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l
By Milton D. Van Dyke el
An investigation was conducted to evaluate the inter-
action of wing and body at supersonic speed. Threec ming"- 1
models of stralght and sweptback plan form and Three félatéd'i
bodies of revolution were tested separately and in all
possible wing-body combinations. Lift, dreg, and pitching
moment were measured at 1l.53 liach number through a raﬁge of
Reynolds numbers. The results of the investigation'and'é
dlscus31on o the experimental technique are presented.
‘Up to the limits of the investigation, the aerodynamic
characteristies of the models tested were found to be,
for the wings, indevendent of scale beyond one-halfl nillion |
SR
Reynolds number,and, for the sharp-nose bhodies, nearly
independent of scaie beyond Reynolds numbers of three or
brier) o Legtl,
four millions. Beyond these values, the supersonic -

aerodynamic characteristics of the models tested can,

with a few exceptions, be clogely predicted whenever
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theory exists,

Bt was found that the effect of interaction is such that

_the portion of wing area blanketed by the body snould be

considered completely effective aerodynamically in estimating
the 1ift and drag. of a combination, This rule probably fails
1f the wing is close to the base of the body, or if the wing

span is small compared with the .body diameter.,
INTRODUCT ION

- The problem »f estimating the interaction between simple
aerodynamic shapes in combination has, at subsonic speeds,
been the subject of both theoretical and experimental investi-
gation, This same problem at supersonic speeds now confronts
both the aircriaft designer, who must combine the characteristics
of seperate aircraft ¢lements, and the wind-tunnel investigator,
who must know to what extent he is Justified "in breaking down-

a general research investigation into studies of individual
components,

Existing supersonic theory permits the prediction, at
least'approximately, of the aerodynamic characteristics of
certain simple shapes such as rectangular wings and pointed
bodies of revolution.‘ The limited amount of experimental
evidence now avalilleble confirms, with certain exceptions, the
validity of present theory. Hdwever, no theory treating
combinations of these basic forms has yet been advanced, and

virtually no experimental results illuminate this problem.
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An cxamplé of the conbequent state of ignorance is the
current unCerta;Qtymas,tOthethgrltbe area of wing blanketed
by the body shoﬁid gé considered in estimating the supersonic
performance of a wing-body combination, as is common in the

subsonic case.

To prov1de 1n;ormatlon on the interaction of. wings and

'bodles at suoersonlc speeds was the aim of the present-
'investlgatlon. Measurements vere made at 1.53 Mach ‘number of

“Fhe dar%, arag, and pitching-moment characteristics of

Models were chosen to bring out possible variations of aero-

dyhéﬁic cﬁdracteristics resulting from modifications of wing
pléh'fbrm‘br of body contour, -.Mareover, the models were
oﬁoéeh éimilﬁr ﬁo possible designs of .supersonic dircraft ‘so
thét the results hight be of direct application. .Variation

of ﬁudnélvpressure provided a range of test Reynolds numbers

to vive an 1n81ght rnto the effeﬂts of scale.

several wings and bodies and the resulting combinations.
In tho present report tho;rgsul‘s for the wings and

bodies of revolution alone are first analyzed in comparison

with existing theory. FolIOW1ng thau the effect of combining

these basic forms is @iscussed,,and gimple empirical rules

are derived for estimating the characteristics of a combi-

nation from those of‘its components., An attempt is made to

explain the physiqal basis'for These rules, and certain limit—

ations to their validity are suggested,

CONFIIDENHFIAL . Fr ‘
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APPARATUS AND METHODS .
Tunnel_

The investigation was conducted in the Ames 1- by 3-foot
supersonic wind tunnel No, 1, This is a variable-pressure
tunnel fitted temporarily with a fixed two-dimensional-flow
nozzle designed to provide a uniform Mach number of 1.5 in'ar
1- by 2i-foot reetangular test section,

The tunnel is powered by synchrorious electric motors which
drive four three-stage centrifugal comprescors at a maximum:
rated load of 10,000 horsepower in continuous operation, The
level of total pressure in the tunnel can be maintained duto-
matically at any selected value from a minimum of 2 pounds per
square inch to a maximum, at the present llach number, of.25°
pounds per square inch, Humidity of thHe alr can be reduced
to & low value by repeatedly evacuating the tunnel and refilling

it with dry air from a supply tank.
Instrumentation

Lift, drag, and pitching moment of three-dimensional
models are. measured by an electric strain-gage balance,
Figure 1 shows the general arrangement »f the balance ‘inside
the. tunnel test section. Figure 2 is a schematic drawing of
the balance mechanism, A beam carrying the model on a sting
is mounted inside a housing that is supported by:a strut
spanning the tunnel downstream of the test section. Five

LGONFIIRNTTAL
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constant-stress cantilever springs constrain the streamwise
and vertical motion of the beam relative to the housing,
Additional restraints limit its rolling and transverse
movement. Each of the five springs carries four strain-

gage windings which are connected in a “heatstone-bridge
circuit, and a constant electromotive force from a direct
current power supply is impressed upon the circuit. Under
static conditions each circuit is electrically balanceds.
Aeroydnamic forces transmitted from the model to the spring
unbalance the circuit, and the esmount of unbalance is measured
on a light-beam galvanometer. The galvanometer readings are
directly proportional to the forces, the constants of propor-
tionality being determined by static calibration.

A single strain-gage unit measures the component of force
parallel to the beam while readings of the other two pairs of
units are combined electrically to give the force perpendic-
ular to the beam and the pitching moment acting about an
arbitrarily fixed point., From these three quantities the
1ift, drag, and pitching moment acting on the model are
calculated., The beam is electrically insulated from the
housing, and fouling between the beam and the rest of tle
balance is indicated by an ohmmeter, The forward section of
the housing which contains the balance beam can be rotated
through +5° in pitch to vary the angle of attack of the
model., The pivot is behind the model, so that angle-of-
attack changes involve vertical displacement of the model,

IGCRFIDENEIAL
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as shown in figure 1,
The sting supporting the model is completely enclnsed by

a shroud that extends from the front of the balance housing
to within 1/32-inch of the model base. Shrouding serves

primarily to eliminate all aerodyrnamic tare forces upon the

Furthermore, the entire interior of the belance is

sting.
meintained at the base pressure of the mndel, g2 that base
the

o
S}

pressure readings can be obtained simply by measurin

pressure inside The housing.
The tunnel test section is fitted with 1-1/4—inch thick,

18-inch-diameter optically grcund plate-glass windows. A

schlieren apparatus permits observation of the flow field about

the models. The system consists of a light source, two 18-inch-

diameter spherical mirrors of 120-inch focal length, an adjust-

able knife edge, and a combinetion camera and viewing -

A 1000-watt high-pressure mercury-vapsr lamp provides
observation or a si

continuous illumination for visual
rationsfor

=

intense flash of approximately 6 microscconds duratio

high-speed photography.
Pressure measurements reduired in reducing the force
data to coefficient form are observed 2n a multiple-tube
mercury manometer. Included are the t2t~Ll pressure upstream
of the test sectinn, which is used 1n computing dynamic
pressure, &nd the static pressures 2t the tcst section and inside
the balance, both of which enter inftec base drag calculations.
in the tunnel is dectcrmined

the air

Specific humidity of
CONFIDENTIAL
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by using a stondard Buregh of lines dewpolnt epparatus, In
this device a strecam of the sample air is directed against

a pnlished metal mirror which is c¢onoled by evaporation of
bottled carbon dioxide. Readings are made of the pressure
and temperature at which formation of dew commences at Thre
center »f the mirror. When the tunnel total pressure is less
than atmospheric, tunnel air 1s drawn through the dewpoint

apparatus by & vacuum pump.

o N

Models

A photograph of the wings and bcdies investigated is
shown in figure 3. All pertinent dimensions of the models
are given in figure 4.

Threce related bondies of recvolution were investigated.
These are refcrred to as the "basie," the "blunt," and the
"bulbous" bodies. As the names suggest, the latter two
shapes represent modifications of the first., The baslc
body had a sharp conical nnse of 20° semiangle followed by
an ogival transition to a cylindrical midporti»on. IT was
moderately boat-tailed, and had an over-all fineness ratio
of seven. The blunt body was identical with the basic body,
except that the pninted nose was rounded off to a 1/8-inch
radius. This was done to ascertain the possible effects of a
strong bow wave intersecting the wing of a combination. The
bulbous body had the same ogival head as the basic body, but
the rear portion was undercut. This wes done to ascertain

CONFIDENTTAL
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the possible effects of pronounced body curvature at the wing
root of a combination. The bodies were carefully machined
from steel and highly polished. They were built up »f two
pieces plus a filler plate, as shown in figure 3.

Two wing plan forms were investigated. These are referred
to as the "straight" and the '"syeptback!" plan forms. Both had
a taper ratio of two to one, an aspect ratio of four, and the
same area. The sweptback plan form can be visualized as being
derived from the straight plan form by shearing in the stream-
wise directinn until the midch~erd line has been rotated through
350. The leading edge is then swept back approximately 41° and,
at the lMach number of this investigation, lies ahead of the
Mach cone springing from its apex. Wing tips were cut off
parallel to the flight direction,

It was anticipated that this investigation might show
the portinon of wing area blanketed by a body to be only
partially effective aerodynamically. Thus it was expected
that when these bodies and wings were combined, the combination
might carry 1lift and drag forces smaller than the sums of the
forces on its components. The extent of this possible ineffec-
tiveness cnuld be determined experimentally by testing in
combination another wing model which has the effect of adding
the original plan form entirely outside - rather than through -
the bodies. This was done only with the straight plan form
and, to simplify the model, in combination only with the basic
and blunt bodies,

(FONFIDENTTAL

L v 1 S D S R




NACA RM No, ABK22 3&&%%}%@@1& 9

Accordingly three wing models were constructed: one each
of straight and sweptback plan form, and a third, comprising

the straight plan form divided at its center by the maximum

|

l
body diameter, to be tested only in combination. All three ‘
wings were of H-percent-thick section in the streamwise
direction., In all cases an isosceles triangular profile was |
chosen for the wings. This is a representative section known }
to have gond aerondynamic characteristics at supersonic speeds
and, in addition, was easy to construct. Angles of attack ‘
are referred to the flat lower surface. The models were
machined from heat-treated to91 steel., Leading and trailing
edges were ground to a thickness of less than 0,002 inch.

Wrhen tested alnne, the first two wings were clamped in
a small conical fitting, shown in figure 3, which was mounted
at the end of a sting. T»o form a wing-body combination, the ‘
filler plate of the bodies was removed and replaced by any one
of the wings, When assembled, the wing was at zero angle of
incidence with respect to the axis of the body. Three typical
wing-body combinations are sketched in figure 5. All screw
holes and gaps were filled with bceswax and finished smooth
prior to testing. Sting lengths for the mndels were so chosen
thaet a wing, when tested in combination, occupied the same
streamwise location in the test section as when tested alone.

In order to increase the range of positive angles of
attack, all models were set on their stings at an initial
angle of 3°, The available balance range of iBO then

| GONFIDENTIAL
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provided nominal angles of attack for models of from -2 to &°,

Photographs of typical model installations are shown in figure 6,
Tunnel Calibratinn

Certain results obtained in calibrating the tunnel are
essentlal to an understanding of the investigation. They will
be mentioned here insofar as they concern the present tests.

Chief among these results is the determination of the
effect of humidity. It has been found that the quantities
associated with the flow in the test section - total pressure,
statlic pressure, dynamic pressure, and liach number - vary
with the amount of moisture in the stream, Valuecs of the aero-
dynamic coefficients of models tested, however, appear to be
independent of humidity below a value of approximately 0.0014
pound of water per pound of air provided the varilation of the
flow quantities is taken into account in the reduction of the
data. The specific humidity was maintained below 0.0008 in
the present investigation.

The Mach number in the test section, in addition to varying
with humidity, was found in the calibration to depend slightly
upon tunnel total pressure. In this investigation, the lach
number at the position of the wings varied because of the
combined effects of humidity and tunnel pressure between
extremes of 1,525 and 1,545, lying ordinarily close to 1.530,

The strcamwise static-pressure gredient in the test
section amounts t» l% percent of the dynamic pressure over the

[CONFIDENTIAL
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length of the bodies. The corresponding correction to drag,
estimated as a simple buoyancy effect, is nsgligible in every
case. The pressure gradient across the tunnel was found to

be nil, and that in the vertical direction negligibly small,
Stream angularity was shown by the usual procedure of inverting

a wing model to be zero within the accuracy of measurement.

RESULTS

Ronge of Tests
Tach model was tested at nominal angles of attack ranging

by increments of 2° from -29to &°, Measurements of 1ift,drag,

and pitching moment, together with base-pressure readings and

other supplementary observations,were made at five valucs of

tunnel total pressure. These pressures and the corresponding

values of Reynolds number for wings ~nd bodies are as follows:

Busas ke Sipl W SN . el
Tunnel total pressure Reynolds number for Reynolds number for
(1b/sq in) bodies (millions) wings (millions)
b, 0.55 0.32
6 l1el 2oL
12 27t L5
18 _ 3.1 .66
25 ge .90

Selected schlieren photographs were also taken.

Data for the wings and combinations at high angles of
attack and ot the larger Reynolds numbers were limited by
fouling of the model or sting agrinst the shroud. All the
results presented are free of fouling.

CONFIDSRUEAL
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iInst of the moment data were found to be useless because
of excessive zern shifts, and were discarded. After this
defect was remedied, moment readings were erraneous above
only moderate values of 1ift because the balance beam brushed
against an electrical lead. Only the moment readings were
invalidated, the disturbance t» the 1lift and drag being
negligible. Because of these difficulties, the reliable

pitching-monent results are fragmentary.

Schlieren Photographs

ct

The character of the flow absul the models is illustrated
by typical schlieren pictures in figure 7. The upper photo-
graph shows the bulbous body at zero angle of attack, while

in the lower photograph the straight wing has been added.

Both pictures were taken at a tunnel pressure of 1€ pounds

per square inch with an exposure time of a few microseconds,

The knife edgé of the schlieren apparatus was perpendicular

to the flow direction and oriented s» that regions of increasing
dengity in the stream&ise direction appear dark.

In the upper picture the principal shock weves caused by
the model ere, from left to right, the bow wave, a compression
shock from the neck of the body, and the trailing shock behind
the base, followed by a strong shnck wave from the conical head
of the balance housing., The intersection of each of these
shock waves with the boundary layer on the glass side wall

appears as a wavy hyperbolic line., The wake is seen to converge




NACA Rl No. A6Z2P GONT EPENTIAL 13

behind the base of the body and flow turbulently along the
ghroud and balance housing. In the lower picture two
additinnal shock waves spring from the leading and tralling
edges of the wing,

The two shock waves cutting across those from the model
are known to ofiginate from a slight imperfection in machining
the t9p and bottom walls of the tunnel. They fall downstream
of all models and are known to be weak, so that they should
not affect the results., The mottled appearance of the back-
ground is believed to result from turbulence of the boundary

layer on the glass windows.
Aerodynamic Force Data

All force measurcments are presented in the form of
1ift, drag, end pitching-moment coefficients. To obtain these
results balance readings were multiplied by previously deter-
mined calibratinn constants to give the forces parallel and
perpendicular to thebalance beam and the pitching moment
acting about the arbitrary reference axis. From these values
and from the angle and positiosn of the mndel relative to the
beam, the 1lift, drag, and pitching moment of the model itself

were calculated. These quantities were converted to coeffi-

cient form through division by appropriate reference dimensions

and by t 1e dynamic pressure calculated from

fY
<1 + ———‘ > V-1 g (1)

CIFICTS
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where ¥
q dynamic pressure at the model

v adiabatic exponent for air, taken to be 1,40

M Mach number at the model

H total pressure at the model

The proper value of H is slightly less than the value H'
measured upstream in the low-speed section of the tunnel. The
ratio H/H! has been determined experimentally as a function
of specific humidity. Its value during this investigation
(i.e., £or specific humidity below 0.0008) lay always between
0.99 and 1.00, and was taken to be unity.

Coefficients for the bodies alone are referred here to
the frontal area, and moments are taken about the base with
the body length as reference. Coefficients for the wings and
wing-body combinations are referred to the wing plan form
aréa, moments being taken about the centroid »f the plan form
witﬁ the mean geometric chord as reference length, Thus in
combinations involving the divided straight wing the reference
area is entirely outside the body, while in every other case

the reference area extends through the body. In this way

|
goefflclents for all the wings and combinations are referred
to a common area, which permits direct quantitative comparison

of the resultss Values of Reynolds number are based upon the

total length for bodies and upon the mean geometric chord of -
the plan form for wings. b *

Values given for tntal dreg of bodies and combinations do

IRIN
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not necessarily apply to the models in free flight. No attempt
was made to correct drags for the unknown effects of support
interference., Independent tests indicate that these effects
are a complicated function of the size and position of the
model relative to the support, the shape of the model, and the
Reynolds number. The effects are, however, confined mnostly to
the rearward portion of a model and are felt principally as a
change in base pressure.

For this reason,and because base pressures cannot be pre-
dicted by theory,data are also presented for the total measured
drags minus the base drags. The result is termed the "fore"
drag. Base drags were calculated by multiplying the base area
by the difference between frce-stream static pressure and
measured base pressure. Other investigetinns (reference 1)

ave shown that the pressure is constant over the base. Values
of fore drag are believed to be relatively unaffected by suppart
interference, and can be compared directly with theory.

Because all the stings were shrouded, nn tare forces
exist except for those on the small conical fitting used t9o
support the wings. In an attempt to determine the magnitude
of these forces, an equivalent dummy fitting was tested alone,
The results which are shown in figure & for the highest value
of Reynnlds number are representative of those at other
values. The coefficients are referrcd t2 the dimensions of
the wings, and pitching moments are taken about the reference
axis for the straight wing. Lift and moment wcre seen to be
negligible compared with the 1lifts and moments experienced

PIRIOM A
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by the wings and combinatinns. Drag is appreciable, hovever,
and was accordingly subtracted as an aerodynamic tare from the

measured drags 2f the wings plus the fitting.
Precision

The accuracy of the results can be estimated by considering
in turn the uncertainty involved in determining angle of attack,
in computing dynamic pressure, and in measuring forces with
the strain-gage balance.

Zern. angle of attack for esch model was measured under
static conditinns by means of é dial indicator and a carefully
leveled surface plate inside the test sectlon, and 1s accurate
to within iO.OEO. Other angles'WQre obtained by cranking the
balance angle-of-attack mechanism always in the same sense 9
eliminate backlash and reading & counter to the nearest 0.01°;
kence no additional ecrror was introduced., Finally, all angles
of attack were corrected for deflection of the support systenm
under aerodynamic load., The deflections were celculated from
the measurcd values of 1ift using elastic constants previously
determined for the system by loading each model statically
at 1ts center of pressure. The calculated deflections agreed
well with those observed directly with a telescope
during the tests and should not be in error by more than iQ.OBO
evén at the highest 1lift. Accordingly, the over-all uncertainty

in angle of attack is believed o be ncver greater than £0,

Calculated values of dynamic pressure are subject to
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three known_sources of error., First is the uncertainty in
total-pressure réadings, which are believed to be accurate
to within +1 millimeter of mercury. The corresponding uncer-
tainty in dynamic pressure amounts to less than 1 percent at
the lowest tunnel pressure, and falls to less than one-tenth
of 1 percent at the highest pressure. Secnnd, no correction
was applied for the decrease in total pressure along the
tunnel_from the ppint of measurement to the model position,
which the tunnel calibration showed to result from qondensa~
tion of water vapor, Valuce of dynamic pressure may, on‘this
account, be l@w by as much as 09 percent.  Finally,
equation (1) relaﬁing total pressure and dynamic pressure
involves a knowledge of the test liach number, The»exprésgion,
however, is near a maximum with respect to. .M at the présent
value of apprdximately‘lQBB, and is Consequently.insonsitive
to small errors in the determination of Mach num_ber°

Repeated calibratioﬁ of the strain-gage balance during
the course of the investigation showed fluctuations in the
calibratinn constants of less than one-helf of 1 percent
over & period of several months, Calibration constants were
found to be entirely unaffected by the extremes of pressure
and temperature to which the interior of the balance is
subjected in the cburse of a run, The zero readings, on the
nther hand, shiftéd over a wide range with chenges in temper-
ature. The ?nriatidns could, however, be correlated with

recadings of thermocouples at the strain gages. The remaining

UlgoNrTDENTTAL
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uncertainty in zero readings introduces small errors at the
low values of Reynolds number, where the tunnel pressure and
hence the forces on the models are small, At higher Reynnlds
numbers, however, which involve high tunnel pressures and
© large forces, the uncertainty in zero readings is usualiy
unimportant.
At high values of 1ift, a further correction to the drag
.was necessary because 1lift and drag are not completely
independent. The strain-gage springs deflect under load,
the balance beam rotates slightly, and a small component of
the 1ift acts upon the drag gage. Although small, this
correction repeats poorly, introducing a maximum uncertainty
of less than £0.002 into the drag coefficients of any model.
A1l coefficients are presented as if the test lfach number
were constant, Actually its value fluctuated with tunnel
pressure and humidity between the limits previously given,
and the aerodynamic coefficients varied accordingly. To a

first approximation, coefficients for wings are theoretically
3
2

proportional to (ii® — 1) °, and hence deviate from the mean

by as much as %1 percent. Coefficients for bodies of revol-
ution are according t» linear thenry much less responsive to
slight variations in test lach number.

. The following table lists the total uncertainty introduced
into each coefficient by errors in determining dynamlc pressure,
by errors in measurlng forces with the balance, and by
fluctuation of test Mech number. Values are listeé for the

JIGONRIDENTIAL
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lowest and highest values of Reynolds number and vary linearly

between these extremes.

Uncertainty atv Uncertainty at
lowest Reynolds highest Reynolds
Coefficient number number
Bndy of revolution
1irt +0,1 +0,03
drag +.,03 + ;01
pitching mnoment +.,2 +.,03%
Wing or combination
1ift +,02 +,01
drag +,006 +.004
pitching moment ® o +,02

Inspection of the data indicates that experimental scatter
lies generally within these limits.

The possible existence of nonrepeating errors resulting
from unknown or uncontrollable causes, such as balance
friction, was investigated by making repeated tests of
sever=2l models. The basic body was tested twice, and the
straight wing was tested at the start, the middle, and the
end of the investigetion. It is gratifying to see that all
discrepancies between repeated runs lie within the limits of
uncertainty prescribed above. Thus it 1s concluded that no

appreciable source of error remains unaccounted for.
DISCUSSION

The results for wings and bodies alone will first be
analyzed in detail in comparison with existing theory., This
is dnne not only to establish a firm besis for the subsequent

CONFIDENTIIAL
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discugsion of wing-body combinations, but also because data
for these elementary aerodynamic shapes are of interest in
themselves, particularly insofar as they clarify the effects
of gcale at supersonic speeds. Following this analysis »f the
separate wings and bodies the main objective o2f the investi-
gation - an evaluation of wing-body interaction - will be

discussed.

Bodies

Compareble theory.- Experimental resulte for the three

bodies of revolution can be compared with values predicted by
the theoretical solutions of von Xdrmén and Monre for wave

drag (reference 2) and of Tsien for 1lift and piltching moment
(reference 3)., These are linearized solutions which yield only
first approximetions {2 the actual aerodynamic characteristics.,

Both methnds involve a stepwise solution which was carried

out for the basic and bulbous bodies using 14 and 18 integration

statisneg, respectively. The methods are not applicable to the
blunt body. The actual computing procedure employed was that
of reference 4., The resulting pressure distributions are
presented as a matter of interest in figure 9. For the bulbous
bndy The pressure distributiosn at zero angle of attack was
calculated over the head only, because pressuges along the
cylindrical shank exert no net force. The pressure on the

conical nose given by the mathematically exact theory of

Taylor and llaccoll (recference 5) is also shown to indicate the

CONFIDENEIAL ‘
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degree of approximation involved in the. linear theory.

Lift.- Figure 10 presents the 1ift characteristics of
the three bodies of revolution., Lift coefficient is plotted
versus angle of attack at five values of Reynolds number.

For comparison the theoretical variation :is also shown by
a dashed line for the basic and bulbous bodies.

The bodies, being axially symmetrical, should of course
show vanishing 1ift at zero angle of attack. Their consistent
failure to do so can be attributed orily to errors in force
measurement, probably a result of the remaining uncertainty
in balance zero shift with temperature. In general, the
discrepancy lies inside the limits of error listed previously.

For all three bodies, 1lift coefficient increases at
first linearly with angle of attack, as the simple theory
indicates; only above 6° angle of attack do the experimental
values of 1ift begin to rise more rapidly. Analogy to the
case of airfoils suggests that such an upward curvature might
be predicted by a theory more refined than the first-order
trectment employed. However, the departure from linearity
is here so abrupt that it is more likely the result of
another cause, perhaps flow separation., Tsien notes
(reference 3) that in the event of separation the 1ift will
increase at greater than a linea., rate.

Experimental values of 1lift-curve slope depend upon
Reynnlds number, as shown in figure 11. For each body
lift—cﬁrve'slope is seen to fall initially with increasing

CONFIDENTIAL




22 UBONRESERTTAL NACA RU No. AGK22

Reynolds number,; remaining nearly constant beyond about three
milijons.:  This constant value 1s, for the basic body; equal
to thet predicted by thecory. Blunting the nose increases the
slope -at high Reynolds numbers. For the bulbous body the final
constant value of lift-curve slope is considerably less than
theory, and is.about equal to that for the basic shape.: The
;reason for this may be in part that the effective shape of
~the bulbous body approaches that 9f the beasic body. Schilieren
| observation indicates that the flow departis from the surface
of the bulbous body Jjust beyond the point of maximum thickness,
‘probably as a result of laminar separation. In figure T((a)
Lthis.effect is evident from the thin dark line on the top of
the body. It cannot be observed on .the bottom, probably
becauge of insufficient optical sensitivity; but the attendant
"catwhisker" shock wave, which marks its beginning, :is clcarly

evident. The separation apparently starts slightly ahead of

the theoretical adverse pressure gradient shown ‘in figure 9.
Drag.- In figure 12 the total-drag and fore-drag coeffi-
cients of esach b?dy are plotted versus angle of attack,
Theoretical values are alsn shown for the basic and bulbous
bodies., No theory is shown for the blunt body since the method
is inapplicable.
Consider first the genereal efrfects of scaie upon drag.
It is seen that total-drog coeefficients of all Three bodies
exhibit large variations with Reynolds number. Comparison -
with the corresponding fore-dreg cocfficients makes it evident

UlConp IO TAL
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that this is the result largely of scalg_e@fepp,upon_base
pressuféi' Howe#er, considéfabig scale effect upon fore,
drag remaing, The remaining effect is much too. great.to be
attributed to changes in skin friction, if incompressible
values'ofjskin—friction coefficieﬁt.are,assumed. 'This
assumptidnvappéars to be justified by the resulle of.::
referendes 6 and 7 | ' »

In thé case of the bulbous'bbdj; the variation of fore
dreg with Reynolds number can probably be-ascribed to the
flow separation which was seen to occur near the point of
maximum thibkﬁess; Indépendehtbtésté sugéest that the
extent of separatiﬁn varieslmarkedly with scale, although
‘schlieren photogr&phs, which mighﬁ qonfirmgth;squr the

bulbous body; are not available throughout the range of

23

Reynolds number. Consideration of the theoretical pressure

dtstribution indicates that the experimental variation of

fore drag' is less than the change which would result if the.

flow separated tangentially at the point of maximum
thickness. Oniy partial progréssioﬁ with Reynolds number -
between separdted.and unseparated flow is thus sufficient
to account quahtitativel& for the obégrved changg in fore:
drag. o

No separation was observed which might sccount for the

effects of scale upon the fore drags of the other two bodie

It is likely, however, that variation of pressure at the rear

of a body is not confined solely to the flat base, but is

\SoNFTDENATHL
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transmitted some distance upstream through the boundary

layer. The basic and blunt bodies are boat-tailed, so that
such a variation would exert a resultant force in the drag
direction. The ﬁagnitﬁde of this force has been estimated on
the assumptioe thet the base pressure acts undiminished over
the entire boat—tail and has been found to more than account
for.%the observed ohanges in fore drag. Eﬂ'eXplanation is known
for the fact that fore d}ag exhibits a much greeter scele
effect for the blunt body than for the basic body.

It is evident from figures 12(a) and 12(c) that the rate
of increase of drag coefficient with angle'of attack is under-
estimated by theory. The agreement improves as Reynolds number
is increased, eut eQen»at the upper 1limit »f the inveeti-'
gation the Tore drags of the %asic and bulbous bodies
1ncreeﬂe several tlmes faster than the thoovot*eul predlction.

Consider nnow the oertlcvlar case of minimum drag.

Figure 13 shows the effects of scale upon minimum drag
cnefficients. ef the three bodieo Both minimum fore urag
and minimum total drag are seen to increésc with Reynolqs
numbep. Nearly constent values are attained for the basic
body at a Reynolds number of three millions, and apparently

also. for the bulbous body at the highest test value. Minimum

.drags of the blunt body continue to rlse up to the 1limit of the

- .Investigation. Blunting the basic body increases both minimum

fore drag and minimum total drag, except at the lowest

Reynolds number. This one exception appears so unlikely that
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it must.beléresumed to be due to experimental error, lying as
it doés just inside the limits of uncertainty listed
previously;

Also shown for the basic and bulbous bodies in figure 13
are the theoretical valyes of fore drag, conslisting of the
theoretical wave drag plus the skin-friction drags for both
laminar and turbulent flow. Values of skin-friction coeffi-
cients were assumed appropriate to incompressible flow.,

At low Réynolds humbers, minimum fore-drag coefficlents are
seen to fall below either theory. As discugsed previously,
this discrepancy results from separation in the case of the
bulbous body, and fron high base pressures acting through
the thick’bduﬂdary layer to increase the pressures over the
boat—tail in the cage of the basic body. At higher Reynolds
numbers,vhoweverf”eXperimental values of minimum fore drag
lie bétween thé narrow limitcs 6f theory modified for laminar
and turbulent skin friction. In view of the approximate
nature of the theory, such close agreement is perhaps
fortuitous.

Pitching moment.- Reliable moment data were obtained

only for the basic b»ody. These are precsented in figure 14
together with the predictinh of linear theory. ¢ It is'seen
that a zero shift (which lies inside the suggested limits of
uncértainty)“has caused a serious displacement of the moment
‘curve 8t the loweet Reynolds number. Otherwise the data
appeaf gratifyingly good. The increace of moment coefficient

GOFTIDENTEAL
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with angle, like that of 1ift, departs from linearity above
60. The slope of the moment curve agrees well with theory
through»sut the range »f Reynolds numbers investigated, and

is not subject to scale effect.
Wings

Comparable theory.- Experimental results can, in the case

of: the straight wing, be compared with values predicted by
theory if the effect of taper is neglected. ig7! the'case_of
the sweptback wing, on the other hand, it will be scen that
existing theory is not applicable.

The aerondynamic characteristics of the straight wing are,
except for the effects of taper and finite span, predicted by
two-dimensional supersonic airfoil thenry. _Herevthe solution
was‘obtained by the method of successive oblique sh&ck waves
and isentropic expansions, which is presented in‘convenient
form in reference 8. For the particular airfoil section employed
this "shock-expansion" method represents, in fact, the exact
inviscid solutinn for conditions on\the airfoil surface.

The theory fails i1f the flow changes to subsonic behind the
oblique shock wave at the leading edge, but the angle of
attack at.which this occurs was not attained in the present
investigatinn.,

The effects of taper cannot be accounted for theoretically,
"tut are probably véry small, The effects of finite span can,
however, be accounted for approximately. Linear theory
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indicates .that at supersonic speeds the effects ‘are confined
solely to the triesngular portions of the wing intercepted by
the Mach cones springing from the front of each wing tip.
Busemann has investigated the case of a rectangular flat
plate (reference 9) and found that to first order’ the 1ift -
within the tip regions is half what it would be in:-the
absence of any effect. This result for the rectangUlan’fLat
plate was assumed to apply approximately to the present
tapered wing of 5-percent-thick section. The theoretical
section characteristics were modified accordingly. That is,
the.sectinn coefficients were modified by the factors which
would apply to an .equivalent rectangular flat plate. The
equivalent. rectangular plan form was chosen 80 that the

lMach cones: springing from the wing tips intercept the same
percentage of total area as on the actual tapered plan form.
This procedure yields what is believed to be the Dbest
predictinn obtainable from- existing theory. It is this theory
that will be employed in the discussi»sn unless otherwise
noteds .

For the sweptback wing no such refined theoretical:
treatment has been developed., - The first—order theory for a
constant—chord sweptback wing of infinite span (reference 10)
applies in the present case for only a short distance behind
the leading edges Furthermore, in attempting to use the
simple_théory.only'Within this regiony it is found that the
bow wave will always be detached from the present airrfoil

CORF IDENTIAL
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sectian, and consequently the theory is never applicable, The
reeson for the detachment is that near the leading edge to a
first aporox1mat1@n only the normal component of velocity 1s
effective, and the corresponding liach number is less than 1, 6.
Then the bow wave will theoretically detacp whenever the angle
through which the flow is compressed at the 1ead1ng edge»exceeds
2,8°, Since the leading-edge angle of the sweptback wing is
greater than twice this value, detacwrent will always ncecur.
Detachment was observed experlmentally with the schlieren
apparatus for an angle of compres31on at the leading edge of
onlJ o ID view of these objectlons n-> comparison with theory
is made 1n ohe case of the sweptback wing, .

EiEE;T*Lif9 chsracteristios ef th e straight and sweptback
wings are presented;in flgure 15. . Variation of lift.QOeffif
eiept with engle”sf;aﬁtack 1s shown, together with theory in
the case.of the straight wing.,

o on thevwhole{,lift results are qualitetively similar to
what would be anticipated frsm theory. Lift coeffielent
increases at first almnst linearly with angle of attack, and
slightly more rapidly at high angles. Angle of zero 1lift
varies only slightly with Reynolds number for both wings, as
wings exceeds by;%? that predicted from theory. The same shift
was observed by Ferrl for s two dlmensional dlrfOll of slmilar

i

section tested at cwnparable VathS of uaoh and Reynolds
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number (reference ll).‘ Ferri obtained pressure—distribution
measurements on other profiles which indicate that the shift
can be attributed to flow separatiosn on the low-pressure
surface near the trailing edge.

Figure 16 shows that experiméntal'values of lift-curve
slope depend upon Reynolds number for both wings. Slopes
are seen to increase with Reynolds number up to one-half
million, probably as a result of rearward movement of the
separation point. Beyond this value of Reynolds number, -
. 1ift-curve slopes of both wings are independent of scale up
to:the 1limit. of the investigation. For the straight Wing,
the: constant value, though less than tThe theorétical section
value, is almost 4 percent greater than the ﬁheofétical value
for finite span. This dlscrepancy can prébably be attributed
to the influence of the fitting which supports the wing.
It will be shown later when discuésing wing-body interaction
that, at supersonic speeds, lifting pressureé carry over from
a wing onto a body for some distance dﬁwnstream from the
trailing edge. The projecfed area of thé'sdppoft fitting -
-1s 7 percent of the Wiﬁg areé, 8o that only e partial carry-
-sover of lift:wou;d accﬁunt fqr the Mépercent excess., '
Angular deflection of the wings under aérodynamic'load
- is a complicating factor, In the case‘of the straight wing
it causes no difficulty sinée the wing merely becomes slightly
bowed, with every spanwise sectinn reﬁainihg'at the same
angle of attack, Thevsweptback wing, on the other hand,

CONFIDENTTAL
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_not be affected by twlst, Thet this latter reasoning may be

30 | GNP AL © NACA Rl No. A6K22 .

twists under load so ‘that the angle' of attack decreases -

progressively along the span, - -In the present jnvestldﬂtlon |
measurements showed that the decrcase amounted to as much as

10 at the tips of the sweptback wing, For thie reaeon the

actual angle of attack of the whole wing might be cﬁnsidered |
indeterminate; so that the true characteristics of the‘wing

would be obgcured by twist. From another point of v1ew

however, the angular deflection is more apparent than real,

upon the simple thedry of sweepback

(9]
0

The argument depen
(reference -10) which, despite the objcctions previously

advanced, may perhaps apply to the present wing in a general

1

.way. Consider how a sweptback wing defdects eTaotlcal 1y under

B

load. - It.4is apparent that the angle 9f ‘atteck of ‘streomwise

of attrek measurcd normal toi'thé ledding cdge will remain,
however, nearly constant along the span. It is this latter
angle . which, -according to simple sweep-back theory; deter-
mines the acrodynemic characteristics. Thus, éccording to

this theory, the characteristics of the sweptback wing will

the more nearly correct is borne out by figure 16 which shows
the effect. of seale upon the lift-curve slope of the éwcptf
back wings - From a Reynolds number-of one~haif million ﬁp to
the 1lmit of the investigation the wing loading, and ncnce
the angle of tip deflectisn, increases several f£old. ;1ft—

curve slopg, however, remains unchanged. b
i ¥ plBeecinIiEN
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Drag.- Drag characteristips of the straight and sweptback
wings are presented ln figure 17, Theoretical wave drag 1s
also shown for the straight wing.

For both wings, ‘drag coefficients are independent of
Reynolds number above one-half million., Thus in figures
17(a).and 17(b) the test points for the three highest values
of Reynolds number cdefine a single curve. In order to make
this clearer in the case of the streight wing, these points

e

have been replotted scparately from those for the two lower

[

Reynolds numbers, as shown in the upper healfl of flgure 7 Gl
Below one-half-million Reynolds number, the drag feolls
progressively as. the scale increases, probably as a rcsult of
the decrease in skin friction which accompanles increasing
Reynoldeg numbcr. This decrease apparently more than offsets
the rise in pressure drag which would be expeeted to result
from the rearward movencnt of the separation -point previously

indicated in the discussion of lift—curve slope.

Scale effect upon minimum édrag is tW'l el  qualitatively .

,..
&

_of that at any angle of attaclk. Figure 18 shows the wvarlation

number for both

(<
4
=
ct
BT
5|
(@)
)
(®)
l_’
()
(6]

of minimum drag cocfficien

wings. Also shown for the straight wing .are- thc. theoretical

-t

valucs of drag obtained by adding Wov speed valucs of laninar
and turbulcnt skin friction to- the theorctical wave drag. . The
agrcement between coxperiment.and the theory ineluding laminar
friatiion ds remarkablo, On- the other hand, agrecoment with the

theory ineluding turbulcnt frictien 1ls poor. Thus 1t scems

likely that within the. Reynolds number range of these tests
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the boundary layer is predominantly laminar over at least the
straight wing.

At higher angles of attack, figure 17(a) shows that the
agreement is less perfect between theoretical and experimental
values of drag for the straight wing. -Beyond about 50 the
measured drag at the higher Reynolds numbers is lower than the
theoretical wave drag, even wien sikin friction 1s neglected.,
This behavior is in accord with Ferri's findings for an air-
foil of similar section. (See reference 11.)

It has been seen that both the 1lift and drag character—
istics of the two wings are independent of scale above one-—
half million Reynolds number. Consequently the curves of
figure 19 showlng drag coefficient as a function of 1lift coef-—
ficient likewise exhibit no scale effect beyond this value.

Curves of drag cuvefficient and lift-drag ratio as a
function of 1ift coefficlent are compared for the straight and
sweptback wings in figure 20 for the range of Reynolds numbers
in which scale effect is absent. The sweptback wing is seen
to‘be superior to the straight wing in that it displays approxi-
mately 10 percent lower drag and correspondingly higher 1lift—
drag ratio at any value of 1lift coefficient throughout the
range ilnvestigated. It must be emphasized that this comparison
18 presented sinply as a mafter of interest. It was not the
Purpose of this investigation to compare the relative merits of
swept and unswept plan forms. Consccuently no attempt was made
in designing the models to choose an optimum amount of sweep

back; very probably some other angle would have proved more

CONFLTRNTTAL,
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favorable. In any event, it is not to be expected that the
selection of the bost sweepback angle for a given liach number

can be diverced from the choiece of alrfoll scction.

Pitching momont.— Pitching-moment measurcments for the

N o

wings were scverely restricted by the balance dofocﬁ
mentionecd previously and, being esmall, are likowisc subject
to considerable experimental scattor. The limited recliable
data are presented in filgure 21 for the stralght anc
sweptback wings.

Within "the 1imits of cxporimontal unccrtéiﬁty, momen®t
coefficionts for the stralght wing abpoaf to ‘egrec wilth
theory. The slopc of moment voraus angle of attack 1s,
however, dcfinitely at varlancc with the theoretical
prediction, having, in fac the oppositc sign. As in the
casc of lift-ourve slove; the disagrecmert. probebly results
from the infludhcc of the fitting, which supports the winge.

‘' Lift carried over onto the fitting; which projeccts behind the
trailing edge, would tend to make the observad slopc 6f the
moment curve ncgative, as 1t is in figurc El(a). It was not
. consldercd Tfcasible, hovever, to attompt to correct the

-

or this disturbanc

)
i
Sk

(@)
o

results

Figure 21(b) shows that the pitching#momcht coofficiohts
for the sweptback wing, referred to the censroid of the plan
‘form, -are similar to thosc for thc stralght wing,' Tho\éloﬁé

of the moment curve ls, however, slipghtly less hegatlives

The fitting probabl
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because it is closer to the moment axis, Hence the true values
of moment coefficient may be virtually identical for the
straight and sweptback wings at all angles of attack., In any
event the values are small, so that the center of pressure lies

nearly at the center of area for both wings. No scale effect
discerned.

Wing-Body Combinations and Interaction

The aerodynamic characteristics of the eight wing-body

upon the pitching-moment characteristics of either wing can be
|
|
combinations are of interest chiefly in determining the ‘

effects of interaction. Accordingly, the 1lift and drag of the

combinationg will not be discussed separately but only in -

Lift interactlion.- When the investigation was undertaken

\
comparison with the cheracteristics of the separate components. !

|
it was anticipated that the portion »f wing area blanketed

by a body might prove only partially effective in the production

of 1lift, The extent of its effectiveness was, of course, to 1

be evaluated by comparing the sum of the 1lifts of the separate

wings and bodies with the 1ift of each resultant combination,
This comparison is made in figure 22, Variation of 1lift

coefficient with angle of attack is shown by a solid line

for each combination of a wing plan form through a body.

In cases where the plan form was also tested outside the body !

(using the divided wing), the result is shown on the same h

graph by a broken line., For comparison, a dashed line shows

CONE IDENT TAL
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the sum obtained by adding the
separate wing and body. All coe
to a common reference area, that

It is at once evident fthat

CONE IO 4L 35

neasured lifts .of the

fficients have been referred
of the wing plan forms,

the lift-curve slopne for:a

combination comprising a plan form mounted through a body

is practically identical 1n every céase with the sum.of the

glopes

for the component wing and body.,

This observation

applies to either the straight or sweptback plan form

together with any one of the thr

ee Glfferent bodies,

Furthermore, it 1s valid throughout -the entire range of

Reynolds numbers investigated,
is emphasized by the data shovn
for the combinati»n of the plan
(rather than through) the body.
alternative combinatien is much
its components,
action is such

from the characteristics of 1its
wing area blanketed by tThe body

conpletely effective.

Thus.at 1.57 lfach

-

The eccuracy of this result
in figures 22(a) and 22(c)
form mounted outside

The lift-curve slaope of this
greater than the total for

number the effsct of inter-

that in estimating the 1ift of & cembination

components, the portion of

gshould be considered:

The mechanisn by which 1ift is

body would be clarified by

carried over across the

pressure-distribution measurements.

Certain German results have recently become. avallable which

to some extent explain this matter.

measurements through a broad speed

Reference 12 presents

renge of the 1ift distri-

butions :over.a simple body. of revolution and, a missile

PRIAIREITZAL
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comprising nearly the same body plus a wing. Consideratlon

of the distribution of normal force shows that the result of
adding a wing 1ls distinctly different at subsonic and supersonic
speeds. At subsonic speeds additinnal 1ift acts upon the portion
of the body directly betweei the two haives of the wing. = At
supersonic speeds, however, additinnal 1ifting}pressures act

on the body for a considerable distance downstream of the wing.
It eppears reasonable to suggest that the 1lift carried over

onto the body is shifted downstream r0ughiy within an area
defined by the Mach cones springing from the leading and

trailing edges of the wing root. Thus the conclusion reached

J

in the present investigation - that the blanketed portion of

wing 1s completely effective in pr

O
o)

LU

(&)
}_]

ing 1ift - is probably
correct only when the wing is located well ahead of the base

nf the body. Otherw ige consid erable lift'may'be lost. 1In the
case of a tail surfaée, for‘example, the lifting pressures

which would otherwise act downstream will disappear. The portion
of the lifting surface blahketed by the body will then be only
partially effective in praoducing 1ift.

Mentinn must be made of another probable restriction.
Consideration of the limiting case of vénishingly small wing
span makes it obvious that the rule becomes invalid when the -
wing span is -short campéfed with tﬁe body diameter, The exact
limit cannost, of Cburée, be determiﬁed from the results of
tHie ‘investligation. " It “is likely that the rule will apply for
ratios of wing span t6 body diameter considerably smaller than

aray
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thnee employed hefeg

Experimental ahgles of zero 1ift fbr fhévcpmbinatisns
are several tenths of a degree less than'those.obtained
from the oomponf"’ results; exeeDs when.the bulbous body
is involved. It was previnuely noted thet ﬁho experimental
zero-1ift angie for the straight wing alone exceeds.theory
by approximateiy the same amount, and the difference;was
attributed to separation, This suggests that the preaenee
of thHe body inhibits flow separation 5vcr the wing, except
when the bulbous body ie employed.

Drag interaction.- When a wing is mounted through a body,

blankcting of the midsectincn of tThe wing wiil tend to reduce
thé'drag of the combination because the exposed area is less.
On the other hand;'it is knownthat mutﬁél interference of wing
and body usually tends to increase the drag. Depending u“on‘
which of these effects prednominates, the net drag of. the
corbination will be elther greater or less than the sum of
the drags of its components.

A comparison is made in figure 23, in the some manner

o

rore~drag coefficlents

H

as in the case of 1ift, between the
of the various wing-boady combinations and t s cuns of

the drags of the separate wings and badies. Fore drag is
considered, rather than total drag, so that the cnmparison
will not be complicated by the possible effects of support

interference upon base pressure,

;J§m hék ﬁ&
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Inspection of figure 23 leads to the conclusion that, in

-

general, the drag of the combination comprisling the wing plan
form mounted through the body is equal to the sum of the drags
of its components. The accuracy of this conciusion is not S0
great as in the case of 1lift, The agreement 1s generally poor
at the lowest values of Reynolds number. At higher Reynolds
numbers a systemati¢ variation with body shape is evident,
For combinations involving the baslc Eoﬂy (figs. 23(a) and 23(b))
the drag is ordinarily slightly greater than the sum for the
separate wing and body. 'hen the blunt body 1s involved
(figs. 23(c) and 23(d)) ‘the two values are essentially equal,
while with -the bulbous body (figs.23(e) and 23(f)) the drag
of.the combinatlion is slightly smallcr than the sum for its
components. igurcs 23(a) and 23(c) show, however, that the
agrggmcnt is always much better than it 1ls for the alternative
combination of the plan form mountcd entirely outside the body,
Hence 1t appears that for all practical purposes the drag
decrease effectecd by blanketing a portion of the wing is
counterbalanced by the incrcasc resulting from interaction.

The physical reason for this rule 1ls not so appafont as
in the casc of 1lift, and no prossurc—distribution moasufoments
arc avallable to clarify-thc mechanism ihvol#ed. It is-again
evident, however, that the rule beconcs invalid when the wing

span is short in comparison with the body diameter., The rule

may also fail when the lifting surface is near the rear of the

d | "'v,‘*h
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body, as with a tail olqne.
Whilé this ¢on paf¢son has been oonfined to fore drag,
which 1s believed to be relatively free of support inter-

Terence, xactly tbe aame COﬁOldSlﬁnu apply to total drab,

This is -dembnstrated in flgbre 2l for only -one typlcal case,

the straight wing plan formn mounted through :the blunt’ body.

IMoment interaction.-— 1o reliaale sata were obtained

relating to the effect .of interaction upon pitching-moment

characteristics., In discussing 1ift interadtion, it was

ch

noted that for a comblnation: fthe 1186 whieh is carried over
from the wing onto the body is displeced downstreeam. ' The
moment of a body is negligible compared with 1t iatsof a

wing, so that it seems likely that the cenfer of pressure

for a comn oAt EAn xvuld 1ie behind that of the wing alone
Applicability .of -Results

The coneclusions deduced from this investigation regerding
the aérodyhamic characteristiés of wings and:bodies, the
effects of scaie, and the effects of interaction-upon the
118t -and drag of combinations at supersoniec: speeds are
gtrictly 8031¢cao;e only at Mach numbersclose "to . the test
value of 1053a’ It is loglcal to assune, however,'thét’thése
results apply at least aﬁproximatoly for -other supersonic’
Mach nunbers neither very large.nor very . close 19 unity.'

Further investigation 1is required ta show to what extent

’

‘changes in lMach numbcr affeot eltucr the generality of uhe.
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concluslons or the restrictions to”fhoir4applicability,which
have been suggested. |

4p is evidéﬁt that even an,approxiﬁate theoretical solu—,
tlion for supersdnic flow over some simplo_combinatioh of planc
1ifting surface and body of revolution would be welcomed by

the practical acrodynamicist,
CONFL JSIONS

The following conclusions wcre deduced from tests at
1.53 llach number of several -supcrsonic wings, bodiles of
revolution, and rcsulting combinations:

ls Up to the highest Reynolds numbers reached in the

n

investigation, aero€fnamic characteristics of the strailght and

sweptback wings are indepcendent of scale above a Reynolds
number of one-half million. Beyond that value, the character—

istics of the straight wing, except for angle of zcro 1ift and

drag at high angles of attack, are closely precdicted by

exigting theory.
2e Acrodynamic characteristics of thc two sharp-nose
bodies of revolution appcar to be ncarly indcpendent of scale

betwcen Reynolcds numbers of threc or four millions and the

highest values recached in thec test. Beyond those values,

their charactcristics, except for drag at high angles of
attack, are predicted reasonably well by existing linear
theory up to angles of attack of 6°. The blunt body continues

to show scale ¢ffect up to the limit of this investigation.
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3, In estimating 11ft and drag of a wing-body comblna-

O

tion from the charactoristics of its components, the portion

of wing area blankoted by the body should be considcred

completely cffective acrodynamically. This rulc brobably

t

fails if the wing is ‘olose to thc base of the boay, or if

the wing span 18 small ‘comparcd with the body dlgmot
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Figure 7.- Typical schlieren photographs at a tunnel pressure of
18 pounds per square inch.
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