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1.0 INTRODUCTION

Many questions have been asked concerning model support inter-
ference effects on data obtained in supersonic wind tunnels. In
genersal, answers have not been found. The aerodynamicist, who
must rely on theoretical and experimental information for prediction
of full-scale flight behavior, has in the last few years become more
concerned about support interference. As accuracy requirements
imposed on wind tunnel data become more stringent, the evaluation
of model support interference effects becomes critical.

A research program was initiated at the Arnold Engineering De-
velopment Center {AEDC), von KArmén Gas Dynamics Facility (VKF),
for the purpose of improving the understanding of some of the problems
associated with support interference at supersonic Mach numbers,

The majority of the work will be directed toward sting interference
effects on dynamie stability derivatives, However, these results are
directly applicable for estimating the onset of sting interference
effects on static-stability date. This report documents the work

that was completed in 1976.

The objectives of the 1976 effort were (1) to conduct a literature
survey, (2) to define critical sting lengths for two reduced frequencies
as determined by the measurement of pitch-damping derivatives for
laminar, transitional, and turbulent boundary layers at the model base,
{3) to investigate the effects on pitch-damping derivatives of wedge
plates located behind the model, and (4) to investigate the surface
pregsure variation near the model shoulder as a function of model
ogéillation for interfering and non-interfering stings. Wind tunnel
tests were conducted at Mach number 3 on a blunted (r,/ry, = 0.15),
7-deg haif-angle cone at reduced frequencies (wd/2V,) of 0.0033
and 0,0056. Reynold E number, based on model base diameter,
ranged from 0.3 x10" to 4.6 xlO and angle of attack varied from
0 to 8 deg. The small amplitude (9 H deg) forced oscillation
technique was utilized. The magnitude and range of the reduced
frequency parameter were selected to be representative of typical
wind tunnel apparatus capabilities and flight values.

2.0 STATUS OF SUPPORT INTERFERENCE

Many wind tunnel test programs have been conducted in the past
for the purpose of evaluating support effects. The majority of these
programs have used base pressure as the inferference indicator. For
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example, Whitfield (Ref. 1) points out that base pressure can serve as
the first indicator of support interference, Whitfield (Ref. 1) and Pick
(Ref. 2) state that the separated flow about the rear of the body depends
on several variables including the geometry of the body and support, lo-
cation of transition, Reynolds number, and Mach number. This
appears to be very true when the available literature on support inter-
ference is reviewed. One finds that critical sting length and diameter
vary widely, and the literature almost seems to indicate that support
interference should be analyzed for each individual experimental pro-
gram., A question which also comes to mind is whether base pressure
is the correct interference indicator for all types of testing (stdtic
force, pressure, dynamic stability, etc.). Obviously, base drag is
significantly affected by support interference, but what about forebody
drag, static moment, 1lift, center of pressure, and damping derivatives ?

In the discussion of the literature, base pressure will be the param-
eter used as the base flow interference indicator unless noted otherwise.
Also unless noted, reference fo base pressure will actually mean base
pressure rafio, i.e., base pressure divided by free-stream static
pressure. Critical sting length is generally defined as the shortest
sting length which does not change the constant base pressure level ob-
tained by longer stings. The effective sting length (£g) is defined as
the distance from'the model base to the first large increase of sting
diameter (generally a conical taper to a larger diameter). An increased
diameter is usually required at some station downstream of the model
base, and such a change in sting diameter will be referred to as a flare,
The effective sting diameter (dg) is defined as the sting diameter at the
model base. The sting diameter causing no interference, i.e., no
effect on base pressure, is not defined since the literature shows that
constant base pressure does not necessarily indicate that no interference
exists. These sting dimensions are clarified later in Section 3. 3.
Critical sting diameter is often defined in older literature as the largest
sting diameter which does not change the constant base pressure level
obtained by smaller diameter stings. However, experience has shown
that any finite sting diameter may impose an interference effect on base
pressure, so that the concept of a critical sting diameter is not
employed herein,

Whitfield (Ref, 1) reported on wind tunnel tests at Mach numbers 3
and 4 on ogive cylinders (with and without boattail). Typical variations
of base pressure and critical sting length with Reynolds number are
presented in Ref. 1 and are reproduced in Sketch A. From Sketch A,
it is evident that if transition occurs in the wake, then base pressure
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and critical sting length change rapidly with change in Reynolds number,
If transition is on the model, then base pressure and critical sting
length change very little with change in Reynolds number., Whitfield's
results showed base pressure and critical sting length to be strong func-
tions of transition location and length Reynolds number. Critical sting
lengths of 1 to 5 model diameters were obtained depending on length
Reynolds number and configuration. Forebody axial force of the boat-
tailed models at M, = 4 was found to be dependent on sting length,

while the forebody axial force of the straight-tailed models was inde--
pendent of sting length. Only after the flow was completely attached to
the boattailed afterbody was the forebody axial force unaffected by sting
length. Whiifield also compared critical sting length for boattailed
models as determined by the forebody axial-force measurements and

by the base-pressure measurements and found the agreement to be
good, According to Crocco and Lee's theory (Ref, 3), disturbances
downstream of the wake critical point or throat are unable to affect the
flow upstream, However, Whitfield concluded that the critical point of
the undisturbed wake did not represent the limit of approach of the

sting flare to the model base without interference and that the sting flare
should be positioned at least 1 to 1.5 base diameters downstream of the
critical point, Whitfield believed that the downstream influences propa-
gate upstream to the wake region through the layer of low energy flow
surrounding the sting. Kavanau (Ref. 4) tested a cone-cylinder model
at Mach number 2, 84 in flow of low unit Reynolds number. Like
Whitfield, he found critical sting length to be a strong function of
Reynolds number with values as high as 10. 5 model diameters at a low
length Reynolds number of 0,05 x10”, Perkins (Ref, 5) studied the effects
of support interference on ogive-cylinders with and without boattail at
Mach number 1.5, His conclusions concerning support effects on base-
and fore-drag of straight- and boattail-configurations with either lami-
nar or turbulent boundary layer were essentially the same as Whitfield's,
Perkins concluded that the critical sting length at M, = 1.5 for a zero
boattail configuration and either laminar or turbulent boundary layer
was 5,2 model diameters for a dsfd = 0.3, However, the base drag
was found to depend on the support diameter (for 0.22 <dg/d < 1),

For a boattail configuration, the critical sting length and diameter was
found to be 1.7 and 0,4 model diameters, respectively. Since a boat-
tail configuration is generally considered to be very sensitive to sup-
port interference, then one would have thought that the required critical
sting length would be at least equal to that of the zero boattail configu-
ration. Reller and Hamaker (Ref, 6) studied support effects on the
base pressure of an ogive-cylinder (zero hoattail) at Mach numbers 2, 7
through 5. Their results showed the critical sting length to be two

10
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model diameters at M, = 2.7, 3.5, and 4 for laminar and turbulent
boundary layers. At M, =5, the critical sting length was six model
diameters for a laminar boundary layer and four model diameters for
a turbulent boundary layer.

Sivier and Bogdonoff (Ref, 7) investigated support effects on base
pressure of an ogive-cylinder model at M, = 2. 97 with turbulent bound -
ary layer over the base of the model. The model was supported by a
wing mounted well forward on the nose, and dummy stings were insert-
ed into the model base to simulate different sting configurations.

Sivier and Bogdonoff found that, for dg/d = 0,375, base pressure was
insensitive to Reynolds number, and the level did not change when the
effective sting length was increased from 2.5 to 6 model diameters.
They also found that base pressure decreased with increasing sting
diameter and was Reynolds number dependent, Chapman {Ref, 8)

states that this decrease in base pressure with increase in sting diam-
eter can be explained by an interpretation of an inviscid flow. Sivier

and Bogdonoff's comparison of base pressure from a dg/d = 0.1 sting

to the free base value showed the free-base value to be about 7 percent
higher, However, these results could be misleading since Reichenau
(Ref, 9) concluded that strut supports had little effect on the base
pressure of an ogive cylinder at subsonic Mach numbers but induced
significant base interference at low supersonic Mach numbers

(M, <1.4), Chapman (Ref. 8) tested cone and ogive-cylinders (zero
boattail) at Mach numbers 2 and 2, 9. His results showed the critical
sting length to be three model diameters at M, = 2 for laminar or tur-
bulent boundary layer and at M, =2, 9 for turbulent boundary layer only.
Reese and Wehrend (Ref. 10) investigated sting effects on the base
pressure of a blunted cone;cylinder-flare-configuration at Mach numbers
of 0,65 to 2.20. They found the critical sting length to be greater than
4. 8 model diameters at subsonic and transonic speeds and less than 2,5
at supersonic speeds. Lee and Summers (Ref. 11} reported on sting
support effects on ogive-cylinders with and without boattailing at Mach
numbers 0, 6 through 1.4, In general, the maximum interference effects
occurred at Mach number 0,95 and were substantially smaller at M, =
1,4. Lee and and Summers found the critical sting lengths (boattail
model) as determined by measurements of base drag to be approximately
1 model diameter greater than those determined by the fore drag mea-
surements,

One normally would prefer to compare free-flight data from wind
tunnels or ballistic ranges with support data from wind tunnels for
assessment of support interference effects. However, only a minimum
of these comparisons has been made as can be seen by a review of the

11
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literature. (Note that free-flight base pressure on aeroballistic range
models usually must be determined by subtracting calculated forebody
drag from measured total drag. Thus, large uncertainties may arise,
particularly ano 0.) Pick (Ref. 2) presents a comparison of free-
flight and sting-supported (25/d = 11, dg/d = 0. 33) base pressure cone
data at Mach numbers 6.3 and 9.9, At M_ = 6.3, the free-flight and
sting-supported base pressures agreed at the lower angles of attack

(o < 15 deg), while for the higher angles of attack {15 < a < 40 deg) the
free-flight data were higher than the sting-supported data, At

M, = 9.9, the free-flight base pressure data were always higher than
the sting-supported model base pressure by as much as 120 percent

at ¢ = 0. However, Cassanto (Ref. 12) compared free-flight and sting -
supported base pressure on sharp and blunted 10-deg cones at M, = 4,
and found that the free-flight data (laminar boundary layer) was approx-
imately 25 percent lower than the sting-supported data (laminar also),
Cassanto states that this is the expected f{rend since support interfer-
ence usually tends to raise the base pressure. In order to obtain tur-
bulent flow on the free-flight models, grit was used, and excellent
agreement with the turbulent sting data (without grit) was found.
Cassanto also noted no radial base pressure gradient in the sting-sup-
ported data. Kavanau (Ref, 4) and Reller (Ref. 6) also found essentially
no effects of base pressure orifice location; however, in Ref. 13,
Cassanto reports that full-scale flight base pressures from a 10-deg
sharp flat base cone at M, = 20 showed radial gradients which decreased
monotonically from the centerline value. Jaffe (Ref. 14) reported on
free-flight and sting-supported drag data at Mach numbers 0. 7 through
1.2, The test configurations were a sharp 10-deg cone, a sphere, a
60-deg blunt cone, and a blunt cylindrical configuration with tail fins.
Jaffe concluded that the 60-deg cone and sphere were insensitive to the
presence of stings (¢g/d ~ 11, dg/d = 0.373 and 0.5). Comparative data
for the 10-deg cone showed the siing effect to be appreciable for a

dg/d = 0. 87 sting and negligible for a dg/d = 0.37 sting. The 10-deg
cone free-flight data agreed well with the dg/d = 0, 37 sting data. The
free-flight drag data for the cylindrical configuration was 15 percent
higher than that from the sting-supported model, Jaffe's data also
showed that the fore drag for the 10-deg cone and the blunt cylindrical
configuration was influenced by the presence of the sting.

In the review of the literature, it is evident that little work has
been done in the area of support effects on normal-force and pitching-
moment coefficients, on analytical predictions of support interference,
and on dynamic stability measurements. Vlajinac and co-authors
(Ref. 15) used a magnetic suspension system in conjunction with a dummy

12
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sting (d,/d = 0.25, £_/d = 4.7) to investigate support effects at

M_ = 0,28 on a 6-deg blunted cone with a bulbous base. Their results
showed that the dummy sting produced considerable effects on the 1ift
and drag coefficients. The presence of the dummy sting increased
model stability so that data could be obtained at and near zero angle of
attack, whereas, without the sting, it had been impossible fo

obtain data near o = 0. Adcock (Ref, 16) investigated the effect of dif-
ferent sting offsets relative to the model base on the static coefficients
of a blunt 6-deg cone with a bulbous base, His results showed signifi-
cant sting effects on the static data and on model surface pressures

in the base region for Mach numbers 0.26 and 0. 90, Fuller and
Langhans (Ref. 17), for Mach numbers 1.5 to 2. 86 and ogive cylinders
with and without boattail with turbulent flow, concluded that there was
little effect of sting diameter (dg/d = 0.25, 0,50, and 0. 79, 2g/d=~3,3)
on the static data.

The present literature review revealed records of only three at-
tempts at determining support effects by analytical means. Tunnell
(Ref. 18) presented an analysis which estimated for subsonic speeds
the interference to model base pressure resulting from the presence
of a conical afterbody on the sting. However, the method predicts only
the base pressure trend not the absolute level. J. H. van der Ziwazan
used the NLR panel method to predict model support interference on
the 1lift and pitching moment characteristics of an airplane configuration
at M, = 0.5. Comparison with experimental data was fairly good,
Ericsson and Reding (Ref. 19) proposed an analytical means for evalu-
ating sting interference effects on the dynamic stability measurements
of bulbous-based model configurations. The analysis relates the static
and dynamic effects of separation through quasi-steady theory.

' In regard to support interference effects on dynamic stability mea-
surements, Wehrend (Ref, 20) tested a blunt 12, 5-deg cone with and
without a rounded base at Mach numbers 0,65, 1.0, and 1,6, His re-
sults, except for one case, showed the pitch-damping derivatives to be
essentially insensitive to changes in sting length {2g/d =0, 1,85, and
3.7) and sting diameter (dg/d = 0.31, 0.39, and 0. 47). The exception
was the rounded base configuration at M, = 0. 65 where both length and
diameter effects were present, Uselton (Ref. 21) investigated sting
support effects on a 10-deg cone at Mach numbers 2.5, 3, and 4, The
critical sting length, as determined by base pressure measurements

1
Private communication with J. H, van der Zwaan, National Aerospace
Laboratory, NLR, Nederland.

13
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with d_/d-= 0,4, was shown to be between 1.5 and 2. 25 model diameters
at M, = 2.5 to 3 for a Reynolds number range, based on model diameter,
of 0.3 x108103,6 x 105, At M_ = 4 for Rey ~ 1.0 x 106 to0 1,9 x 108,
the critical sting length was between 0. 75 and 1.5 model diameters. At
the lower laminar Reynolds numbers, =z sting length of 3 model diam-
eters was possibly not sufficient. Base pressure as a function of sting
diameter (0.4 <dg/d<0.8) (£g/d = 3) at M_ = 2,5 and 3 showed oppo-
site trends depending on Reynolds number. For Re, ~ 0.4 x 106, base
pressure increased with increasing sting diameter, and for Reg=2.,1x
106, it decreased with increasing sting diameter, It appeared that, for
both cases, the curves would come together (same base pressure) at
dS/d = 0.2, Uselton and co-authors (Ref, 22) found that for a T-deg
half-angle flat-base cone at M,, =3, o = 0, the magnitude of the sting
interference effect on the damping derivatives was dependent on fre-
quency. Their results also showed no sting interference effect on the
pitching-moment coefficient, Uselton and Wallace (Ref. 23) investi-
gated sting support effects on Viking configurations at Mach numbers
from 1, 6 through 3, Comparisons of the model wake geometries of

the sting-supported models were made with free-flight wake geometries,
and significant differences were found. These results are also docu-
mented in Ref, 24,

Several investigators have conducted tests with a splitter plate or
wedge plate installed behind the model. Saliet (Ref, 25) showed that
vortex shedding may be prevented by the installation of a splitter plate
behind a circular cylinder, and therefore the fluctuating Karman forces
may not occur. Roshko (Refs, 26 and 27) also discussed effects of plates
behii:d circular cylinders, Baughman and Jack {Ref. 28) studied the
effects of a splitter plate on and behind a cone-cylinder at M_ = 3. 1,
The results showed that the splitter plate effects on body and base pres-
sures were generally small. Clay and Walchner (Ref. 29) presented
data at M, = 14 which showed that the addition of a splitter plate to the
support strut behind the sting smoothed and reduced the base pressure
significantly. Wehrend (Ref. 20) also added wedge plates to one sting
configuration (£5/d = 3.7, dS/d = 0.31). They produced essentially no
effects on the damping derivatives with the exception of a rounded-base
configuration at M, = 0. 65 where the instability was decreased. Refer-
ences 30 through 34 are additional references which one may find of use
in regard to support effects.

For convenient access, the pertinent factors from the references
discussed are shown in the following summary.
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Summary of Available References

References

Reynolds
Number

Boundary
Layer

Model

Modeal
Support

Measurements

Findings

Whitfield,
Hef. 1

Re, = 0.4 x 108
to’10 x 108

Laminar,
Transitional,
Turbulent

Ogive Cylinders
with and with—
out Boattails

Sting

o9
o

Py Drag

b and ra dependent on transition
location®lnd length Reynolds number.
ion/d = 1 to 5.
lop determined- by the measurements
of fore drag and base drag were
approximately equal.

Pick,
Ref. 2

Crocco,
Retr. 3

6.3, 9.

9

Re = 0.5 x 108

9 and 10 deg
Cones

Sting, and
Free Flight

11.0

0.33

Py

. Severe differences belween [ree-

flight and sting-supported base
pressures .

. Theoretical prediction of base

pressure

Kavanau,
Ref. 4

Re. - 0.05 ] 10
to 0.4 x 10

Laminar

Cone-Cylinder

sting

0.5
Lo
10.5

Py

fgpf/d = 3 to 10.5 depending on Re,.

: ﬂoreffﬁnl of base pressure orifice

location.

Parkins,
Ret. &

Re; = 0.6 x 10
to 5 x 106

Laminar,
Turbulent

Ogive Cylinders
with and with-
out Boattails

Sting,
Strut

0.25

1.0

Py Drag

lep/d = 5.2 for zero boattail con—
!igurnttnn with laminar or turbulent
flow,

] rfd = 1.7 for boattail configura-
t§6ns with laminar or turbulent
boundary layer.

. For zero boattail configuration C

was nol affected by the presence
of m rear support.

. For a boattail configuration with

laminar boundary layer. Cy was
affected by the presence of a rear
support .

Reller,
Ret. 6

2.7 to

5

Re, - 0.6 x 10°
to 8.8 x 106

Laminar,
Turbulent

Ogive Cylinders

Sting

D}§5

0.75

Py

. At M

lgp/d = 2 for M_ - 2.7, 3.5 and 4
for lamipar and turbulent boundary
layer.

. = 5. iop/d - B and 4 for
laminar and furbulenl boundary
layers, respectively

. Essentially no effect of base

pressure orifice location.

Sevier,
Ref. 7

2.97

Re, - 10 xg10°
to'40 x 10

Turbulent

Ogive Cylinders

Strut
and

Dummy

Stings

0. 06
0.6

« Pp decreased with increasing dg/d

and was Re, dependent .

. For d’fd -'0.375. Py, was insensitive

to Rej.

. Decreasing ig/d from 6 to 2.5 had no

effect on py,.
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Summary of Available References

References LR ';::‘."::’ B:::::"" Model ‘:n’::}_l 1.,/ | d./d | Measurements Findings
+ logp/d = 3 at M, = 2 for laminar and
Chapman, 2 2.8 Re; = 4 x 108 Laminar, Cone—and Oglve- Stin :’. 0 to - :::?:l:.; At M, :,:l.':,::;- turbulent
Ref. B ety to 7.5 x 106 Turbulent Cylinders E ."‘ 1 Py boundary layer,
& . Pp §enérally decreased with Lncreas—
ing dg/d.
o — .5 108 —_— 2.4 . 8:?t‘mtlnr-tu::°hld little
enau, 1 =2.7Tx . rut, effect on p, At EU nic M_ bul in-
Ref. 8 SERRERSE=L to 3.3 x 108 BSEv Gy TEdur: Sting ;u' L Py P duced stnlhclnt base interference
; at low supersonic o .
0.85 & 2 23
Reese Re, - 0.5 x_10 Blunt—-Cylinder- ! : . lgp/d > 4.8 for subsonic M,
a — . 3
Ref. 10 i te“1.1 x 106 Flare a0 R Py . Igp/d < 2.5 for supersonic M_.
+ Cylindrical model: i.,/d = 4.5 at
7_ - 0.8, lop/d = 5.5 at M = 0,95,
er/d = 2.6 at M_ - 1.4 a1l for
dg/d = 0.5 and based on py.
. Boattail model: /__/d = R.l at
""7.1“"& ler/d - E.% at K - 0.95,
ive Cylinder 0.25 L At el g PR
Lee, L O Strut 0 to d = 0.43 d sed
. .4 |Re, = B p— [ dg .43 =n on py.
Ref. 11 0.8 to 1 o x 10 st B g Bting T A Py Drag . CPitical sting lengths for the
of boattail model determined by
measurements of base drag were
approximately 1 model diameter
greater than those determined by
fore drag,
. .{nr)lnlurﬂb::n?n layer,
6 Laminar, Free Pb =y Pp/sting-
gl 4 tolyo % 108 1% | Transitiona, |10-deg Cone Flight, | — [0.25 Py . :::)(E""“?;b"’“ ary ifyer,
- - t‘ .
Turbulent Sting . Yound no radin] graflients in sting
base pressure data.
- 6 . Flight base pressures showed radial
mf';’;"' ~ 20 ::", .°i30' 10 Laminar, 10-deg Cone 'L"f_:' —_— | - Py gradients which decreased mono-

tonically from the centeérlihe wvalue,
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Summary of Available References
Continued

Reynolds

Boundary

Model

References M, Roabet Layer Model Support lg/d |dg/d | Measurements Findings

1. 60-deg cone and sphere were
insensitkve to the presence of
the sting.

2. For l10-deg cone, sting effect was
appreciable for d,/d = 0.87 and

10-deg Cone, -
& Sphere, 60—deg Free 0.7 negligible for. d? d 0.37. Com—
Jaffe, 0.7 to 1.2 Re/ft 1.5 x 10 Turbulent Conk 'Blnnt Flight 7 to to P Drag parison of free flight data with
Ref. 14 ) SR to 3.5 x 106 Cylh.tdrlcai Sl.:n[' 11.6 |, b’ dg/d = 0.37 data was good.
Gonfiiuritton . 3. The fore drag for the 10-deg cone
E and blunt cylindrical configuration
was influenced by the presence of
the sting.

4. The free-flight drag data for the
blunt configuration was 15 percent
higher than the sting data.

1. The presence of the sting (dg/d -

6—deg Cone Magnetic 0.25, ig/d = 4.7) produced con-
Mo v 0.28 Rey - 0.12 x 108 Turbulent with Bulbous 5‘1‘3“"‘,:‘_;’: 4.7 |0.25 | wLife, Drag ::::"‘"’ sffecta on the 141t =nd
) Base Sting 2. The sting increased model stability
at and near ¢ = 0.
Statle 1. offset stings relative to the model
0.286 6-deg Cone
Adecock. - 6 - Coefficients, base produced significant effects
Ref. 16 s Beg =:1.3 X 20 ol SLER SRkRoun Sting — Surface on the static data and the model
= Pressure surface pressures in the base region.
1.5 5 Ogive-Cylinders Strut 0.25, Static 1. Variation of dg/d from 0 to 0. .75
Fuller. to Re, = 0.75 x 10 Turbulent with and with— with Dummy 3.3 0.5, showed 1ittle effecl on the statle
Ref. 17 d Coefficients
EEn 2.86 out Boattails Stings 0.758 data,
1. Theoretical prediction of base
0.5 pressure resulting from conical
Tunnell. = 0.85, flare on sting.
Ref. 18 0.6 to 1.3 i Turbulent Wioged Vehicle Sticg :OG 0.93 Pp: Drag 2, Sting length effects were a
: maximum in the subsonic-transonic
region.

1. Theoretical predictions of sup-
van der Strut, port interference on 1ift and
Zwaan 0.5 = == ¥inged Vehicle Sting Lift, G pitching moment agreed well with

experimental data.

1. Proposed on analytical means [or
evaluating sting interference

Blunt and effects in dynamic stability
Ericsson. — Slender Cones measurements on bulbous-base con-—
Ref. 19 - - with Rounded - =) === - figurations.
Bases 2. Discussed effects of separated

flow about bulbous-base configura-
tions.
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Continued

Summary of Available References

Reynolds Boundary Model y
References M, uiber Layer Model Support dg/d |dg/d | Measurements Findings
. Variation of /z/d = 0 to 3.7 and
dg/d = 0.31 to 0.47 affected
+ C'_é only at M_ - 0,85 for
thé rounded-bese configuration.
12.5-de - Resulis should be used with
- BAY Co:e 0 0.31 caution since interference
Wehrend. 0.65, 1.0 | Rey = D.68 x_10 R e e Stin 1.85. | t L hardware was atiached to the
Ref. 20 1.6 to 1.54 x 108 B A thel-ta & 37 loser Cng * Gn; sting.
A : s . The addition of a plate to the
RAting (ig/d = 3.7) decreased
mode]l instability at M, - 0.85
(rounded base), but had essen—
tially no effect of M, = 1 and 1.6.
« igp/d, ms determined by Pp- for
dSfd = 0.4, was between 105 and
5 Pt 2.25 for M_ = 2.5 and 3. At
- B Laminar, . N, =4, ! d was between 0,75
g:'[’“;?' 2.5, 3.4 t’dm g.:ilgslb Transitional, 10-deg Cone Sting 2673 ta c' +« C , and 1.5 !S‘F“lurhulen! boundary
el Turbulent B a 5 1ayer.
c Intérference damping results
™ should be used with caution since
% interference hardware was atlached
to sting.

o 5 cl Gt - . Magnitude of the sting interference
elton, 4 - i il to effect was frequency dependent.
et 32 3 Rey - 3.2 x 10 Turbulent 7-deg Cone Sting 5 0.22 q a . Decreasivg cg/d from 3.8 to 1 pro-

Ca duced no effects on Cy.
. Wake geometries of sting-supporled
models showed significant differ—
Uselton + = ences as compared to froe—flight
Ref. 23 1.6 to 3 ued - 0.25 x ]Da S 7T0-deg Cone 5;::5. :&6 0;(1)5 qnq C‘“ wake geomelries.
Steinberg. | - to 1.49 x 10 L Flight Sk |b.an Wake Interference damping resulls
Ref . 24 B . v Geometry should be used with caution since
interference hardware was attached
Lo sting.
Sallet,
Ref. 25 . Discussion of effects of splitter
Roshko, -_— —_—— -— —_— - —_— — -_— or wedge plates behind circular
Refs. 26 cylinders.
and 27 N
6
Baughman, Re, - 2 x )0 . Bplitter plate cffects on body and
Ret . 28 33 to 14 x l(lL Cane Cylinder Sting 4 |0.5 P Pp base pressures were generally small.
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Summary of Available References

Concluded
Reynolds Boundary Model
References W Rumhar Layer Model Suppert ig/d | dg/d | Measurements Findings
. The mddition of a splitter plate
lay, (] Blunt 1.2, 3 to the support strut behind the
:e!!.r 29 u Na, 0.8 x 10 . 5.6-deg Cone Ating 4.2 Pb sting smoothed and reduced py
significantly.
Summary of support interference
Love, Transonic, _— — — e _ — -— problems at Lransonic and super-
Ref. 30 Supersonic sonic speeds.
. dg/d > 0.15 influenced base
ing, 6 0 to|0 to pressure by more Lhan 4 percent.
:::? ;‘E 3.88 Rey = 3.9 x10 Turbulent Nose-Cylinder Bting 4 0.5 Pb . The base pressure was unaffected
by sting length for f[g/d > 1.3.
11 0.3 . Resultse showed that short sting
Peckham, Laminar, Delta Wing, sti “" u" Schlieren lengths have less support inter—
Ref. 32 6.8 - Transitional Cone nE 5.3 0.8 Photographs ference if transition occurs up—
! - stream of the model base.
. At M_ = 1.5 and 2 an increase in
] 108 0.12 Static decreased py And increased the
Trescot, 1.5 to 4 l’do"?‘l 1;3 — 70-deg Cone Sting 5.8 to Coefficients, axinl-force coeffliclent. No
Ref. 33 to 0. * 0.5 Py appreciable effect was found at
M_ -3 and 4.
Flight . The sting reduced base suction
Hart, 0.7 to 1.3 | Moz = 15 x 108 2?::’:31::2::' Tests a4 loe by about 40 percent mt subsonic—
Ref. 34 - o 1. to 45 x 108 out Tinw with Dummy : N Py transonic speeds, but had no
Stings measurable effect for M_ > 1.15.
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The author also has compiled a chart of suggested critical sting
lengths for various configurations for the range of Mach numbers from
subsonic to hypersonic. The chart is based on data in the literature,
and it is the intention that it be used as a guide in the selection of sup-
port stings and in evaluating existing data for sting length effects. The
chart readily points out the scarcity of sting criteria and also how fu-
ture interference tests at AEDC will be helpful in filling data voids in
the chart. Critical sting diameter is not listed because the base pres-
sure trends with sting diameter sometimes do not indicate a critical
diameter (constant base pressure does not necessarily indicate critical
sting diameter, see Ref, 7). However, the author believes that, if
dsld < 0.3, then the diameter intereference effect, if existent, is a
minimum. The sting criteria and notes are listed below.

Suggested Sting Criteria®

Models I::cl.:e H::::r Measurements Boundary Layer” C”““J !::;;g' Length,
::::—m‘:::;::::nil Subsonic 0.6 to 0.9 Pyt Cp Unknown 6
— CN' C- — No Data
—_— C-q + C_" —_— No Data
Transonic 0.95 to 1.2 Py c.l Unknown 6
= r;"l (;. — No Dats
—— l:'.q + C-d —_ No Data
Supersonic 1.5 to 5 Facts Laminar 3 to 10°
1.5 to 4 Py C“ Turbulent 2to3
5 Py €y Turbulent 4
— Cyr C- Laminar No Data
1.5 to 3 L Turbulent 1,,/0 < 3.3%
-_— C.q + c"d — No Data
Hypersonic —_— Py C. — No Data
= * C' e No Datn
——— (.‘-q + C.d —_— Ko Data
:‘:::‘;';::'l’f:'l' Subsonic 0.6 to 0.9 Dudity Unknown 6
— c". (.‘. — Ko Data
_— Clq + C-d‘ —_— No Data




Models

Nose-Cylinder
with Boattail

Slender-Flat—
Base Cones

Slender Cones
with Bulbeous

High Dr
Cones

Suggested Sting Criteria®

Mach Mach
Eegime Number
Transonie 0.¢5 Lo 1.2

Supersonic 1.5 ta 3

1.5 to 4
1.5 te 3
Hypersonic -_
Subsonic —
Transonic —

Sup-mnte' 2 ta 3

2 to 3

1

4

3

3

E

3

a

o

Hypersonic 14
Subsonic _
Transonic —
Supersonio _—
Hypersonle _—
Subsonic —
Transontc —

Transonic _

Continued

Beourdary I.I)'Pl'h
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Critical Sting Length

Measuremenis &7 4
cr
Py L‘ Unknown B
Gy l:“ — Ko [ata
C + C — Ko Data
m m,
q &
Py Laninar 5 1o 10°
" N < Turbulent . a3t
B A cr
o G Laminar No Dats
’ d
Cy: Gy Turbulent fop/d =33
C + C — No Data
"q LTS
Ppe Cy m—
Cx: Cy S
c._q + :.'.J —
Ppt Ca ==
o S —
. - S
-ﬂ L7
|
Py C‘ —_
cy: G, =
qu . !.'.'a —
Py C‘ Laminar 2.5
Py C‘ Taurbulent 2.5
c Laminar 1__/a >3t
P by or
Py Oy Turbulent 1.8
G Ca Laminar 2
G G Turbulent 2
S Laminar 2*
9
Transitional 2*
Turbulent 2F
Por Ci Unkaown igsa > 43"
Cy+ Cu — No Data
qu “+ CHI& —_— No Data
Po Car Gy Cpe Cg w, —_— ¥o Datm
Py Ca —
C". Ca ——
C + C -—
‘q W
Pp- Oy s
L‘". Cr. —
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Suggested Sting Criteria® Concluded

Mach Mach b Critical Sting Length,
Models Regime Number Measurements Boundary Layer ‘f:r/
High Drag
m&n Transonip -_— +] + C- —_ Ko Data
" &
Supersonic 1.6 te 3 Py CA Unknown 4
_ Cye c —_ Ko Data
n
—_— C’q + Cl.& —_—
Hypersonic — Py C. —
— 5 Gy ©, -
e c’q $ c-d o
Wing i
ot igurations Subsonic 0.6 to 0.9 Py (:A Turbulent lcr/d 25
= Cy € — Ko Datm
—_— (':.'i + c’& —_ Ko Data
:
Transonic 0.85 to 1.05 Pys C‘ Turbulent lcr/d 25
1.1 to 1.3 Ppe Ca Turbulent 2
— C!. l'."l — No Data
_ qu * C“& ——
Supersonic _— Py ':l —
- Cy- €, -
S (:“I + C"n R
Hypersonic -—= By Cy -—
] CH' Cn =
—_— C"q . c.& —
Sliced
Base Configuration SuPsonic — Pyt Cpr Gy Gy C-q + cn‘ —_— Ko Published Data
Transonic _— ===
8u|axlirm'.n'|l.t:tl —— -
Hypersonic - | IR
NOTES :

a
Criteria for o 0 for Ph’ C,.‘l - C'&. C‘-

bBunndlry-llrer condition generally at model base,
ctcr/d strongly dependent on Re .

Yjvailable dats are not sufficient for indicating specific critical sting lengths. BStings with
effective sting lengths greater than the value shown are interference-free of length effects.

“Similar tests as reported herein tentatively scheduled for 1878 at M =1.5, 5 and 8,

favailable datn sare not sufficient for indicating specific critical sting lengths. Stings with
effective sting lengths less than the value shown will have interference effects,.

"er’m possibly frequency dependent,

h'l‘asl.n will be conducted in 1877,
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3.0 APPARATUS

3.1 Wind Tunnel

Tunnel A is a continucus, closed-circuit, variable-density wind
tunnel with an automatically driven flexible-plate-type nozzle and a
40- by 40-in. test section. The tunnel can be operated at Mach num-
bers from 1.5 to 6 at maximum stagnation pressures from 29 io 200
psia, respectively, and stagnation temperatures up to 750°R (M, = 6},
Minimum operating pressures range from about one-tenth to one-
twentieth of the maximum at each Mach number, The tunnel is equipped
with a model injection system which allows removal of the model from
the test section while the tunnel remains in operation. Details of the
wind tunnel and model injection system are shown in Fig. 1.

3.2 Model

The stainless~steel model (Fig, 2) was a blunt 7-deg half-angle
cone with a base diameter of 8 in, The bluntness ratio (r,/ry) was
0. 15, and the moment reference point (also pivot axis location) was lo~
cated at 60, 9 percent of the model length aft of the model nose. The
model was balanced to locate the center of gravity on the balance pivot
axis,

Figure 3 shows the location of the surface and base pressure taps.
The surface pressure was measured close to the model shoulder
(Fig. 3a) and was on the leeward side for positive angles of attack,
The location of the base pressure tap was on a 0, 93-in. radius for the
wd/2V, = 0.0033 tests (Fig, 3b) and 2, 86-in, radius for the wd/2V, =
0.0056 tests (Fig. 3c¢). The tap location was changed for the wd/2V =
0. 0056 tests since the base pressure showed no variation with oscil-
lation amplitude (#) during the wd/2V_ = 0,0033 tests.

3.3 Test Mechanism and |nterference Hardware

The VKF-1, C pitch-/yaw-damping test mechanism (Fig. 4) uti-
lizes a cross-flexure pivot, an electric shaker motor, and a one-
component moment beam which is instrumented with strain gages to
measure the forcing moment of the shaker motor, The motor is cou-
pled to the moment beam by means of a connecting rod and flexural
linkage which converts the translational force to a moment to oscillate
the model at amplitudes up to 13 deg (depending on flexure balance)
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and frequencies from 2 to 20 Hz, The cross flexures, which are in-
strumented to measure the pitch/yaw displacement, support the model
loads and provide the restoring moment to cancel the inertia moment
when the system is operating at the natural frequency.- Since the mo-
ment beam (which is used to measure the forcing moment) is not sub-
jected to the static loads, it can be made as sensitive as required for

the dynamic measurements. A pneumatic- and spring-operating lock-
ing device is provided to hold the model during injection into or retrac-
tion from the tunnel. Figure 5 shows photographs of the test mechanism,

The cross-flexure balance of the VKF-1, C mechanism is supported
by a long slender sting so that large effective sting lengths {£5) and
small effective sting diameters (dg) can be obtained, which will elimi-
nate or certainly minimize sting interference effects. The present
model when mounted to the VKF-1, C test mechanism had an effective
sting length of 3, 45 model diameters and an effective sting-to-model
diameter ratio of 0,22, This sting configuration was used during the
present wd/2V, = 0, 0033 tests and also during the Ref. 22 tests. For
the present interference study, the effective sting length was shortened
by positioning a conical flare (Figs. 6 and 7) at 3,3 (Fig. 6a), 2.5,

2, and 1 (Fig. 6b) model diameters to the rear of the model base. The
flare was mounted to the motor housing such that it did not touch the
sting forward of the motor housing, This eliminated the possibility of
the flare changing the sting frequency characteristics or model tare
damping. The plates were attached to the flare (Figs. 6c, d, and e)
and also did not touch the sting, Model support details are shown in
Fig. 7 and plate details in Fig, 8,

34 Instrumentation

3.4.1 Tunnel

Tunnel A stilling chamber pressure is measured with a 15-, 60-,
150-, or 300-psid transducer referenced to a near vacuum. Based on
periodic comparisons with secondary standards, the uncertainty (a
bandwidth which includes 95 percent of residuals) of the transducers is
estimated to be within 0. 2 percent of reading or 0. 015 psi, whichever
is greater, Stilling chamber temperature is measured with a copper -
constantan thermocouple with an uncertainty of +3°F based on repeat
calibration.
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3.4.2 Model Pressure Maasuremeants

The model base and shoulder pressures were measured using the
standard pressure system in conjunction with fast response transducers
which were attached to the sting system inside the model base. The
standard pressure system consisted of 13-psid transducers referenced
to a near vacuum and were used to measure steady-state pressures,
while the 53-psid fast-response transducers were used to measure the
transient pressure (the delta from the steady-state pressure) when the
model was oscillating, Based on periodic comparisons with secondary
standards, the uncertainties of the 15-psid transducers are estimated
to be within 0, 15 percent of pressure or 10,003 psia whichever is
greater, Since the 5-psid fast-respense transducers measured a delta
pressure, their uncertainty is considered to be negligible,

The response characteristics of the fast response transducers were
measured by applying a step input voltage and monitoring the transduc-
er's output as a function of time, The tubing which connected the trans-
ducer to the model was also included in the laboratory tests. The maxi-
mum lag time was found to be 0.013 sec, and the periods for the two
test frequencies were 0. 18 and 0, 3 sec.

3.4.3 Forced Oscillation

The forced-oscillation instrumentation (Ref, 35) utilizes an elec-
tronic analog system with precision electronics. The control, monitor,
and data acquisition instrumentation are contained in a portable console
that can be easily interfaced with the instrumentation of the various
tunnels.

The control instrumentation provides a system which can vary the
cscillation frequency, oscillation amplitude, and angular position of
the model within the flexure limits. The oscillation amplitude is con-
trolled by an electronic feedback loop which permits testing of both
dynamically stable and unstable configurations.

Data are normally obtained at or near the natural frequency of the
model flexure system; however, the electronic resolvers used permit
data to be obtained off resonance. All gages are excited by d-c volt-
ages, and outputs are increased to optimum values by d-c amplifiers,
Typical balance outputs from an oscillating model are composed of
oscillatory components (OC) superimposed on static components (SC).
These components are separated in the data system by bandpass and
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lowpass filters, The SC outputs are sent directly to the tunnel scanner
and computer which calculate the static moment coefficients and sting
deflections. The OC outputs are input to the resolver instrumentation
and precise frequency measguring instrumentation. The resolvers uti-
lize very accurate analog electronic devices to process the OC signals
and output d-c voltages. The output d-c voltages are porportional to

the amplitude squared, the in-phase and quadrature (20 deg out-of-phase)
balance components {forcing torque), and the in-phase and quadrature
sting components, The resolver and frequency outputs are read by the
tunnel scanner and sent to the computer. The frequency instrument
controls the length of the data interval in increments from approximately
2 to 60 sec during which time the scanner reads each input approximately
ten times per second. The average values of the reading are calculated
by the computer, which then uses these average values to calculate the
dynamic derivatives. The method used toc reduce the data may be found
in Refs. 35 and 36,

4.0 PROCEDURE

4.1 Test Conditions

Nominal tunnel conditions at which the tests were conduc'ted are
shown in Table 1, and the test summary is presented in Table 2,

4.2 Test Procedures

The model was oscillated at a constant amplitude of *1 deg for the
pitch-damping tests. The nominal reduced frequency parameters were
0.0033 and 0. 0056 radians. The oscillating pressure data were obtained
as a function of time while the model was oscillating at £1 deg.

4.3 Precision of Data

Uncertainties {bands which include 95 percent of the calibration
data) in the basic tunnel parameters (p,, Tp, and M,) were estimated
from repeat calibrations of the instrumentation and from repeatability
and uniformity of the test section flow during tunnel calibrations, These
uncertainties were used to estimate uncertainties in other free-stream
properties using a Taylor series method of error propagation (Ref. 37).
The estimated uncertainties are as follows:

26



AEDC-TR-77-G6

Test Conditions Uncertainty, percent
-6
M, Red x 10 M, P, T(J Po o Vo Red
2.69 0.27 #0.7 40,7 0.5 3.0 1.8 0.4 £1.4
2.90 0.51 40, 3 3,0 1.7 +1.3
2.92 1.63 40,2 3.0 =1.7 1.3
3.01 3.10 10,2 3.2 +1.8 1.4
3,01 4.53 . 10,2 +3,2  £1.8 +1.4

The balances were calibrated before and after the tests, and check
calibrations were made during the test. Sting bending effects utilizing
the technique illustrated in Ref, 38 were used in the data reduction.
Uncertainties in the measurements of sting effects were included in the
error analysis. Structural damping values were obtained at vacuum
conditions before the tunnel entry to evaluate the still-air damping con-
tribution, The uncertainties in the balance and data system were com-
bined with uncertainties in the tunnel parameters assuming a Taylor
series method of error propagation (Ref, 37) to estimate the precision
of the aerodynamic damping coefficients, The estimated uncertainties
are as follows:

Uncertainty, percent

Re x 10 0 cC +cC wd/f2vV
d m m. ©
q (v}
0. 25 43.5 0. 4
1.63 12,4 10, 4
4,53 2.3 10, 4

The uncertainties in the pressure measurements based on the
transducer uncertainty quoted in Section 3.4,2 are as follows:
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Base Pressure

Uncertainty, percent

-6 .
M, Re, x10 2./d p,, psia P, Pp/Po
2,69 0.27 3.3 0.06 5.0 *5.8
1.0 0.09 +3.3 4.5
2,92 1,63 3.3 0.18 1,9 +£3.6
1.0, 0. 32 0.9 3.1
3.01 4,53 3.3 0,47 0,6 =+3.1
1.0 0. 89 . *0,3 3.0
Surface Pressure
Uncertainty, percent
M Re, x 10°° /
@ d Py Py /Pa
2.68 0,27 2,4 +3.8
2.92 1,83 +0.5 3.0
3.01 4,53 +0.2 +3.0

Measurements of the model pitch angle are precise within +0, 05
deg, based on repeat calibrations, Model attitude corrections were
made for model-balance deflections under air load, and the precision
of the calculated model angle is estimated to be 10, 1 deg.

6.0 RESULTS AND DISCUSSION

A comparison of the damping data obtained with the standard VKF
sting configuration (VKF-1.C, £g/d = 3, 45) and with the modified sting
configuration (flare installed, £g/d = 3. 3) is presented in Fig. 9 for
the two iest frequencies. At the higher frequency (Fig. 9b), there is
a mismatch in both Reynolds number and frequency. However, Uselton
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(Ref. 21) and Ward (Ref, 39) showed that the pitch-damping derivatives
for conical models at o = 0 were generally independent of Reynolds
number if the boundary-layer flow over the model base was either fully
laminar or fully turbulent. For both Reynolds numbers in question,
the flow over the model base was fully turbulent, In regard to the {re-
quency mismatch, Uselton {Ref. 22} showed that, for a clean sting (zero
or minimum interference) and a turbuient boundary layer at the model
base, the damping derivatives at @ = 0 were independent of oscillation
frequency. Uselton's results along with the present data are shown in
Fig. 10, Although sufficient data are not available, the author believes
that the same conclusion applies for laminar (Fig, 10a) and transitional
(Fig. 10b) boundary layers at the model base, Therefore, it is evident
from the results in Figs. 9 and 10 that the addition of the flare (Figs, 6
and 7) to the standard sting produced no measurable effects on the
pitch-damping data,

The damping derivatives at ¢ = 0 are presented in Fig. 11 as a
function of effective sting length ratio for laminar, transitional, and
turbulent boundary layers at the model base, The data were obtained
for reduced frequencies of 04,0033 and 0,0056. The damping derivatives
for each type of boundary layer were essentially invariant with effective
sting length for the range of 2 to 3.3 model diameters, Reducing the
effective sting length to one model diameter generally increased model
damping significantly, thereby indicating support interference due to
sting length. The results show that the critical sting length as defined
by the measurement of the pitch-damping derivatives for laminar,
transitional, and turbulent boundary layer at the model base is 2 model
diameters. This means that, for Esfd > 2, the support interference is
zero or certainly a minimum (possible diameter effects). The large
increase in damping for the transitional Reynolds number is the well-
known trend reported by Uselton (Ref, 21) and Ward (Ref. 39). In Ref,
22, damping data were shown essentially for the same model and test
conditions as the present results., The data indicated that the critical
sting length was 3 model diameters; however, the flare was attached to
the sting for the £5/d = 2.3 data, and therefore, those data may be in
error,

Figure 12 shows the effect of Reynolds number and effective sting
length on base pressure measuremenis at o« = 0. The base pressure
trends with Reynolds numbers (Fig. 12a) are the typical trends reported
by Whitfield (Ref, 1}, which were discussed in Section 2,0 of this
report, The two base pressure tap locations investigated showed essen-
tially no effect of location and these results agree with those of Kavanau
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(Ref. 4) and Cassanto {(Ref, 12). In Fig, 12b, the base pressure trends
with effective sting length are very similar to the damping trends with
effective sting length, The base pressure increases significantly for
small effective sting lengths (!s/ d = 1) for each type of boundary layer,
The critical sting length for the transitional boundary layer is seen to
be two model diameters; the same as was determined by the measure-
ment of the damping derivatives, However, the base pressure mea-
surements for the laminar and turbulent boundary layers indicate a
critical sting length of 2. 5 model diameters instead of two as was
determined by the damping trends. Therefore, it is evident from
these results that different interference indicators can produce differ-
ent critical sting lengths.

The effect of the plates on the damping derivatives and base pres-
sures for the clean (£g/d = 3. 3) and interference (£5/d = 1) stings are
presented in Figs, 13 and 14 for reduced frequencies of 0.0033 and
0.0056, respectively, In general, the addition of the plates to the
clean sting configuration produced little effect on the damping deriv-
atives and increased the base pressure slightly, The base pressure
effect is opposite of that reported by Clay and Walchner (Ref, 28) at
M, = 14. The addition of Plate 1 to the interference sting generally
decreased the level of interference (*12 percent maximum)} and in-
creased the base pressure slightly, The plate results should be very
helpful in the design of long slender stings for they indicate that a thin
rib could be run along the top and bottom of the sting to increase the
stiffness significantly and thereby eliminating or reducing the level of
the sting bending corrections required for dynamic data.

The surface pressure measured close to the shoulder of the model
at o = 0 is shown in Fig, 15 as a function of model oscillation for differ-
ent boundary layers. The sting configuration was the clean sting
(Is/d = 3.3). The laminar and turbulent data showed typical pressure
trends with model oscillation. The transitional data displayed typical
irends for the negative oscillation angles; however, for 62 0.8 to 1.0
deg, there was a sudden rise in the pressure. As the model moved
on the downswing from 6 = 1 deg toward 8 = 0, then the pressure de-
creased until & = 0.3 deg where the level obtained was that measured
during the upswing from 6 =0 to @ = 1 deg. If is obvious that the
transitional data have a pressure hysteresis loop at the positive angles
of attack, In an effort to try to explain this trend, Fig. 16 was pre-
pared, The laminar and transitional data were corrected to Mach
number 3 by inviscid pressure relationships and then plotted along
with the turbulent data, For clarity, only one cycle of data was plotted.
From Fig, 16, it is evident that the transitional pressure rise actually
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increased above the turbulent pressure level. The explanation {or this
trend is probably the fact that, as the model pitches to positive angle
of attack, the leeside transition location moves toward the model nose
(a typical trend for positive o) and the turbulent or near turbulent wake
moves upon the rear portion of the model, This observation is some-
what substantiated if the pressure distribution is estimated by inviscid
cone theory with the cone angle being modified by the boundary-layer
displacement thickness. The theoretical results (Fig. 17) showed that
a peak pressure occurred in the region where boundary-layer transition
ended. This peak pressure was somewhat higher than the pressure for
fully turbulent flow at the model base, The theory then seems to pre-
dict the experimental transition pressure rise which is shown in Fig,
16. However, the difference between the transition peak pressure and
the fully turbulent pressure level was not predicted. The predicted
pressure for the turbulent boundary layer agreed well with the experi-
mental data. This trend of peak pressure near the end of transition
was also reported by Laufer and Marte (Ref, 40) for a flat plate at

M, = 2. 55,

Figure 18 shows the effect of sting length on the surface and base
pressures at @ = 0 for laminar, transitional, and turbulent boundary
layers at the model base, Decreasing the effective sting length ratio
(£5/d) from 3, 3 to 1 slightly increased the surface pressure for each
type of boundary layer. It is unknown whether this small increase
(=3 percent maximum) in surface pressure was sufficient to produce
changes in the levels of the damping data as was shown in Fig, 11,
The base pressures were generally constant with model oscillation,
and the interference sting configuration (£,/d = 1) produced much
higher base pressures than the clean sting configuration (£5/d = 3, 3).

6.0 CONCLUSIONS

The critical sting length at ¢ = 0 was determined by the measure-
ment of pitch-damping derivatives for laminar, transitional, and tur-
bulent boundary layers at the model base, The effects of wedge plates
on pitch damping and surface pressure measurements near the model
shoulder as a function of model oscillaticn for a clean and an interfer-
ence sting were also investigated, Data were obtained at Mach number
3 on a blunt 7-deg half-angle cone for reduced frequencies of 0.0033
and 0,0056. Reynolds number, based on model base diameter, ranged
from 0.3 x 106 to 4. 6 x 105, Conclusions based on these results are
given below:
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1. The critical sting length determined by the measurements of
pitch-damping derivatives is 2.0 model diameters for the two
reduced frequencies investigated and is independent of the type of
boundary layer at the model base.

2. The critical sting length determined by base pressure mea-
Surements is approximately 2.5 model diameters.

3. In general,.the addition of the wedge plates behind the model
produced no effect on the damping data, thereby encouraging
the incorporation of thin rib stiffeners in the design of long
slender stings,

4, Decreasing the effective sting length to 1 model diameter in-
creases the model bage pressure substantially and the model
surface pressure slightly,

7.0 FUTURE PROGRAMS

The fiscal year 1977 program involves investigation of sting length
and diameter effects on pressure measurements in the model base
region of a blunt 6-deg cone with a sliced base, These wind tunnel tests
will be conducted at both supersonic and hypersonic Mach numbers. The
1977 program also includes free-flight damping data on the present 7-deg
cone at supersonic Mach numbers for the purpose of obtaining interfer-
ence-free data for comparison with the 1976 sting supported data (pre-
sent results), Tentatively, it is planned to obtain data similar to that
reported herein at the additional Mach numbers of 1. 5, 5, and 8 in
fiscal year 1978, Free-flight damping tests will also be conducted at
M, = 8 in 1978, The 1978 program combined with the 1978 and 1977
programs will provide data for the evaluation of sting support effects
on base pressure measurements, surface pressure measurements {at
model base), static-force coefficients (Cyy, Cy), and pitch-damping
derivatives of a 7-deg cone for a Mach number range from 1, 5 to 8.
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Figure 1. Wind tunnel and model injection system.
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Figure 3. Location of pressure taps.
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Figure 4. 1DOF test mechanism (VKF-1.C) details.
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b. Cross-flexure balance
Figure 5. Photographs of 1DOF test mechanism (VKF-1.C).
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a. Clean sting, 4/d = 3.3

b. Interference sting, ¢/d = 1

c. Plate installation, Plate 4, ¢/d = 3.3
Figure 6. Photographs of model support configurations.
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AEDC
5294-76

d. Plate installation, Plate 8, ¢,/d = 3.3

e. Plate installation, Plate 1, &./d = 1
Figure 6. Concluded.
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Figure 9. Effect of flare installation on the damping derivatives,

d,/d = 0.22,
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Figure 10. Damping derivatives as a function of reduced frequency
parameter for laminar, transitional, and turbulent boundary
layer at the model base, ¢ = 0, § = 1 deg.
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Sym J./d Flagged Symbols: Base Pressure Measurements
— s Made on 0.93 Radius (See
o 1.0 Fig. 3b), M = 3.0
o 2.0 Unflagged Symbols: Base Pressure Measurements
4 2.5 Made on 2.86 Radius (See Fig. '
o 3.3 3¢), M_ = 2.7 to 3.0
0.8 | 1 I T T T | L ]
0.6
o8
- 0.4 -
=]
[
0.2 s .
Beginning ot Beginning of
Transition Turbulent
Boundary Layer Boundary Layer
— at Model Base From Schlieren at Model Base
Photographs
0 i AN T T T T I ] ] ]
D.2 0.5 1.0 2.0 5.0
Regq x 10-6
a. Reynolds number
0.8 I N B S (e N R B S — J
B Boundary
0.6 |- -6 Layer at
) Sym Hao Rey x 10 Model Base
8 — =
£ = A 2.7 0.3 Laminar
a o 2.9 1,7 Transitional
0.4 o 3.0 4.6 Turbulent
0.2 ] | ] | | ] ] | | | ] | |
0 1 2 3 4 5 6 7
£g/d

b. Effective sting length

Figure 12. Base pressure as a function of Reynolds number and

effective sting length, a = 0, d./d = 0.22.
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8 = Il deg
Sym Plate fg/d = 3.3
o Kone ds/d = 0.22
A 4 M, =3
=10 1T T T 1T 1
.a -8 =
5y
+ f= -
z
g sl -
4 [ T TR SR R R

[}
o, deg
a. Plate 4, Regq = 1.7 x 105
1T
| L1
T T T
L ] ]
8 8

a, deg

b. Plate 4, Rey = 4.6 x 10°
Figure 13. Effect of plates on damping derivatives and bass
pressure, wd/2V_ = 0.0033.
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g = ;1 deg
2g/d = 1
Sym Plate dg/d = 0.22
(o] None My = 3
A 1 d.\d/ﬂvw = 0.0033
-12 T T T T T T T
3 -
&
+ —
o
o] -
-4 I | ] . | 1 1
0.7 L
3 4
B - -
.
L
& 0.5 ] i i ] ] 1 [
0 2 4 8 8
a, deg
c. Plate 1, Rey = 1.7 x 108
-10 T T T T T 7T
. -8 F -
&

+ -
Fos| |
-4 L L 1 1 1 ]

0.7 T T T T 1

8
= - -
e
o
B o.5 I U G S SR B
1] 2 4 8 ]

a, deg

d. Plate 1, Rey = 4.6 x 106
Figure 13. Concluded.
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= +
Sym Plate o Il deg
o Nome bg/a = 3.3
A 8 ds/d = (.32
-8 I T T T T T |
-d p— —
S
+ -6 P
&
-4 i L { ] 1 ] L
0'4 | 1 1 ] 1 1 ]
8
= .
~
L
&,
0.2 | | 1 ] b
a 2 4 6 g
a, deg

a. Plste 8, Rey = 1.6 x 105, M_= 2.9

o, deg

b. Plate 8, Reg = 4.5 x 108, M_ = 3.0
Figure 14. Effect of plates on damping derivatives and base
pressure, wd/2V_ = 0.0056.
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8 = %1 deg
. Sym Plate 35/" - 3.3
Q None
A 4 wd/ 2v_ = 0.0056

Py P

a, deg

c. Plate 4, Reg = 4.6 x 108, M_= 3.0
Figure 14. Continued.
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8 = 1) deg
Sym Plate  fg/d = 1
O None dg/d = 0.22
a1 wd/2V_ = 0.0056

-EG
Q
+
EU'
L&)
-4 | | | i | | !
0.7 J | I i | | 1

Pb/Pm
o o
<h [+ ]
_I ™
/

0.4 - I I ] ]

a, deg
d. Plate 1, Reg = 1.7 x 108, M_= 2.9

-8 T T | | | | T
;FU p— -
+ -6 1
o A
-4 I SO IO SN I
]
o
.
E=]
S

a, deg

e. Plate 1, Rey = 4.5 x 106, M_ = 3.0
Figure 14. Concluded.
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Sym Mg Regx 106 ud/2 g = 0. 0056
o a1 0.3 Bgld=3.3
5 2.9 1.7
O 3.0 4.6 dg/d = 0.22
1.3 T Y Y
Py !
1.2
l'l i L 1 1 ol ] 1 |
-1.0 -0.6 -p.2 0 0.2 0.6 1.0
9, deg
a. Laminar
1'4 L] T T L] L] L L) L

Ps/Po

8, deg

¢. Turbulent
Figure 15. Surface pressure as a function of model oscillation
for different boundary layers at model base, a = 0.
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Le

Boundary
. -6 Layer at
Sym Reyq x 10 Model Base

a=0, M =3, 0d/2V_ - 0.0056

(] 0.3 Laminar
A 1.7 Transitional Plate = None, fg/d = 3.3, dg/d = 0.22
0 4.6 Turbulent

1.1 | [ | ] t | | | I ] W U | [ |
-1.0 -0.8 ~0.6 -0.4 -0.2 o 0.2 0.4 0.6 0.8 1.0
g, deg

Figure 16. Surface pressure data corrected to a common Mach
number of 3.
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8¢

Pg/Pg

1.32

1.30

Sym
O Present Data M =3
—— Inviscid Cone Theory Using - 6
the Boundary Layer Displacement Rey, = 4.6 x 10

Thickness to Modify the Cone
Angle

| | ] | 1

End of Transition

T—-Beginning of Transiiion

] I ] | |

5 10 15 20 25
Model Surface Distance, in,

Figure 17. Theoretical pressurs distribution along model surface.
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Mg = 2.7
Sym £gld Req = 0.3 x 106
"0 33 0dIV g = 0. 0056
X 10 dgld = 0. 22

0.08 F
Py Psia

0.0 S

D .04 L 1 1 L 1 1 1 L
_1 -0 -Dns -0-2 0 0-2 005 I-D
6, deg
a. Laminar boundary layer at modesl bage

Figure 18. Effect of sting length on surface and base pressure,
a=0.
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Mg =2.9

Sym  4ld Reg = 1.7 x 10°
o 33 udlZVm = 0, 0066
X 1.0 dg/d = 0.22
U '72 ] | | | )

0.250 + .
P, Psia
0.125 b " I
U 1 [ A 'l I 1 1 L -
-lao -006 -002 0 0-2 '0-6 lOD

0, deg

b. Transitional boundary layer at model base
Figure 18. Continued.
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Mg =3.0
ol wd/2V g = 0. 0056
X dg/d = 0, 22

Ps. Psia

1 -6 "l -
-1 -0 -008 "'0-2 0 002 0-5
0, deg
1.0
0-8 B T “
P Psia
0.6 } 1 .

‘0 -6

-0.2 0 0.2 0.6
0, deg

¢. Turbulent boundary layer at model base

Figure 18. Concluded.
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Test
Conditions

O H BHH OO @

00

mwl\:l\:l\!l\il

W
O O W O W 4

Table 1. Tunnel Conditions

Re, x 108 p,, psia T_, °R p_, psi V_, ft/sec q_, psi
0.27 2.5 585 0.11 2,041 0.55
0.30 .0 570 0.09 2,072 0.56
0.50 5.0 570 0.16 2,073 0.93
1.65 17.0 585 0.54 2,099 3.16
1,72 18.0 570 0.49 2,098 3.08
3.06 32.0 570 0.87 2,098 5.48
4.61 50.0 585 1.36 2,125 8.57

99-L4-H 1-203V



Table 2. Test Summary

= 1 deg -

Test

3
ud/2vDo x 10 zs/d Plate Condi tions*

AEDC-TR-77-66

3.3 3.45 None F
3.30 c., E
F
G
4 E
4 G
2.50 None C, E, F¥, ¢
2.00 E, F¥, G
1.00 B, E, F#
G
1 G
L 1 1 E
5.6 3.30 Nome A*® D+, Gt
4 G
8 D, G
2.50 None G®
2.50 A, D
2.00 A, D, G
1.00 A+e D+, Gt
4 1.00 1 D, G

*As Listed in Table 1
$Data not Presented

o, deg
0 to 6.5
0
0 to 6.5
0 to 4.4
0 to 7.1
0 to 4.4
0
0 to 4.3
0 to 4.3
0 to 7.1
0 to 8.0
0 to 4.0
0
0
0 to 8.0
0 to 8.0

+0scillating Pressure Data also Obtained at « = 0

®Data Presented at « = 0 Only
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AEDC-TR-77-68

NOMENCLATURE
Reference area (based on model base diameter {d} ),
0. 349 ft2

Forebody axial-force coefficient, forebody axial force/

s P,

Normal-force coefficient, normal force/q_ A
Pitching-moment coefficient, pitching moment/q,Ad

Pitching-moment coefficient due to pitch velocity, 8(C,}/
8(gd/2V,), 1/radian

Pitching-moment coefficient due to angle of attack, BCm/
0, radian”

Pitching-moment coefficient due to rate of change of angle
of attack, 8(Cp)/8{¢d/2V_), 1/radian

Reference length (model base diameter), 0, 667 ft

Effective sting diameter {at model base, see Figs. 4,6,
and 7}, 1,76 in,

Model length, in.

Critical sting length, in, {for £4 < £or., model data are
affected)

Effective sting length (from model base to sting flare, see
Figs. 4,6, and T), in.

Free-stream Mach number
Model base pressure (see Fig. 3), psia
Tunnel stilling chamber pressure, psia

Model surface pressure, psia
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Pa

Qo
Re/ft

Re

Re

wd/2V,

AEDC-TR-77-66

Free-stream static pressure, psi

Pitching velocity, radian/sec

Free-stream dynamic pressure, psi or psf
Free-stream Reynolds number per ft

Free-stream Reynolds number based on reference length
(d}, Reg = (Re/ft) (d)

Free-stream Reynolds number based on model length
(£}, Re, = (Re/ft) (O

Model base radius, in.

Model nose radius, in.

Tunnel stilling chamber temperature, °R
Free-stream velocity, ftf/sec

Angle of attack, deg

Time rate of change of angle of attack, radian/sec
Oscillation amplitude, deg

Cone half-angle, deg

Oscillation frequency, radian/sec

Reduced frequency parameter, radian
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