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NOTATION

The longitudinal force and moment coefficients are referred to the stability-axis system, and
the lateral-directional coefficients are referred to the body-axis system. All force and moment
coefficients are based on a reference area defined as the total planform area for the respective

models. For all the bodies, the moment reference center is located on the body centerline at

32.5 percent of the mean aerodynamic chord, which corresponds to the 55.0 percent point of the

body length.

alr semimajor axis of maximum cross section

a.c. longitudinal aerodynamic center defined at (_) ,
max

percent _"

Ab model balance cavity area (4.38 cm 2 for all models)

b span (measured between body tips)

bTr semiminor axis of maximum cross section

C local chord length of airfoil section

mean aerodynamic chord (2 l)

CA axial-force coefficient, CAtotal - CAb

(Poo - Pb)Ab

CAb balance cavity axial-force coefficient, qS

CAtotal

drag

CD drag coefficient, q---_-

total measured axial-force coefficient

CD0 drag coefficient at zero lift

C L lift coefficient, lif___t_t
qS

CL o

CLot

lift coefficient at zero angle of attack

aCL

lift-curve slope at zero lift, -_a ' per deg
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rolling moment
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qSE
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lift-drag ratio

maximum lift-drag ratio

body length

forebody length (measured from nose to maximum cross section)

free-stream Mach number

model balance cavity pressure

free-stream static pressure

free-stream dynamic pressure

Reynolds number based on body length

reference area (body planform area defined as /b )

maximum cross-sectional area

maximum thickness of airfoil section

airfoil thickness-to-chord ratio

total volume

longitudinal coordinate, measured rearward from model nose

spanwise coordinate, measured from body centerline

vertical coordinate, measured from body centerline

angle of attack (referred to body centerline), deg
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EFFECTS OF BODY SHAPE ON THE AERODYNAMIC CHARACTERISTICS

OF AN ALL-BODY HYPERSONIC AIRCRAFT= CONFIGURATION

AT MACH NUMBERS FROM 0.65 TO 10.6

Walter P. Nelms, Jr.

Ames Research Center

SUMMARY

An experimental investigation was conducted at Mach numbers from 0.65 to 10.61 to
determine the effects of several variations in body shape on the aerodynamic characteristics of an

all-body hypersonic aircraft configuration. The basic configuration had a delta planform with an

elliptic cone forebody and an afterbody of elliptic cross section terminating in a straight-line trailing

edge. Variations in body shape included the ratio of maximum cross-sectional to body planform
area (0.0935 and 0.0625), body leading-edge sweep (75 ° and 80°), and forebody length ratio (0.667

and 0.750). In addition, the effects of a thin wing (1.5 percent thick) mounted on one of the bodies

was investigated, and the aerodynamic characteristics of just the forebodies of two of the

configurations were determined. The models had no stabilizing surfaces or propulsion system

packages. Ranges of angle of attack (-4" to +15 °) and angle of sideslip (-4 ° to +8 °) were investigated.

The results indicate that, of the four complete bodies, the configuration with the lowest ratio

of cross-sectional to body planform area had the highest maximum lift-drag ratio and the greatest

level of longitudinal stability at most Mach numbers of the test. For the selected moment reference

centers, all configurations had positive longitudinal stability near maximum lift-drag ratio at most
Mach numbers of the test. Except at the lowest subsonic Mach numbers, changes from the nominal

configuration in body sweep angle and in forebody length ratio had only minor effects on
maximum lift-drag ratio. The addition of thin wings, or strakes, to the alternate sweep configuration

increased maximum lift-drag ratio at most speeds, and increased longitudinal stability at the

hypersonic Mach numbers.

INTRODUCTION

Several configurations have been investigated both analytically and experimentally in a

program at Ames Research Center to provide preliminary aerodynamic characteristics of hypersonic
aircraft configurations suitable for cruise, boost, and military missions (refs. I-9). Among these

configurations was an all-body concept considered in the analytical studies of references 7 through
9. Results of wind tunnel tests of the nominal configuration derived from these analytical studies

are presented in reference 10, which primarily includes stabilizing and control surface effectiveness

as well as results of component buildup. During these wind tunnel tests, the effects of several
alterations in the body shape and the effects of adding thin wings to one of the bodies were

investigated. This was undertaken as a preliminary exploration of means to improve the



aerodynamicefficiency of this particular all-body concept, as well as to provide additional

experimental data to be used in the assessment of various theoretical techniques for use on this
configuration. The present report includes the results from these tests.

The experimental investigation was conducted in the Ames 6- by 6-Foot Supersonic and the

3,5-Foot Hypersonic Wind Tunnels over a Mach number range from 0.65 to 10.61. The Reynolds
number was held constant at 8.2X 106/m for most of the tests; at Mach numbers 2.00 and 10.61, the

Reynolds number was limited to 4.9× 106/m. Angles of attack ranged from -4 ° to +15 °, and angles
of sideslip ranged from -4 ° to +8 ° .

MODEL

Figure 1 presents a drawing of the various models, and indicates the appropriate identification
symbols (B1, B2 etc.) and shape parameters for e_ch configuration. The equation defining the

maximum cross section of the models is also shown in figure 1. Pertinent model dimensions and

areas are listed in table 1. Figure 2 presents photographs of the models.

Reference 10 includes the aerodynamic characteristics of the nominal body (BI) together with

the effectiveness of stabilizing and control surfaces and component buildup results. The present
report considers the effects of variations in body shape from the nominal configuration and also

includes the effects of thin wings on one of the bodies. In addition, the aerodynamic characteristics

of the forebodies of two of the configurations are presented. The models used for these tests had no

stabilizing surfaces or propulsion system packages.

The nominal configuration (fig. 1) had a delta planform with an elliptic cone forebody and an

afterbody of elliptic cross section. The afterbody ellipticity continuously increased with body

station forming a smooth transition from the end of the forebody to a straight-line trailing edge.

Variations in the body shape from the nominal were accomplished by individually varying three

parameters as identified in reference 9: (I) the ratio of maximum cross-sectional to body planform

area ("fatness ratio") S_r/S; (2) the body sweepback angle A; and (3) the forebody length ratio l_r/l.

It should be noted that for the configurations considered herein, the longitudinal location of the

forebody-afterbody breakpoint and the maximum cross-sectional area coincide. In comparison to

the nominal body (B1), configuration B2 had an alternate fatness ratio, configuration B3 had an

alternate sweep, and configuration B4 had an alternate forebody length ratio (fig. 1). The volumes

of the four configurations were equal; this accounts for the differences in body length (l) shown in
figure 1 and table 1.

A thin wing, or strake, of 75 ° sweepback angle was provided for mounting on the centerline of

configuration B3 as indicated in figure 1. The wing, with a maximum thickness-to-chord ratio of

1.5 percent, had a symmetrical wedge-slab-wedge airfoil section with ridge lines at 30 and

70 percent of the local chords.

The forebodies of two of the configurations were tested alone to provide data in the form of a

configuration buildup for comparison with theory. Configuration Bs was the forebody of the

nominal configuration (B_), and B6 was the forebody of the alternate sweep configuration (B a ).



TESTS

Experimentaldatawereobtainedin air in two AmeswindtunnelsoveraMachnumberrange
of 0.65 to 10.61.The 6- by 6-foot supersonictunnel is a closed-circuit,continuous-flowfacility
with a slidingblock nozzleand a slottedwall test section;in this tunnel,the Machnumberwas
variedfrom 0.65 to 2.00.Machnumbersof 5.37,7.38,and 10.61wereobtainedinthe3.5-foot
hypersonictunnel,whichusesinterchangeablenozzles;this tunnel is ablowdownfacility in which
incomingair is preheatedby a pebble-bedheaterto preventliquefactionof air in thetestsection.
The stagnationtemperaturewasmaintainedat about 720° K for Machnumbersof 5.37and7.38
andat about 1050° K for Mach number 10.61. Data were obtained at a constant Reynolds number
of 8.2X 106/m at all Mach numbers except at 2.00 and 10.61, where the unit Reynolds number was

limited to 4.9X 104/m because of wind tunnel limitations.

Except for configurations Bs and B6, the models were sting-mounted through the aft upper
surface of the body; this method of support was used so as to have an undisturbed lower body

surface for testing at hypersonic speeds. For tests of the two forebodies alone (Bs and B 6), the sting

exited through the base. Force and moment measurements were made with an internally mounted,
six-component strain-gage balance. Test angles of attack ranged nominally from -4 ° to +15 °, and

angles of sideslip ranged nominally from -4 ° to +8 ° . The angles of attack and sideslip were

corrected for wind tunnel flow misalinement and for balance and sting deflections caused by the

aerodynamic loads. Balance cavity pressure was measured and the drag data were adjusted to a

condition corresponding to free-stream static pressure in the cavity. Table 2 is a list of the balance

cavity axial-force coefficients subtracted from the drag measurements of the nominal configuration

(B_); similar corrections were applied to the data of the other configurations.

For these particular tests, boundary-layer transition was not fixed on the models;reference 10

discusses the results of studies conducted to establish the drag level of the nominal configuration.

On the basis of these studies, it can be concluded that the boundary layers on the present models

were mostly laminar at the hypersonic Mach numbers of the test.

A moment reference center of 0.325 _- (0.55l) was selected for presenting the data in order to

be consistent with the results of reference 10. From mission studies involving this configuration

(refs. 7-9), it appears that the center of gravity would be located aft of this selected point at

approximately 0.445 -6 (0.63l).

Based on repeatability of the data and known precision of the measuring equipment the test
Mach numbers 0.65-2.00 and 5.37-10.6 are considered accurate within -+0.01 and -+0.05,

respectively; the corresponding dimensionless aerodynamic coefficients are considered accurate
within +2 and -+3 percent, respectively. The angles of attack and sideslip are considered to be
accurate within +0.2 ° .
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RESULTSAND DISCUSSION

CompleteBodies

Longitudinal characteristics- The longitudinal aerodynamic characteristics of the complete

bodies (with forebody and afterbody but without stabilizing surfaces) are presented as a function of

lift coefficient in figure 3 and Mach number in figure 4. The lift curves for the four configurations

(BI, B2, B3, and Ba) were generally nonlinear at all Mach numbers of the test with increasing

lift-curve slope for increasing lift coefficients (fig. 3). The alternate sweep configuration (B 3) had

the lowest CLot at most Mach numbers (fig. 4) due to the higher leading-edge sweep. There was little

difference in CLo t for the remaining three configurations with the alternate fatness ratio body (B2)

having slightly the higher CLo t at the transonic and supersonic speeds. Also, the configuration with

the alternate forebody length ratio (B4) did not have as great an increase in CLot near Mach I as
the other bodies.

With exception of the highest Mach number of the test, B2 had the lowest CDo of all
configurations (fig. 4), which can be attributed to the lower ratio of drag-producing frontal area to

lift-producing planform area (STr/S). Configuration B3 had the next lower value of CDo, with the

remaining two bodies having higher but essentially equal values of this parameter. At all Mach

numbers, configuration B3 had the highest drag due to lift (fig. 3). The remaining three

configurations all had similar values of drag due to lift, except at Mach number 10.6, where B2 had
a somewhat lower value than the others.

With exception of Mach number 0.65, configuration B2 had by far the greater (L/D)ma x of

the four configurations (fig. 4), thus indicating that reducing the fatness ratio S_r/S is effective in

increasing aerodynamic efficiency. This effect can be attributed primarily to the lower CDo at most

Mach numbers and the lower drag due to lift at Mach number 10.6 fo.r the B2 configuration. It also

appears that, with exception of the lowest subsonic Mach numbers, changes in sweep angle and

forebody length ratio from the nominal configuration had only minor effects on (L/D)ma x (fig. 4).

For configuration B2 at the hypersonic speeds, values of (L/D)ma x varied from about 5.4 at Mach
number 5 to about 4.1 at Mach number 10.

For most Mach numbers below about 2, the pitching-moment curves were reasonably linear

(fig. 3). All four configurations exhibited positive longitudinal stability near (L/D)ma x for the
selected moment reference centers, with configuration B2 having the greater level of stability at all

Mach numbers of the test (fig. 3). As shown in figure 4, the aerodynamic centers moved forward

with increasing supersonic Mach numbers as expected, and for B_ and B2, gradually moved

rearward at the higher hypersonic speeds. The overall travel from the most aft to the most forward

locations varied from about 11 percent"6 for Ba to about 23 percent "6-for B2.

As previously indicated, the sting support exited from the aft-upper surface of the models to

provide an undisturbed lower body surface for testing at hypersonic speeds. This sting arrangement

tended to produce a region of higher pressure on the aft-upper surface than would be obtained

without the sting, resulting in a slight negative CL0 and a small positive Cm0 at the lower speeds as
can be seen in figure 3 for all the configurations. As anticipated, this effect essentially disappeared
at the hypersonic Mach numbers of the test.



Lateral-directional characteristics- The lateral-directional aerodynamic characteristics of the

nominal (B1) and alternate sweep (B 3) configurations are presented in figure 5 for an angle of
attack of approximately 5 ° . The difference in angle of attack between the two configurations is due

to the fact that the sting exited from each of the models at a slightly different angle. Both

configurations had negative directional stability (-Cn/3) at Mach numbers below about 2, but had
essentially neutral stability above this speed. Of the two configurations, B3 tended toward the
greater negative value of directional stability in all cases. The configurations both had nearly equal

and positive values of effective dihedral (--Clt_) at all Mach numbers of the test. Both configurations

had essentially zero side-force coefficients at all angles of sideslip for the subsonic Mach numbers,

but at higher speeds, Cy became negative for positive values of_3.

It is interesting to note that the two configurations had essentially neutral directional stability

and positive effective dihedral at the higher speeds, possibly indicating that relatively small vertical

tails would be required.

Complete Body With Wings

The effects of adding thin wings, or strakes, to the alternate sweep configuration (B3) are
presented in figures 6 and 7. The longitudinal aerodynamic characteristics are presented as a

function of lift coefficient (fig. 6) and summarized as a function of Mach number (fig. 7). For

comparison, the results of configuration B2 (from fig. 4) also are shown in figure 7. At all Mach

numbers, adding wings to B3 increased the lift-curve slope, resulting in a higher value of lift

coefficient for a given positive angle of attack (fig. 6). As can be seen in figure 7, the CLo_ of B3 W

was essentially equal to that of B2 at most Mach numbers, but at the higher hypersonic speeds, B3 W

had a slightly greater value.

Except for the lowest Mach numbers of the test, adding wings to B3 tended to lower the CD0

due to the increased reference area (fig. 7). In comparison to B2, the B3W configuration had a

higher CDo in the transonic and supersonic regimes, but had a slightly lower value at the highest
Mach numbers of the test (fig. 7). Adding wings tended to reduce the drag due to lift of the B3

configuration at all test Mach numbers (fig. 6).

As shown in figure 7, the addition of wings to B3 increased the (L/D)ma x at all but the lowest

Mach number of the test. This effect is due to the lower CDo, lower drag due to lift, and higher CLo t

of the B 3 W configuration in comparison to B 3. Comparing configurations B 3 W and B2 (fig. 7), it

can be seen that in the supersonic range, B2 had a slightly higher (L/D)ma x due primarily to its

lower CD0. However, at the higher speeds, B3W had a greater (L/D)ma x than B2 because of its

slightly higher CLot and slightly lower CDo (fig. 7). At the hypersonic speeds, (L/D)ma x of the B 3 W

configuration ranged from about 5.3 at Mach number 5 to about 4.9 at Mach number 10.

Adding wings to configuration B3 had little effect on the longitudinal stability at subsonic and

supersonic speeds, but tended to increase stability at the hypersonic Mach numbers (fig. 6). The

aerodynamic benters near (L/D)ma x were somewhat more rearward on the B3W configuration in

comparison to B3 for Mach numbers from about 3 to 10. Also, except for Mach numbers from

about 4 to 8, the aerodynamic centers of B3W were forward of those for B2 (fig. 7).
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Forebodies

Longitudinal characteristics- The longitudinal aerodynamic characteristics of the forebodies

of the nominal (Bs) and alternate sweep (B6) configurations are presented as a function of lift

coefficient (fig. 8) and Mach number (fig. 9). During the tests, (L/D)ma x was not reached at Mach

numbers below 5, and therefore for these speeds, the values of (L/D)ma x and aerodynamic center
are not summarized in figure 9. The data shown in figures 8 and 9 have not been adjusted for the
base drag of the forebodies.

At all Mach numbers, the lift-curve slope of the B 6 configuration was lower than that of Bs

due to the higher leading-edge sweep of B6. The B 6 configuration had a lower CDo but a higher

drag due to lift than the Bs forebody at all Mach numbers (figs. 8 and 9). These results are

consistent with those of the complete configurations (B_ and B3 ) previously discussed. However, at

the higher hypersonic speeds, the (L/D)ma x of the B6 configuration was higher than that of Bs
(fig. 9) by a greater increment than B3 compared to B_ (fig. 4). There were little or no differences

in the longitudinal stability between Bs and B 6 (fig. 8), and the aerodynamic centers near

(L/D)ma x at the hypersonic speeds were essentially identical (fig. 9). The aerodynamic centers of

the forebodies (Bs and B6) were farther aft (fig. 9) than those of the complete configurations
(fig. 4).

Lateral-directional characteristics- The lateral-directional aerodynamic characteristics of the
forebody (Bs) of the nominal configuration are presented in figure 10 for several Mach numbers at

zero angle of attack. The three parameters Cn, Cl, and Cy were all essentially linear with angle of

sideslip for the Mach numbers considered in the test. The Bs configuration had positive directional

stability (Cn/3) at all Mach numbers with the greater level at Mach number 7.38. In all cases, the

effective dihedral (C//3) was essentially zero and the side-force coefficients were negative at positive
angles of sideslip.

Volume/Planform Parameter

The results from the previous sections are shown summarized (circular symbols) in figure I l

for Mach number 6.8 in terms of (L/D)ma x as a function of the volume parameter (V2/3/S), which
exerts a large influence on maximum lift-drag-ratio characteristics. For cruise vehicles, this volume

parameter will probably range from about 0.14 to 0.24. The data on this figure are for laminar

boundary layers, and the Reynolds numbers (RI) are based on body length. The Reynolds numbers
for the present data are summarized below:

Configuration RI× 10 -6

B1 4.0

B2 4.5

B3 4.6

B4 4.1

B3 W 4.6

Bs 2.6
B6 3.0

BI HV 4.0



The trends of the present data are consistent with the experimental values of (L/D)ma x for a

number of idealized shapes from reference 11, which are presented for comparison. Configurations

B2 and BaW had the highest values of (L/D)ma x of the present configurations as a result of their

greater planform or lifting area in comparison to their volumes. It should be noted that the values of

(L/D)ma x for the two forebodies (Bs and B6) have not been adjusted for base drag as have the
results from reference 11. It is estimated that this adjustment would increase the (L/D)ma x by

about 0.3 and 0.4 for the Bs and B6 configurations, respectively.

The addition of horizontal tails (H) and vertical tails (V) to the B_ configuration (ref. 10)

resulted in an (L/D)ma x value of about 3.8 as indicated by the square symbol in figure 11. The
reduction in the volume]planform parameter was a result of the added plan area of the horizontal

tails, which overshadowed the small increase in volume due to the stabilizing surfaces. Thus, it is

obvious that the aerodynamic efficiency of this all-body concept (B1HV) could be improved by

shaping the body toward the B2 configuration.

The triangular symbol in figure 11 shows the experimental value of (L/D)ma x obtained for a

wing-body configuration in reference 5. In comparison with the B_ HV configuration, the wing-body
concept had a slight advantage in aerodynamic efficiency at this Mach number, although these

results do not include trim penalties.

SUMMARY OF RESULTS

An experimental investigation to determine the effects of several variations in body shape on

the aerodynamic characteristics of an all-body hypersonic aircraft configuration was conducted at
Mach numbers from 0.65 to 10.61. Some of the most pertinent results are as follows:

1. Of the four complete bodies (forebody plus afterbody), the configuration with the lowest
ratio of cross-sectional to body planform area had the highest maximum lift-drag ratio (L/D)ma x at

all but the lowest Mach number of the test. For this configuration at hypersonic speeds, the values

of (L/D)ma x varied from about 5.4 at Mach number 5 to about 4.1 at Mach number 10.

2. With exception of the lowest subsonic Mach numbers, an increase in body sweep angle or

in forebody length ratio had only minor effects on (L/D)ma x.

3. For the selected moment reference centers, all configurations had positive longitudinal

stability near (L]D)ma x at most Mach numbers of the test. Of the four complete bodies, the
configuration with the lowest ratio of cross-sectional to body planform area had the greater level of

longitudinal stability at all Mach numbers of the test.

4. For the complete bodies, the overall travel of the aerodynamic centers with Mach number
from the most aft to the most forward location varied from about 11 to 23 percent of the mean

aerodynamic chord depending on the configuration.

5. At the higher speeds, the complete bodies with the nominal and higher sweep had

essentially neutral directional stability and positive effective dihedral.



6. Exceptat the lowestMachnumbers,.theadditionof thin wings,or strakes,to the higher
sweepbody increasedthe (L/D)max. At hypersonicspeeds,the (L/D)max of this winged
configurationvariedfrom about5.3at Machntlmber5to about4.9at Machnumber10.

7. Theadditionof thin wingsto the highersweepbody hadlittle effecton the longitudinal
stability at subsonicandsupersonicspeeds,but tendedto increasestability at thehypersonicMach
numbers.

AmesResearchCenter
NationalAeronauticsandSpaceAdministration

Moffett Field,Calif., 94035, January 27, 1972
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TABLE 1.- MODELGEOMETRY

[Lengthsarein cm andareasarein sqcm]
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BI B2 B3 B4 B3W Bs B6
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58.34
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25.86

32.19

55.19

36.81

816.26

55.48

37.01

542.87

49.38
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if{ 542.87*824.71"*

32.19
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51.02
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1.65
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36.81

50.76

6.52
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61.08

9.92
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I
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2.48

80 °

13.04

24.69

*Body

**Wing

10



TABLE 2.-BALANCE CAVITY AXIAL-FORCE COEFFICIENT(CAb)

B_configuration

-2.00
-1.00

0
1.00
2.00
4.00
6.00
8.00

10.00
12.00
14.00

-2.00
-1.00
0
1.00
2.00
4.00
6.00
8.00

10.00
12.00
14.00

0.65

0.0002
.0002
.0002
.0003
.0003
.0003
.0004
.0005
.0006
.0008
.0010
1.60
.0008
.0009
.0009
.0009
.0010
.0010
.0010
.0011
.0012
.0013
.0014

0.80

0.0001
.0001
.0001
.0002
.0002
.0002
.0003
.0003
.0004
.0005
.0007
2.00
.0004
.0005
.0005
.0005
.0006
.0006
.0007
.0007
.0008
.0009
.0009

0.90

0.0008
.0010
.0011
.0011
.0011
.0010
.0008
.0009
.0012
.0016
.0021
5.37
.0001
.0001
.0001
.0001
.0001
.0002
.0002
.0002
.0002
.0002
.0002

1.10

0.0019
.0019
.0020
.0020
.0020
.0020
.0021
.0023
.0026
.0029
.0031
7.38

0
0
0
0
0

.0001

.0001

.0001
.0001
.0001
.0001

1.30

0.0013
.0013
.0014
.0014
.0015
.0015
.0015
.0016
.0018
.0019
.0020
10.61

-.0002
-.0002
-.0002
-.0002
-.0002
-.0002
-.0002
-.0002
-.0002
-.0003
-.0003
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