normal and longitudinal forces, the flexure pivots
were made as thin as possible - in fact, no interaction was detected on
the normal-force beam due to a longitudinal force. However, a longltu-
dinal force was detected due to & normal force. This one-way interaction
was found to be a small percentage of the total force and was taken into
account in the final calibration. Preliminary tests made with pressure
outlets installed at various positions in the balance chasmber indicated
no pressure gradients in the chamber between *6° angle of attack with

the 0.007-inch gap. Calibration was made of the small temperature effects
in the bglance and account of these effects was made in the data.
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Externsl balance.- The 1ift, drag, and pitching-moment of the wing-
body combination, of the two bodies alone, and of the wings alone were
obtained by an externsl balance system. The configurations were sting-
mounted to a system of self-balancing beam scales. A windshield was
used to cover the -sting so that all unnecessary external forces could
be eliminated. For a more detailed description of the windshield in
relation to the body, see reference 20. The nose of the windshield was
mede flush with the rear of the body, and the pressure within was
adjusted to free-stream static pressure. Consequently, all the data
presented are for the case of zero base drag. F¥or the case of the wings
alone, a special sting and windshield were required. The sting was
rectangular in shape and very small in proportion to the wing size.
Other geometric parameters between the sting and windshield plus effects
due to tare may be found in reference 21.

Tests, general.- Tests were conducted at Mach numbers of 1.62, 1.93,
and 2.41, Measurements were made of 1lift, drag, and pitching moment about
the wing 50-percent chord for the wings alone, bodies alone, wings in the
presence of the bodies, and the wing-body combinations. Reynolds numbers

of the tests based on the wing chord are 0.46 x 100 at M = 1.62;

0.42 x 100, and M =1.93; 0.33 x 100 and at M = 2.41. A limited series
of tests were made with the internal balance to obtain the forces on the
wings in the presence of the body at Reynolds numbers of 1.05 X lO6 and

1.0 x 100 at M =1.62; 1.28 x 105 at M = 1.93; 1.02 x 106 at M = 2.41.
The angle of attack of each configuration was indicated on a scale, grad-
vated in degrees, by means of a light reflected from & small mirror
mounted flush on the rear of the body and on the sting in the case of

the wing alone. The range of angle of attack was approximately +6°.

Throughout the tests, the dew point in the tunnel was maintained
at a level where condensation effects would be negligible.

PRECISION OF DATA

The precision of the various quantities involved in the testing is
listed in table II. The estimated uncertainties in a given quantity
obtained from the strain-gage balance were combined by the method which
follows from the theory of least squares outlined in reference 22. For
the case where the precision varies with the lift, the accuracy was
determined at the gpproximate end of linearity of the 1ift. The uncer-
tainties of both the strain-gage and scale data are presented as averages
of all wings and bodies since there was a random variation of inaccuracies
due to varying wing plan form, body length, Mach number, and Reynolds num-
ber, As stated previously, the pressure at the base of the model was

o .
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held approximetely at the free-stream static pressure. The maximum
difference encountered between the two pressures gave an error of *0.0002
in Cp. This inaccuracy was a part of the total uncertainty given in

table II.

The inaccuracy of the slopes of the 1lift and pitching-moment curves
for all the configurations is approximately +0.0002, By use of the
theory of least squares, the precision of the interference 1ift and
pitching-moment curve slopes on the body due to the wing, b(w), is
10.00035. The resulting precision of the aerodynamic center is *11 per-
cent. The interference drag is +0.0012. The precision of the inter-
ference 1lift and pitching-moment curve slopes on the wing due to the
body, w(b), is #0.00028 and for the serodynsmic center it is #13 per-
cent, The precision of the interference drag is #0.0012.

The incidence angles of the wings were obtained from repesated
measurements at various spanwise positions on all the wings. The inac-
curacy in the measurement of these wings was of a random nature and the
total uncertainty was evaluated by using the theory of least squares.

A special test was made to determine whether the angle of attack of the
wing in the presence of the body changed relative to the body when the
forces increased with increasing angles of attack. This angle was indi-
cated by means of a small mirror mounted flush in the wing. It was
found that the relative angle increased to a maximum of 0.02° at 7O body
angle of attack. This effect was believed to be negligible; therefore,
no correction was applied to the data.

The accuracy of stream Mach number represents a maximum variation
about a mean Mach number throughout the test section.

PRESENTATION OF DATA

In figures 3 to 33, the aerodynamic characteristics Cr, Cp, CX,
and Cp of the wings alone, bodies alone, wings and bodies in combina-

tion, and wings in the presence of the bodies are presented as a function
of angle of attack. All the coefficients are based on the total wing
area of the particular configuration. The Reynolds number is equal to

0.46 x 106 for the data in figures 3 to 11, 0.42 x 10° in figures 12 to

20, and 0.33 x 10 in figures 21 to 29. The Reynolds numbers for the
data in figures 30 to 33 are glven on those figures.

In the discussion, all of the wings will be referred to by the design
aspect ratio and nominal incidence angles of 0° and 3° rather than by the
actual values (see table I) for reasons of brevity; however, the actual
values were used in all of the plotting and data reduction.

T -
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It will be noted that seversl of the configurations were not tested
at all three Mach numbers, This was due primarily to lack of time since
the major part of the test program was to be completed before repowering
of the tunnel. The 9-inch supersonic wind tunnel originally had only
suffieient power to obtain a meximum Reynolds number corresponding to a
stagnation pressure of approximately 30 inches of mercury. The repowered
tunnel is capable of attaining a Reynolds number equivalent to 120 inches
of mercury stagnation pressure. In addition, considerable difficulty was
encountered in achieving satisfactory operation of the internal balance,
resulting in a decrease of the allotted time for testing. It was thus
decided that where no major differences could be detected in the 1ift
and moment curve slopes due to varying incidence angle and forebody
length, a portion of the test program would be eliminated. The moment
data for the wings at M = 1.93 and M = 2.41 were obtained but were
in error from undetermined causes; consequently, these results are not
presented but are estimated indirectly. The data for the curve of Cp

against o at M= 1,62 for the rectangular wing of i = 3° on the
short body were incorrect and are therefore not included in figure 11,

With the above omissions, it was necessary in some cases to extra-
polate for the necessary values in order to obtain the interference
effects. This procedure will be covered in more detail under the
Discussion of Results.

The aerodynamic characteristics for the wings in the presence of
the body in figures 30 to 33 were obtained after the tunnel was repowered,
at which time no external balance was available. These results were
obtained at higher Reynolds numbers than those used in figures 3 to 29.
Sufficient data were not obtained for the evaluation of interference
quantities; however these results will be used for a comparison with
those of like configurations.

DISCUSSION OF RESULTS

Wing Lift, General

A comparison between the theoretical and experimental values of the
lift-curve slopes at a = 0° of the rectangular wings alone is given in
figure 34. Since the wings of aspect ratio 2, 3, and 4 were not tested
at M = 1.62, the curves were extrapolated to that Mach number as repre-
sented by the dashed lines. It is believed that the values of the 1ift-
curve slopes at M = 1.62 arrived at in this manner are sufficiently
accurate to be used in obtaining the interference quantities. Indications
are that the theoretical predictions are slightly high, possibly because
of the low Reynolds numbers of these tests.
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To determine the effect the body has on the 1ift of a wing, a com-
parison is made between the exposed wing alone and the exposed wing in
the presence of the body due to varying incidence angle. The exposed
wing alone, We, is defined herein as that portion of the wing outside
the body, and its characteristics are those of a wing of reduced aspect
ratio made by putting the two exposed halves together. This configura-
tion is in contrast to the total wing alone, which includes that portion
of the wing enclosed by the body. In figures 35, 36, and 37 are shown
the incremental lift-curve slopes of the exposed rectangular wings in
the presence of the body due to varying the incidence angle as a function
of the angle of attack at the three Mach numbers. All of the values,
except those at o = 09, were obtained from the faired curves of 1lift
coefficient, and the symbols are used merely to distinguish between the
two body lengths. The incremental lift-curve slope at a given angle of
attack was obtained as the difference of the 1lift coefficients for the
two incidence angles divided by the difference of the incidence angles.
It should be mentioned here that the incidence angles of the wings were
changed by "rotating" ebout the S50-percent--chord point. Also included
on these figures are the.theoretical lift-curve slopes of the exposed
wings alone obtained from the theory shown in figure 34. The effect of
interference is the difference between the values of the exposed wing
alone lift-curve slope and that of the incremental lift-curve slope.
This loss in 1ift, shown by the incremental lift-curve slopes, is due to
the effective wing area being reduced at the wing-body juncture. Further-
more, it can be assumed that identical body upwash prevails at the small
incidence angles at any given angle of attack.

Also presented in figures 35, 36, and 37 are the theoretical estimates
of the 1ifts of the wings in the presence of the body due to varying inci-
dence angle obtained by Tucker in reference 1lk. In most instances, the
agreement with the experimental results is excellent. :

The exposed wing alone halves might also be considered to be mounted
in free stream on two infinite reflection planes, one body diameter apart.
Comparison of the experimental 1ift of the exposed wings alone with that
of the exposed wings due to varying incidence .angle (figs. 35, 36, and 37)
as a function of both the Mach number and aspect ratio is shown in fig-
ure 38. Experimentally, the characteristics of the exposed wings alone
were obtained from figure 34 in the same manner as were the theoretical
estimates previously mentioned. Thus a true picture is obtained with
the body at a = 0° regarding the effect of the wing-root pressures
bleeding over the body as compared to thé case of a reflection plane at
the wing root. It 1is seen that, as the Mach number and aspect ratio
increase, the effect of the wing-root-pressure bleed-off decreases, par-
ticularly for increasing aspect ratio. Figure 39 shows that the region
of influence behind the Mach line emanating from the root of the wing
leading edge decreases as the Mach number increases. It may be said that
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the region of influence behind this Mach line decreases in proportion
with increasing Mach number and aspect ratio. As an example, the con-
figuration of aspect ratio 2 has about 15 to 20 percent less 1lift than
the same configuration assumed to have a reflection plane at the wing
root; however, at aspect ratio 4, the 1lift reduction is almost negligible,

Basgic Quantities for Interference Evaluatidn

Figures 40(a), (b), and (c) show, for the various aspect ratios,
the variation of lift-curve slope, pitching-moment slope, and the mini-
mum drag values with Mach number for the wing and body in combination
WB, wing in the presence of the body W(B), body alone B, and the
exposed wing alone We. A summary of these quantities is given in
table III., The quantities are taken directly from the curves in fig-
ures 3 to 29, where no corrections have been made for the drag due to
the varliable wing thiclknesses. Since the forebody length has negligible
effect on the values of Cr, and Cm,, the average values for the two

forebody lengths are presented. A similar situation exists for these
parameters at the two incidence angles; therefore, the data were treated
in the same manner. Since the direct measurement of pitching moment for
the total wing alone was incorrect, an indirect method was used in
obtaining these values. They .were constructed from the interference
velue of the pitching moment for the wing in the presence of the body;
however, a more detailed explanation will be given under the section
dealing with interference quantities.

The drag correction given below was applied to all of the wing data
in order to account for the small differences in thickness ratios (see

table I). A value of Y _ 0.06 was selected as the correct thickness.

c
(E)
C/correct

CDmin(corrected) = EDmin(actual) -‘CDlB.';_l:l (_T:-,)_—'-‘— + CD1am
C/actual

2

(1)

The corrected wvalues reduced the difference exhibited between the two
incidence angles for both the wings of aspect ratio 2 and 3, so that an
average curve could be drawn. For the aspect-ratio-l4 wing, the situa-
tion required further exasmination. The correction reduced the differ-
ences but not sufficiently to allow average values to be substituted.
Upon closer examination of the aspect-ratio-k wing with a 3° incidence,
the leading edge was found to be quite blunt in comparison with that of
the other wings. It is believed that this condition could be the cause
for the differences shown in figure 40(c). As for Cr, and Crgy, the

OONSEE——
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forebody length had no measurable effect on the Cppi, values for the
wing in the presence of the body.

Interference Quantities

General.- Included in figure 40 is a dashed curve representing the
summation of the values for the wing in the presence of the body and

the values for the body alone (W(B) + B). The difference between this

addition and the value for the wing-body combination WB is the inter-
ference on the body due to the wing b(w). In like manner, the inter-
ference on the wing due to the body, w(b), is the difference between
the forces on the wing in che presence of the body, W(B), and on the
exposed wing alone, We, in free stream. ‘

A summation of the interference quantities for the body due to the
wing, b(w), and the wing due to the body, w(b), is presented in fig-
ure 41 for all Mach numbers and aspect ratios. The values for the
exposed wing alone were obtained indirectly (as explained in a previous
section), the symbols for the values in figure 41(b) are used only to
differentiate between the three curves. Since there was no effect of
forebody length on the basic quantities, there is naturally no effect
on the interference quantities., In figures 41(a) and (b), the values
are again based on the tot 1 wing area, whereas in figures 41(c) and
(d) the values are based ¢ the maximum cross-sectional body area.
Unless so stated, the foll-wving discussions pertain to the values based
upon the total wing area.

Lift, b(w).- With relerence to figure 39, it is seen that as both
the Mach number and aspect ratio increase, the induced downwash on the
body, created by the wing tip, would decrease as the region of influence
is farther removed from the tips. If this were the case, the results of
the interference 1ift of the body due to the wing would, when based upon
a common reference area, show a decreasing spread between the curves in
going from a low to a high aspect ratio, and the curves would tend to
converge in going to the higher Mach numbers. As seen in figure kl(c),
8 slight convergence of the curves is noted, but the decreasing spread
with increasing aspect ratio is not apparent. This result is probably
due to the fact that the wing-tip-induced negative 1lift on the body is
a small percentage of the total interference.

Presented in figure 42 is a comparison of theoretical estimates
with the experimental values of the lift-curve slopes for the body due
to the wing as a function of both aspect ratio and Mach number. Spreiter's
slender-body theory (ref. 1) is not altogether applicable to the configu-
rations under discussion; however, as was pointed out by Nielsen and
Keattarl in reference 13, the ratio of the 1ift carried by the body of

T——— >
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the combination to the 1ift on the wing alone may be accurately pre-
dicted by slender-body theory. By applying the linear theory lift-~
curve slope of the exposed wing alone to this ratio, the 1lift on the
body due to the wing is obtained and is presented as modified slender-
body theory in figure 42. For the most part, the 1ift is overestimated

by this theory.

Nielsen's and Kaattari's method for estimating this interference
1lift (represented by ref. 13) agrees very well with the experimental
results at M = 1,62 and is in fair agreement at the higher Mach num-
bers. The method is inapplicable wherever the wing-tip cone intersects
the body in the region of the wing-root chord; this occurs for the
aspect-ratio-2 wing at Mach number 1.62 (see fig. 39). In obtaining
the 1ift carry-over onto the body from the wing, this method makes use
of assumptions in slender-body theory that the straight portion of a
body develops no 1ift and that the interference 1ift is due primarily
to 1ift carried over from the wing onto the body. The body is collapsed
to a plane and the Mach helixes become Mach lines. Another assumption
is that the 1ift from a point on the wing does not decrease as 1t is
carried downstreem within its Mach cone regardless of body cross sec-
tion. The Interference 1ift is obtained only in the region of the body
bounded by the Mach lines emanating from the leading- and tralling-edge
root-chord Juncture. The theory does not take into account tip effects,

The method presented by Tucker (ref. 14) is seen to be in as good
agreement with the experimental values as that of Nielsen and Kaattari.
Tucker has broken the problem down into a superposition scheme proposed
by Legerstrom and Van Dyke (ref. 7). Assumptions are made that the body
is replaced by a flat plate, and that the 1ift on the body is confined
between the Mach lines emanating from the wing-root leading and trailing
edges. The wing-body combination is represented by a source distribution,
and the velocity potential is obtained in the various appropriate areas
of the combination. By numerically integrating over the wing and over
the body, the net 1lift on each component is obtained.

A model similar to the configurations of this report was tested by
Moskowitz and Maslen (ref. 15). The model had a rectangulaer wing of
aspect ratio 2.33 mounted on the cylindrical section of a body; however
the ratio of wing chord to body diameter was 2 compared to 1.43 for the
present tests. The ratio of body diameter to wing span was 0.214. The
tests were made at a Mach number of 1.90 and consisted of detailled pres-
sure measurements on both the wing and the body. By integrating the
1lifting pressures on the body in the region between the Mach planes
emansting from the wing leading and trailing edges, a value of 0.006 was
obtained for CLab(w)’ based on the total wing area. This did not take

into account the tip effects, The value does not agree.too well with
the present data; however, by considering that this 1ift is a function
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of the ratio of body diameter to wing span and PBA, where B = VME - 1,
a value may be obtained that agrees favorably with that of the aspect-
ratio-3 wing at Mach number 1.62.

Pitching moment, b(w).- Figure 41(a) shows that the interference
pitching moment on the body due to the wing is a function of both Mach
number and aspect ratio. With reference to the sketches of figure 39,
the wing-root 1lift carry-over onto the body acts behind the midchord
point, so that a negative pitching moment is obtained. The tip-induced
negative 1ift would give a positive moment, but as was mentioned pre-
viously, this 1ift is perhaps a small percentage of the total inter-
ference 1ift and would be difficult to isolate unless a program varying
afterbody length were undertaken. As the Mach number is increased,
the 1ift carry-over moves rearward along the body, giving a larger
pitching moment, as shown in figure 41(a). It is noticed in figure 39(c)
that the nose shocks cross the tips of the aspect-ratio-4 wing. This
fact was not discovered until completion of the tests and is the result
of an error in body design. The effect of this phenomenon is believed
to be negligible since no effect of forebody length could be found in
the 1ift and moment curve slopes for the wing in the presence of the

body.

Aerodynamic centers, b(w).- The combined effects of the two com-
ponents of wing-Iinduced body 1lift and their aerodynamic-center locations
give the interference aerodynasmic-center variation (fig. 41(a)). The
location of the serodynamic center of the 1ift on the body due to the
wing moves back with both increasing aspect ratio and Mach number.

Drag, b(w).- The interference drag values were obtained in the
seme manner as those of the 1lift and moment. These variations with Mach
number and aspect ratio are small. It appears quite clear that the dif-
ferences in minimum drag as affected by forebody length both for the
body-alone curves end the curves for the wing-body combination (fig. L40)
are predominantly wave-drag effects. An approximation was made of the
skin friction on the body of n = 10.27 with and without a wing. First,
it is known that the boundary layer is laminar on the body alone at this
Reynolds number. Also, it was assumed that the wave drag was constant
regardless of the type of boundary layer, and that for the wing-body
combination the boundary layer changed from laminar to turbulent at a
station on the body coincident with the wing midchord. The results of
this approximation for the increase in body drag due to increase in skin
friction indicated, within the experimental accuracy of the drag measure-
ments, that the interference effects of the wing upon the minimum body
drag are predominantly skin-friction effects.

Lift, w(b!.- The 1ift of the wing due to the body decreases with
increasing Mach number, and aspect ratio appears to have little or no

e el o -
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effect. The latter result simply indicates that the body upwash effects
on wing 1ift are predominantly confined to the wing-root sections.

Presented in figure 43 is a comparison of various theoretical esti-
mates with the experimental values of the lift-curve slopes for the wing
in the presence of the body, W(B), and of the interference lift-curve
slopes for wing due to the body, w(b), as a function of both aspect
ratio and Mach number. For comparison, theoretical estimates are included
for the exposed wing alone (zero interference). Also shown are some
effects of Reynolds number variation. It is seen that as the Reynolds
number is increased for the case of the wing in the presence of the body
at any one Mach number, the value of the lift-curve slope incresses.

The lower Reynolds numbers probably lead to more separation at the wing
trailing edge and body Jjuncture than would be the case for higher Reynolds
numbers; consequently, the experimental incremental 1lift on the wing due
to the body is reduced by a greater amount than would be the case for

the isolated wing., It is further seen that as both the aspect ratio and
Mach number increase, the values tend to converge. This convergence may
be attributed to the root effects becoming a reletively decreasing part

of the total 1ift.

The most common estimete of the 1lift of a straight wing mounted on
a body of cylindrical or near-cylindrical section is made by assuming
that the wing is in the upwash field generated by an infinite cylinder
ahead of the wing. The 1ift of the wing 1s then summed over the span
on the assumption that the local 1ift change is proportiocnal to the
local change in angle of attack at each spanwise station. Such an assump-
tion yields the correct linear theory value only when the spanwise varia-
tion of angle of attack is linear. The result of such a calculation is
shown by the upper solid curve, and it is apparent that the simple strip
Integration overestimates the effects of the presence of the body.

The dashed curve was obtained from a linear-theory calculation in
which the cylindrical upwash was used, but spanwise gradients in angle
of attack were accounted for. It was assumed in this case that the wing
was mounted from s reflection plane at the body intersection and that
the flow-angle distribution ahead of the wing was retained. ©Such a cal-
culation gives the correct boundary condition at the intersection of the
wing leading edge and body and out along the Mach line on the wing from
this point. However, the pressures obtained are too high in the region
of the trailing edge and body Juncture. In other words, the pressures
which would normally "bleed-off" asround the body surface are restricted
by the reflection plane. As seen from figure 43(a), at Mach number 1.62,
the results of this celculation are identical with that of the simple
strip integration. However, at a Mach number of 1.93, the linear theory
gives a better answer but still too much interference 1lift.

e A
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The opposite extreme in boundary conditions is illustrated in the
first step in Ferrari's iteration procedure in which the body is assumed
to be replaced with a flat plate or a continuation of the wing, still
with the spanwise angle-of-attack distribution ahead of the wing. This
case gives pressures at the wing root which are too low by allowing com-
plete "bleed off," so to speak; consequently, less interference 1ift is
predicted than is actually the case. This is shown more clearly by com-
pering the experimental values of the 1ift of the wing due to the body
with Ferrari's theory at the bottom of figure 43. The theoretical curves
were obtained as the difference between the theoretical 1ift of the wing
in the presence of the body and the theoretical 1ift of the exposed wing
alone. It would be expected that in the limit of increasing chord for
a given body diameter, Ferrari's first-step solution would be correct
and that the reflection-plane boundary estimate would be correct in the
limit of decreasing chord for a given body diameter. As the aspect ratio
is increased indefinitely, both solutions should of course converge to
& common curve as the root effects become a relatively small part of the
total.

Also presented in figure 43 is the modified slender-body theory for
the 1ifts of the wing in the presence of the body and the 1ifts on the
wing due to the body. The same method of application of the theory was
made here as was made for the 1ift on the body due to the wing (ref. 13).
The prediction of the 1lift of the wing in the presence of the body by
this method is in good agreement with the experimental results obtained
at the higher Reynolds numbers at M = 1.62 and 1.93. Tucker's method
(ref. 14) is in very good agreement with the experimental results of the
1ift on the wing due to the body at Mach numbers of 1.93 and 2.4, How-
ever, it should again be pointed out that the interference 1ift on the
wing will probably be altered as the Reynolds number is increased because
of reduced separation, thus, the agreement between experiment and the
various theoretical estimates may be altered somewhat at still higher
test Reynolds numbers,

Pitching moment and serodynamic centers, w(b).- The interference
Pitching moment and aerodynamic center on the wing due to the body are
presented Jointly in the following discussion since the pitching-moment
values were obtained indirectly. It was necessary to resort to a some-
what roundabout method since the moment data for the exposed wing alone
were found to be incorrect, as mentioned in comnection with figure LO.
Presented in figure 44 are the aerodynamic centers of the wings in the
presence of the bodies due to varying angle of attack and varying inci-
dence. It i1s seen that the values obtained by varying angle of attack
alone are approximately the same as those obtained by varying angle of
incidence. From this, the conclusion may be reached that the inter-
ference aerodynamic center of the 1lift of the wing due to the body is
essentially the same as the aerodynamic center of the 1ift of the wing
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in the presence of the body. From the sbove analogy, the interference
pitching moment resulting from the interference 1ift of the wing due to
the body is then obtained as the product.of the aerodynamic center and
the interference 1ift and is presented in figure 41(b) with the other
interference quantities. The pitching moment of the exposed wing alone
was then obtained as the difference of the wing in the presence of the
body and the interference of the wing due to the body. This method for
obtaining the pitching moment of the exposed wing glone is supported Dby
unpublished test data from the 9-inch supersonic tunnel. Rectangular
wings of aspect ratio approximately 2 were investigated and the pitching
moments (known to be correct) agreed very well with the pitching moments
obtained by the method described above. The interference aerodynamic
center of the wing due to the body shown in figure U41(b) is, of course,
the same as that in figure i, but is added here in order that all of
the interference quantities may be readily compared. Also presented in
figure U4 are the theoretical aerodynamic centers of the exposed wings
alone. The experimental centers are about 10 percent ahead of the
theoretical centers,

Drag, w(b).- The drag of the wing due to the body (fig. 41(b))
indicates a thrusting force on the aspect ratio 2 and the zero incidence,
aspect-ratio-t wings; however, the accuracy constitutes about one-quarter
of the maximum spread between all the curves. As a result the interference
drag may be considered negligible for all wings except the aspect-ratio-2
wing. The thrusting interference shown by this wing may be due to the
interference created at the wing-body juncture, since there is indication
of a decreasing thrust as the aspect ratio increases. Also, it should be
mentioned that the low Reynolds numbers of this portion of the tests proba-
bly led to more extensive separation at the wing trailing edge and body
Juncture than would be the case for high Reynolds numbers.

Contributions of the Basic and Interference Components

In order to assess the relative effects of each component on the
complete configuration, all of the basic and interference components of
1ift, pitching moment, and drag are shown in figure U5 as a fraction of
these totals., The individual components are then added graphicelly to
one another rather than referenced to zero so that they can be separated
and their effects indicated. Presented in parts (a), (b), and (c) are
the fractional breakdowns of the various elements for the configurations
involving the wings of aspect ratio 2, 3, and 4, respectively, and the
body of fineness ratio 10.27., There was no change in the 1ift and
pitching moment due to the different incidence angles for any one con-
figuration. The minimum drag values for the various configurations of
the body of fineness ratio 9.13 are plotted in figures 45(d), (e), and
(f). The values of the lifts and pitching moments are the same for this
reduced body length as for those of the longer body; consequently, they
are not presented.
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As seen in figure 45(a), about one-half of the total 1ift of the
wing of aspect ratio 2 is contributed by the exposed wing alone. Adding
the 1ift on the wing due to the body gives the 1ift of the wing in pres-
ence of the body. This interference lift constitutes about 8 percent of
the total 1ift. The next 1ift increments are those for the body alone
and the 1ift on the body due to the wing. It is seen that the inter-
ference 1lift on the body is ebout one-half the total body 1ift and con-
stitutes about 20 percent of the total 1lift. In like mamner the inter-
ference 1ift on the wing due to the body for the wings of aspect ratio 3
and 4 is about 10 percent of the total 1ift of the wing-body combination,
whereas, the interference 1ift on the body due to the wing is approxi-
mately 12 percent,

The moment contribution of the various 1ift elements for the three
vings (figs. 45(a), (b), and (c)) illustrates clearly that the 1ift on
the body due to the wing acts well behind the midchord of the wing and
is a function of both Mach number and aspect ratio. Both the exposed
wing alone and the lift on the wing in presence of the body contribute
positive moment, that is, the aerodynamic center of both is ahead of the
midchord point. The moment contribution of the body is by far the larg-
est positive moment since its aerodynamic center is in the region of the
nose of the body. The interference moment of the body due to the wing
generally has a greater negative moment as the aspect ratio increases.
It is seen from figure 39 that the region of influence of the wing tips
on the body is farther removed from the tips for the higher aspect ratio
than would be the case for the lower aspect ratio and, also, this region
of tip influence is moving off of the body as the Mach number increases.
The amount of interference the tips contribute decreases as both the Mach
number and aspect ratio increases so that the positive 1ift at the wing
root is left to predominate; this effect has caused the proportionate
Increase in body interference.

For the case of the wing configuration of aspect ratio 2, the thrust
interference on the wing due to the body is approximately 5 to 15 percent
of the total drag at the threF Mach numbers.

Concept of Wing-Lift Carry-Over

Presented in figure 46 are curves illustrating to what extent the
use of the "rule of thumb" concept of wing 1lift carry-over may be justi-
fied within the range of Mach numbers and aspect ratios investigated.
This concept assumes that the 1lift of the portion of the wing enclosed
by the body is preserved. The curves at the top of the figure show the
summation of the 1ifts of the total wing alone and body, as if wing 1lift
carried over the body and no interference existed, in terms of the 1ift
of the wing-body combination. As seen from these curves, the values of

R &




18 ClR——— NACA RM L52E26

1ift carry-over vary considergbly with Mach number and aspect ratio. To
obtain interference values for configurations similar to the ones tested,
the curves at the bottom of the figure have been included., These curves
show the carry-over concept in terms of the absolute value of ACLQ

vwhich (as shown by the equation) gives the slgebraic sum of the gain in
body 1ift (as a result of the wings' presence) and the loss of wing 1ift
(as a result of the body's presence). Thus a value of zero for ACT,

indicates that the wing 1ift carry-over concept is exact. Values greater
(or less) than zero indicate the absolute value of the gain (or loss) in
lift-curve slope, based on total wing area, for the complete configura-
tion. It is seen that for certain conditions of Mach number and aspect
ratio, the "rule of thumb" concept holds; however, for most of the cases,
the concept is not too reliable.

Gengral Remarks

From the results obtained in this test program, indications are that
the Reynolds number has apprecisble effect on the wing in the presence of
the body and may have appreciable effect on the body due to the wing; con-
sequently, the obtainment of higher test Reynolds numbers should be given
serious conslderation as ahn important factor in planning future investi-
gations of the type reported herein. An investigation of low-aspect-ratio
wings with variable afterbody length seems desirable in order to separate
the effects of wing-root and tip interference; or, conversely, to assess
Interference forces on the afterhbody.

CONCLUSIONS

An investigation of interference effects was made on a series of
rectangular wings having aspect ratio of 2, 3, and 4 mounted on a slender
body having two different forebody lengths. The ratio of wing-chord to
body-diameter was 1.43, and the ratios of body-diameter to wing-span were
0.35, 0.23, and 0.18. Basic measurements of 1ift, drag, and pitching
moment were obtained for the wing-body combinations, wing in presence of
the body, wing alone, and body alone at Mach numbers 1.62, 1.93, and 2.41.
Interference lifts, drags, and pitching moments were obtained from the
basic measurements. The results indicate that:

1. Changing the forebody length so that the fineness ratio of the
body changed from 9.13 to 10.27 had no effect on the interference quantities.

2. The interference 1lift, drag, and pitching-moment quantities were
functions of both Mach number and aspect ratio.
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3. The method by Tucker best predicted the interference 1ift on the
wing due to the body while a modified slender-body theory agreed favora-
bly with the 1lift of the wing in the presence of the body.

4, The interference 1ift on the body due to the wing was favorably
predicted by the method of Nielsen and Kaattari and by the method of
Tucker. The interference lifts and pitching-moments were influenced by
the wing tips as well as the wing-root pressures; thus the need for
including consideration of the afterbody is indicated.

5. The lift of the wing in presence of the body was increased as
much as 13 percent for the aspect-ratio-2 wing at Mach number 1.62 by

increasing the Reynolds number from 0.46 x 100 to 1.40 x 106; thus that
viscous effects are indicated to be an important factor in wing-body
interference.

6. The drag interferences on the wings due to the body were small.
The wing of aspect ratio 2 indicated a thrust interference of the order
of 5 to 15 percent of the total drag for all Mach numbers. However, it
appears likely that this effect may not be present at higher Reynolds
numbers,

T. The method of Tucker for predicting the incremental lift-curve
slopes of the wings in presence of the body due to varying incidence
angle agrees well with the experimental results,

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va,
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SUMMARY OF TOTAL UNCERTAINTIES

TABLE IT

23

_ Accuracy at approx.
Configuration |Quantity | Accuracy for Cr, =0 end of linearity
C $0.000 *0.0012
All wings in L 2
the presence
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bodies alone
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Initial )
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Figure 1.~ Sketch of models. Body coordinates and wing-shape parameters
are listed ir table I.
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(Based on total area of A = 3 wing.) Flagged symbols denote check
points.
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Figure T.~ Aerodyﬁa.m:l.c characteristics of the wing and body in combination
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Figure 8.- Aerodynamic characteristics of the wing, in the presence of
the body for A = 3 rectangular wing at M = 1.62. Flagged symbols
denote check points.
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Figure 10.- Aerodynamic characteristics of the wing and body in combina-
tion for A = I rectangular wing at M = 1.62. Flagged symbols denote
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Figure 12..- Aerodynamic characteristics of the bodies alone and A = 2
rectangular wing alone at M = 1.93. (Based on total area of A = 2
wing.) Flagged symbols denote check points.
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Figure 13.- Aerodynamic characteristics of the wing and body in combina-
tion for A = 2 rectangular wing at M = 1,93. Flagged symbols denote
check points.
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Figure 1k.- Aerodynamic characteristics of the wing in the presence of
the body for A = 2 rectangular wing at M = 1.93. Flagged symbols
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Figure 15.- Aerodynamic characteristics of the bodies alcne and

A = 3 rectangular wing alone at M = 1,93. (Based on total area
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Figure 16.- Aerodynamic characteristics of'the wing and body in combina-
tion for A = 3 rectangular wing at M = 1.93. Flagged symbols denote
check points.
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Figure 17.- Aerodynemic characteristics of the wing in the presence of

the body for A = 3 rectangular wing at M = 1.93. Flagged symbols
denote check points.
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Figure 18.- Aerodynamic characteristics of the bodies alone and
A = 4 rectangular wing alone at M = 1.93. (Based on total area
of A =4 wing.) Flagged symbols denote check points.
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Figure 19.- Aerodynamic characteristics of the wing and body in combina-
tion for A = LI rectangular wing at M = 1.93. Flagged symbols denote
check points.
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Figure 20.- Aerodynamic characteristics of the wing in the presence of

the body for A = b4 rectangular wing at M = 1,93.
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Figure 21.- Aerodynamic characteristics of the bodies alone and
A = 2 rectangular wing alone at M = 2.41, (Based on total area
of A =2 wing.) TFlagged symbols denote check points.
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Figure 22.- Aerodynamic characteristics of the wing and body in combina-
tion for A = 2 rectangular wing at M = 2.41. Flagged symbols denote
check points.
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Figure 23.- Aerodynamic characteristics of the wing in the presence of

the body for A = 2 rectangular wing at M = 2.41, Flagged symbols
denote check points.
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Figure 24.- Aerodynamic characteristics of the bodies alone and

A = 3 rectangular wing alone at M = 2.41. (Based on total
wing area of A = 3 wing.) Flagged symbols denote check points.



NACA RM L52E26 CONT R k9

™D el
08
32
. 06 C
s BE Nl
7 | Y
= o4
24 == = ")_j]——‘:ﬂ';
$— 02
.20
HY 0o
16| 0 i=0.04° n=l0.27} ‘;}D ]
0004} n= 913] o Ve
12 M =241
i
L~
.GO /tj/
04 /U
|
G 0 £
L %
-04
]
-08 L4
Pl
-12 12
/]
/|
-16 08
:f/ 4
-20 = 04
r%éﬁ;
o o Om
‘//c)//-l
=T | 04
&= -
.08
_
-6 -4 -2 [0) 2 4 S— IB
o, deg

Figure 25.- Aerodynamic characteristics of the wing and body in combine-
tion for A = 3 rectangular wing at M = 2.41, Flagged symbols denote
check points.
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Figure 26.- Aerodynamic characteristics of the wing in the presence of

the body for A = 3 rectangular wing at M = 2.41. Flagged symbols
denote check points.
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Figure 27.- Aerodynamic characteristics of the bodies alone and
A = L rectangular wing alone at M = 2,41, (Based on total area
of A =L wing.) Flagged symbols denote check points.
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Figure 28.- Aerodynamic characteristics of the wing and body in combina-
tion for A = L rectangular wing at M = 2.41, Flagged symbols denote
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Figure 29.-~ Aerodynamic characteristics of the wing in the presence of

the body for A = 4 rectangular wing at M = 2.41.

denote check points.
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Figure 30.- Aerodynamic characteristics of the wing in the presence of

the body for A =2 and A = 4 rectangular wings at M = 1.62
and R = 1.05 X 100, Flagged symbols demote check points.
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Figure 31.- Aerodynamic characteristics of the wing in the presence of
the body for A = 2 rectangular wing at M = 1.62 and R = 1.40 x 106,

M=1.93 end R =1.28x 105, M = 2.41 and R = 1.02 x 10°. Flagged
symbols denote check points.
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Figure 32.- Aerodynamic characteristics of the wing in the presence of
the body for A = 3 rectangular wing at M = 1,62 and R = 1.40 x 106,

M =193 and R =1.23 X 106, M=2.41 and R = 1.02 X 106. Flagged
symbols denote check points.
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. Figure 33.-~ Aerodynamic characteristics of the wing in the presence of

the body for A = b rectanguler wing at M = 1.93 and R = 1.23 x 10°,
M=241 and R = 1.02 X 106. Flagged symbols denote check points.
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Figure 3U4.- Lift-curve slopes of rectangular wings alone.
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Figure L42.- Comparison of the 1lift of the body due to the wing, CLab(w)’

with various theories as a function of aspect ratio.
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Figure 46.- The validity of the concept of wing-lift carry-over as a
function of Mach number and aspect ratio.
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