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Half- and Full-Model Experiments on Slender Cones at

Angle of Attack

K. J. ORLIK-RUCKEMANN,* J. G. LABERGE,} AND S. IYENGAR}
National Aeronautical Establishment§, Ottawa, Ontario, Canada

An evaluation has been made of the angle-of-attack range at which experiments on slender sharp cones can be
performed using half models. The evaluation was based partly on a coniparison of surface flow patteriis over
full and half models, partly on the measurement of the static side force on full models at zero yaw, and partly
on a comparison of oscillatory pitching results obtained with full and half models. Most of the results were
obtained at a Mach inumber of two in the range of angle of attack between 0° and 30°, but the static side force
was also measured at Mach numbers between 0.5 and 0.8. In all cases investigated it was found that up to an
angle of attack of at least 15° no significant side force could be detected on full models, and that the pitch dam-
ping results and the surface flow patterns (with the exception of the primary attachment line) obtained on full
and half models were in close agreement. The half-model technique appears therefore suitable for oscillatory
experiments on slender cones (and probably on other similar geometries) at angles of attack at least up to 15°,
at low supersonic speeds. Application to higher speeds, however, may very well require special corrections

for tunnel-wall or reflection-plate boundary layer.

Nomenclature

C. = (pitching moment)/(qS7)
Cop = 0C,,/20, static pitching moment derivative
Ché = 6C,,,/6(19/2 V), pitch damping derivative
Cy = (normal force)/(g.S)
szo = aCN/ 30 .
Crne = 0Cx[0 (1612V) -
v = (side force)/(gS)
k = mvl|V, reduced frequency
! = model length
q = freestream dynamic pressure
S = base area of the model
V = freestream velocity
xo = distance of axis of oscillation from cone apex
o = (mean) angle of attack
0, 6 = angle. of oscillation in pitch about a fixed axis, and its first
derivative with respect to time
6. = cone semiangle
v = oscillation frequency
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Introduction

IOR some wind-tunnel experiments the presence of a sting

at the rear.of a model may constitute a source of significant
error. - Alternative techniques to the conventional sting sup-
port are therefore of interest. One such technique involves
the use of half models. Its application to oscillatory experi-
ments at zero or low angles of attack (5°) was recently dis-
cussed by two of the present authors.*->  Since the interest in
oscillatory experimerits at higher angles of attack is rapidly
increasing, an investigation was undertaken to determine the
range of angle of attack in which this technique may be ex-
pected to give satisfactory results. Since any half-model
technique can only be used when the flowfield is symmetric
and similar to that on a corresponding full model, an exami-
nation of these aspects of the flow constituted an important
part of the investigation. It consisted partly of measurements
of the static side forces on full models at zero yaw and partly
of a surface-flow visualization study on both full and half
models.” As a result, it was possible to determine the highest
angle of attack at which the flow over a full, unyawed model
still was symmetrical and at which the pdtterns of the flow-
separation and flow-reattachment lines on full and half models
still were in good agreement. The investigation was conclud-
ed with a series of oscillatory experiments using both full and
half models, from which the static and dynamic pitching mo-
ment derivatives were determined. Most of the work was per-
formed at a Mach number of 2 at angles of attack ranging from
0° to 30°, but the static side-force measurements were carried
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out also at Mach numbers between 0.5 and 0.8. The NAE
30 in. x 15 in. trisonic suction wind tunnel was used for all
experiments. Two slender cones, with semiangles of 7.75°
and 10°, were used throughout the investigation.

Side-Force Measurements

The onset of unsymmetrical flow conditions on unyawed
full models at an angle of attack was determined by side-force
measurements, which were carried out using sting-supported
models and a ‘standard internal strain-gage balance. The
sting was mounted an a variable incidence sector which for
every Mach number was carefully adjusted in yaw for zero
side force at zero angle of attack. The experiments were
performed on full models of the two slender cones mentioned
before and, in addition, on the full model of a sharp ogive-
cylinder body with an ogive fineness ratio of 4. Oanda cyhnder
fineness ratio of 7.9. No boundary-layer trips were used in
this part of the investigation. . Since at subsonic speeds the
flow asymmetry is known to occur at lower angles of attack
than at supersonic speeds, the side-force measuréments in-
cluded several experiments at Mach numbers between 0.5
and 0.8, in addition to the main series of experiments at a
Mach number of 2.

The results for the two cone models are shown in Figs. 1
and 2. At subsonic Mach numbers the side force became
measurable at an angle of attack of about 15° for the 7.75°
cone, and at 11°-12° for the 10° cone. At Mach 2 the cor-
responding figures were 21° for the 7.75° cone and 28° for the
10° cong, i.e., both resulting in a relative incidence, /6., of the
order of 2.7- 2 8. Asis well-known, the direction of this side
force depends on the initial asymmetry in the vortex shedding,
which is triggered by some infinitesimal asymmetry or mis~
alignment of the model; in the présent experiments the side
force happened to be in different directions for the two cone
models. )

The results for the ogive-cylinder are shown in Fig. 3. At
subsonic Mach numbers the side force became measurable at
an angle of attack of 16°~17°, but at Mach 2, apart from smail
deviations appearing locally at angles of attack between 15°
and 21°, no fully developed asymmetry was observed in the
entire range investigated, i.e., up to an angle of attack of 29°.
In Fig. 3 the results obtained by Pick® at Mach 0.6, for a
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Fig. 1 Side force on unyawed 7.75° cone at angle of attack.
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Fig. 2  Side force on unyawed 10° cone at angle of attack.

model of a similar shape and size, are shown for comparison.
The Reynolds number of the two investigations was nearly
the same and the results show a very good agreement.

Surface-Flow Visualization

The separation and reattachment of the boundary layer on
the leeward side of the 10° cone models at a Mach number of
2 was studied by means of a surface-flow visualization-tech-
nique and the results for full and half models were compared.
The half model, which was 8 in. long, was installed on a
12.25-in.-diam reflection- plate that was mounted, by means
of suitable supports, on the wind-tunnel wall at a distance of
0.75 in. from the wall (see Fig. 4), to ensure that the model is
not affected by the wall boundary layer. A recessed well in
the tunnel wall, of an area distribution similar to that of the
reflection plate, served to reduce blockage effects. The sup-
ports consisted of a series of rotatable, wedge-shaped spacers
with the main one in the center and five smaller ones distri-
buted over the reflection plate in such a way as to keep its
vibrations to a minimum. The supports were usually ro-
tated such that the maximum misalignment of the wedges
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Fig. 3 Side force on ogive-cylinder at angle of attack.
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Fig. 4 Half model mounted on reflection plate.

- with the flow was 5°. A 1 : 3 mixture of titanium oxide and
vacuum pump oil together with a small quantity of oleic acid
was used for flow visualization. Examples of the resulting
photographs are shown in Figs. 5 and 6 (with the leeward
meridian of the full model slightly rotated towards the camera
to clarify the view). The meridian positions of the primary,
and in some cases also of the secondary and the tertiary flow-
. separation lines, and of the corresponding flow-attachment
lines, are plotted in Fig. 7 vs angle of attack. ~All cases dis-
cussed here involve the 10° cone with a boundary-layer trip,
consisting of a 0.02-in.-thick flat nylon ring, located at about
0.5 in. from the apex of the cone. The corresponding results
(not shown) obtained on the 10° cone without the trip were in
most cases quite close to those shown, except for the secondary
separation on the half model at angles of attack above 20°,
where large effects of the trip were observed.

The flow visualization study indicated that: a) the prlmary
attachment line on the half model at angles of attack up to
30° was displaced up to 27° from the windward meridian, due
to the cross-flow pressure gradient caused by a lower pres-
sure at the root of the half model; b) the meridian position of

the primary separation line was nearly the same within 2°-3°,
on both the full and the half model; ¢) the secondary attach-
ment on the half model at angles of attack up to 20° was
displaced by less than 6° from the leeward meridian and
became rapidly more displaced at higher angles of attack; d)
the meridian positions of the secondary separation line on the
full model and on the half model were within 5° of each
other up to an angle of attack of 20°; at higher angles of attack
this difference increased with the separation line on the half

A. FULL MODEL

B. HALF MODEL
Fig. 5 Surface flow on 10° cone; M =2; o= 15°

B. HALF MODEL
Fig. 6 Surface flow on 10° cone; M =2, a = 30°
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Fig. 7  Meridional position of flow-attachment (A) and fiow-
separation (S) lines on 10° cone; M = 2.

model moving further away from the leeward meridian; e)
the tertiary attachment and separation could be observed only
on the full model and only at angles of attack higher than 15°.
It was also noted that at angles of attack of 10° and below,
the primary attachment line was the only line that could be
clearly distinguished on both models, and that at zero angle
of attack even that line could no longer be seen on the half
model.

Thus for angles of attack up to 20° the main difference be-
tween the surface flow pattern over the half model and the
full model was the significant displacement of the primary
attachment line from. the windward meridian on the half
model. However, the primary and secondary separation
lines as well as the secondary attachment line showed a sur-
prisingly good agreement. At-angles of attack over 20° there
were considerably more differences, although the primary
separation still occurred at the same meridian.

Although obtained only at a Mach number of 2, these
results are probably typical for low supersonic speeds. How=
éver, in view of the current interest in using the half-model
technique also for hypersonic experiments, it should be noted,
that the present results should not automatically be extended
to hypersonic Mach numbers, where special experimental pro-
cedures and corrections may be required to account for the
expected much larger effect of the reflection-plate boundary
layer and its possible separation.

Oscillétory Pitching Experiments

The pitching experiments were performed using three dif-
ferent oscillatory techniques, namely 1) a half-model tech-
nique, 2) a full-model téchnique with external excitation, and
3) a full-model technique with internal excitation. - Of these,
the first two were initially developed for certain special appli-
cations and the third one was included as representative of
the standard arrangement for this type of experiments. The
results were obtained for both the 7.75° and the 10° cones and
for models with and without the boundary-layer trip.

For experiments using the half-model technique (Fig. 8),
a dynamic-test apparatus was mounted on the outside of the
wind tunnel. The apparatus consisted of an elastic model
suspension and an electromagnetic oscillator; for pitching
oscillation the suspension was in the form of a cruciform
spring to which the half model was firmly attached by means
of an adaptor which passed right through both the wind-
tunnel wall and the reflection plate. The oscillator consisted
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Fig. 8 Experimerital arrangement for oscillation of half model.

of lightweight coils moving in a magnetic field and imparting
a sinusoidal motion to the model end of the spring. Model
position information was obtained from strain gages on the
spring. More details are given in Refs. 1 and 2.

The arrangement for the full-model technique with external
excitation consisted of a sting-mounted model, with the main
stiffness of the oscillatory system provided by a pair of gimbal
springs mounted outside the wind tunnel on the top and
bottom walls, respectively, and attached to the model base
by prestressed piano wires freely moving through a slot in the
support sting. These wires were shielded from the flow by
wedge-shaped wire guards. One of the springs was driven
by an electromagnet, imparting an oscillatory motion to the
model. The motion of the other spring was detected by a
linear variable displacement transducer, with an output pro-
portional to the model deflection. The sting deflection in-
formation was obtained from strain gages on the sting. More
details can be found in Refs. 1 and 4.

The arrangement for the full-model technique with internal
excitation (Fig. 9) consisted again of a sting-mounted model,
but with the main stiffness of the oscillatory system provided
by a cantilever spring inside the model and with the center of
oscillation fixed by a flexural pivot attached to the sting. The
rather unusual combination of these two features was made
possible by the use of a flexible link for attaching the spring
to the sting. The deflection and release of the model prior
to the start of oscillation was produced by a solenoid-actuated
spring-loaded tripper; several model releases could be made
during a single wind-tunnel run. Model-pos1t10n information
was obtained from strain-gages on the spring and on the sting.

All three techniques made use of the free-oscillation method.
For the full-model technique with external excitation and for
the half-model technique, the standard NAE method of “free
oscillation with automatically recycled feedback excitation”
was used. For the full-model technique with internal exci-
tation each model release was individually triggered. Stan-
dard calibration and data-reduction procedures wereemployed.
The oscillation amplitude was 1.5° and the reduced frequency
was in the range 0.041 <k < 0.069. Run duration was of

_PIVOT FIXED
IN STING

STRAIN-GAUGED CANTILEVER
SPRING INSIDE STING
PIVOT FIXED

ON STING

o 5

SCALE (iN)

Fig. 9 Experimental arrangement for oscillation of full model with
internal excitation.
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the order of 13 to 14 sec allowing, on the average, three to
four decays of model motion per run.

The static and dynamic results of the oscillatory experiments.
are presented in Figs. 10 to 14. To reduce the effect on the:
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Fig. 10 Measured static pitching-moment derivative referred to
theoretical value for cones at zero angle of attack.
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Fig. 11 Pitch damping for 7.75° cone; M = 2.
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results of the position of axis of oscillation, x,// (which varied
slightly during the various parts of the experiments), the
static pitching moment derivative, Cy, is given in Fig. 10 as
the difference between the value measured and that obtained
theoretically, from Ref. 5, for zero angle of attack. For
clarity, Fig. 10 shows mainly the results for models with the
boundary-layer trip; for models without the trip only those
results are included, that significantly differ from those for
models with the trip. In general the agreement is fairly good
up to an angle of attack of 15°, although the half-model
results—especially for the 7.75° cone—tend to be somewhat
lower than the corresponding full-model results. This is
attributed to the well-known® effect of the loss of lift caused
by the necessary small gap between the half model and the
reflection plate. The effect is concentrated on the part of the
half model in the vicinity of the gap (as also indicated by the
meridional displacement of the primary attachment line on
the half model) and its importance on the total lift (or pitching
moment) diminishes when the lateral dimensions of the model
become large as compared to the width of the gap.

The variation of the pitch-damping derivative, — Cyg, with
angle of attack is illustrated in Figs. 11 and 12. In the pre-
sence of the boundary-layer trip the damping on both the
full and the half models remained fairly constant up to an
angle of attack of about 10°. This plateau was usually
slightly higher than the prediction of zero angle-of-attack
supersonic potential theory.® At higher angle of attack,
damping in the standard internal excitation case increased
almost linearly with «. This is in very good agreement with
both experimental and theoretical results recently published.”
The rate of increase with o« was smaller for the 10° cone
than for the 7.75° cone. The full model with external excita-
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tion and the half model also displayed an increase in damping
at angles of attack higher than 10°, but the increase was not
linear. For the half-model data for the 10° cone this varia-
tion was quite flat but irregular. The half-model data for
the 7.75° cone at «= 10° displayed an unusually large
amount of scatter.

In all cases the absence of the boundary-layer trip resulted
in a local increase in damping at zero angle of attack. This
increase was more pronounced for the 7.75° cone than for the
10° cone and was much larger for the full model than for the
half models. Althoughnofullexplanationof thisphenomenon
can be offered at present, it is possible that it may be related
to a dynamic sting-interference effect® which sometimes, in the
presence of boundary-layer transition near the cone base,
may cause the transition to move upstream from the base
area. Althoughno experiments were undertaken to determine
whether the transition actually occurred near the base, this
possibility was strongly indicated, especially for the 7.75° cone,
by the magnitude of the local Reynolds number, based on the
cone length. This explanation was also supported by addi-
tional experiment (not reported herein) at a much higher re-
duced frequency (k = 0.15), that produced larger sting oscil-
lation and resulted in an even higher zero angle-of-attack
value of the (— C,¢) derivative for the 7.75° cone without the
trip. The presence of such a transition-induced support
interference on full models with no trip at zero angle of
attack was further supported by the fact, that for these con-
ditions the static stability derivative, —C.s, was considerably
lower (Fig. 10) than for full models with the trip, in accordance
with Ref. 8, which predicts opposite effects of sting-support
interference on static and dynamic stability.

For an easier comparison of the pitch-damping results of
the various parts of the experiments, all damping results
were normalized with respect to the axis position for the full
model with internal excitation. The normalization was car-
ried out using the following axis-transfer equation:

Criz = Cumiy —(x/DCnéy + 2x/D)Che, cosa — 2(x/])?
Cro €08t + 4 (x/1) Cp, sinae — 4(x/1)*Cy sina

where subscript “1”" refers to the aft axis and subscript “2”" to
the parallel forward axis at a distance x upstream. Since the

" derivatives on the right-hand side were based on zero angle-

of-attack theory, the normalization was valid, in a strict
sense, only for low angles of attack. However, for the sake
of uniformity, it was applied to the entire range of angles of
attack covered by the experiments.

The normalized values of (—aCus) are shown in Figs. 13
and 14. To avoid irregularities caused by the dynamic sting
interference on the boundary-layer transition, only data ob-
tained with the boundary-layer trip were considered. For
both cones the agreement between the three methods was
very good up to «=15° At higher angles of attack the
results obtained with the full model with external excitation
and with the half model were generally lower than those ob-
tained with the full model with internal excitation. In the
case of the external excitation, this was probably due to the
interference of the wire guards on the flow near the base of
the model. In the case of the half model, the differences were
probably caused by the boundary layer on the reflection
plate and by the gap between the model and the plate, which
obviously affected the position of the flow separation lines
and vortices on the leeward side of the model.

Conclusions

On the basis of comparative full-model and half-model
oscillatory experiments, surface-flow studies and side-force
measurements on two slender cones at a Mach number of 2
and an angle of attack up to 30°, the following conclusions
may be reached: a) surface-flow patterns on the half-model
resemble closely those on the full model up to an angle of
attack of 20°, except for a significant displacement of the
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primary attachment line from the windward meridian on the
half model; b) no significant side forces are present on the full
model at zero yaw up to an angle of attack of 20° (however, at
subsonic speeds a measurable side force has been observed at
an angle of attack of 11°); and ¢) pitch-damping results
obtained with a half-model technique and with two full-model
techniques are in very good agreement up to an angle of
attack of 15°.

It should be noted that the displacement of the primary
attachment line on the half model, although obviously of
little importance for the damping results, has a more pro-
nounced effect on the static aerodynamic coefficients. That
notwithstanding, the present investigation confirms the suita-
bility of the half-model oscillatory technique for determining
supersonic pitch damping on pointed slender bodies at an
angle of attack of up to 15°.
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