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THE AERODYNAMIC CHARACTERISTICS OF TWO SERIES OF LIFTING
BODIES AT MACE NUMBER 6.86

By Herbert W. Ridyard
SUMMARY

The results of force testes of two series of 1lifting bodles in the
Langley ll-inch hypersonic tunnel at a Mach number of 6.86 and Reynolds
numbers from 1.9 X 106 to 2.6 x 106 based on body length are presented
and compared wilth theory. One series, which consisted of 10° cone cyl-
inders, was tested to investigate the effects of variations In afterbody
length on the maximm 1ift-drag ratlio and 1ift coefficient. The other
series, which consisted of drooped-nose, flat-bottomed bodies with
D-shaped cross sections, was tested to investigate the effects of fine-
ness ratio, nose shape, and aspect ratio on the maximum 1ift-drsg ratio
(L/D)pay and on the 1ift coefficient of D-bodies.

The results obtained by verying the afterbody length of the 10° cone
cylinder from 4 to 8 diameters showed that a maximum value of (L/D)pay

occurred at 6 diameters and that the lift coefficlent at (L/D)max
decreased as the afterbody length increased.

Drooped-nose, flat-bottomed, D-shaped bodies were found to have
higher values of (L/D)yg, &nd 1ift coefficient at (L/D),,, then 10°

cone cylinders of the same fineness ratlo. Further increases in (I./D)max
were obtained by modificatlions of the D-body nose shHape and plen form.

The predictions of a combination theory gilve reasonably good agree-
ment with all the experimental aserodynamic chearacteristics for the
10© cone cylinders especially at high angles of attack. The Newtonian
impact theory glves a similar agreement for the flat-bottomed D~bodies.
The cross-=flow theory accurately predicts the experimental 1ift coeffi-
cients of the 10° cone cylinders at all but the high angles of attack
but underestimates both drag and pitching-moment coefficients. The cross-
flow theory predicts that the center-of-pressure locations on the 10° cone
cylinders are upstream of the experimental locations.
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At hypersonic speeds, relatively blunt bodles have 1ift coefficients
(based on plan-form area) which approach those for wings (see ref. 1);
consequently, for a misslle configuration & large portion of the 1ift
can be obtained from the body of the missile. The maximum lift-drag
ratios of the bodies of reéference 1, however, are about half those for
the wings. Methods of increasing the maximum lift-drag ratios of hyper-
sonic bodles have been indicated in references 1, 2, and 3. Reference 2
showed that & large incresse in the maximum lift-drag ratio of a 20° cone
cylinder could be obtained by increasing the afterbody length from
O to 4 diameters. The use of flat-bottomed bodiles, as proposed by Sanger
in reference 3 and as indicsted experimentally in reference 1, provides
eanother possible means of increasing the meximum l1lift-drag ratio.

This paper presents the results of an investigation conducted in
the Langley ll-lnch hypersonic tunnel to evaluate methods of increasing
maximum lift-drag ratio. One serles of 1lifting bodies consisted of
100 cone cylinders with afterbody lengths ot_k, 6, end 8 dismeters. The
other series consisted of three drooped-nose, flat-bottomed bodies with
D-shaped cross sectlons subsequently referred to as D-bodles. D-body 1,
which had a drooped 10°C conlcal upper nose surface, was tested with after-
body lengths of 4 and 6 dlameters. D-body 2, which had a drooped cylin-
drical upper nose surface, was investigated in an attempt to obtain a
lower drag coefficient than that for D-body 1 at the anglée of attack for
maximom lift-drag ratio. D-body 3 which 1is similar to, but twice the
wldth of D-body 2, was tested to determine the effect of a change in the
aspect ratio of-the D-body. o o '

SYMBOLS

a angle of attack . .. . .

0 cone half-gpex angle

Oerr effective cone half-apex angle O

ok boundary-layer displacement thickness.

a base dlameter of cone-cylinder body and dlameter of circle
inscribed 1n D-sheped cross section of base of D-bodies 1
and 2 '

Ty radius of base, cone~cylinder body

RN
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Leone length of cone

1 length of model

Sy model base area

Sp mpdel plan~form area

Sg model surface area

L 1ift

D drag

Cy, 1ift coefficient referred to plan-form ares, L/aSp

Cp drag coefficient referred to plen-form area, D/gSp

Cbe=0 drag coeffliclent referred to base area for zero eangle of
attack, D/qSp

(CDm.:Ln)p minimum drag coefficient based on plan-form area

(CDmin)b minimum drag coefficient based on base area

Dpe gkin~friction drag

Cpse skin-friction-dreg coefficient, Dg /qsl.j

Ce average skin-frictlon coefficient, Df/qSg

Cm pitching-moment coefficlent (moments teken about nose of
model), Pitching moment/qspz

Cma, = BCm/ da

xcp/ 1 center-of-pressure location in body lengths from nose

L/D 1lift-drag ratio

(L/D)max  meximm lift-drag ratio

M Mach number
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TEST APPARATUS AND FPROCEDURE

Tunnel

The tests were conducted in the Langley 1l-inch hypersonic tunnel
at a Mach number of 6.86. A description and calibration of the single-
expansion, two-dimensional nozzle used in these tests 1s given in refer-
ence 4.

The stagnation pressure was malntained at about 25 almospheres and
the stagnation temperature was sbout TOOC F. This high stegnation tempexr-
ature is used to avold liguefaction of the air in the nozzle. With these
conditions, 1t is possible to maintain flow at a Mach number of about
6.9 in the test region for slightly more than 1 minute. However, warpege
of the thin slit-like minimum of the nozzle due to high thermal stresses
at this section causes a small but significant variation in Mach number
with time. Therefore, date were recorded at a particular time, corre-
sponding to M = 6.86, during each operation of this blowdown tunnel.
These test conditions correspond to a test Reynolds number of 250,000 per
inch.

Models

The bagic dimensions of the lifting-body models are shown in fig-
ure 1. A photograph of four of the models is ghown in figure 2. The
originsl 10° cone cylinder had asn afterbody 8 diameters in length which
was shortened .for subsequent tests to 6 and then 4 diemeters. D-body 1
hes a drooped 10° conical upper nose surface, flat sides, a flat bottom,
and & cylindrical afterbody with a D-sheped cross section which is a
semicircle surmounted on a rectangle whose height is half the width.
This cross section was chosen by considering the smallest flat-bottomed
D-body which could accommodate a cylindrical fuel tank with a diameter .
equal to that of the 10° cone cylinder. The original D-body 1 had an
afterbody 6 diameters in length which was shortened to a length of
b dismeters for subsequent tests. (The diameter is defined for the
circle inscribed in the D-shaped cross section.)

D-body 2 consists of a 6-diameter D-shaped afterbody with a modi-
fied nose section. The shape of this modified nose corresponds to a
length of D-shaped cylinder inclined at anm angle of 10° to the flat
bottom of the body. The upper-surface elements of the nose are then
parallel to the flow when the angle of attack 1s 10°.

D-body 3 is similer to D-body 2 but is twice the width of D-body 2;
the wildth was increased by including a wedge~slab-shaped portion along
the. longitudinal center line of the body as shown in figure 1. This
modification resulted in an aspect ratio of 0.175 compared to O. 090 for
D-body 2 . ’ ¥ z
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The cylindrical portions of the 10C cone cylinder and D-body 1 were
bored out and supplied with a removeble internal plug-rod adaptor (shown
in the detailed drawing of the 10° cone cylinder in fig. 1(a)) in order
to facilitate the use of either intermal or external strain-gage force
balences.

A cylindricel umshielded force-balance extension (see fig. 1) was
used in the tests of the 109 cone cylinder and D body 1 on the more
sensitive normal-force.-chord-force balance (to be described later).
This extenslion provided a point at K which the baslance could be restrained
during the interchange of models as a precaution against overloading
the balance beams. This precaution was subsequently found to be umnec-
essary; therefore, the balence extension was not used for the tests of
D-bodies 2 and 3. Since the balance extension wes not mechanicelly
shielded from the flow, check tests were made on D-bady 1 wilthout the
balance extension and the results of these check tests agreed within the
accuracy of the data with the previous data (taken with the use of the
balance extension). This sgreement probably occurred because the balance
extension in conjunction with the normal-forceechord-force balance was
used only at small angles of attack so that the balance extension was
shielded in the wake of the model.

Tests

The aerodynamic forces and moments were measured through an angle-
of-attack range from 0 to 25° by means of two strain~gage force balances
with different sensitivities which were utilized over separate portions
of the angle-of-attack range to maintain greater accuracy throughout the
test range. For the angles of attack from 00 to 10°, normel and chord
forces were measured on an external, sting-mounted, force balance with
a capaclity of 5 pounds of normal force and 1 pouwid of chord force. This
balance is illustrated in figure 3 of reference 5. For the angle-of-
attack range above 10°, 1ift and drag forces were measured on another
externel sting-mounted force balance which has capacity loads of 20 pounds
off 1ift and 10 pounds of drag. This balance 1s shown in figure 2 of
reference 5. Piltching moment was measured by means of an internal sting-
mounted bslance with a capacity of 6 inch-pounds shown in figure 3.
Limitations in the movement of the pltch-balance sting support restricted
the upper limit of the angle-of-gttack range to gbout 20° for the
pitching-moment tests. BSchlieren pictures of the models were taken
%uriﬁg each tunnel operation and these pictures were used to measure the

run angles of attack with the aid of an optical comparator.

Model base pressures were measured by means of an orifice located
at the nose of the shielid of the normal~forcee~chord-force balance. The
base pressures were used to estimate the base drags and then the body
drags measured by the force tests were corrected to the condition of
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free-stream pressure acting on the base of the models. The base-pressure
measurements were restricted to the sngle-of-gttack range from 0° to 10°
since this wes the operating range for the normal~force—chord-force
balance. The estimated values of the base drags above 100 angle of attack
were very small compared to the forebody drags; in fact, above 15° angle
of attack no correctlon was made for base drag.

Accuracy of the Data

The important sources of error in the test data arise from measure-
ments of Mach number, pressures, serodynamic forces, and angles of attack.
Upon coneideration of these sources of error it is estimated that the
probable maximum errors in the force coefflcients, teken as aversges for
a1l the test models, vary from about 5 percent at very small engles of
attack to about 2 percent at medium and high angles of attack. The
angles of-attack sre accurate to within *0.1°.

THEORETTCAL METHODS

Pressures on 10° Cone Cylinder

The theoretical analysils for the 10° cone cylinder was performed
by two methods. The Tirst method was a combinatlon of cone and Newtonian
Impact theory. The second method was cross-flow theory.

Combination of cone and Newtonian impact theorles.- No single theory
predicts accurately the forces on 100 cone cylinders at angles of attack
in hypersonic flow. Examinastion of avallable theoretical work, however,
has led to a method which gives reasonable results. In this method, cone
and Newtonian impact theories are applied to the various portions of the
angle-of-gttack renge according to the applicability of these theories.

At zero angle of attack, only the pressures on the cone need be
considered and an initial solution for the nonviscous forces was obtained
from the tabulated results of reference 6 which have been calculated from
the exact relations of Taylor and Maccoll.(ref. 7). An iterated solution
for the cone at a = 0° was obtained from reference 6 by use of an effec-
tlve cone angle which takes account of the displacement of the potential
flow by the boundary layer. This effective cone angle wlll be discussed
further under the heading "Skin-Friction Drag.”

For small angles of attack (0° to 5°) the forces on the cone were
obtained from the tabulated coefficients for inclined cones presented
in reference 8 which have been calculsted by the second-order theory of
Stone (ref. 9). The forces on the cylinder were determined separately
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by means of the Newtonlan impact theory according to reference 10 for

the case where centrifugal forces are neglected. -The application of the
impact theory was simplified by assuming that free-stream pressure existed
on the leeward side of the cylinder. As long as this assumed pressure is
teken as free stream or less, its magnitude will be small in comparison
to the pressures on the windward side of the body at the test Mach number.

For the larger angles of attack (a.> 50), the theoretical nonviscous
forces were foumd by applying Newtonian impact theory to the entlre
configuration.

This analysis of the nonviscous air forces on the 10° cone c¢cylinder
using & combination of theories depending on the angle-of-attack range
will be referred to as the combination theory in the remsinder of this
peper.

The results of the cone theory, which was used as & part of the
combination theory, were compared with the results of linearized cone
theory obtained by use of reference 11. PFor zerc angle of attack the
results from linearized theory were identical to those from the exact
method (ref. 6). For small angles of attack the results of the linearized
theory gave poor sgreement with those for inclined cones presented in
reference 8, a result which was expected since the cone half-apex angle
is nearly as great as the Mach angle of the flow at Mach number 6.86.

Cross-flow theory.- The theoretical forces on the 10° cone cylinder
were also calculated by Allen's cross-flow theory (see ref. 12). This
solution considers vlscous cross-~flow effects as well as potentizl pres-
sure forces and requires a determination of drag at zero 1lift. Wherever
the cross-flow theory is presented in this paper, the theoretical values
include the measured drag at zero 1ift. The application of this theory
throughout the angle-of-attack range of these tests required the use of
a correlation of cross-dreg coefficient with cross Mach number as pre-
gsented in references 13 or 14.

Pressures on D-Body

The nonviscous forces on the D-bodles were calculated with the aid
of the general method for the asppllcation of the Newtonian Impact theory
presented in reference 15. In the spplication of the theory, the cen-
trifugal forces were neglected and it was assumed that free-stream pres-
sure exists on the leeward side of the body.
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Skin-Friction Drag

The skin-friction drag for the lifting bodies at zero sngle of attack
was determined on the aessumption that the boundary layer was leminar.
This assumption was based on the appearsnce of the boundary layer on
schlieren photographs of the bodies and recent unpublished boundsry-layer
velocity~profile measurements on a hollow cylindrical tube in the Langley
11-inch hypersonic tunnel at M = 6.9. On the schlieren photographs,
the boundary layer appears to be sharply defined, which is an indication
of the high-density gradients near the outer edge of a laminar boundary
layer. TFurthermore, there is no indication of transition of the boundary
layer from laminar to turbulent. For the lifting bodies, however, these
photographic evidences are not as conclusive as they would be for two-
dimensional bodies. Velocity-profile measurements on the hollow cylin-
drical tube indiceted that boundary-leyer transition occurred at Reynolds

numbers between 8 X 106 and 9 x 106, values whlch are much greater than
the Reynolds numbers of the lifting bodies (1.9 x 106 to 2.6 x 106).

Three different methods (refs. 16, 17, and 18) which contain variocus
degrees of simplification in their derivation and application were used
to calculate the skin-friction drag for the 10° cone cylinders at zero
angle of attack. .

In computing skin-frictlon drag at o = Q° for the D-bodies, the
values for the 10° cone-cylinder bodies with corresponding lengths were
multiplied by the ratio of the surfacé aréas, that 1s

D | . {8s)p-vody
—body — Pf -
D-body cone cyllnder (8s) cone

-cylinder

The skin-friction drag determined for o = 0° was added to the nonyiscous
drag throughout the angle-of-gttack renge ass an gppraximetion to the vis-
coue drag at angles of attack.

Application of the method of Von Kérmén and Tsien.- Von Kérmén and
Tsien in reference 16 solved the boundaryhlayer momentum equation for
steady, compressible, lamipar flow over a flat plate. For M = 6.86,
reference 16 gives the flat-plate skin-friction coefficient for no heat

trensfer as Cf\[§'= 1.05. The skin-friction-drag coefficient was then
based on the body plan-form area. ' '

Application of the method of Bertram.- A more detailed computation

of the boundary layer and skin friction on the 100 cone cylinder at
= 0° was performed with the aid of reference 17 which contains
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Bertram's solution of the compressible boundary-layer equations for
steady flow over a flat plate wilth the assumption of a linear wvelocity
profile.

To compute the skin friction for the 10° cone, Mangler's transforma-
tion (ref. 19) was used to convert the flat-plate skin-friction equation
of reference 17 to an equivalent relation for a cone. An initial value
of CDf was found by substituting the theoretical potential flow quan-

tities at the surface of a 10° cone (as obtained from ref. 6) into the
transformed skin-friction equation. This initial result was iterated to
determine the effect on the pressure and skin-friction drag caused by
the displacement of the potential flow by the boundsry layer in the fol-
lowing menner. First, the boundary-layer displacement thickneas at the
cone-cylinder juncture was calculeted for the initial conditlons by use
of the displacement-thickness relation of reference 17 which was trans-
formed to the equivalent relation for a cone. This value of B¥¥ was
added to the radius at the base of the cone and this new radius was used
to define an effective cone, that 1s, the varistion of &% salong an
element of the cone was assumed lineasr and the effective cone formed by
the addition of the boundery-layer displacement thickness to the cone
radius gives an effective half-cone angle,

*
tan=1 Ty, + 5% sec 8

8
et Lcone

1 (% + O%
or for small angles, 8eff = tan™ _E——___ « The lterated value of
cone

CDf was then obtained from the transformed skin-friction equation by

use of the theoretical potential flow quantities (obtained from ref. 6)
at the surface of the effective cone. An iterated value of the theoreti-
cal nonviscous force on the cone was alsc obtalned from reference 6 by
use of the effective cone angle.

The skin-friction drag on the cylindrical afterbody was found by a
direct application of the flat-plate results of reference 17. To perform
this calculation, three assumptions were mede as follows: (1) an instan-
taneous two-dimenslonal expansion occurred at the cone-cylinder juncture;
(2) the integrated boundary-layer momentum loss was assumed to be constant
across this pressure drop, and (3) the Mach number variation along the
surface of the cylinder was assumed small and taken to be zero. In the
light of these assumptions, an equivalent length of flat plate was ceal-
culated that would give the same integrated momentum loss as that which
waa obtalned from the cone boundary-layer calculation at the cone-cylinder
Juncture. The skin-friction drag on the cylinder was then determined by
considering that the initial boundary-layer growth takes place over a
cylinder of length equal to the equivalent flat plate. The calculation
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was performed for two separate constant Mach numbers as prescribed by
assumption 3. The first Mach number was T7.25, the theoretical wvalue
immediately behind the sudden expansion, and the second was 6.86, the
free-stream Mach number. An sverage .value of the skin-friction-drag
coefficlents for these two Mach numbers was considered a good approxi-

mation to the actual case in which the Mach number varies along the cyl—
Inder asymptotically approaching the free-stream value.

Application of the method of Rott and Crabtree.- The skin-friction-
drag equations of Rott and Crabtree (ref. 18) are somewhat more rigorous
than those of reference 17. A fourth-order polynomlal 1s used for the
velocity profile; however, the ususl Pohlhausen parameters have been modi-
fied according to Thwaites (ref. 20). In addition, the equations of ref-
erence 18 were applied with a theoretically more rigorous assumptlon as
to the Mach number distribution along the cylinder, that is, the Mach
mmber was assumed to vary parabolically from M = T7.25 . at the cone-
cylinder juncture and to approach M = 6.86 asymptotically. This para-
bolic varilation was extrapolated from a theoretical Mach number distri-
bution determined by the method of charsdcteristics for a 10° cone-cylinder
body of revolution at a Mach number of 7. The form of the Mach number
disgtribution over the cylinder seems to make little difference in the
resulting friction drag since reference 18 was also applied to the cyl-
inder with the assumption of a linear varistion of Mach pumber with dis-
tance and then with the assumption of a constant Mach nurber over the
cylinder with only sbout a 1 to 2 percent change in the skin-friction

drag.,

PRESENTATION OF RESULTS

The serodynemlc. coefficients presented in this paper are, in general,
based on body plan-form area except where otherwlse noted.

The variation with angles of attack of the experimental force coef-
ficlents, C;, Cp, and L/D for the 10° cone cylinders with afterbody

lengths of 4, 6, and 8 diameters are presented in figure 4. For compari-
son with the experimental data, theoretical predictions of the force coef-
flcients are also presented 1in this figure. The solid curves représent
the combination theory and the dashed curves represent thé crogs-flow
theory, both described previously under the heading of "Theoretical
Methods. The theoretical skin-friction dreg as foumd with the aild of
reference 17 was included in the determlnation of the combination—theory
drag coefficients.

The varistions with angle of attack of the experimental force coef-
ficients (1, Cp, and L/D for D-bodies 1, 2, and 3 are presented in
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figures 5, 6, artd 7, respectively. On the same Pfigures the experimental
data are compared with the results predicted by the Newtonisn impact
theory (ref. 15). Theoretical skin-friction drag adapted from the appli-
cation of reference 17 to the 10° cone cylinders is included in the
determingtion of the theoretical drag coefficlents..

Typical schlieren pictures of the 1ifting bodies at variocus angles
of attack at M = 6.86 are shown in figure 8.

The variations wlth afterbody length of the maximum lift-drag ratios
and the 1ift and drag st the engle of attack at which (L/D)max occurs

for the 1ifting bodies as taken from figures L-7 are presented in fig-
ure 9. - The maximm lift-drag ratios for the 20° cone cylinders of ref-
erence 2 gre also included 1n figure 9 for comparison purposes.

A comparison of the theoretical drag coefficients based on base
area at zero angle of attack with the experimental wvalues for the 10° cone
cylinder over the range of afterbody lengths are presented in fig-
ure 10. Both the theoretical inviscid and viscid parts of the drag are
shown in this figure.

The varistions of the pitching-moment coefficients referred to the
nose and the center-of-pressure locations in body lengths measured from
the nose with angle of attack for the 10° cone cylinders and D-bodies 1
are presented in figures 11 and 12. Theoretical pitching moment and
center-of-pressure locations predicted by Newtonlan impact theory appear
as solid curves in figures 11 and 12 and the cross-flow theory appears
as dashed curves in figure 11.

DISCUSSION OF RESULTS

Lifting~-Body Force Coefflcients

The experimental force coefficients Cp, and Cp of the 10° cone

eylinders (fig. 4) are underestimated somewhat by the prediction of the
combination theory at low aengles of attack (0° € « £ 5°). These predic~

tions, however, are better than they would have been 1f the Newtonian
theory had been applied to the whole configuration at low angles of
attack. At higher angles of attack (o > 5°) the results of Newtonian
impact theory show good agreement with the experimental 1ift and drag
coefficients. The cross-flow theory gives a good estimste of the 1ift
coefficients of the 10° cone cylinders throughout most of the angle-of-
attack range but overestimates Cj at high angles of atback. Cross-
flow-theory results underestimate the experimental drag coefficients at
angles of attack.
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The valuves of L/D predicted by the combination theory agree with
the experimental values of (L/D) (fig. 4) at the small and large angles
of attack but the experimental values of (L/D)yay, are overestimated by

as much as 10 percent. The cross-flow-theory results agree with the
experimental values of (L/D) only at small angles of attack; the experi-
mental values of (L/D)max are overestimated by as much as 50 percent.

The experimental force coefficlents Cp and Cp of the D-bodles

(figs. 5, 6, and 7) are underestimated somewhat by the Newtonian impact
theory with better agreement occurring at the hlgh angles of attack. In
the case of L/D, the results of Newtoniasn impsct theory overestimate
the experimental data at low angles of attack with better agreement
occurring at high angles of attack.

The varylng degrees of ggreement between experiment and the Newtonlan °

impact theory over the angle-of-attack range can be understood better
with the ald of the schlieren pictures of the lifting bodies shown in
figure 8. The Newtonian impasct theory assumes that the shock wave lles
along the windward surface of the body. As can be seen in figure 8 the
shock waves are highly swept at M = 6.86 for all the lifting bodies
and become more nearly parallel to the body surfaces as the angle of
attack 1is increased, 'indicating that Newtonlan Impact theory and experil-
ment should agree'mbre closely as the angles of attack are increased.

The 1ifting-body minimum-drag-coefficient values are somewhat obscure
in figures 4 to 7; therefore, they are presented, based on body plan-form
area, In the follow1ng table along with the minimum drag coefficients
based on base sresa and the angles of attack at whilch the values of cDmin

CCCUTY «
Angle of attack r
Afterbo
Body length, d?-g:m for decnﬂ.in > ( CDmin)p ( Cij_n) b
79-.4: Rc..:(lu g
100 core c¢ylinder |2+ 4 825 o] 0.0072 0.063
w6 2T 0 .0063 071
w8 2578 0 .0055 077
D-body 1 B EX L 3 .0098 075
tee v z 3 .0090 .08
D-body 2 B R > 3.5 .0068 .085
D-body 3 : we 6 [k 3.5 .0072 .087
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It 1s seen from this table that Cp i based on body plan-form ares
decreases with increasing afterbody length while Cp g based on the
more usual reference area for bodles, base area, increases wilth increasing
afterbody length. The values of Cppi, based on elther reference area

are smaller for D-bodies 2 and 3 than for D-body 1 with the same after-
body length.

Comparison of the Lifting-Body Force Coefflcients at (L/D)max

The varistions with afterbody length of the maximum l1ift-drag ratios
and the 1ift and drag at (L/D)max for the 1lifting bodies (fig. 9) shows

that the values of (L/D)max for the 10° cone cylinder sttained a maxi-
mum of 3.2 at an afterbody length of about 6 diameters. Both Cy, and
Cp &t maximum 1lift-dreg ratio decrease slightly with afterbody length.

The dashed-line extrapolations of the variatlons of (L/D)max with

afterbody length for the 20° cone-cylinder bodies of revolution of ref-
erence 2 and the 10° cone-cylinder bodles of revolution of this paper
indicate that by decressing the cone angle large increases in (L/D)max

are obtalned.

The experimental varlation of (L/D)max with afterbody length for
D-body 1 shows about a T-percent increase in (L/D)max as the afterbody

is increased from 4t to 6 diameters. In every case tested, D-body 1
exhibits higher values of (L/D)max as well as 1ift coefficients than

any of the 10° cone cylinders. Therefore, for the fineness-retio range
tested, a D-body with the same fineness ratio as a 10° cone-cylinder
body of revolution has significantly higher wvalues of (L/D)max and

1ift coefficient at (L/D)max. These gains assoclated with D-body 1

are obtained at the expense of higher minimum drags; for example, as
shown in the preceding table, D-body 1 wilth the 6-dlameter afterbody
length has a minimum drag coefficient based on body plan-form area

of 0.0090 compared to 0.0063 for the 10° cone cylinder of the same length.
However; for missiles which are to operate near the angle of attack

for (L/D)mexs, the minimum drags are not usually important.

According to figure 9, D-body 2 shows en ll-percent increase in
(1./D)pax &ebove that of the D-body 1 with the same afterbody length.

This increase in (L/D)pay resulted from the use of a modified nose

whose upper swurface is cylindricel and perallel to the free stream at
@ = 10°, the angle at which (L/D)pgy occurs for all the D-~bodies.

ST
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D-body 3, which has a nose section similer to that of D-body 2 and—
is twice the width of D-body 2, shows a 10-percent increase in (L/D)max

above that of D-body 2, & result that indicates the desirability of
increasing the plan-form aspect ratic of flat-bottomed bodies. The com-
bination of alterations to the 10° cone cylinder, that ise, flattening
the bottom, modifying the nose shape, and Increasing the aspect ratio
results in D-body 3 having an (L/D)pax which is 37 percent higher than

the highest (L/D)max - for the 109 cone cylinders.

Preliminary evidence of the effect of aspect ratio on flst-bottomed
bodies had been obtained from tests of several thin "plan-form" models
in the Lengley 1l-inch hypersonic tunnel. These plan-form models were
designed with varilous aspect ratlos and plsn-form shapes similar fo those
of the D-bodies, but they were designed with thin wedge-shaped profilles
to "shield" the upper surfaces from the flow sbove about o = 3°. The
results of these tests showed a trend of increasing (L/D)psx Wwith aspect

ratio; however, the detailed results of these tests were not consldered
sufficiently accurate to be presented in thls paper.

Skin-Friction Drag

The results of the theoreticasl calculations of skin-friction drag
on the 10° cone cylinders are indicated in figure 10 which includes both
the inviscid and viscid parts of the theoretical minimm drag. As shown
in this figure, the experimental minimum drag coefflcients based on base
erea for the 10° cone cylinders are underestimated by all of the theories;
however, the results of the iterated theoretical viscild drag determined
by references 6 and 17 give the best prediction of the experlmental “data.
The iterated values of the skin-friction drag found by use of references 6
and 17 were therefore used in the determination of the thercetlcal drag
curves presented as combination theory in figure 4 and as Newtonlan impact
theory in figures 5 to 7. As indicated by the slope of the varlation of
the experimental drag coefficlents with afterbody length and the dashed-
line extrapolation of these data, it appears that the theories used give
a better prediction of the cone drag than of the cylinder drag. It is
interesting to note that the iterated inviscid cone drag is almost 25 per-
cent greater. than the Inltial estimate of the Inviseld cone drag because
of the distortion of the cone profile by the displacing effect of the
boundary layer. This increase in the inviscid drag 1s not entirely
reflected in the total theoretical drag because the skin-friction drag
1s somewhat lower for the distorted cone.

Lifting-Body Stability Parameters

The experimental veristions of pitching-moment coefficient (homents
teken about the nose) with angle of attack for the 10° cone cylinders
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with the Y-, 6-, and 8-diameter afterbodies are given in figure 11. Most
evident is the increasing rate of change of pitching moment with angle
of attack; for example, Cp, at a = 20° is sbout five times Cpg

at a = 0°. This nonllnearity is predicted by the combination theory;
however, this theory underestimstes the experimental values for all 10°
cone cylinders at low angles of attack. Better agreement occurs as the
angles of attack are increased.

The center-of-pressure locations (in body lengths from the nose)
for the 10° cone cylinders (fig. 11) show sbout & 5- to lO-percent move-
ment toward the resr of the bodies as the angle of attack is lncreased.
This rearward variation 1n center of pressure with angle of sttack is
predicted by the comblnation theory and the agreement between experiment
end the combination theory is good at high sngles of attack. There is
also & small movement of the center of pressure toward the nose of the
10° cone eylinder with increasing afterbody length. This trend is pre-
dicted by both the combination snd the cross-flow theory; however, the
cross-flow theory predlcts a more forward location of the center of pres-
sure throughout the angle-of-attack range. The experimentsl centers of
pressure are located abt sbout 50 percent of the body length for a = 80,
the angle of atteck at which (L/D)max occurs for the 10° cone cylinders.

The experimental variations of Cp with « for D-bodies 1 given
in figure 12 are also nonlinear; for example, Cp &t o= 20° is

about four times Cmm et o = 0°. The Newtonian impact theory predicts

this nonlinearity and gives good agreement with experiment at high angles
of attack. At 1ow angles of attack the theory underestimates the experi-
mental pitching-moment coefficlents. The almost negliglble change in

experimental Cp wlith afterbody length for a particular angle of attack

is predicted by the Newtonian impact theory.

The center-of~pressure location on D-body 1 is sbout 60 percent of
the body length from the nose for most of the angle-~of-attack range as
shown both experimentally and theoretically in figure 12. Between 0°
and 5°, however, there asre large variations in center-of-pressure loca-
tion with o in fact, the experimental center-of-pressure variation
with o becomes discontinuous at about 2.2°, the angle of attack for
zero 1lift. This discontinuity is due to the unsymmetrical profile of
the D-body. The Newtonian impact theory predicts the occurrence of this
discontinuity at about o = 3.5°. This discrepancy 1s due to the inabil-
i1ty of the Newtonian theory to predict accurately the angle of zero 1lift.
The variation in center-of-pressure location with afterbody length for
a particular angle of attack is negligible as predicted by the theory.

Since the varisastions of center-of-pressure locstion with o for
both the 10° cone cylinders and D-body 1 aere generally small, the

ONRREReS.
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nonlinear varistions of Cp with o can be attributed to the nonlinear
variations of Cj and Cp with «.

SUMMARY OF RESULTS

The primary results of the lifting-body tests at Mach number 6.86
may be summarized as follows:

1. The results obtained by varying the afterbody length of the 10°
cone cylinder from 4 -to 8 diameters showed that a meximum value of the
meximm 1ift-drag ratio (L/D)psx Occurred at 6 diameters and that the

1ift coefficient at (L/D)max decreesed as the afterbody length
Increased.

2. Flat-bottomed D-shaped -bodles with 10° drooped conical upper
nose surfaces were found to have higher values of (L/D)max and 1ift

coefficient at (L/D)max than 10° cone cylinders of the same fineness
ratio.

3. The use of a D~-body nose shepe whose upper surface was cylindrical
and parallel to the free-stream flow at (L/D)max resulted in improved

1ift and drag characteristics as compared to the drooped conical nose.
Further improvement in the D-body (L/D)pg, &nd 1ift coefficient were

obtalined by increasing the aspect ratio of the plen form.

ly, The rate of change of pitching-moment coefficient with angle of
attack increased with angle of attack but the pitching-moment coefficient
did not vary appreciably with afterbody length at a glven angle of attack
for elther the 10° cone cylinders or the drooped-conical-nose D-hodies.

5. The center-of-pressure locations on the 10° come cylinders move
rearward sbout 5 to 10 percent with increasing angle of attack. The
center-of-pressure location on the drooped-conical-nose D-body is Independ-
ent of angle of atteck o above a = 59; below o = 59, there is = dis-
continuvous veristion in center~of-pressure locatlion with angle of attack
due to the umsymmetrical profile of the D-body. The center-of-pressure
location does not vary appreciably with afterbody length for either the
10° cone cylinders or the D-bodies.

6. The predictions of a combination theory give reasonably good
agreement with all the experimental aerodynamic charscteristics for the
10%© cone cylinders especially at high angles of attack. The Newtonlan
impact theory gives a similar sgreement for the flat-bottomed D-bodies.
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The cross-~flow theory accurately predicts the experimental 1ift coeffi-
cients of the 10° cone cylinders at all but the high angles of attack

but underestimates both drag end pitching-moment coefficients. The cross-
flow theory predicts that the center-of-pressure locations on the 100 cone
cylinders are upstream of the experimentel locations.

T. The experimental minimum drag coefficients for the 10° cone
cylinders are underestimated by the theoretical analysis.

Langley Aeronsutical laboratory,
National Advisory Commlittee for Aeronautics,
Langley Fleld, Va., March 2, 195k.
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(a) 10° cone cylinder with a h-dismeter afterbody.

Figure 8.- Typical schlieren pilctures of the lifting bodles' at various
angles of attack at M = 6.86.
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Figure 8.- Concluded.
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