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ABSTRACT

An experimental investigation of the side-jet, supersonic stream inter-
action phenomena has shown that beneficial interaction forces can be obtained
on a body of revolution with or without fins. The magnitude of the interaction
forces obtained on a body of revolution with fins can exceed the jet static
thrust, while the magnitude of the interaction forces obtained on a body of
revolution without fins is much less. This investigation has also shown that
some of the important parameters governing the magnitude of the interaction
force obtained on a body of revolution are fin-exposed semi-span, side-jet

nozzle geometry, and side-jet nozzle‘locéfién.‘
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INTRODUCTION

In recent years, flight to and beyond the outer reaches of the earth's at-
mosphere has been given increasingly serious consideration. One realizes im-
mediately the need for vehicle control if a vehicle is to follow any path other
than a ballistic path. Vehicle control within the earth's atmosphere is gen-
erally provided by aerodynamic controls, while outside the earth's atmosphere
jet reaction controls are needed. But little is known about vehicle control
in the intermediate region where aerodynamic controls lose their effectiveness
and jet reaction controls produce some type of aerodynamic interference. It
is the purpose of this report to present the results of a program designed to
investigate the feaéibility of side Jjets as control devices within the atmos-
phere.

An experimental investigation into the use of side Jjets as control devices
was begun at the Aeronautical Engineering Laboratories of The University of
Michigan in 1950.,1’2 Barly test results indicated that an interaction force,
complementary to the jet force, can be obtained when a jet nozzle is exhausted
from a body into a supersonic stream. These results also revealed that the
magnitude of the interaction force depends, among other things, on nozzle ge-
ometry and nozzle location relative to the base of the body.

Recent tests of side jets issuing from flat plates5 have revealed benefi-
cial interaction forces several times as large as those observed on bodies of

revolution. These large interaction forces on flat plates are due to the fact

that the region of high pressures ahead of the Jjet cannot propagate to the



opposite side of the body and oppose the jet'force, as happens on a body of
revolution. If fins are added to a body of revolution, however, so as to pre-
vent the circumferential spreading of the high-pressure region ahead of the
jet, then interaction forces comparable to those found on a flat plate can be
expected.

The present tests were conducted to determine the effects of fins and of
changes in nozzle geometry and location on the interactioﬁ force produced by

a side Jjet issuing from a body of revolution into a supersonic stream.



EXPERIMENTAL EQUIPMENT

Wind Tunnel.—The experimental data were obtained in The University of

Michigan's 8- by 13-in. supersonic wind tunnel. This wind tunnel is of the
blow-down type, with throttling valves located between the dry-air storage tank
and the stagnation chamber to allow tunnel operation at atmospheric or sub-
atmospheric stagnation pressures. The test Mach numbers were Mmé 2.43 and

M= 3.97. The Reynolds number was varied at both Mach numbers by means of the
above-mentioned throttling valves. The Reynolds number variation was 0.258 x
10% per inch to 0.399 x 105 per inch at M = 2.4% and the variation was 0.127 x
108 per inch to 0.107 x 105 per inch at Mm? %.97. Wind tunnel calibration data
and a description of the facility are contained in Refs. 4 and 5.

Models.—The models tested were ogive cylinders of two different lengths.

The long model, shown in Figure 1, had a fineness ratio of 6.5 and was used for
all the tests with fins. Sonic nozzles and a 90° supersonic slot were tested
with this model. The sonic nozzles had rounded entrances, and exit diameters
of 0.172 in. These exit ports were tested in groups of one, two, or three,
symmetrically arranged between a pair of fins. The 90° supersonic slot had a
cross section consisting of a rounded entrance, a (parallel) throat of 0.020-
in. width, and a straight-sided downstream section with an included divergence
angle of 23°. This nozzle prbduced a theoretical exit Mach number of 3.Tk.

The long model was also used for tests of a nose Jjet. This jet issued
from a sonic nozzle, with sharp entrance, located 1.225 in. from the nose and

inclined 13° forward from the vertical. When not in use, this nozzle was



plugged and the model surface was smoothed with modeling clay.

The short model (Figure 2) had a fineness ratio of L.5. ILike the long
model, it had a fineness-ratio-3 ogive nose and a cylindrical afterbody of ap-
proximately 2-inch diameter. This model was used for tests of various single
aft nozzles. The nozzles used with this model consisted of three rounded-
entrance sonic nozzles 0.119, 0.160, and 0.224 -in. in diameter, a sharp-entrance
nozzle 0.160-in. in diameter, and two conical nozzles. The larger conical noz-
zle had a slightly rounded entrance and a theoretical exit Mach number of ap-
-proximately Mj =2.95. The smaller conical nozzle had a more gradual entrance
and gave a theoretical exit Mach number of Mj = 3,07. The afterbody behind the
nozzle centerline varied from 0.50 to 1.75 in.

Internal adapters allowed bdth models to be mounted on the sting balance
(shown in Figure 3) so that the model served as a windshield to the strain-
gauge bridges. In this manner a ratio of sting diameter to model base diameter
egual to 0.30 was obtained. The sting was tapered and at its root had a ratio
of sting diameter to model base diameter of 0.437. The ratio of sting length
to model base diaméter was 3.00.

Tests.—The forces on the models produced by the jet and the jet-supersonic-
main-stream interaction were measured by the sting balance. The increment of
force on the model due to the jet force and the interaction force was obtained
By turning the Jjet bn after the supersonic flow had started in the tunnel and
then turning the jet off before the tunnel was shut down. The time allowed be-
tween starting and stopping the tunnel flow and jet flow was always of suffi-

cient duration (a few seconds) to obtain steady-state force measurements.



The strains in the cantilever beam produced by the forces on the model
were sensed by two Wheatstone bridge circuits. An electronic system comprised
of commercial carrier amplifiers and an oscillograph emplified and recorded
the output signals of the two bridges. Fredquent calibration checks were ob-
tained by hanging known weights on the models, thus producing known moments on
the sting balance. The outputs from the bridges due to the weights were re-
corded by the oscillograph. In this manner a constant check of the balance
system sensitivity and stability was obtained.

All tests were conducted with the model at zero angle of attack. The re-
sults of earlier testing at various angles of attack® showed only slight var-
iation in the total force normal to the model surface within an angle of attack
range of -12° to +14°%

The boundary layer over the model remained. laminar throughout the range
of Reynolds numbers and Mach numbers of the tests. A turbulent boundary layer
was obtained for some of the tests by installing an "O" ring on the nose of the
model. This "O" ring was 0.065 in. thick and was located approximately 0.5 in.
behind the nose of the model.

The jet-stagnation-pressure probe and temperature-sensing thermocouple
were located inside the model stagnation chamber. The model stagnation chamber
was considered to be the space between the model outer shell and the internal
adapter. The jet stagnation pressure was measured by a laboratory-test pres-
sure gauge. The gauge could measure pressures and partial vacuums with an ac-
curacy of 0.25%. The jet stagnation temperature was measured with an accuracy

of approximately il% by a thermocouple potentiometer. The jet gas for these



tests was air obtained from a laboratory air supply.

The mass flow through the various nozzles was measured with a commercial
ASME sharp-edge orifice. The meter run was a steel tube of 1-1/2-in. standard
pipe size with lengths of 40 pipe diameters upstream and 11 pipe diameters
downstream of the orifice plate. The orifice-to-pipe-diameter ratio was 0.200.
The coefficients used in the reduction of the mass-flow data were obtained from
Ref. 6.

Discussion of Errors.—An analysis of the repeatability of the calibration

data for the sting balance system showed a scatter band of approximately il%
width. A similar analysis indicated the scattering band width of the force
measurements was approximately i5% under actual test conditions. The mass-flow
measuring equipment, designed according to ASME standards, was accurate within
+1%. It should be noted that these deviations are representative of the mid-
range measurements. Measurements of smaller forces and mass flows are subject
to slightly greater error and measurements in the high range are considerably

more accurate.



DISCUSSION OF TEST RESULTS

Qualitative Description of Interaction Phenomenon. —When a Jjet is exhausted

from the surface of a body immersed in a supersonic stream, the jet acts as an
obstruction to the flow. The shock wave ahead of the jet is somewhat similar

to the shock wave ahead of a blunt body. Between the shock wave and the jet,
there exists a high-pressure zone. Since this shock-wave and high-pressure zone
is in close proximity to the body and interacts with the boundary layer, the
boundary layer on the body generally separates. Thus the interaction between
the side jet and the supersonic stream creates a separation zone on the body
surface. The high pressures contained within the separated region exert a force
on the body in addiggon to the force of the jet.

In a flat-plate investigation of this phenom.enon,5 the separation was found
to spread much more rapidly in the lateral direction than in the free-stream
direction. On the flat plate, where the span of the plate was greater than the
distance which the separation spread laterally, it was possible to obtain inter-
action forces equal to and greater than the jet forces. Experiments have shown
that it is not possible to obtain interaction forces on a body of revolution
without fins as large as those obtainable on a flat plate. This loss in the
interaction force appears to be related to the lateral spreading of the sepa-
rated zone around the body. As the separated zone spreads laterally, it also
travels circumferentially around the body (see Figures ba and 4b). When the
separated zone completely surrounds the body, a major portion of the beneficial

interaction is cancelled.



Consider now the result of restricting (by fins) the lateral spreading of
the separated zone on a body of revolution. The high-pressure region between
the shock wave that surrounds the jet of gas issuing from the body and the Jet
surface acts as a "source" which forces air into the boundary layer and causes
it to separate. The "source" air has two means of escaping from the restricted
separation zone. First, it may escape through mixing at the top of the separa-
tion zone, and second, through the base area of the separation zone. With the
addition of fins to the body of revolution the separation zone, and hence the
‘possible mixing area, is reduced. When, moreover, the fins are added to the
body, thus restricting the lateral spread of separation, the base area on each
side -of the jet through which air in the separation zone could escape downstream
is reduced. Hence only two possibilities exist for the accommodation of the
air forced into the separation zone. First, the pressure within the separated
zone may increase, thus reducing the amount of air forced into this zone. Sec-
ondly, the separated zone may expand in the stream direction, thus increasing
the mixing zone. Both effects seem to occur at the same time. The separation
zone on the top of the body between the fins expands in the streamwise direc-
tion and the pressures within the separation zone increase. In addition, the
detrimental separation on the underside of the body is prevented by the fins.
Thus the interaction force obtained on a body of revolution with fins is greater
than the interaction force obtained on a body of revolution without fins.

In the realistic case, the above-mentioned mechanism is not fully realized
because of the influence of the boundary layer on the fins. The separation zone

may cover the fins as well as the body, thus presenting the possibility of air



flow over the ieading edge of the fins and the creation of a high-pressure zone
on the underside‘ of the fins, if the fin leading edge is subsonic. Also, when
the obstruction created by the jet becomes sufficiently large, the separation
zone will reach the forward apices of the fins and cause the air to separate on
the underside of the fihs and on the side of the body, with resultant diminution
in the interaction force.

In review, then, the following qualitative picture of the interaction force
can be developed. At extremely low Jjet pressures the interaction force will be
very similar for all bodies, with or without fins, because the separation zone
will be small and will be contained on the Jjet side of the body. As the momentum
of the jet increases, the separation zone will grow and spread circumferentially
around the body, resulting in a loss of interaction force on a body of revolution
without fins. The separation zone (and interaction force) on a body of revolu-
tion with fins will continue to grow until either the separation reaches the a-
pices of the fins or flows over the leading edge of the fins. Then, for the
fin-body configuration, the growth of the ratio of the interaction force to the
pure-jet reaction will decrease with further increases in the jet momentum.

Configurations with Fins.—A comparison of the interaction forces obtained

on a body of revolution with and without fins is shown in Figure 5. The curve
for the body alone shows a slight increase in CNA due to the interaction; but
the addition of fins causes a much greater increase in CNA° It is interesting
to note that the interaction is only slightly dependent upon the fin chord and
rather sensitive to fin span. This trend is apparent from the comparison of the

forces obtained with the l-in.-span fins of various chords with the 2-in.-span



' fins; these test data seem to support the earlier statement that the separation
of the boundary layer, due to the Jet, spreads much more rapidly in the lateral
direction than it does in the streamwise direction. One 1s led to the conclusion
that a loss in interaction is caused by flow seeping around the leading edge cf
the fins. = It should be noted here that all the fins had subsonic leading edges;
hence, the difference between the results obtained with the 1-in span and the
2-in.-span fins is not caused by a change from a subsonic to a supersonic leading
edge.

To study the effect of span versus chord, Figures 6 and 7 have been included.
The effect of varying the span of the fins is shown by the data of Figure 6. One
may note a rather sharp increase in magnification factor initially, then a slower
increase as the span.is increased further. A similar comparison for varying
chord with a constant span is displayed in Figure 7. Apparent from Figure T is
a relatively low value of K for the long (10-in.) fins at low mass flows. This
deterioration in complementary reaction force is probably attributable to the
‘low leading edge Mach number, since, under nearly sonic conditions, the high pres-
sures in the separation zone may force flow over the leading edges of the fins
quite easily. The experimental data of Figures 6 and 7 have been used to obtain
a crossplot of magnification factor, K, versus exposed fin semi-span and fin
root chord (Figure 8) for varying chord and varying span, respectively.

In addition to the effect of fin span and chord on the magnification fac-
tor there is a dependence of the observed level of interaction upon the circum-
ferential arrangement of the fins. This variation in the reaction force like-

wise may be attributed to the different patterns of lateral spreading of the

10



separation zone, resulting from the variant circumferential placements of the
fins. This effect is briefly considered in Figure 9, in which data are pre-
sented to indicate what happens when the pairs of fins are set at 45°, 90°, or
180° from the orifice position. One observes that the 90° fin arrangement,
which restricts the lateral spreading of separation less severely than the 45°
fin arrangement, has a lower interaction force than the 45° fin arrangement.

The 180° fin arrangement is considered to be the body of revolution without fins.
(Refer to Figure 1 for sketch of fin arrangements.)

The effect of angular placement of the fins on the magnification factor,
for constant values of the mass flow parameter, may be obtained by crossplotting
the data of Figure 9; such a summary plot is given as Figure 10.

The preceding discussion is restricted tc the effect of the fins upon the
magnitude of the interaction force. In any practical design consideration,
however, the fore and aft shift in the center of pressure must be taken into
account. Obviously there will be such a shift because the major portion of the
interaction force acts at scome position in front of the nozzle axis. This for-
ward position of the interaction force is related to the forward progress of
the line of separation. A comparison of the separation distance with the for-
ward shift of the center of pressure is provided by the two sets of data assem-
bled in Figure 11. The center of pressure peaks at the point where the separa-
tion first passes the apices of the fins. This interpretation of the results
appears to be realistic, inasmuch as the high pressures in the separation zone
apparently are contained until the separation has spread out ahead of the apices

of the fins. The 10-in. fins exhibit retarded progress in the forward movement
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of the separation region. This nonuniform rate of advancement seems to stem
from the fact that the fins extend past the shoulder of the ogive. Consequently,
it turns out that a gradual loss of high pressure apparently occurs as the sepa-
ration region spills prematurely over the leading edges, rather than around the
forward apices of the fins.

Thé'previous discussion has considered the effect of various fin configura-
tions with the same sonic nozzle (d = .172 in.) located symmetrically between
the fins. There is, however, an effect of various jet configurations that must
be considered. The effect of decreasing the "base'or "escape" area for the sep-
arated flow through the addition of fins has been qualitatively discussed pre-
viously. It seems possible that the size of this separation "base" area may
contribute substantially to the character of the separation. With regard to the
three-dimensional aspects of any separation, the separation base area, through
which the separated air may escape, is equally as important as the mixing area.
Thus, if one can reduce the "base" area, it is possible that the required in-
crease in mixing area will produce a larger separation zone and consequently
a larger interaction force.

With this picture of the separation process in mind, various Jjet arrange-
ments were tested with the 10-in. chord fins (Fin "A"). One, two, or three
sonic Jjets were located symmetrically between a pair of fins, as shown in Fig-
ure 1. Thus, as the mmber of jets located between the fins increased, the sep-
aration escape area decreased. The results of these tests are presented in
Figure 12. One may note that the slot which spans the entire arc between the

fins is the most efficient in producing total normal force. Likewise from Fig-
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ure 12 may be seen the relative superiority of the multiple sonic Jets over the
single sonic jet, in the low mass-flow range except for very weak jets where the
experimental inaccuracies increase. As the mass flow increases, however, the
efficiency of the multiple sonic nozzles, as compared to the single sonic nozzle,
decreases. In the upper range of the mass flows utilized in these tests, the
triple sonic nozzles become less efficient than the single sonic nozzle. The
reason for this result seems relatively apparent. After the jet configuration
has blocked the separation escape area sufficiently to provide maximum inter-
action force, further increases in jet momentum per unit area result in less
normal force for the multiple sonic jets than the single sonic jet because the
effective jet thrust in the normal direction becomes less as the nozzles are in-
clined away from the vertical plane of symmetry. The normal (or measured-inter-
action-force) direction is defined relative to the horizontal plame of symmetry.
This explanation can also be extended to the slot; however, since the slot is
a more efficient thrust-producing device than the sonic nozzle, it always main-
tains relative superiority over the single sonic nozzle. It is also shown in
Figure 12 that the double sonic jet configuration follows the same pattern of
variation with respect to the single nozzle behavior as the triple sonic jet
configuration does, but not to the same quantitative extent, within the range
of mass flows examined.

It would seem reasonable to presume that these tests do indicate the im-
portance of blocking the separation escape area with a number of discreet Jjets
or with a slot. The advantages that this blocking may offer in atmospheric

flight, however, must be weighed against the loss in efficiency to be antici-
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pated for flight outside the atmosphere when circumferential spreading of the
nézzles is tantamount to introduction of decreased effectiveness through wasteful
misdirection of the jet-reaction vector. Thus the details of the jet configura-
tion must be determined on the basis of the mission characteristics of the vehicle
being considered.

The results of the tests of various nozzle arrangements between a pair of
fins have been plotted in Figure 13 to show the relative efficiency of the var-
ious nozzle-fin configurations. Here once again is shown the superiority of
the more efficient slot above all other combinations of sonic nozzles.

Configurations without Fins.--Included in Figure 14 are data to show the

relative advantages of supersonic side-jets over sonic side-jets on bodies of
revolution without fins. It is seen in Figure 1L that at the larger mass flows
the conical nozzlés with an exit Mach number of Mj = 3.0 are‘superior (as ex-
pected) to sonic nozzles, because of the greater efficiency of the conical
nozzles even when exhausting into a vacuum. For comparison, curves are also
shown for sonic nozzles on a body with two or four fins.

The results presented in Figure 14 seem to indicate ﬁhat a substantial
increase in total normal force coefficient might be obtained by adding a conical
nozzle (Mj 2 3,0) to a cruciform fin-body configuration. Probably the total
normal force coefficient obtained in this manner would be larger than the mea-
sured total normal force coefficient found for the sonic-nozzle, cruciform-
fin-body configuration, but this deduction has not been verified by an exper-
imental check. It is known) that the pressure distributions obtained on a flat

plate when a conical nozzle exhausts from the surface of the plate are similar

1k



to those pressure distributions obtained when the conical nozzle is replaced
with a sonic nozzle. It is shown later in this report (Figure 17b), however,
that the character of the interaction force obtained on a plain body of revolu-
tion with a conical nozzle is not the same as the character of the interaction
force obtained on the same body with a sonic nozzle. The shapes of conical

jets and sonic Jjets are known to be dissimilar, so that the shape of the shocks
ahead of the two different jets may be dissimilar, resulting in pressure distri-
butions, and hence interaction forces, that are not identical. Further experi-
mentation is needed to establish more accurately the nature of interaction flow
differences between conical Jjets and sonic Jjets.

A correlation of data for the sharp entrance nozzle at various Mach num-
bers and Reynolds humbers is shown in Figure 15. This correlatioﬁ seems to in-
dicate that the interaction force obtained when a jet nozzle exhausts from the
side of a body of revolution immersed in a supersonic stream is relatively in-
sensitive to Reynolds number variation, at least within the range of Reynolds
numbers covered in this report, where the boundary layer remained lﬁminaro The
effect of an artifical trip in causing the boundary to become turbulent and
significantly altering the separation phenomena ahead of the jet will be dis-
cussed later.

The main results of the body-without-fins experiments are collected to-
gether in Figure 16. Impulse versus the reciprocal of total normal force co-
efficient is shown in Figure 16a, while impulse versus the reciprocal of the
mass flow pafameter is given in Figure 16b. The superiority of conical nozzles

to the sonic nozzles, in the high range of total normal force coefficient and
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mass flow, is evident from Figure 16, but as the normal force or mass flow de-
creases, the sonic nozzles become superior to the conical nozzles. This re-
.sult occurs even though the conical nozzles produce more direct thrust than
sonic nozzles, because larger interaction forces are obtained with sonic nozzles
in the low-mass-flow range. The same result was observed in Ref. 3 for a flat
plate. A calculation made subsequent to publication of Ref. 3 showed that

this relative inferiority of conical nozzles in the low-thrust range cannot be
attributed to flow separation within the nozzle. Here in Figure 16 the results
once again indicate that interaction phenomena, produced when sonic nozzles
exhaust from a body of revolution without fins into a supersonic main stream,
are substantially different from the interactions produced when the sonic noz-
zles are replaced by conical nozzles.

The sharp-entrance nozzle is an inefficient nozzle when its characteristics
are compared to the calculated characteristics of an ideal sonic nozzle and
even when compared experimentally under vacuum-exhaust conditions with the sonic
nozzles used in these tests. As shown in Figure 16, however, the sharp-entrance
nozzle produces more interaction impulse, within the range of mass flows mea-
sured, than the sonic nozzles. Separatbtion occurring inside the sharp-entrance
nozzle reduces the effective throat area of the nozzle and makes it a psuedo-
bell-shaped nozzle. This effective change in throat contour implies that the
exit Mach number for the sharp-entrance nozzle will be somewhat greater than the
Mach number attained at the exit of the sonic nozzle. Furthermore, the radical
alteration in character of the flow at the nozzle exit means that the shape of

the jet issuing from the sharp-entrance nozzle is somewhat different from the
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shape of a sonic jet, although the amount of this difference is not known in
any precise detail at this time. Thus the jet from the sharp-entrance nozzle,
while producing apparently the same trends as a sonic jet, generates total
forces and interaction forces of slightly greater magnitude than those for sonic
jets for the same jet mass-flow.

The group of experimental findings presented in Figure l7a shows that the
magnification factor obtained on a body of revolution without fins decreases
as the distance from the nozzle centerline to the body base (afterbody length
X') increases. (When the afterbody length X' is increased, the value of L/X
increases slightly.) This change in magnification factor appears to be a re-
sult of high pressures in the separated zone propagating around the body (with-
out fins), to envel&p a fairly large area of the body opposite the jet. Behind
the jet there is a low-pressure area similar to that found behind any obstructing
body in a supersonic stream. Thus the relatively high (compared to free-stream)
pressure on the underside of the body and the relatively low pressure on the
top side of the body behind the jet contribute to formation of a net force which
tends to counteract the jet thrust. The result is a net decrease in the total
normal force. This general behavior was also recognized in earlier unpublished
data obtained for a side jet exhausting from a cone-cylinder body of revolution
at M= 2.0k,

In Figure 17b one can see the difference in the character of the interaction-
force curve obtained when a sonic nozzle is replaced by a conical nozzle. Where-
as the interaction forces produced by the sonic jets employed in the present

set of experiments varied by about 70% over the range of mass flows measured,
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the interaction forces produced by the conical jets vary only about 20%, over
approximately the same range of mass flows. A conical jet is an inferior
“interaction-force producer in the low mass-flow range and only slightly supe-
rior to a sonic jet in the high mass-flow range. One is led to the obvious
conclusion, from scrutiny of the data presented in Figure 17b, that the inter-
action phenomena produced by conical jets is different from the interaction
phenomena produced by sonic jets.

If the boundary layer on the body is changed from laminar to turbulent,
the interaction force and thus the total normal force is increased by approx-
imately 10% in the high range of jet mass flows as is shown in Figure 17b.
This result was obtained with a sharp entrance nozzle, the boundary layer being
tripped from leminar to turbulent by installation of an "0" ring on the nose
of the model. It is believed that the same approximate resulf would be ob-
tained if the nozzle tested were a sonic nozzle instead of the sharp-entrance
nozzle actually used, because, as mentioned previously, the trends established
by the two nozzles are quite similar.

A comparison of magnification factors for the long and the short test
bodies can be seen in Figure 17b. The increased interaction forces on the
long body may be due to different boundary layer characteristics at the nozzle
centerline which result from the increased distance of the. jet:from the ogive
cylinder Jjunction.

The interaction forces plotted in Figure 17 are replotted in Figure 18 by
resort to a slightly different parameter. By using this pressure-ratio to

diameter-ratio parameter, it was found possible to correlate previously ob-
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tained data given in Ref. 3 pertaining to a:similar body of revolution. The data
from the present tests are plotted in Figure 18a and then compared in Figure
18b, with the data from Ref. 3. 1In this manner it may be seen that there is
good correspondence between the results of this test program and the results
presented in Ref. 3.

Side-jet reaction controls located near the nose of a missile are of in-
terest for some applications. Consequently, a limited amount of exploratory
testing of a nose-mounted-nozzle configuration was conducted. The results of
such preliminary testing are presented in Figure 19. The nozzle in the nose
of the body of revolution is a sharp-entrance nozzle 0.160 in. in diameter. To
assure parity in the test conditions, comparison is made in Figure 19 with the
results obtained for an aft-situated nozzle having the same variety of sharp
entrance. It is seen that mounting the nozzle in the nose of the body seriously
decreases its over-all efficiency. Possibly this deterioration in effectiveness
is ascribable to the fact that when the jet is close to the nose of the body
there is very little area over which the high pressures in the separation zone
can act, while there is an extensive area behind the jet over which the low
pressures in the jet wake can act, to result in production of a net negative
interaction force, as shown in Figure 19.

The variationxof the location of the center of pressure of the total normal
force, with change in the mass flow, for the various nozzle configurations tested
on a body of revolution without fins, is presented in Figure 20. Again one can
see a marked difference between the performance of sonic and conical nozzles

for a body of revolution without fins. In the low range of jet mass flows,
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where the interaction force for the sonic jets was higher than the interaction
force for the conical jets, the center of pressure of the total normal force
ig further ahead of the nozzle centerline for the sonic jets than for the coni-
cal jets. It is evident, besides, that there is a distinct increase in the
forward movement of the center of pressure of the total normal force for sonic
jets with increase in afterbody length. This integrated result arises chiefly
because the negative interaction force, located behind the jet, is increased
with inereasing afterbody length. It has been shown earlier that the total
normal force produced py a given nozzle is independent of Reynolds number, if
no transition to turbulent flow occurs ahead of the separation point. As the
afterbody length is increased, therefore, the net interaction force produced
by the high pressures in the separation region ahead of the nozzle centerline
should remain relatively constant, for a given jet mass flow. The moment pro-
duced by this net interaction force acting shead of the jet will also remain
relatively constant. Thus when a negative interaction force is exerted near
the rear of the body, the apparent point of application of the resultant total
normal force must move upstream. This concept of the play of forces involved
is confirmed by the result shown in Figure 20.

The magnitude of the interaction force obtained for a given nozzle ge-
ometry and mass flow was seen (Figure 1Tb) to be greater when the boundary
layer was turbulent than when it was laminar. In Figure 20, it is seen that
the character of the variation cf center of pressure location also is different
between turbulent and laminar boundary layers. When the boundary layer is

laminar, the high pressures in the separation zone can separate the boundary
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layer quite easily, hence the separation zone is quite large. When the boundary
layer becomes turbulent, however, the high pressures within the separated zone
are confined to a smaller area by action of turbulent transport in retarding the
spread of separation. As a result of this confinement, the center of pressure
cannot move as far upstream as it does when the boundary layer is laminar.

A comparison is made in Figure 21 between the results of Ref. 3, for a
flat plate, with the results presented herein for the body of revolution with
and without fins. It is seen in Figure 21 that the magnitude of the interaction
force obtained on the body of revolution with the cruciform fins compares fa-
vorably with the flat plate data, while all other body-of-revolution configura-
tions exhibit interaction forces of lesser magnitude.

A confrontation s presented in Figure 22, at a free-stream Mach number,
M= 4.0, between two existing side-jet interaction theories and between empirical
predictions and experimental results. The Amick theOry2 is a simple two-dimen-
sional theory that includes viscous effects. The Ferfari theory7 is more com-
prehensive, but it is limited to inviscid hypersonic flows. The magnitude of
the interaction force predicted by these two theories at M = L.0 is approximately
the same in this instance, but this particularly close agreement is considered
to be only a coincidence. At highef Mach numbers the correlation between these
theories is not as good. Both theories appear to over-emphasize the interaction
forces produced on bodies of revolution without fins at My= 4.0.

In Ref. 2 an empirical equation was presented for predicting the interaction
forces on bodies of revolution at M= 2.84, This equation, which fits the ex-

perimental data well at M = 2.8k, is also shown in Ref. 2 to be able to predict
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fairly well the interaction forces obtained at M_= 3.90 when the boundary layer
is turbulent. A comparison is given, in addition, in Figure 22 between the
predictions based on use of this empirical equation of Ref. 2 and experimental
data obtained at M= 3.97, with a turbulent boundary layer. This empirical equa-
tion apparently has a limited range of applicability, but its usefulness in the

restricted range for which it was designed cannot be denied.

22



CONCLUSIONS

A study has been conducted of the effects of exhausting a side-jet nozzle
normal to the surface of a body of revolution, with and without fins, immersed
in a supersonic stream. From this study it is concluded that:

1. A beneficial interaction force may be obtained from the side-jet,
supersonic-stream interaction.

2. The magnitude of the interaction force is much greater on a body of
revolution with fins than on a body of revolution without fins.

3. The magnitude of the interaction force is dependent upon side-jet
nozzle geometry. |

L, TFor the bod& of revolution without fins, the magnitude of the inter-
action force obtained decreases as the nozzle moves forward on the body, be=-
coming negative for far forward nose locations.

5. The interaction forces obtained on a body of revolution without fins
when the boundary layer is turbulent exceed the interaction forces obtained on
the body when the boundary layer is laminar for high values of Jjet mass flow.

6. Existing theories do not adequately predict the magnitude of the in-

teraction force on bodies of revolution without fins.
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APPENDIX

Tests were conducted in a tank that was maintained at a pressure of ap-
-proximately 2 mm Hg absolute to determine the thrust and mass flow character-
istic of the nozzles used during these experiments. Supplementary tests have
shown that any error that might arise in the measurement of the jet thrust
because of flow induced over the body by the Jjet is negligible at this low
pressure., Jet-thrust and mass-flow curves for all nozzles tested, except for
the nozzle in the nose of the long-model forebody, are ‘included in Figures
23 and 2k.

The jet-thrust curves as presented in Figure 2La reveal the apparent in-
efficiency of the Sﬁarp-entrance nozzle. By the use of the china-clay tech-
nique, it was discovered that the flow in the sharp-entrance nozzle was sep-
arated. The flow separated at the nozzle entrance-and re-attached to the
nozzle wall just ahead of the nozzle exit. Thus, in reality, the effective
nozzle-throat diameter for this configuration was always less than the geo-
‘metric diameter of 0.160 in.,

Differences may be detected in Figure 24a between the performances ex-
hibited by the several sonic nozzles, as exemplified in the jet-thrust curves.
Although the sonic nozzles were geometrically similar, the model internal
geometry for the various nozzle configurations was different for each sonic
nozzle. Therefore, because of the different internal-flow conditions for each
sonic nozzle, the differences noted in the Jjet-thrust curves are not unex-

pected.
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FIGURE 24. CONCLUDED.
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