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ABSTRACT

An investigation, conducted to determine the feasibility
of simulating a body flare by means of Jets exhausting around
the circumference of the body in close proximity to the base,
has revealed that the stability of non-lifting bodies of rev-

olution can be increased by use of Jet-simulated flares.
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LIST OF SYMBOLS

base area,

pitching mcment coefficient = Nx

9, AL

change in pitching moment coefficient = CM Jjet on -~ CM jet
off.

normal force coefficient = N

change in normal force coefficientch jet on = CN jet off,
pressure coefficient = p-pe .,

body base diameter, Ye

throat diameter of nozzle,

rate of change of pitching moment coefficient with angle
of attack,

rate of change of normal force coefficient with angle of
attack,

rate of change of pressure coefficient with distance along
ogive-cylinder axis,

fineness ratio of ogive-cylinder,
fineness of ratio of ogive.
body length,

r}l L]
Pcovm Ab
free-stream Mach number,

mass flow parameter =

Jet exit Mach number,
measured mass flow,
normal force,

static pressure on body.

free-stream dynamic pressure.

Reynolds number, based on body length.
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LIST OF SYMBOLS (Concluded)

V, free-stream velocity.
X longitudinal distance from vertex.

center of pressure location ahead of center of gravity.

w1

& angle of attack.

P  free-stream density.



INTRODUCTION

Aerodynamic vehicles which can be described as pon-lifting
bodies of revolution, with either pointed or blunt nose shapes
and cylindrical afterbodies, are generally statically unstable
about their centers of volume. Static instability may be desir-
able for some of these vehicles, while for others this condition
may be intolerable. If a vehicle of the type discussed must
have a degree of static stability not offered by its aerodynamic
characteristics, the designer is faced with the problem of deter-
mining what device or devices will best provide the static stab-
ility desired.

The static stability of a given aerodynamic vehicle can be
increased (or decreased) by means of auxiliary lifting surfaces,
body flares, flow separation on the body caused by interaction
of the expanding propulsive jet and the free stream, and also
by simulating a body flare with side jets located around the
circumference of the body. This report contains the results of
an investigation of the ability of side Jjets to increase the
stability, about the center of volume, of an ogive~cylinder in
a supersonic alr stream,

A jet exhausting normal to the cylindrical afterbody of
an oglve-cylinder traveling at supersonic speeds acts as a blunt
body and becomes enveloped in a strong shock wave., This strong

shock wave interacts with the boundary layer on the body and



generally causes the boundary layer to separate upstream, later-
ally, and downstream from the jet. In the investigation report-
ed herein, configurations were tested on which jets exhausted
normal to the body all around the circumference of the body near
the base. Thus ﬁhe strong shock waves ahead of each jet coalesc-
ed and forced the boundary layer on the body to separate around
the entire circumference, The Jjet flare thus simulated a body

flare and a favorable change in stability was obtained,



EXPERIMENTAL EQUIPMENT

Wind Tunnel.-The tests were conducted in the University of

Michigan 8-by 13-inch blowdown wind tunnel., The tunnel was bper-
ated at atmospherié stagnation pressure and a Mach number of

M,= 3.97. A description of the wind tunnel and associated equip-
ment, and recent calibration data are contained in References 1
and 2,

Models.~The basic model used in these tests was a fineness
_ratio of 6.58 ogive-cylinder. The model length was 13.0 inches
and the ogive had a redius of 18.5 inches, the proper value for

a fineness ratio 3.0 tangent ogive with a diameter of 2.0 inches,
However, the diameter of the cylinder had been turned down to
1.975 inches for a previous test program, and the shoulder be-
tween the ogive and the cylinder was then rounded to provide a
relatively continuous expansion at the shouider, The result-
ing modified ogive nose had a fineness ratio of about 2.66,

The model was segmented so that the various Jet flare pat-
terns were obtained simply by the installation of spacers with
the desired nozzles., Three spacers were constructed, one with
ol sonic nozzles evenly spaced around the circumference (desig-
nated in this report as 24-J), one with 12 sonic nozzles evenly
spaced around the circumference (designated 12-J), and one with
a supersonic slot (designated slot). The nozzle diameter for

spacer 24-J was d = 0,119", for 12~J it was d = 0.160", and the



supersonic slot had a 10.5 degree semi-divergence angle with an:
exit Mach number of MJ= 3.2. All nozzles.in each of the“spacers
had smooth contraction sections.

The Jet fldid for wll models was dry air which was obtained
from a high pressure laboratory source and throttled to the de
sired pressure. Mass flow to the Jets waé measured by means of
a standard ASME sharp-edged orifice. The air was piped from the
external supply system to the inside of the model thru the hollow
cantilever sting balance upon which the model was mounted,

Tests.-The data obtalned during these tests include'thé forces
and moments on the model which was mounted on a hollow cantiléver
sting balance. Moments applied to the sting balance by the'
‘model were measured at four stations along the sting by means
of straih gage bridges. Commercial carrier amplifiers with a
recording oscillograph comprised the system by which the moments
on the sting balance were sensed and recorded. Additional data
were obtained by means of schlieren photographs, china clay
patterns of the separation line, and pressure measurements in
the wake,

The construction of the models was such that the air from
the external stream could blow thru the 1nterior_of the models
when the models were at an angle of attack. Thus, to eliminate
the possibility of recording any ektraneous forces due to this
unwanted circulation of air from the free stream, the Jets were
turned on before the main tunnel flow was started amd turned

off after the main tunnel flow had ceased. The angle of attack
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range covered for the tests was approximately fromo = -1,00
too= 2,00°

Discussion of Errors.-The strain gage bridges were grouped

in pairs - two near the center of the model and two near the
base. Thus each force datum point was obtained as the average
of four values from the four different combinations of a forward
moment and a rearward moment.

Difficulty was encountered in obtaining and reducing the data
because the Jjet gas that passed thru the sting balance forced
the sting to vibrate, Considerable vibration was encountered
at the higher mass flows and the resultant traces recorded were
difficult to interpret. An estimate of the accuracy with which
the moments on the sting balance could be determined, and the
accuracy of Jjet mass flow, tunnel pressure and Mach number,
and angle of attack was made, It was then determlned that, at
the higher mass flows, the maximum possible errors in the data

presented are:

Separation

Line

Model Cn Cym Location
% Cy max., no jet |% Cy max., no jet % L
ol-g ts5.0 t 9.0 tTaip
12-J t 0 t 9.0 Tae
Slot t 9,0 9,0 tose
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DISCUSSION OF TEST RESULTS

The ogive-cylinder characterlistics and the separation line
variation with mass flow parameter for the three models tested
are contained in Fig, 1. The pressure gradient in Fig. 1(Db)
was obtalned by measuring the slope of the pressure profile as
calculated by the second--order shock-expansion meﬁhod.3

The third section of the first figure, Fig. 1{¢), shows the
location of the separation line at of= OO for each of the models
tested, Cénfigurations 24..J and 12-J, both of which had the
Jets located at % = 0,913, do not have egual separatlion distances
for equivalent values of the mass flow parameter, Configuration
12-J, it must be remembered, had more total space between-the
nozzles than did 24-J, Thus it ig surmlsed that 12-J was lncap-
able of containing as large a pressure bulld-up 1n the separation
zone as 24-J, with the result, as indicated in Fig. 1(e¢), that
the separation zone 1is not as extensive in the upstream direction,
The center line of the Jet for the slot model was located at
%’= 0,962, As mentioned previously, the construction of the
slot was such that the supersonic jet allowed no passage for
the high pressure air 1n the separation zone to travel along
the body from the separation zone to the base vegicn of the body.
This test configuration, for small values of the mass flow para-
meter, forced the boundary layer separaticn polnt tec stabllize

farther upstream from the jet center line than elther 24-J or
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12-J. A similiar result was noted earlierf, when the area thru
which high pressures in the separation zone created by a single
sonic jet could travel to the base was reduced by means of fins,

The changes in the longitudinal stability parameters caused
by the Jet-simulated flare are plotted in Fig. 2. All three
models tested produced favorable changes in the stability of the
oglve-cylinder, with model 12-J providing the greatest improve-
ment in stability. The curves of pitching moment variation with
angle of attack were linear throughout the angle of attack range
of the tests and the curves of normal force variétion with angle
of attack tended to become linear as the mass flow parameter
increased.

It is interesting to discuss the variations of the pitching
moment curve siope with mass flow parameter as plotted in Fig.
2(b), when Fig. 1(c) is kept clearly in mind. The curves of
Fig. 2(b) show an initial sharp increase in stability with mass
flow for model 12-J and less pronounced increases for the other
test configuration. This increase in stabllity continues up to
a value of M¥ .15 for both 12-J and 24-J and up to a value of
M#& ,1 for the slot. Considering now Fig,., 1, it is seen that this
increase in stability roughly corresponds to the case for which
separation occurs on the cylindrical part of the body for all
configurations,

Then for models 12-J and 24-J, there is a decrease in
stablility as the mass-flow parameter varies from approximately

0,15 to 0,45, Again refering to Fig. 1 it is seen that within



this range of ﬁ, the separation line is quite close to the actual
shoulder of the test model, that is, in this range of mass-{low
parameter for 12-J and 24-J, the separation line is pushed over
the shoulder and into the region of favorable pressure gradient
on the ogive, The third section of the curves, of pitching mo-
ment slope variation for 12-J and 24-J, i.e, 1\:1>Q°45s show,
conce again, apn inerease in stability. For this range of mass
fiow, 1t 1s seen, by referring to Fig. 1, that the separation
point is well ahead of the body shoulder and into the region of
favorable pressure gfadient on the ogive,

The slot model does not exhibit all the characteristies of
12-J and 24-3 ag is easily seen in Fig. 2(b). For small values
of the mass flow parameter, the stability of the slot model in-
creases at a moderate rate followed by a more gradval increase
in stability, without the decrease as noted for 12-J and 24-J,
Serubiny of Fig, 1 reveals that for the range of massaflows
tegted for the slot, the separation line remains in the viecinity
of the shoulder, No explanation is presented at this time for
the differences in behavior betwesen the different models when
the separation line is in the vicinity of the shoulder,

The data presented in Fig. 2 were obtained by measuring the
slopes of the curves of normal force coefficient and pitching
moment coefficient versus angle of attack, such as the curves

contained in Figs. 3 and 4., The curves of Cy vsXand Cy vs

were linear within the angle of attack range of the test pro-



gram for all values of the mass flow parameter. The curves of
Figs. 3 and 4 were obtained by cross-plotting from curves of CN

and CM versus mass flow parameter, ﬁ for the various angles of

attack at which measurements were made, The curves of CN versus

M and Cy versus M were faired thru the measured values of Cn
and CM so that the scatter in CN and CM is displayed in Figs., 3

and 4, The shifting of the curves of CN versus o« and CM versus

o, in Figs. 3 and 4, for the body with the jet-simulated flare,
is believed due to a slight asymmetry which resulted from slight
differences in the dimensions between individual sonlc nozzles
of 24-J and 12-J and due to slight differences in throat thilck-
ness around the circumference of the slot,

Plotted in Fig. 5 is the change in normal force coefflcient
at one degree angle of attack due to the jet flare for the three

2

models tested and also data for a blunt-cone cylinder model’,

Also included in Fig. 5 are data4 for a single side Jjet on an
ogive-cylinder identical to the one used in the present tests,
and the values of the normal force coeffieiént at <= 1O for
the ogive-cylinder of these tests and the blunt cone-cylinder,
The restoring moments provided by each of the configurations
tested are plotted in Fig. 6. For 12-J and 24-J, the curves are
extrapolated linearly to the point where neutral stability will
perhaps be obtained with the jet-simulated flares. If the curves
of Fig. 1(c¢), indicating separatlon line location, are extrapol-

ated up to the values of mass flow necessary for neutral stability



then it is seen that the separation points for 12-J and 24-J 1lie
on the ogive in the region where the pressure gradient does not
change rapidly. 1In fact, the chénge in pressure gradient 1s al-
most constant from the shoulder to the neutral stébility separ-
ation poinc as estimated by means of these various extrapolations.

The slot 1s seen to be, in general, the least efficient of
the three configurations tested. This may be due, in part, to
the fact that the slot model jet was located closer to the base
than the jets of the other models. It is approximately true,
except for those values of M for which the separation point is
In the immediate vicinity of the shoulder, thet moving the jets
closer to the base of the body reduced efficiency as can be in-
ferred from Figs. 1 and 2.

The tests using a blunt cone-cylinder mbde15,-in which ni-
trogen was used as the jet fluid, were conducted to determine the
stabilizing influence of the main rocket exhaust. Some of the
results obtained are included in Fig. 6 because the jet config-
uration tested is a limiting case. The Jjet is located at the
base of the body, and the jet thrust vector is parallel to the
body axis. Also, similar to the slot used in this investigation,
the jet completely enveloped the circumference of the model so
that the high pressures within the separated zone could not es-
cape downstream thru the jet.

A jet-simulated flare 1s not the same type of device as a
single side Jet, but when one thinks in terms of ebility of a

device to return a vehicle vo its prescribed flight path, then
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it is useful to compare the efficiencies of the-Various devices
which can perform this féat. For this feason, there 18 included
in Fig. 6, for comparison purposes, the restoring moment imparted
t¢ the ogive-cylinder by a single side jet, Data available7
indicate that the change in total normal force produced by a
single side jet with angle of attack 1s negligible for small
angles, It 1s assumed, thérefore, that the daﬁa obtained at

zero degree angle of attackg, can be plotted on Fig. 6 without
introducing excessive error,

Schlieren photographs of 24-J and the slot are contained in
Fig. 7. Light and dark areas on the model can be discerned in
some of the photographs. The dark areas correspond to regions
of heavy concentration of china-clay on the model while the light
areas correspond to regions on the model where the china-clay
is eitﬁer completely absent or present in a veby light £1lm,

The designer 1s interested not only in the amount of stabil-
ity that can be obtained by employmént of a particular device,
but also the change in drag induced by the device. No drag
measurements were made during this investigatlion, but a limited
number of pressure measurements were made in the wake of the
body. The configuration 12-J provided the least relative in-
crease in pressure drag and the slot configuration provided the

greatest relative increase in pressure drag.
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CONCLUSIONS

Analysis of the data obtalned during the investigation
reported herein provides the basis for the followlng coneclusionss
1, Stabllity of a non=1lifting body of revolutlon can be

favorably influenced by a jet-simulated body flare,

2. Some of the more important parameters governing the
problem are pressure gradient on the body, type (sonic or super-
sonic) of nozzles used, location of nozzles relative to the base
of the body, spacing between the nozzles, and Inclination of the

nozzles to the body axis,
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