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ABSTRACT

Static and dynamic pitching moment measurements were madie
on a family of constant—voluame eiliptic cones about two fixed
axes of oscillation in the NAE heiium hypersonic wind tunnel at
a Mach number of 1. and at Reynolds numbers based on model length

of up to 14 x 106.

Viscous effects on the stability derivatives were invest-—
igated by varying the Reynolds number for certain models by a

“actor as large as 10. The models investigated comprised a

o . . . . .
7.75 circular cone, elliptic cones of axis ratios 3 and o,

ard an elliptic cone with conical protuberances.
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1.0 INTRODUCTION

No information is at present available on the dynamic
stability of high lift—drag ratio configurations at hypersonic
speeds. Such configurations, of course, are of immediate
interest for application to scme versions of the shuttle space-
craft and, at a later date, to the hypersonic aircraft. Infor-—
mation is needed to determine whether the dynamic stability of
such vehicles can be provided by purely aerodynamic means oOr
whether artificial stability devices have to be employed; in
the latter case, knuwledge of the inherent stability character-
istics way be requircd for ar optimum design of an artificial

stalLility svstem.

To establish the significance of the problem, a flight
mechanics anaiysis must be uindertaken, based on a realistic set
of aerodynamic characteristics of ¢ typical configuration. For
very simple geometrical shapes such as ~irculer cones, such
characteristics cun usually be provided analytically without
any difficulties. lHowever, for more complex geometry, such as
may esult from a simultaneous consideratior. of requirem2nis
- of  high lirt | low draag, satisfactory trim and static
stability, and practicAal volume distribution, ‘he analytical
prediction of the aerodynamic characteristics, and particularly
of those r-lated to the unsteady flight coniitions, may become
very complicated or «lse not too accurate. lHowever, tne aero-—
dynamic characteristicz may also be obtainca experimentally,
for example, by static and dyvnamic tests in a hypersonic wind
tunnel. Once a suitable experimental technique has been developed
and checked cut on simple models, the same procedure may be used

for nttaining date on a wide variety of ccnfiguration geometry.

This report presents the results of dynamic experiments

performed 5.1 a series of elliptic cones .n a hyp-rsonic heliun




wind tunnel. The experimernts consisted of oscillatio: in-pitch
about two axes and were performed &+ ‘ach number 11 in a wide
range of Reynoids numbers. Recent ly—constiructed experimental
equipment was empioyed, which is particuvlarly suitable for testing
hypersonic lifting configurations. . he models were selected in
such a way that they were of a simple enough geometry to later
permit analytical caliculations and at the same time had Tift-

drag ratios representative of typical hypersonic configurations

of practical interest. Three of the mdydels chosen had previously
been tested elsewhere and their steady aerodynamic characteristics
at supersonic speeds were known.

MODZLS

—— s

2.1 Geometry

The models investigated constituted a constant—volume
family, viz, ail were ot the same length and base area, see Fig. 1.
Three of the models were geometrically similar to those of
Ref. | and consisted of o circular cone and two elliptic cones
5t increasing eccentricity. The fourth body was basically of
an ¢liiptic cross—section but carried conical protuberances at
the top and bottom, the profile being given by a fourth order
even cosine Fourier series. A body of this cross~section had
teen employed at ithe NAE for supersonic and hypersonic flow

field investigations on conical bodies (Rer. 2).

The scale of the models was chcsen such that the largest
maijor diameter was still within the diameier »f the inviscid
core of ithe nozzle test section. Model designation followed
tha' o Ref. 1 with the further designation of 87 given to the

Fourier uocdy.

2.2 Model Construction

Fxcept for the circular cone, a computer—-progcammed

milling machine was used to produce the external and internal




profiles. Details of a typical mcde! are given in Fig. 2. The

internal surface was machined first and this was done in the

following manner: The model was s1.- along the maior axis up

to the solid forebody and the two halves were milled out, the

final finish being that produced by the milling cutter. The

two portions were then silver-soldered, the external profile

cut and the final finish obtained by hand-polishing. The base

of the solid forebody was then milled flat and adaptor mounting .
holes were tapped into the base. Il.ocai internal pads were left

at the rear of the shells of models B1l, B3 and B4 for attach-

ment of brackets connecting the models to the driving mechanism,

A photograph of the completed models is s1own in Fig. 3.

2.3 Model Mounting

Details of model mounting is given in Ref. 3 which describes
the new dynamic stability apparatus that was used for this
investigation. ©One of the stings and the adaptors for the two
axes of oscillation are shown in Fig. 4; the adapturs above the
sting relate :o medel Bl, those below to 1> other models. The
dimensional relationship beiwcen mndel, st 'rg and sting support
are given in Fig. 5. The general mounting arra..jement in the
tunnel nozzle is shown in Fig. 6,while detailed views of the
model installation in the test section are g:ven in Figs. 7, 8

and 9,

3.0 WIND 7TUNNZEL

The tests wevte performed in the helium hypersconic wind
tunnel facility described in Ref. 4, at a rominal Mach nuaber
of 11. The nozzle used had a test-section diarmeter of 11 inches
and an inviscid core diameter cf at least 6 inches. A photograph

of the wind tunnel is shown in Fig. 10.

The stagnation pressure was varied through a maximum




range of about 150 to 1600 psia giving a Reynolds number variation

6 .
»f about 1.5 to 14 x 10 based on body iength. The resulting

Mach number distribution in thes plane of model osciliation at
three longitudinal stations in the nozzle is given in Fig. 11.
The variation of the mean Mach number at the test-section centre

line with stagnation pressure is shown in Fig. 12.

The helium was pure to within 99.996 percent (by volume)

or better.

4.0 EXPERIMENTAL EQUIPMENT AND PROCEDURE

A new wind tunnel apparatus for dynamic stability experi-
ments, described in detail in Ref. 3, was used fur the measure-
ments., In this apparatus the mohdel is sting-mounted from the
rear and attached to the sting by means of miniature friction-—
less flexural pivots. The main stiffness of the oscillatory
system 1is provided by a pair of gimbal springs mounted on the
outside of ei‘her sidewall of the tunnel and attached (via
another flexural pivot)} to the base of the model by pre-stressed
piano wires., A specially designed electromagnetic driver imparts
the oscillatory motion to on2 of the springs, while 2 linear
variable displacement transducer records the motion of the other
spring. The main advantage of the new apparatus is that 1t requires
only very little space inside the model and hence permits testing
of very slender models. A schematic of the apparatus mounted in

the NAE helium v.ind tunnel is shown in Fig. 0.

The frequency and logarithmic decrement were obtained
from Dampometer readings using the method of free oscillation
with automatically recycled feedback excitation described in
Ref. 5. The plane of oscillation was parallel to the minor
axis of the model. Two positions of the axis of oscillation
were used, one at 50 percent of the moudel lenath from the apex

and the other at 65.3 percent. These positions were obtained

using two stings and two adaptors of different lengths which




kept the model in the same position relative tu the test section
and also relative to the sting support. The actual centre of
gravity of all the models was located between the two axes of

oscillation.

All tests were performed at a model mean incidence of
zero degrees. Maximum amplitude of oscillation was + 1.5°
with measurements being made during amplitude decay from + 1°
to + 0.5°. Test frequencies varied from 33 to 41 Hz (k=0.013 to

0.016) Jepending on model, axis position and stagnation pressure.

Model base pressure, test-section pitot pressure and
tunnel stagnation pressure were measured with pressure trans-—
ducers located outside the tunnel. Stagnation trmperature
(approximately room temperature) was measured with a copper- /
constantan thermocouple in the centre of the settling chamber.
The output of these instruments were registered on strip chart

potentiometer recorders.

Run duration varied from about 5 to 10 seconds depending
on the rate os model damping (i.e. depending on the particular
model and stagnation pressure), ona damping cycle taking place
per run. Ten wind-off tare readings were taken immediately

before and after each run when the tunnel was a low pressure.

The output of the motion transducer (see Ref. 3) was
also fed to an oscillograph (Visicorder) to ascertain that, for
all practical purposes, the damping was constant in the amplitude
range being .nvestigated. The pitot pressure was also registered
on another channel of the oscillograph to ensure that the tunnel
flow uniformity was satisfactory during the period of damping
measurement. Another oscillograph (Sanborn) was used for
recording (1o a much smaller scale) the motion trace during the

initial setting up when the model or axis of oscillation was

changed.




6. 4

In order to assess the effect of the sting cross-—sectional
area on the resuits, the dimension of the sting in the plane of
oscillation was increased by bonding two strips of lucite along
the flat sides of the sting. This increased the cross-—sectional
area from 0.42 to 0.70 in.z, i.e., by 2/3. The etfect of this
increase was found to be within the scatter of the results for both

the base pressure ratio and the derivatives.

The sting was observed 1o oscillate slightly Jduring the
experiments. This motion was then measured using strain gauges
bonded to the sting. The sting oscillation was found to be
practically the same during the calibration and wind-on coaditions,

- had the same phase and frequency as the model oscillation and
produced an effective shift rearward of the axis of oscillation.
This shift was sc small that no correction of axis position itself
was deemed necessary; however, it affectaed the statically-calibrated
value of the angular mechanical stiffness of the system Liy about

5 percent, which was taken into account in the data reduction.

In the present experimental apparatus the pitching oscill-
ation of the model was excited by imparting a transiational
oscillation to the system along an axis normal to the longitudinal
avis of the tunnel. This oscillation in turn induced vibrations
of the nozzle structure which were evident when the apparatus was
firs+t instailed. The effect of these vibrations was to increase
the tare damping of the system and to degrade the repeatability of
the damping. This interference was reduced considerably by rotating
the nczzle about its longitudinal axis to an optimum angular position,

- by adding lateral supports to the tunnel stiructure and by modifying
the nozzle mass distribution by the addition of ilead weights. A
further refinement was achieved by introducing hard rubber gaskets
between the gimbal springs and the nozzle wall and between the down-
stream flange of the nozzle and the upstream flange of the diffuser.

With these improvements the vibration effects were reduced to an

acceptable level.




5.0 DATA REDUCTION

The definitions and derivations given in this section are

gimilar tc those in Ref. 60, but are reproduced here for convenience.

5.1 Static and Dynamic Derivatives

The expressions for static and dypamic pitching moment
derivatives are, respectively, as_ foljows

C 2M 8 1(v" - v
2 m 3 ( 0)

pVQSi
C 4V
° 8

pvef?

A8

.
i}
o

L
2(§V)

M

1 2

pitching moment

free—stream dynamic pressure

base area of model

model length

moment of inertia of oscillating system

angle of oscillation in pitch about a fixed
axis, and its first derivative with respect to
time.

logarithmic decrement

cscillation frequency, Hz

vacuum condition

The terms in the square bracket of Eg. (2) indicate
that the damping is assumed to be viscous and hysteretic in

equal proportions (see discussion in Ref. 7).

Eqs. (1) and (2) were programmed fcr computation using an
IBM OS 360/50 CPS facility.
With pitching moment results available for two axes »f

oscillation the corresponding 1ift derivatives can be calculated,

as shown in paragrapn 5.2. The static and Aynamic 1ift derivatives

~are defined as follows,



1 2
Ep\, S

L = lift force

The reduced frequency of the motion is defined as

k = 2_‘.”./ = ___Tt‘\J]l (q‘)

where « = circular frequency, rad./sec.

For y = 5/3, TO = 54OOR, M 2 7 and with £ expressed in
-]

inches, Eq. (5) reduces to

K w 4.5 x 10° v/ (6)

5.2 Axis Transfer Equations

»

When the first—-order pitching moment derivatives (Cm
8
and Cm ) are known about two axes, it 1is prssible to determine
9
the corresponding first-ordexr 1lift derivatives (CL and CI-) and
3 ]

to calculate the first—order moment derivatives about any other

axis, provided the frequency effects are negligible.

Consider three axes "1'', '""2" and "3" starting from the
rear of the body, at distances Xy X, and X respectively, from

the apex, the distance between successive axes being expressed

firet order with respect to frequency.
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9. ’
as x and X,p0 and Xy 5 being defined as X153 = —(x32 + x2i)'
We have, from Ref. 6: ¥
x
.
c  =c -2 ¢ (7)
me me ) Le
2 1
L]
2
X, 2x X
Cn. =S, —-Z—l- . ¢ ;1 c. —2(—;'-5) C. (8)
a
<:Le =CL9 =cLe (9)
2 1
2x
- C, =C ., + 21 (10)
“é LB [ Le
2 1
X X. x X, o X_ . X
2
—Z-?lcm +71'2Cm- +-—z-5cm =g 3 ;l 130L (11)
9, 6, 3 L 8

By letting axis '3' be at the apex, the

this position can be obtained.

5.3 Correction for Spring Surging

The effect of spring surging, discussed

to increase the value of C and C by about
- m. m
A 9
6.0 RESULTS
All the results are listed in Table 1.

derivatives about

in Ref. 3, was found

0.4 percent.

Typical amplitude

decay curves for tare calibrations and runs at various stagnation

pressures obtained from the oscillograph records are shown in

Fig.

within the amplitude range investigated.

13; these indicate that the damping was indeed quite constant




10.

6.1 Effect of Reynolds Number

Tne derivatives (-Cm ) and (_Cm ) for all four models and
L]
8 2}

for two axis positions on each model, are plotted in Figs. 14
’ g

to 17 as functions of the free—stream Reynolds number.

The base pressure for all models is given in Fig. 18,

again as a function of the free-stream Reynolds number.

For an easier assessment of the effect of Reynolds number,
the data of Figs. 14 to 18 are combined for each model in Figs.

19 to 22, inclusive.

6.2 Effect of Cross—Sectional Axis Ratio

The derivatives (-Cm ) and (—Cm ) for highest value of the
Reynolds number are plottedefor all th% models and for both axis
pcsitions on each model in Fig. 23 as functions of cross— sectional

axis-ratio.

The pitching moment derivatives about the apex and for
the same Reynolds number as above are plotted against the cross-—
sectiional axis ratio in Fig. 24. A similar plot rfor the lift
derivatives C[ and CL is shown in Fig. 25. 1In calculating the

L 5

apex derivatives it was assumed that the axis transfer equations
of paragraph 5.2 applied since, for the present low values of the
reduced frequency, the effect of second order derivatives, which

was discussed in Ref. 6, can be considered negligible.

7.0 DISCUSSION

7.1 Reliability of Results

As partly mentioned in the preceding paragraphs, several
possible sources of experimental error were carefully examined.

This included the possible effects of sting interference, sting

oscillation, tunnel vibration and spriing surging. Some of these




11.

effects were found to be withinr experimental scattexr; for others
corrective measures were introduced. In addiiion, the efrect of
lateral loads on flexure pivots ‘such as could result i{rom the
aerodynamic dra, on the model) on the calibration values of the
apparatus stiffness and damping waz measured and ound negligible.
The effect of the flow on the model support wire: was kept (o a
minimum by the use of wedge—shaped cantilever wire shieids (not
shown on Fig. 6) mounted on the walls. Possible errors in pressure
readings were controlled by recording =several pressures and verify- + |
ing their ratios. The purity of helium was monitored and .ound

always within acceptable limits. The amplitude range for which

the free oscillation results were representative was carefully

controlled and always maintained at a constant value. In addition Y
to the automatic data processing, the time-histories of at least

two oscillation decays for every model and axis—position combination

were also analyzed manually, confirming that in all cases the

damping was fairly constant in both the calib:iation and tunnel-run
conditions. Finally, as mentioned before, precauticns were taken

to render the effect of axis position independent of the model .
lacation in the tunnel and of the model-sting configuration by

retaining the model always in the same position with regard to

both the test section and the sting suppoxt. Thus the results

obtained and their variation with Reynolds number and with the

axis position for the different models appear trustworthy.

However, as always with this type of experiment, a certain level

of scatter must be accepted due to the inevitable presence of

flow fluctuations and structural vibrations. Some scatter could

also be attributed to the presence of a transitional (and hence

not strictly repeatable from run to run) boundary layer on the

mndels in certain experimental conditions.




7.2 ©Effect of Reynolds Number

Experiments on model Bi were carr od out within the full
available range of Reynolds number; which, at a nominal Mach
number of 11, was between 1.5 and l4 million ror a 9 inch model.
The resulting variation with Reynolds number ot the derivatives

C‘p and C and the base pressure ratio pb/p (see Fig. 19) may
Y Q r‘ [yl

e 4t
be compared with similar data , reported in Refs. 8 and 9, for a

10° semi—-angle cone at supersonic and hypersonic Mach numbers in
air. It was shown there that the occurrence of boundary layer
transition at the base of a conc could be determined by studying
the variation of the cone base pressure ratio with Reynolds
number. As long as the boundary layer over the :ntire model
remzined laminar, the base pressure ratio was found to decrease
with increasing Reynolds number. Jiransition at the model base
was generally found to occur at a value of Reynolds number slightly
less that that at which the base pressure ratio first began to
level off. At lower Mach numbers .nis onset of transition was
also associated with the occurrence of a maximum value in the

variation of the derivative (-—Cm ) with Re ﬁ’ and a minimum
Oy

3

value in the corresponding variation in the derivative (—Cm ).
3
At higher Mach numbers the development of these maximum and minimum

values was shifted towards higher Reynolds number.

The variation of the present results for model Bl with
Reynolds number, as shown in Fig. 19, shows the same chatracteristic
trends as discussed above; con that basis and taking into account
that the Mach number of the present experiments was as high as 11,
it may be expected that the onset or boundary layer transition at

the base of model Bl probably occurred at the value of Re Z some—
D,

» 1t may be noted that our notation Cm and Cm is equivalent to

the notation Cm and (Cm +Ch ) respectivgly, of aLhese references,
a q a
if the latter are based on the model length.
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*
where between 3 and 4 miliien . Hence on’ly the data points

obtained at the lowest two values of Rom F; may be coensidered
b
representative of a laminar bouncu:iy 'aver over the entire cone;
the remaining points represent a Iocundary layer which 15 partly
laminar, partly transitional an:. pcussibly partly turbulent. At
the highest value of Rew,ﬂ the results obtained should be
’
approaching those which might be expected for inviscid 1inw

conditions.

On elliptic cones the main contribution to the pitching
moment comes from the central regions of the upper and lower
surfaces, rather than from the areas on the sides. For cones
of constant length and volume, the flatter the cone, the smaller
is the flow derlection in these regions and the higher is the
corresponding local Mach number, as shown in Fig. 26. Assuming
that the boundary layer transition oun elliptic cones cccurs at
approximately the same local Mach numbers as on circular cones,
1the average local transition Reynolds numbecs in the central
regions of modeis B3, B4 and B7 may be slightly higher (say 10
to 20 percent) than cn model Bi. Since also the averag? ratio
of the local to the free—stream Reynolds nuvmber is slightly lower
for these models {see Fig. 27), it follows that the average rree-—
stream transition Reynolds number ror models B3, 134 and 87 may
be higher by some 20 to 60 percent than the corresponding figures
for model Bl. Hence the transition at the base of those models
probably nccurs at free—stream Reynolds numbers not exceeding
5 to 6 million. Thus practically all the results obtained for
models B3, 34 and B7 represent transitional or even turbulent
flow conditions in the wvicinity of the model base. l!lowever,
except for the results for model B3 at the forward axis position,
no significant variations in the (-C_ )-curve, such as were

Mo

A
observed for model B1, can be distinguished.

» This also agrees very well with the summary plot of Ref. 11,
which for the present conditions of a local Mach number of 7.43
and a unit local Reynolds number of 0.57 million predicts a (Re ) .

o' transition
of 3.4 million. (The ratio of the local to the free-stream Reynolds

number is taken here as 1.47 - see Fig. 27).

-t i " —— S—— — : - -
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For the axis positions used in this investigation the
effect of dynamic viscous pressure interaction (see Ref. 10)
nay pe expected to reduce the values ol derivative (-C ) as
. ma
1 handl - T v
long as most of the cone 1ig in a fully laminar or fully turbulent
bouniary layer. In each of these cases the efrfect shouid, of
course, become smaller as the thickness of the boundary layer
decreases. This is confirmed by the present results where

derivative (-—Cm ) is seen to increase with Reynolds riumber in

two representative cases: (a) for model Bl at the two lowest
vaiues of Re g’ when the flow is expected to be laminar over
the entire coﬁe and (b) for models B4 and B7 at the higher end
of the Rem’g—range where the flow is expected to be turbulent

over the rear portion of the cone.

1+ may be expected that the effect of transitional
boundary layer will be more pronounced for forward positions of
“he axis of oscillation where the moment arm to the important
region close 1o the model base is the largest. This is well
iitlustrated by the recults for models Bl and B3, where a well-
defined peak in the (—Cm J~curve is clearlv visible for the
forward axis position. A’ similar but smaller peak app:ars for the
rearward axis position for model Bi. However, no such effect
can be distinguished for the rearward axis position for model B3.
n view of this, the sharpness of the corresponding peak for the
forward axis position for that model is quitce surprising. No

explanation can be offered at the present time,

Except for model Bl, where the (ow )~curve exhibits a

minimum in the same general range of Reynolds number in which

the (—Cm.)~curve goes through a maximum, (and which agrees with the
proviOUSQy—cited references ), no significant variation with Reynolds
number can be distinguished in the (~Cm )-curve for the remaining

9

models.

* Ir this connection the rear part of the cone is the most important,
partly because of the larger area and partly because of the thicker
boundary layer.

AR S e alfiR SERE~ i
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.3 Lkffect of Cross—~Sectiunal Axis-Ratio

Because of rather large eftects of Keynolds number on
some of the results obtained and because of the different way in
which these effects manifested themselves for different models,
no general cross—plotting of the r2s5ults as rfunctions of the
cross—sectional axis—-ratic was considered practical. Since
however, as previously mentioned, the results obtained at the
highest value of Reynclds number could be considered as approach-
ing the inviscid values, such a cross—plotting was undertaken for
that particular set of results. It may be seen in Fig. 23 that
the derivative (—Cm.) for both experimental axis positions and
the derivative (-Cm ) for the forward axis position increase with

8

the cross—sectional axis-ratio, while the derivative (—Cm ) for
[8)

O

the rearward axis position shows a slight decrease. The results
for model B7 are also included in Fig. 23 and exhibit good agree-—
ment with the curve for the elliptic cones in the case of derivative

(~Cm ); however, the values of derivative (—Cm.) are somewhat
2 B
higher than those which would be expected for a strictly elliptic

cone with the same cross—sectional axis-~ratioc.

From the experimental pitching-moment derivatives the
atatic and dynamic lift-force and pitching-moment derivatives
about the cone apex were calculated, using axis transfer equations
listed in paragraph 5.2. The results are plotted in Fig. 24 and
25 and show in all cases {including model B7) a smooth increase

with cross—sectional axis-—-ratio.
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892 | 11.41] 8.10 —— | D.01697 | 39.6 0.580 | 0.642 |
991 | 11.5! 8.95 0.439 | 0.01674 | 39.7 0.703 | 0.6144
1037 | 11.5| 9.36 — | 0.01677 | 39.8 0.839 | 0.648 |
1042 | 11.5| 9.36 0.446 | 0.01683 | 39.8 | 0.836 | 0.653
1052 | 11.5| 9.45 0.444 | 0.01653 | 39.8 0.821 | 0.642

B4

o

.50

996
1106

991

1210

11.5
11.5

11.5

11.6

8,97
9.90

8.95

10.80

0.458
0.464

0.465

0.474

0,01631
0.01652
0.0L1582
0.01578
0,01570

0.01728
0.01697
0.01679
C.01668
0.01648
0.01638
0.01634
0.01619
0.01578
2.01526

0.01665
0.016139

0.01621
0.01611

~.01600
0.01579
D2.01539

33.8

33.8

39.3

39.5
39.7

39.7

40.0

0.418
0.418

0.490
0.514
0.486
0.546
0.534
0,580
0. 604

0.028

0.024

J.847

0.849

0.852

0.856
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‘ x10 g 3
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