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ABSTRACT

Experimernital results are presented for a supersonic jet issuing
perpendicularly from a sphere-cone-cylinder body into main streams
having Mach numbers of C, 0.6, 1.9, and 4.0. Moment and force in-
crements due to the jet, non-dimensionalized by means of corresponding
quantities in a vacuum, are shown as functions of the jet stagnation.
pressure ratio. Effects of angle of attack, jet loéation, and body
length are also dis;layed. The adverse interaction effect is found to
reduce the jet effectiveness to one-sixth of its value in a vacuum,
for an extreme case at Mach number 1.9. A few pressure measurements
are presented, which show that a low pressure region behind the Jet

is the apparent cause of the adverse interaction.
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INTRODUCTION

Attitude control Jets located near the nose of a body of revolution
can have several advantages over rearward-located jets. For example, the
moment arm between a forward-located jet and the center of gravity is
sometimes much greater than that of a rear jet. Also, with a jet located
near the nose, wind forces can be counteracted without developing large
bernding moments in the structure of a missile, since the center of
pressure for a finless body is near the nose.

A disadvantage of nose Jjets is the adverse interaction effect
(Reference 1). When a nose jet issues into a moving airstream its
effective thrust is reduced by the pressure field developed on the body.
For an aft jet this reduction in thrust does not occur at supersonic
speeds.

The present investigation was conducted for the purpose of
evaluating the adverse interaction effect for nose Jjets located at
different axial distances from the nose, and at various free stream
Mach numbers. The investigation consisted primarily of force and
moment measurements at Mach numbers 0, 0.6, 1.9, and 4.0. A limited
nuwnber of pressure measurements were made on the body in the vieinity

of the jet.



APPARATUS AND TESTS

The University of Michigan 8- by 13-inch supersonic wind tunnel was
employed to obtain the experimental results of this report. This tunnel
is vacuum driven with either atmospheric or subatmospheric stagnation
pressure. The tests were conducted at Mach numbers of 0, 0.6, 1.9,
and 4.0 and at Reynolds numbers varying from 52,200 to 343,000 per inch.

The model consisted of & sphere-cone-cylinder forebody with three
removable cylindrical afterbody extensions (See Figure 1). With all the
afterbody extensions in place, the model had a length-to-diameter ratio
of _%_ = 7.0. Removing successive extensions reduced this ratio to
5.04, 3.50, and 2.52.

The Jet issued fram the body in a direction perpendicular to the
axis, at any of the four locations indicated in Figure 1. At each of
these locations a cylindrical hole was drilled thru the wall thickness
of the model. A modified plug nozzle was then formed by inserting a
plug, as shown in Figure 2, into one of these holes. The throat of
this plug nozzle was formed by the annular space between the maximum
diameter of the plug and the inside diameter of the hole. The three
unused holes were plugged. As a result, the force due to the jet
could be measured for the different Jjet locations.

The jet gas was laboratory air, and the jet stagnation pressure was
varied from 112 psia to 12 psia by throttling the air flow to the jet.
This produced a maximum force of approximately .3 pound with the plug
nozzle, whose thrpat area was .00166 square inches.

Normal force and moment data were obtained from a hollow sting
balance through which the air flowed to the Jjet. Strain gages, bonded

on the sting at three locations, responded to changes in bending moment



caused by the jet forces. The outputs of the strain gages were amplified
and recorded by an oscillograph. Frequent calibrations were conducted by
hanging weights from a pivot centered in & plug inserted in the jet nozzle.

The increment in normal force or moment produced by the jet was
measurcd by turning off the Jet during each run. The difference between
the normal force with the Jet on and the normal force with the jet off is
the increment in normal force due to the jet. In order to shut off quickly
the airflow to the Jjet, a 3/4" solenoid valve was mounted as Flose to the
model as possible. The reference jet reaction was obtained by operating
the Jjet in the evacuated tunnel. The normal force thus measured was
taken to be the jet reaction force in a vacuum. The importance of the
reference jet reaction will be discussed in the Data Reduction section
of this report.

Measurements were also made of the mass flow of air through the Jjet.
These measurements were made by means of a thin plate orifice and mancmeter
tubes which measured the pressure differential across the orifice. It is
interesting to note that during the actual testing a comparison of results
for different parts of the experiment could indicate partial blockage of the
nozzle throat by dirt particles. When blockage occurred the nozzle plug
was remcved, cleaned, and reinstalled.

Tests were conducted on the model for variations in Mach number, angle
of attack, jet stagnation pressure, and'number of afterbody extensions in
order to determine the effect of each change. The variations.of both Mach
number and jet stagnation pressure have already been mentioned. Various
rositive and negative angles of attack were tested up to a maximum of ten
degrees. The model was tested primarily with all extensions, but one or

more of the three removable sections were removed for several tests.



The tests at Mach number 0.6 were made with the Mach number 1.k
nozzle blocks installed. A gate valve at the downstream end of the
tunnel was set in a partially open position, so that it formed a sonic
throat and controlled the Mach number in the test section. The measured
test section Mach number varied from 0.52 to 0.63, increasing with tunnel
stagnation pressure.

Schlieren pictures were taken to observe the effects of the jet upon
the boundary layer and to determine certain characteristics of the flow
field. China clay was also employed to determine the characteristics of
the flow field on the surface of the model.

For pressure tests the nosepiece of the mcdel was replaced by one
having the same overall dimensions and containing 11 pressure orifices.
Eight of these were located forward of the Jjet nozzle station. The other
three pressure orifices were located behind the Jjet in a separate section.
The two sections could be independently rotated about the body axis to
change the orientation of the three rear orifices with respect to the jet.

The pressure tests were made at Mach number 1.9, and at a zero angle
of attack. Only one jet location was used for the pressure tests, so that
a maximum number of pressure taps could be accomodated. The location
chosen was 0.90 diameters from the nose.

The pressures on the model as well as the tunnel stagnation pressure
were measured on a mercury manometer board. Mass flow data was obtained

in the same manner as in the force tests.



DATA REDUCTION

The normal force and moment increments due to the jet were divided
by the measured mass flow to obtaln specific impulse and specific moment.
These specific values were then nondimensionalized by dividing by the
corresponding quantities for a jet discharging into a vacuum. It was
therefore hecessary to determine the Jet specific impulse in a vacuum.

A theoretical value for the vacuum specific impulse, based on the
flow model shown in Figure 3, is derived in Appendix A. In order to
obtain an experimental value of this quantity the zero Mach number, tunnel-
evacuated data were plotted in Figure 4 as values of measured specific
impulse plus the ambient pressure effect correction, according to equation
(B5) of Appendix B. From this plot a value of 68.5 was chosen for
ISvac » to be used in all subsequent data reduction. Note that this is
about one percent less than the estimated value from Appendix A.

The data were corrected for a pressure sensitivity of the rearmost
strain gage bridge. An asymmetry of the hollow sting balance results
in an indicated moment at this bridge when the sting is pressurized.

The measured increments of moment at this station due to turning the

Jet off, therefore, contain an error resulting from the sting pressure
sensitivity. This error either subtracts from or adds to the true
change in moment due to the jet force, depending on whether the sting is
in the normal position or inverted 1800, with respect to the jet
direction. For the jet nozzle used in this investigation the correction
to the indicated moment at the rearmost strain gesge station was about 5%.

The center of moments for the data presented in this report is the

rearmost strain gage station, 5.31 body diameters aft of the nose. This

center was chosen because it is a reasonable center of gravity location,
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and required a minimum of data reduction. Values of specific moment ratio
were obtained from the measured moment at the rearmost strain gage station
by dividing by the vacuum specific impulse and the measured mass flow, and
multiplying by the distance from the rearmost strain gage station to the
most forward jet location (C.lt body diameters aft of the nose). Thus the
specific moment ratio is merely the ratio of the measured mament to the
moment produced by a Jjet discharging into vacuum at the same mass flow
rate from a geometrically similar nozzle 0.4 body dismeters aft of the
nose.

The specific moment ratio data can be easily transferred to any

other moment center by means of the following relation:

Mg M, (Np / @)(5.31-x) M, 5.31 I (5.31-x)
) = - - ) = - i
Msvac (Nvac/ @) x (Nvac /B) x Msvac % Isvac x

vhere MS is the specific moment (i.e., ratio of moment to mass flow);

MS is the specific moment of a geometrically similar nozzle located
vac

C.U body diameters aft of the nose and discharging to a vacuum; x is the

distance, in body diameters, from the nose to the new moment center; end

the primes denote quantities referred to the new moment center.
RESULTS AND DISCUSSION

Moments :and Forces. The main results of the tests are presented in

Figure 5 as specific maoment ratios. These ratios measure the performance
of the control Jjet in producing a moment about a center 5.31 body dismeters
aft of the nose, in terms of the moment of a jet issuing into a vacuum at
the same mass flow rate from a geometrically similar nozzle located O.h
body diameters aft of the nose. The data are plotted versus the ratio of

Jet stagnation pressure to test section static pressure, which, for a

given nozzle, 1s proportional to the ratio of jet force in a vacuum to
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a reference aerodynamic force. (Parameters similar to this one gave good
correlation of jet interaction data in References 2 and 3.)

Theoretical curves which take account only of the ambient pressure
effect (see Appendix B) are also shown in Figure 5. These curves agree
very well with the experimental results at Mach number zero, for pressure
ratios greater than about 30. At pressure ratios less than 30 it is
believed that separation occurs within the nozzle, causing the nozzle
thrust to be greater than that given by the theory, which assumes the
nozzle to be flowing full.

For the more rearward jet locations, the data at the higher pressure
ratios fall below the theoretical curves, probably because of flow
induced by the jet. This induced flow tends to reduce pressures on
the body in the neighborhood of the jet, and increased pressures on the
opposite side of the body. The resulting body pressure distribution
decreases the net force of the Jjet, especially for the more rearwsrd jet
locations which are closer to the center of plan form area of the body.

As Mach number increases, the ambient pressure effect becomes less
significant, and interaction effects become important. At supersonic
speeds the intermediate jet locations give the largest control noments,
because the adverse interaction effects are not as serious at these locations
as for the most forwerd jet location.

Bpecific impulse ratio data are presented in Figure 6. These data
enable the specific moment ratio date to be converted to any other mament
center, by means of equation (1). The specific impulse ratio can also be
thought of as a force effectiveness factor, indicating the ratio of the
normsl force due to the jet (including interaction effects) to the normal

force of a jet issuing into vacuum thru a geometrically similar nozzle at



the sgme mass {low rate.

Angle of attack effects are shown in Figure 7. At the subsonic
speed the moment produced by the jet is reduced as angle of attack increeases
(Jet issuing on leeward side of body). On the other hand, at supersonic
speeds the general trend is to increasing effectiveness at higher angles
of attack.

Effects of afterbody length are presented in Figure 8, for a jet
located 0.9 body diameters from the nose. Again, opposing trends are
evident at subsonic and at supersonic speeds, at these particular jet
pressure ratios. At the subsonic speed, increasing the body length from
2.5 to 5 diameters increases the specific moment ratio, whereas at
supersonic speeds there is a decrease in moment for the same incresase
in body length.

A turbulent boundary layer was produced for several runs at Mach
number 1.9 by a 0.015-inch diameter wire ring installed near the sphere-
cone Jjuncture. This change in boundary-layer condition caused a halving
of the distance ahead of the jet at which separation occurred, but there
was no discernible change in the force or moment due to the jet. Likewise,

a three-fold change in Reynolds number had negligible effect.

The moment data presented in Figure 5 can be used to estimate the
control characteristics of a hypothetical missile. The results of
such an extrapolation are displayed in Figure 9, for a 4.5-foot diameter
body of revolution geametrically similar to the model tested. The
effects, if any, of Reynolds number and jet gas temperature and specific
heat ratio have been neglected. It has been assumed that the non-dimensional
interaction effects are equal on model and full-scale body for equal values
of the jet force-to-aerodynamic force parameter, Py A¥ / plAl , Where p

°j

is the Jet stagnation pressure, A* is the nozzle throat area, Py
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is the free stream static pressure, and Al is the maximum cross-sectional
area of the body.

The moment curves of Figure 3§ show a marked non-linearity at the
lower Mach numbers. Because of this non-linearity it appears that a
given correction in missile heading could be most efficiently obteined
by utilizing a large jet force for a short period of time, rather than a
small force for a long time. Another effect of the non-linearity is
that a small leakage flow from the control jet would produce only a
very small moment.

For the design conditions of the hypothetical missile, the effects
of jet location and free stream Mach number are crossplotted in Figures
10 and 11. The optimum Jjet location varies with Mach number, ranging
fram the most forward position at subsonic speeds to approximately one
diameter aft of the nose at supersonic speeds. |

The Mach number crossplot (Figure 11) indicates that the adverse
interaction effect tends to be most severe in the transonic regime.

The data points are not sufficient to determine a minimum value of
the specific moment ratio, but they do suggest that it may occur near
Mach number 1.4.

Flow Details. Typical schlieren pictures are presented in Figure 12.

For all of these pictures except one the jet stagnation pressure was
approximately 105 psia. The exception i1s the picture labeled po'/pl = hO,
where the jet pressure was 75 psia. The large variation in freertream
static pressure Py waé obtained by throttling the tunnel inlet, thereby
varying the tunnel stagnation pressure, and by changing the Mach number.

Several of the pictures show the model coated with a china clay-oil

suspension for the purpose of making visible the line of boundary-layer



separation ashead of the jet. The separation line can be seen in the

two upper pictures at Mach nuwber 1.9. Measured locations of the separation
line are presented in Figures 13 and 14. These measurements were made
either directly from the model after a run or from the schlieren photograph.
There was general agreement between the two types of measurement.

The axial pressure distribution thru the Jet centerline at Mach
number 1.9 is shown in Figure 15, for several different jet stagnation
pressures. On each pressure distribution curve the boundary-layer
seoaration point from Figure 13 is indicated.

The circumferential pressure distribution at each of three stations
behind the Jjet is shown in Figure 16. Certain peaks in these distributions
are ascribed to either the bow shock, which originates in front of the Jjet,
or to the trailing shock, which begins behind the Jjet. The locations of.
these shocks are seen more clearly in the pressure contour plot, Figure 17.

Pressure contours deduced from the axial and circumferential pressure
measurements are presented in Figure 17. An approximate integration of
these contours indicates an interaction force comparable to the measured
interaction force. Since no appreciable effect of the Jet is felt on the
oprosite side of the body at this Jjet pressure ratio, it appears that
the adverse interaction must result fram the area of reduced pressures
between the bow shock and the tralling shock.

The flow pattern shown in Figure 17 bears so much resemblance to
that around a solid cylinder that it might be possible to develope a
theory based on this analogy. This theory might consist of an extension
¢f the work of Ferrari (Reference 4) to include the effect of the

expansion region between the bow shock and the trailing shock.
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CONCLUSION

From the present experimental investigation of a supersonic nose
Jet issuing perpendicularly into a main stream it is concluded that:

1. Adverse interaction effects are most severe in the transonic
regime, reducing the jet effectiveness in an extreme case to
one-sixth of its value in a wvacuum.

2. For a hypothetical missile the main effects of the adverse
interaction are to reduce the available control moment st
certain Mach numbers to three-fourths of the vacuum value, and
to render the control jet ineffective at low flow rates.

3. The adverse interaction appears to result primarily from a low-
pressure region behind the Jjet, in the area between the jet bow
shock and the trailing shock.

It is recommended tha an investigation be initiated to explore the

dnalogy between side-jet flow and the flow around a ecylinder projecting
perpendicularly from a body. A theory based on this analogy should be

capable of describing the adverse 1nteiaction effect.
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APPENDIX A
ESTIMATED SPECIFIC IMPULSE IN VACUUM

The normal force of the jet in a vacuum is merely the sum of the
vertical components of pressure force acting on all the surfaces of

the nozzle. By reference to Figure 3 this can be written

-

2
Nvac u”nrl Py * P cos¢d.s +/ p cosd dS (A1)
abe defgh

where ﬂrle is the area of the base of the plug, p, is the base pressure,
t is the angle between the normal to the surface and the vertical, and the
integrals are taken over the interior surfaces of the plug and the nozzle
cavity, respectively.

Another expression for the value of these integrals is obtained fram
the momentum theorem, which states that for steady flow the sum of the
vertical components of pressure force acting on a control surface is equal
to the flux of vertical momentum thru that surface. The control surface
shown in Figure 3 includes a toroidal portion gﬁ along which the flow
proverties, designated by primes, are asssumed to be constant. (This is

equivalent to the radial-flow assumption in & conical nozzle.) For this

control surface the momentum theorem gives

p'/  cospaA' + J//b cosp dS + [p cosp dS = --/.:'(V‘)2 //cos¢'dA'
8

ad be Jdefgn J aa
(A2)

Since cos ¢ = - cos@, cospdA' = - dA, where dA is the projection of
the element of toroidal area dA' on the plane of the base of the plug.

Then (A2) becomes
d 2
/p cos dS +/p cosp dS = [p' + (V') [A (A3)
abce defgh

13



where A is the nozzle exit ares in the plane of the base of the plug.

Equations (Al) and (A3) combine to give

. 2 2 r 2 2
Nvacz[p'-!-p (V')—JA+ nr” Py = p'ALl+2§(M')]+‘I\'rl Py
| (Ak)
The flow rate, in terms of pounds mass per second, can be written
gyp' A" M' gy¥p' A' M'
8' a, (a'/a, )
03 0y

o= gp' AV (A5)

i
The s:ecific impulse is then obtained by dividing (A4) by (A5)

2
2
+ b Ty
< 2
-Nvac = a &' A p' r2 -rl
S . O3 & !
vac m J oJ- A gyM

1+ (M)

(86)
The area A' of the toroidal surface is, by integration of the element

of area in Figure 3,
6!
A' = erm(rQ-Rsine) Ri6 = 2%R[}291-+R &msel -1)}

(o]

r - T r-6 r - I
But R = s L, sothatA' = 27(r, - r) | 224 - 270
sin @ sin@ 1 + cos@
1 1 1
(A7)

This can be approximated very well by

R S L R gt

' 1 - + 3+

LA SR AL: R S 7Y:)
A l2(r2+rl)

The quantities M' and a'/:ao in equation (A8) are found from

J
isentropic flow relations as functions of the area ratio A'/A*, where A* is

She throat area of the nozzle.

1k



For the plug nozzle of the present tests

= .001665 sq. in.

[o]

A*
A = ,01022 sq. in.
6

= 1
1 5
r = .O OO inc
1 3
I‘2 = o%l“hs 111.
¥ = 1.b
ay, = 1127 ft. per sec.
J
g = 32.2 ft. per sece.
Then A' = 1.0093%4
A = ,01032 sq. in.
A'/aY = 6.201
M' = 3,403
a'/a_ = .5495
J
The specific impulse is, assuming —%g— = 1/3,
I = 69.2 secs
Bvac

The base pressure ratio has only a weak effect on specific impulse.
Increasing the base pressure to by = p' would dhly increase 11 by

sV&c
about one percent.
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APPENDIX B
AMBIENT PRESSURE EFFECT

The ambient pressure into which a Jjet discharges reduces the net
force of the jet, compared with the force it would produce in a vacuum.
For a jet nozzle with a large expension ratio, as in the present case,
the effect can be quite large.

A theoretical estimate of the ambient pressure effect can be
obtained from momentum considerations, with the following assumptions:

1. Boundary-layer effects on the mass flow and thrust are neglected,

2. Jeparation inside the nozzle due to high ambient pressure is

neglected, and

3. Flcw induced by the Jjet is neglected.

When the jet is operating, the normal force due to pressures acting on
the inside surfaces of the nozzle and on the end of the plug is (see

Appendix A)
N, - [1 + K(M')ej; P'A + A (BL)

where A is the area of the end of the plug ( =ﬁTr12). When the jet is
off, the force due to pressures acting on these same surfaces is

N = By (A +4) (B2)
where Py i8 the ambient pressure. The net force due to the jet is therefore
N o= N -N, o= N o-p (A+h) (B3)
The specific impulse of this net force is bbtained by flividing (B3) by m,

ps (A + Ay)
I = I - 8 - (Bl4)




Rearranging (BL) gives

p, (A + Ap) (B5)
Bvac 8 th

The specific impulse in a vacuum can thus be estimated from experimental
data obtained with the jet discharging into an ambient pressure Pgs by means
of equation (B5).

The specific impulse ratio is found by dividing (B3) by (Bl)

)
LBl (e é}"":f’
Lo P L} ot (o K
I
Svac P, {(1 + E(M')é> - A ) Pp % (B6)
s B+a) (A + &)
For M' = 3.4(3, pb/ p' = 1/3, b = .217, § = 1.k
A+ Ab "
Ig .1 Pg 66.38
L poJ 17.21 (.783) + .333 (.217)
- 1. Pa . 66.38
19 13.46 + .07
Jop
= 1-4.04 &
B, (B7)

" J
The specific moment ratio follaws from the above as
My _ I (5.31-3)
b,
Msvac I o1 (B8)

Svac

where j is the distance to the Jet from the nose, divided by the

waximum body diameter.
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FIGURE 2. PLUG NOZZLE DETAILS .
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TABLE I.

Pressures Measured Ahead of Jet.
(Jet location = 0.9 diameters

from nose.

M=1.9. o= 0.)

Orifiqgm ‘Loggp}gn Valggs of p/p at jet stagnation pressure of:
: T T e e ]
Dist. From | Angle Po. /P, p_ /ol v /o.0 P /pP.i Dy /P.i P. /D
nose, from Jet, % l; °J l{ oy L oy 1 °3 l% 071
diameters degrees =57 =72 | =% = 11 | =152 | = 275
T s i ——— *’:::::;;*1:,.;:;::.:,::;;;i".::? LT e e 3: i
422 0 1.476 | 1.487 | 1.h96 | 1.500 | 1.502 | 1.537
.525 0 1.ho2 i 1.509 i 1.508 | 1.565 | 1.560 | 1.713
: g |
~ .610 o 1.503 | 1.515 | 1.559 | 1.688 = 1.728 | 1.877
i {
. 695 | 0 1.522 | 1.550 | 1.627 | 1.734 | 1.761 | 1.801
L 761 | 0 1.595 | 1.642 | 1.699 | 1.753 | 1.773 | 1.86k4
.810 % 0 f 1.919 | 2.012 2.051 1.838 ' 1.86h4 2.8
1453 60 i 1.487 | 1.4%6 | 1.504 | 1.500 | 1.508 | 1.kgg
.T4O L 15 Il 1.5k49 1.6k42 1.708 1.740 1.728 1.713
i




TABLE II.

Pressures Measured Behind Jet.
(Jet location = 0.9 diameters
Jet:stagnation pressure
ratio po'j/pl =57. M= 1.9, « = 0.)

from nose.

Orifice Values of p/p 3
. angle at orifice distlince |
gzgeg:t, from nose of: ’
| 1.001 1.369 1.972 |
: diemeters diameters diameters
o 606 | .889 832
% 0 .631 .878 ; .837
z 9.5 1.231 .568 % .826
% 9.5 1.218 .590 % .83k
% 13.5 1.546 | .558 é .832
% 19.5 1.870 .563 % 807
é 23.5 1.933 .536 é .823
é 30 i 1.654 .568 % .813
%0 1.643 687 : 782
50 1.589 e T
| 595 | 1.5% 19 7%

T7 1.493 | .T6L TT9

89.5 1.527 L7068 .826

90 1.512 ".T18 L840

150 || e---- JT1h .82h

180 1.541 LTk .824

L5



