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PITCH STABILITY AND A BODY FLAP FOR OBTAINING

PITCH CONTROL IN HYPERSONIC FLIGHT

By A. J. Eggers, Jr., and Clarence A. Syvertson

SUMMARY

The effectiveness of a body flare as a pitch-stabilizing device and

a body flap as a pitch-control device has been investigated experimen-

tally at Math numbers from 3.00 to 6.25. The basic test body was rota-

tionally syrmnetric and consisted of a fineness ratio 3 nose followed by

a fineness ratio 9 afterbody. The body flare was conical and was added

at the base. The body flap consisted of a deflectable section of the

surface of the cylindrical afterbody. This section was 1-59 body diam-

eters long, 78 ° of arc in circumferential extent, and was centered 8. 5

body diameters aft of the nose. Tests were conducted at angles of attack

from -25 ° to +25 ° and flap deflection angles of 0°, -I0 °, and -25 °.

Experimentally determined increments in lift and drag due to flap

deflection are compared at a Mach number of 5 with the predictions of the

generalized shock-expansion theory and Newtonian impact theory. Both

theories are in reasonably good agreement with experiment at small angles

of attack. The trim lift coefficients and lift-drag ratios of the test

configuration are found to increase steadily with increasing Mach number,

becoming greater than those of a comparable all-movable-wing control at

the higher Mach numbers of the tests. The body flare and flap have, then,

the attractive possibility at high supersonic airspeeds of providing sta-

bility and control in pitch, while at the same time they should be less

vulnerable than planar airfoils to aerodynamic heating.

INTRODUCTION

The design of aircraft suitable for flight at high supersonic air-

speeds is in substantial part dictated by considerations of aerodynamic

heating. Aerodynamic heating is governed by many factors# including the

Mach number and Reynolds number of flight and, of course, the shape of



the aircraft. It is hardly to be expected that, in general, the depend-
ence of aerodynamicheating on shapewill be simple; however, it seems
reasonable to anticipate that within certain limits, reducing the surface
area will reduce the aerodynamic heating. Provided this is the case, it
follows that the amount of surface subject to aerodynamic heating should
be kept to a minimum. Especially is this true of such surfaces as present
unusually severe cooling problems. In the latter category fall the thin
planar surfaces normally used for lifting, stabilizing, and controlling
aircraft in flight. At high supersonic airspeeds there is considerable
evidence, both theoretical and experimental (see_ e.g., refs. I, 2, 3, and
4), that lift maybe developed on a fuselage in sufficient quantity and
at low enoughdrag penalty to greatly reduce, if not altogether eliminate,
the need for wings. It remains to be determined whether planar surfaces
for stabilizing and controlling hypersonic flight can also be largely
eliminated or replaced by surfaces less vulnerable to aerodynamic heating.

Two such surfaces, one designed to provide stability in pitch, and the
other to provide control in pitch, were therefore studied experimentally.
The purpose of this paper is to report on the results of this preliminary

investigation, and especially to determine whether or not these surfaces

have promise and_ hence, warrant further consideration. The stabilizing

surface consisted of a conical flare located at the base of the test body.

The control consisted of a deflectable section of the surface of the body

and is termed a body flap. Force and moment characteristics were obtained

for several flap deflections at Mach numbers from 3.00 to 6.25. Experi-

mentally determined forces due to flap deflection are compared with pre-

dictions of theory, and flap trim effectiveness is compared with that of

a corresponding low-aspect-ratio all-movable control.

SYMBOLS

A

C D

cross-sectional area of cylindrical section of test body, sq in.

D

drag coefficient,_--_

CL

CN

Cm

D

L

lift coefficient,

normal force

normal-force coefficient, qA

pitching-moment coefficient (moment _out body nose) moment
' qA_

drag, ib
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d

f

L

Z

Zn

M

q

r

X

7

diameter of cylindrical section of test body, in.

fineness ratio

lift, Ib

length of test body, iu.

length of nose section of test boly_ in.

Mach number

@_ma_ric pressure, Ib/sq in.

radial coordinate_ in.

longitudinal coordinate, in.

center of pressure (m_asured from nose)_ fraction of _

angle of attack_ deg

control deflection angle (positive for trailing edge deflected

downward), deg

EXPERIME_T

Test Apparatus and Methods

The tests were conducted in the Ames i0- by 14-inch supersonic wind

tunnel at Mach numbers of 3.00, 4.23, 5.05, and 6.25. For a detailed

description of this wind tunnel and its aerodynamic characteristics see

reference 5. Lift, drag_ and pitching moment were measured with a three-

co_ponent strain-_age balance. The balance system measured forces paral-

lel and perpendicular to the balance axis and these forces were, in turn,

resolved to give the lift, drag, and normal forces. Pitching moments were

measured about the body base. Angles of attack up to 5° were obtained by

rotating the model-balance assembly. In order to obtain angles of attack

greater than 5° , bent-sting model supports were employed. All sting sup-

ports were shrouded from the air stream to within about 0.040 inch of

the model base, thereby eliminating, for all practical purposes 3 all aero-

dynamic loads on the sting.

Base pressures were measured in all tests and the lift and drag com-

ponents of the resultant base force (referred to free-stream static
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pressure) were subtracted from measured total lift and drag forces to

obtain the aerodynamic forces acting on the portions of test models ahead

of the base.

Wind-tunnel calibration data (see ref. 5) were employed in coordina-

tion with stagnation pressures measured with a Bourdon pressure gage to

obtain the stream static and dynamic pressures of the tests. Reynolds

numbers based on the diameter of the cylindrical portion of the models

were

Mach number
Reynolds number_

million

3.00 0.78

4.23 .72

5.05 .35

6.25 .15

Models

The models tested in the present investigation are shown in figure i

along with a sketch giving pertinent over-all dimensions. The first model

consisted of a 1-inch-diameter basic body made up of a fineness ratio 3,

3/4-power nosel faired into a fineness ratio 9 cylindrical afterbody. The

secomd model consisted of the basic body modified by a conical flare at

the base. This flare was a frustum of a fineness ratio 3 cone. It

extended 1.242 body diameters forward of the base and increased the base

dia_eter by _. The third model was essentially the same as the second;

with the exception: that a b9dY flap 1.590 body diameters long and 78 ° of
arc in circumferemtial extent was added forward of the conical flare.

This flap was centered at a station 8.5 body diameters from the nose. It

had a projected lateral dimension equal to 0.629 body diameter and a plan

area equal to the square of the body diameter. This particular configu-

ration was chosen because it was desired to compare the data obtained for

the flap with those obtained for an all-movable-wing model. This latter

model_ which was tested in the Ames i0- by 14-inch wind tunnel in conjunc-

tion with a separate research program, consisted of the same basic body,

with a rectangular plan form, all-movable control of aspect ratio 4/9 (for

the exposed panels joined together). The control was also centered 8.5

body diameters from the nose and had the same plan area as the body flap.

The chord of the control was equal to 1.5 body diameters, and the exposed

se_ispan was equal to 1/3 body diameter. A 4-percent-thick, biconvex air-

foil section with a _0-percent-blunt trailin _ edge was e_loyed: .......

iSpecifica!Jv, this nose is defined by the relation r _(x/" _s/4= Lnj a_d

was chosen to provide a basic body of lower than average minimum drag (see
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Neither the body-flap model nor the all-movable-wing model is
intended to represent a practical aircraft configuration. Nevertheless,
these models provide experimental results on the relative merits of the
body-flap configuration.

Accuracy of Test Results

Stream Machnumbersdid not vary more than ±0.02 from the meanval-
ues of 3.00, 4.23, and 5.05. A maximumvariation of ±0.04 existed at the
peak test Machnumberof 6.25. Stream Reynolds number for a given Mach
numberdid not depart by more than _i0,000 froin the meanvalues given in
the section "Test Apparatus and Methods."

The over-all accuracy in angle-of-attack values, including uncer-
tainties in the corrections for stream angle and for deflections of the
model support, is estimated to be ±0.2° .

Uncertainties in the measurementof forces acting on the models and
in the detern_ina_ion of free-stream dynamic pressures influenced the
accuracy of computedforce coefficients. At angles of attack up to I0 °
and Machnumbersup to 5_ these uncertainties resulted in maximumesti-
mated errors in lift, drag, and normal-force coefficients of ±0.015.
A corresponding error of ±0.030 is estimated at Machnun_er 6.25. At
angles of attack in excess of i0 °, the error increases to ±0.020 at M_ch
nuzzlers up to 5 and ±0.045 at Machnun_er 6.25. Pitching-moment coeffi-
cients are estimated to be in error by not more than ±0.020, except at
Machnumber6.25 where the value is ±0.045. Finally, it should be empha-
sized that, for the most part, the experimental results presented herein
are in error by less than these estimates.

RESULTSANDDISCUSSION

All the experimental data for the three models tested during the
investigation are presented in table I. Typical data are also presented
in graphical form in figures 2 through 4. In analyzing these results,
it is convenient to consider first the effectiveness of the conical flare
in stabilizing the basic body.

Stability of Flared Body

Conical flares similar to the one tested here have been investigated
previously (see, e.g., ref. 7), though the intent was not to reduce the
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severity of problems associated with aerodynamic heating. The size of

the conical flare used in the present tests was fixed by requiring that

the center of pressure on the body be shifted slightly aft of the midship

location.2 According to Newtonian impact theory the center of pressure

of the flared body was nearly constant with changes in angle of attack,

ranging from 56 percent of the body length aft of the nose at _:0 ° to

57 percent at _=25 ° . The experimentally determ:ined centers of pressure
are shown in figure 5 and are compared _{ith those of the basic body. s

It is seen that the flare is effective both in moving the center of pres-

sure of the basic body aft and in reducing its travel with angle of attack.

At the lower Mach numbers and angles of attack_ the center of pressure is

somewhat ahead of that estimated with in_act theory. At the highest Mach

number_ however, the estimate of 56 to 57 percent is apparently too low.

Center-of-pressure results are also shown for the body with wing. It is

seen that whereas the effectiveness of the conical flare increases with

Mach number, the effectiveness of the wing decreases (as might be expected

from thin-airfoil theory)_ becoming generally inferior to that of the flare

at Mach numbers in the nieghborhood of 5 and greater. Movement of the wing

to a more rearward location would no doubt shift the center of pressure

aft; however_ the effect of Mach number on the ability of the wing to fix

center of pressure would seem likely to remain essentially the same. Cer-

tainly, the experimental results do confirm the prediction that a conical

flare may be employed to provide pitch stability to a body in hypersonic

flight. It should also be noted that this stability is achieved with lit-

tle change in lift-drag ratio at Mach nun_ers greater than 5 since the

flare increases both the lift and drag of the body in approximately the

same proportions (see figs. 2 and 3).

Effect of Body Flap on Lift and Drag

Deflection of the body flap influences the force characteristics of

the flared body as shown in figure 6 where the variations of CL and CD

with flap deflection at various angles of attack and Mach numbers are pre-
sented. Examination of these results shows that the present body flap is

not an especially powerful control. Reasonable flap effectiveness is

attaine_ howe ve_ at low angles of attack for the hi_her flap deflections.

2With this provision; plus the assumption that the cone of which the

flare is a frustum should have the same fineness ratio as the nose (f:3),

it was indicated by Newtonian impact theory (see, e.g., ref. 8) that the

no_nal-force contribution of the flared section should be the same as that

of the nose section. In consequence of these conditions, the base diameter

of the conical flare is just _/2 times the diameter of the basic body.

SThe results presented for center of pressure were obtained graphi-

cally in the usual manner from data (see tables l(a) and (b)) on Cm and CN.
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Evidently, too_ this effectiveness is fairly independent of Mach number.

At high positive angles of attack the flap is essentially ineffective.

On the other hand the flap remains effective at large negative angles of

attack. This result suggests that the body-flap control might be most

effective in a canard configuration - one, for example_ like the nose flap

investigated independently by Lazzeroni (ref. 9) at lower supersonic

speeds. The nose flap was designed, however_ with a different objective in

mind; namely, it was intended to provide pitch control for a missile air-

frame having small lateral dimensions. It seems likely_ however, that a

canard arrangement or, for that matter, almost any arrangement with the

flap deflected on the windward side of the body _ould be unstable in roll.

Planar fins, such as those employed in reference 9_ wo_idj of course, pro-

vide roll damping.4 If stability and control are to be obtained aerodynam-

ically in the absence of planar surfaces, the body flap should be located

aft on what is normally the lee side of the body - that is, in a position

something like the one used in the present investigation. In this event_

however, the flap does not, in the light of the experimental data Just dis-

cussed, appear promising for application at high angles of attack.

Trim Conditions

The body flap deflected -25 ° influences the center of pressure as

shown in figure 7. Results are also shown for the flared body with flap

undeflected. By assuming a reasonable static marginj we can determine

the trim lift coefficients for the flared body with flap over the Mach

number range. If a static margin equal to 3 percent of the body length

at _=0 ° is taken and the results of figure 7 are usedj these lift coef-

ficients are found to vary with Mach nu_er as shown in figure 8. Vari-
ation of the corresponding coefficients for the model with all-movable

wing deflected -25 ° is also shown. It is seen that the lift coefficients

at trim for the body-flap model increase steadily with Mach number. In

contrast to this result_ the trim lift coefficients for the model with

all-movable wing decrease markedly with Mach number 3 falling below those

of the body-flap model at the highest Mach number.

The lift-drag ratios corresponding to these trim lift coefficients

are shown in figure 9 for the two configurations. The trends observed in

the lift-drag ratios also favor the body-flap model at the higher test
Mach numbers. _

4While the addition of such fins may present no problem at low super-

sonic speeds_ their addition would lead to aerodynamic-heating problems at

high supersonic speeds_ tending to defeat the advantage sought here with

the present body-flap configuration.

SThe maximum trim lift-drag ratios attainable with each control at the

various test Mach numbers might make a better comparison. However_ due to

the limited number of control deflections tested in the present investiga-

tion; it was not possible to determine these quantities accurately.
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Up to now we have considered, so to speak, only the gross effects of

a conical flare and body flap on the aerodynamic characteristics of a body

of revolution. In the interests of better understanding how these devices

influence flow about the body, it is appropriate next to discuss results
of flow visualization studies.

Flow Visualization Studies

Two types of study were made. First, shadowgraph pictures were

taken of the flow in the region of the flap and flare at Mach numbers of

L.23, 5.05, and 6.25. The model was set at 0° angle of attack with flap

deflections of -i0 ° and -25 °. (Note the model was moved downstream in

the tunnel to pern_it the taking of these pictures.) Second, the flow at

the surface was observed at a Mach number of 4.23 using the China-clay

technique 6 (see, e.g., ref. i0). Typical results of these studies are pre-

sented in figure IO. It is indicated by the shadowgraph pictures that the

shock wave produced by the flap has caused only moderate thickening of the

boundary layer forward of the flap. The China-clay pictures verify this

point and show further that the boundary layer tends to bleed around the

sides of the flap from the high-pressure region on the top to the low-

pressure region below and behind. Much the same phenomenon has been

observed in studies of boundary-layer flow over ra_ps in front of inlets

(see ref. ii). Accordingly, shock-wave-boundary-layer interaction would

not appear to play an important role in the performance of the body f_ap,

at least at intermediate to large angles of deflection.

The flow aft of the flap is apparently separated, however, as is

strikingly indicated by the absence of a strong shock wave emanating from

the upper part of the conical flare (see figs. lO(a) and (b), M = 4.23)

and by the strea_:line pattern in the China-clay pictures. This flow sep-

aration may be expected to reduce the forces on the tail cone and should_

of coursej be considered in any calculation of flap effectiveness.

With these points in mind, it is undertaken next to determine how

well flap characteristics can be predicted by theory.

Comparison of Theory and Experiment

A limited Dumber of calculations have been made to estimate the

incremental force coefficients due to flap deflection. Both impact theory

(ref. 8) and the generalized shock-expansion method (refs. 12 and ]3) were

sit was not possible to obtain resul±s for the higher test Mach num-

bers because the drying time of the fluid used in the tests was less than

the time required to establish flow at these Mach numbers.
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employed. 7 In these calculations, the interference of the flap on the

flare was determined by considering, as prescribed by impact theory

(see ref. 8), that no forces act on any part of the body shadowed from

the free stream by the deflected flap.

The results of the calculations are compared with those of experiment

in figure i] for the test Mach number of 5.05 and angles of attack +i0 °,

0°, and -i0 °. The predictions of both theories are generally in from fair

to good agreement with the experimental results at angles of attack of 0°

and -i0°. s At +i0 ° angle of attack, only qualitative agreement is obtained

with either theory (impact theory gives zero force increments since the

flap is always within the shadow of the forward part of the body). Evi-

dently_ then, neither theory properly accounts for the fact that the flap

is operating largely in the wake of the body.

The effect of flap-flare interference on incremental lift coefficient

is illustrated at zero angle of attack in figure ll(b) where results are

shown for the coefficients calculated with impact theory neglecting inter-

ference. Comparison of these results with those including the interference

indicates that the shadow concept of impact theory is adequate in this case

for predicting the interference effects. These results also show that the

interference has a significant detrimental influence on flap effectiveness.

Recommendations for elimination of this influence will be discussed later.

CONCLUDING REMARKS AND FUTURE DESIGN CONSIDEPATIONS

Results of the experimental investigation of a body of revolution

having a conical flare at the base to provide stability in pitch and fitted

with a body flap to provide control in pitch have been analyzed at Mach

numbers from 3 to 6.25. It was found that these devices do, in fact, per-

form their intended function at high supersonic airspeeds. In particular,

the conical flare was effective in fixing the center-of-pressure, location

slightly aft of the midship point on the body at Mach numbers in excess

of 4 and angles of attack up to 25 °. The body flap improved as a trim

device over the Mach number range of the tests. At Mach numbers in excess

7The initial conditions for the shock-expansion solutions were deter-

mined from pressure distributions (and shock waves) measured for a cone

having a semivertex angle of 18.93 °. (These data were obtained in conjunc-

tion with an independent series of tests in the i0- by 14-inch supersonic

wind tunnel.) The use of this procedure means, in effect, that for the

purposes of these calculations_ the blunt nose of the body was replaced

with a cone tangent to the 3/4-power profile at 1.77 percent of the nose

length.

80ne exception_ that for the incremental lift coefficient at _:-i0 °

and $:-i0°_ is noted. Although the cause of this difference between

theory and experiment is not known; it is believed that it is due to a more
ex%ensive and complex interference than considered b_ the theories.
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of about 5, the co:_ination of body flap and conical flare became superior

to an all-movable wing, providing larger trim lift coefficients and larger

trim lift-drag ratios at a control deflection of -25 o. These results

offer encouragement to the possibility of designing stable and contro]labie

hypersonic aircraft essentially free of planar surfaces which present inor-

dinately severe aerodynamic-heating problems.

Experimenta!]y determined increments in lift and drag due to flap

deflection were compared at a Mach nu<ber of 5 to the predictions of both

the generalized shock-expansion method and the Newtonian impact theory.

The predictions of both theories were found to te in fair to good agree-

ment with experimental results at small angles of attack. In the appli-

cation of the theories, it was found that consideration must be given to

the interference of the flap on the conical flare. This finding was

brought out and supported by a series of visual studies of the flow in the

region of the fTap and flare.

In general_ the effectiveness of the flap as employed in these tests

was found to be low at small flap deflections and_ more or less irrespec-

tive of flap deflection_ at large positive angles of attack (in the neigh-

borhood of 29o). It seems unlikely that flaps of this type located on the

lee side of a body offer much promise of being made effective at large

angles of attack_ inasmuch as under these circmnstances the fiaT) is

largely submerged in the wake of the body. Flap effectiveness for small

flap deflections may_ however, be improved over that obtained in the pres-

ent tests by locating the flap on a positively inclined surface rather than

on the cylindrical afterbody, such as was done here. The conical flare

provides a logical surface for this _ul_ose since this location oI_ the flap

will have the added advantage of eliminating the unfavorable efS'ects of

flap-flare interference. The resulting configuration might appear some-

thing like that shown in figure 12_ though, of course, many variations are

possible. This configuration has the same over-all fineness ratio as thc_

test body of this report, but it has a more slender nose and stabilizing

cone. This modification should, of course, increase the attainable lift-

drag ratios (see ref. _). The body flap could be employed in pairs rather

than singly , thereby permitting an increase in over-all effectiveness at

small and intermediate flap deflections by allowing the lower or wind_ard

flap to be retracted into the flare while the leeward flap is extended

away from the flare. Retraction of the lower or windward flap would_ in

effectj reduce the stabilizing effect of the tail cone and thereby permit

a further increas_ in trim lift. It is noticed_ tooj that a pair of yaw

control flaps has been incorporated in th_s design_ the assumption being

that if the body flap is effective in pitch_ it should also be effective

in yaw. s It is_ of course_ a logical extension of this control to con-

sider the all-movable tail come. Also, it is observed that some stability

9Simultaneous deflection of all four flaps would also provide a

method of controlling the body center-of-pressure location and_ hence_ con-

trollin_ the stability of the configuration.
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in roll should be provided by the extended flap. These possibilities

must, of course, be investigated experimentally to determine the extent

to which they can actually be realized.

Ames Aeronautical Laboratory

National Advisory Comrr_ittee for Aeronautics

Moffett Field, Calif., Oct. 13, 1954
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TABLE I.- FORCE AND MOMENT CHARACTERISTICS

3.00

b ,23

3.03

(a) Ba.lc bod.v _ [b} F]a_d body; 5 . 0o

r Tl-0.1460 0 5.0_, 0 00 0.101. 0 0 3.00 0 0 0.20 0 0 5.05 0 0 0.1620
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1.54& -" 9199_1 1.032 -325 1.0_2 -.50 13._ ] .7 .659 1.81.2 -.9_. _ 9.93 1._ .451 I _60 -.673

2.1_30 .914 2.56_ -1.197 1.93 1.308 .431 ].368 -.660 I | ]7.69| 2.723[ 1.174 2.951 i-I._6] iI.9_ I._ .587 1.613 -.871

2.995 1.310 3.265-1.570 S._ 2.212 .936 2.394-l.120J | 20.85| 3.]81.I 1.652 j 3.751-_.061 18.24 _.6011.042 2.797-|.517

3.820 i._i 4.300-2.12.5 0.25 2.592 1.154 2.794-1.326 l 121..m| 4.05812.m8 5.567 -2.57_ 20.26 2.9971-333 3.2?3-_.825

22a 2.9¢311._m I 3.2221-1.5_I | I | ] m.3o 3.4_ _._ 3.816-2._56

o.113.11,o o oi 231oloi 7oo.122 .i17 -.oho 6.2_ O 0 .i17 0 0 1.01 .078 ._11 .0_ -.ohh 5.25 0 0 .14(_ 0 0

.189 .139 .195 -.066 2.00 .i08 .126 .112 -.04 2._'Y_ .I_ .216 .158 -.078 2.00 .191 .155 .211 -.121

.352 .154 .361_ -.134 2.88 .189 .133 .196 -.oS3J I _.951 .88q ._ .9"_4 -.*,_ 2.89 -D& .i;5 .326 -.224

.609 .19"' .629 -.21_ 4.89 .3,'5_ 172 .388 I -.1891 | 9 99| 1.183] _ 9 1 23 _ - 628 h 89 %3._ /207 .5_9 -.342
•_5 .22 .779 -.341 6.89 .528 I .211 .549 -.25_J | 12.03| 1.5121 .546 1.593 ..8_ 6.90 .:3C .2_ .756 -._:

1.033 .310 1.0'1 -.482 7.87 .722 -235 -_'_7 -.3681 | 18.41 | 2._051 1.]6a 2.944 -1.632 7.88 1.039 .297 1.070 -.6>.)

1.328 .1.18 1.385 -.634 9.88 .951 .29o .9_7 -.5ohI | 20.47| 3.c_l 1.467 3.415 -1.89_ 18.03 2.3",'_ 1.2oi 2.631 -1.546

2.333 .934 2.509 -i.e06 1.89 1.181 _ .390 | i.23 _ -.6531 | 22._'2.| 3.508| 1.79¢ | 3.906 -2.179 20.15 _.71=_ l.h7_ 3.096 .1.814

2"698 I'1732'938 "1"_34 B'I3 i"_81 "8262"952 -'93_I I I / / 2_.162.9071.7593.396 -I._43.041 1.440 3.360 -1.6572.15 i2.5640'I_i 2.202 1.01.01.!i_96J !_!!i I-i.3_2.1_2% -1.1=.9

.4.o_ 2..-'6o -4.57_ :_.3o -3.3_7 ..9o2 -3.856 _.13713.o_ -2_-.o91-_.1_8 2.?81 -1.._ 2.655 _.o5-2_.31-3.5_'1_'.523-4._39 2.339

-3.31_ ].7o2 -3-735 _.27 -3.oo7 -'%3 -3._3 181*7| -'2o.9_]-3.540 2.1_, -_.o_ 2.2ol -2o._9-3.2461_.183 d.8o_ 2.1o8

-2.6_7 I._50 -2.9150 l_.2b -2.628 -_9 -2.893 1.580| -17.75 I -_.92_9 1.707 -3.310 1.764 -18.26 -2.930|1.864 -3.367 1.873

-I.545 .670 -1.6_i 11.95 -1.5 bA .640 -I.647 .876 | -13._ I -2.033 1.157 -2.245 l.l_l -I].97 -1.9381.066 -2.;17 i._00

-1.117 .531 -1.193 "9.92 *].212 .499 -i.2_0 ._i| -10.14 I -1.424 .886 -1.558 -803 -9._'_ -1.6141 -863 -1-73q ._3

-.747 .438 -.801 -7.91 -.9_ .390 -.972 .4_6| -7.061 -.989 .729 -1.071 .592 -7.9_ -1.3"11 .701 "]-_9_ .802

-.633 .422 -%79 -6.92 ..s._ .344 -..q62 ._7_| -5.01 I -.760 .659 -.815 .5_9 -6.91, -1.2131 .6:7 -1.277 .782

-.395 -387 -.1.27 -1..91 -.560 .289 -.5_3 .320| -2.98 I -.591 .617 -.602 .378 -4.93 -.9201 .512 -.960 .60"2

-.232 .3_.0 -.L:_1 -2.90 --3_ .2hh -.3_1 .197| -2.12 [ -.523 .57 h -.5h_ .349 -2.91 - .6"_, .451 -. 7(M) .463

-._ ._b 3 -.18h -2.02 -.]69 .224 -.176 .C_7| -I.C�J -.4_9 .561 -.459 .312 -2.03 -.544 .4_ -.5_9 .hOD

.330 -.;02 -I.01 -.101 .21_ -._04 .032 I -.07 I -.367 -544 --368 .266 -1.03 -.455[ ._12 -._62 .351-10'26 -323 -.026 0 -.018 .19'_ -.018 -.006 .9_ -.L_92 ._30 -.2P3 -230 -.02 -.31.4i .368 -.3_h .282

.01.9 .327 .091. 1.01 .0_3 .199 .0_ 7 -.060] ].98] -.]9_ .513 -.180 -177 .99 -.2121 .354 --L_06 .197

.120 .322 .132 2.01 .172 ._ .I79 -.lOb: 2._] -.I_ ,524 -.09¢_ .066 2.00 -.0971 .347 -.(_'q9 .ii0

.353 .359 .383 2-89 ._9 .227 .300 -.166 [ h.90] .°69 .506 .I12 .(Y26 2._B .0381 .346 .055 .013
.562 .379 .603 4.91 .500 .2_6 .521 -.280 6.91 .300 .524 .36] ..089 h.90 .302[ .31.3 -330 -.ihi
.681 .h01 .731 6.92 .76_! .307 .799 -.i_34 10.01 .791 .616 .f_K6 ..380 6.9] .590 .375 .63] -.308

1.202 .h30 1._ -.674 17.65 2.630 I._64 2.890 -1.556 11.94 1.472 ,_ 1.182] .071 .490 i._0 7.92 .904 .321 .939 -.492 13.17 1.514 .792 1.654 -.899 9.92 1.1151 .h_O ..61,2
1.502 -607 1997 9.92 1.563 -._63

LI.94 1.52] ._67 1.606 -.874 J 20.8! ! 3.2901.683 3.673 -1.99_ 1824 2631! 301 2.5_6 -1.653

-3.493 1.9_2 -3-995 23-98 _ 3.933 2-136 h.h6! *2._3b 20.27 3-0271L.5 r:_ 3-393 -I .9_9

-3.117 1.570 -3.t_9 _2.16 -2-929 .71'9 -3.373 1._6& I 2"227 3 _Ohl 923 3-279 .2.235
-2.747 ].2Rk -3.012 _0.14 -2-5_3 .hOP -2.917 1.626 1,.23 =22.57 -3-7382-539 -4.427 2.471 i

-1-539 .620 -_.63n 18.13 -2.2_'q' .120 -2.513 1,387 -_D.51 -3.3399.183 -]._93 2.152 _ 29 -22 6 -3092!_ & 5 -3.775 2.13D

-1.213 .481 -1.278 I!.89 -I.402 .6,Oh -1.497 .8271 -18 hSJ -297818_8 -_ 407 I P_ -20.15 -2.78112.C62 -3.321 1.903

-.904 .384 -.949 -9.88 1 "'I ........
-I.109 .1,66 -1.172 .626 -12.(]_' -1.0].5' ].023 -2.667 1.156 -18.14 -2.50811.762 -0.932 1.68]

-.626 .350 -.664 -7.87 -.818 .361 -.P_O ,k_ 10 O_ i _'n_ 8_ ] 69 _ Q40 "1].91 -1.821:L.0D2 "I._99 1.227

-.1.51. .285 ". "6.90 --71_ ._65 -.,40 .1.13 -7-99 -1.247 .690 -1.3 I .71,I -9.90 -1.514_ .831 -1.63k 1.009

-.t_2 .LA_7 -. "4"S9 "" 9]- "t_9 "'50_ 'P_'_ -6-99 -i.115 -623 -].]82 .696 -7-89-1.214 i .6_6 -1.292 .8i7

-.]86 .21,3 -.194 -2.[59 -.31_ .197 -.327 .212 -1, 96] - 817 939 . 860 514 -6.91 -1.136 i .612 -1.202 .769

-.]00 .239 -.I_5 I .648-0.00 -.111 .169 -.i11, .060 -_.91. -.6_! .I_1. -.648 .hl_ -490 - 913 503 -.993
-.016 .238 -.016 -.017 .153 -.017 .rOT -207! - 524 ! I_ " 541 357 -2.89 -.61_ I .409 -.668 .471

.067 .241 .072 1.00 .0_, .161 *_2 -.046 I -I .05 | -.437 I .I#61 .. 41,5 -309 -' CO - 387 = -331 --393 -347

.lh2 -21.5 . 50 2.00 .177 .i_6 .181, -'076 I - 04 I - 3_I ' _39 - 34 293 0 -.261,1 .293 -.264 -273:

.233 ,29_ .246 2.80 .k%_T .196 .296 -.I94 /98 -.239[ ._10 -.232 ,193 i._ -.1!6 .277 -.1]1 169!

._2 .2_7 "500 -'_ L99 -,1_0 .409 -.1_ .137 2,88 ,140i .247 ,153 -.0'_I

.67_ .30_ .7]0 6.90 -703 2al -73 -.1,33 288[ - 01.7 409 - 026 077 4.89 _27 I _2 ._45 ..20211.115_76._393_'_.,4__°2 9._7_.8o_?._ ._?-%, 1,:_ >.60:3_5 :_93_:0_ 6._0 .6_1.27, .703.._62_
.1 .372 i. 9 -.61 7.921 -635 .435 .689 -.314 7.87 .81 -338 .852 -.481

1.453 .551 1.515 9.97] 1.009 .509 1.082 --51,9 9.88 1.0_7 .t_!5 1.112 -.63512.01 _.393 .615 l.h�l -.779 11.89 !.h_o .53 F 1.40_ -.83_

| 18 41 _ 691 289 296 - 664 IB.13 2.310[t.135 2.549 -1.50

I I I .........7,20.1.6 3.090 1-5_5 : 3-439 -1.939 20.I_ 2.f_% 1.2_)2

•5322
22 52 t _0 i 877 3 9 ?-223_ 22.16 3.023 1378]-1.9h5

" "122J__2_ I " ___

_m



14

4P 4 i • • • lip i V • v w !

NACA RM A54JI3



NACA1_ A54JI3 15

(a) Photograph of models.
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Figure i.- Models.
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(a) Shadowgraph, M = 4.23; 8 = -i0 °.

(b) Shadowgraph, M = 4.23, 8 = -25 °.

Figure i0.- Flow visualization studies (_=0°).
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(e) Shadowgraph, M = 5.05; g = -i0 °.

(d) Shadowgraph, M = 5.05; 8 = -25 °.

Figure i0.- Continued.
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(e) China clay, M = 4.23; 8 = -i0° (top view).

A- 19584

|

(f) China clay, M = 4.23; _ = -25° (top view).

Figure i0.- Concluded.
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