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PREFACE

The authors wish to acknowledge the contributions of Richard Aurandt who
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I. INTRODUCTION

With spin-stabilized space vehicles, turning moments are observed that
can lead to a coning motion in which the center of mass precesses about an
axis through the nose of the vehicle, leading to instability and control
problems. Coning occurs in the Star 48 upper stage rocket motor. Among
potential causes for the turning moments are deviations of the rocket nozzle

entrance flow from truly axisymmetric conditions.

Meyer (Reference 1) attributed the rocket motor gas flow deflection to
the effect of Coriolis forces on the spinning vehicle. Darwell and Trubridge
(Reference 2), Hoffman and Maykut (Reference 3), and Walters (Reference &),
calculated side force and moment on rocket nozzles from assumptions of angular
misalignment and showed that the side force and moments varied in a damped
sinusoidal manner with nozzle length. Darwell, Trubridge, and Walters also
conducted experiments which verified their calculations. In these analyses,
the flow is assumed to be misaligned at the throat. Hoffman and Maykut define
an initilal value surface which is a constant property plane at the throat
pitched at an angle with respect to the axis of an axisymmetric nozzle exit
contour. In the experiments of Walters, the nozzles he studied either had the
throat extended on one side, or the throat entrance section shortened and
tilted on one side, producing an asymmetric throat or throat entrance section
in each case. Thus, a canted flow was produced at the throat as assumed in

the analysis.

In the experiment that we propose, the nozzle and entrance section are
assumed to be properly designed and fabricated axisymmetric components. Only
the flow entering the nozzle is turned, for example, by the Coriolis forces
suggested by Meyer. We therefore propose to evaluate the asymmetries associ-
ated with an axisymmetric nozzle in which the nozzle plenum flow is inclined

with respect to the nozzle axis.

To do this, we built a force model in which misalignment of flow at the
nozzle entrance could be produced, incorporating as much as practical the Star

48 nozzle configuration. In this way, we could observe whether the turning




moments observed in the Star 48 system were connected with fiow misalignment
at the nozzle entrance. Since the Star 48 flies at a high altitude, we pro-
posed to perform the experiments in a large vacuum tank which could be pumped

down to a pressure simulating 1.7 x 107 ft.

In this report, the model is described, and the side force measurements
are presented for several nozzles of different lengths, expansion angles, and
throat design. The observed side forces for these nozzles did depend on
nozzle length, although their magnitudes were much smaller than those des-
cribed in References 2, 3, and 4.




II. EXPERIMENTAL APPARATUS AND TESTS

The apparatus which was developed is shown schematically in Figures 1 and
2. It consists of a nozzle, tanks to contain the gas for the flow and a
framework for supporting these components, and for providing an axis normal to

the thrust direction about which the model is constrained to rotate.

The flow misalignment or asymmetry 1s provided by tilting the supply tube
(Figure 2) for the nozzle plenum. The deflection angle 1is about 7.5 deg, and
the tube can be rotated 180 deg so that differences of 15 deg in flow deflec-
tion can be obtained. A straight tube 18 also available which should supply
flow nominally aligned with the nozzle axis for baseline data. A photograph

of the assembled apparatus is shown in Figure 3.

The forces on the rig can be considered from the geometric model of
Figure 4. Here, the force model 1is shown with nozzle axis aligned with the
center of gravity (c.g.) of the force model and the flow misaligned by
angle § with respect to the nozzle axis. The forces on the rig include the

slde force, F from pressure forces applied to the nozzle walls and the

y’

moment, M resulting from the velocity gradient a: the throat. The measured

z’
glde force 18 a response to these combined forces. When § is small so that
the sine can be approximated by the angle in radians, the total moment about

the model c.g. is given as

Mcg = Fyl + Mz = (Meas. Force) x 18.0 in.
The moment M, assumes a force acting along the throat radius ¥+ Eighteen
inches 1is the distance from the rig c.g. to the point where the force is
applied which 18 defined by the calibration process.

Three nozzles (Figures 5, 6, and 7) were built for use in this experi-
ment. The shortest of the three 1s an adaption of the nozzle for the Star 48
upper stage rocket motor. The next nozzle was longer with a larger throat
radius of curvature, and the last nozzle (actually three since it was cut

progressively to three different lengths) was built according to the analysis
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of Reference 3 to correspond with the curve of Figure 3 of Reference 3 for

cone half angle, a, = 10 deg.

The side force 1is determined from a measurement of the displacement of
one end of the model as it rotates during the test. The displacement is
sensed by a Schaevitz Engineering Linear Variable Differential Transformer
(LVDT). Calibration is provided in terms of force by hanging weights on the
model using a pulley to orient the calibrating force along the direction of
the expected applied force. The load causes a static deflection of the
model. To provide a dynamic calibration, the weight—supporting wire is melted
by an electric current impulsively applied. Thus, an impulsive, negative load
is applied and the response of the model is observed from the LVDT signal.
The force is determined from an average value of the LVDT signal. A typical

calibration test and subsequent force calibration are shown in Figure 8.

The plenum pressure is measured by an Endevco strain gauge transducer
installed just upstream of the nozzle throat. From the plenum pressure, the

thrust is calculated according to
Thrust = (1/2) (1 + cosa) m Ve + (pe—pa)Ae
or in terms of measured values
= (1 + cosa) 0.290 p YA*M /(1 + Mz/.’i)-1 + (p -p.)A
o e "a'e

Here, a 18 the nozzle cone half-angle; P, 1s the measured plenum pressure, A*
and A, are throat and nozzle exit areas; M is the exit Mach number; Pe and Pa
are exit and ambient static pressures. Yy 1s assumed to be 1.4 for nitregen,
which 1is the gas used in the tests. Mach number and static pressure are
calculated from the exit-throat area ratio, data for which have been conven-
iently tabulated in years past. The ambient pressure, Pa» in these tests is

so low relative to Pe» that the correction term (pe - pa)Ae is reduced to

Pehea-
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A typical test record 1is shown in Figure 9. In this figure, time
increases to the left. The lowest trace 1s the plenum pressure in psi refer-
enced to the vacuum tank pressure. The oscillating signal is the response of
the force model to the side force applied. The upper trace is the pressure in
the gas supply tanks. The traces do not appear to start at the same time, but
that 1is because the pens on the recorder are displaced from each other in
order to accoummodate six channels on the chart. This displacement can be
accounted for in the calibration. The side force is determined from an aver-
age value of the oscillating signal. The thrust is calculated from the plenum

pressure.

When the experiments were begun, we noted an alignment problem in the
nozzles then in use. When the nozzle positions were rotated, a side force was
measured which was related to the nozzle azimuthal position. We therefore
built new nozzles; located the minimum side force position using the straight
plenum supply tube, and located the pivot position which produced the minimum
side force signal. This position, it was assumed, is the one in which the

thrust line goes through the axis of rotation.
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III. RESULTS AND CONCLUSIONS

The results of these tests are summarized in Figures 10 and 11 for the
short nozzle and the longer compensated nozzle. 1In these figures, the meas-
ured side force normalized with respect to the thrust calculated from the
measured plenum pressure is plotted as a function of plenum pressure. During
a test, the plenum pressure decreages with time as the gas storage tanks are
depleted. To reduce the data, we make three measurements of the side force
and plenum pressure; at the beginning of the trace, the middle, and at the
end. Hence, each test is represented by three points on Figures 10 and 11 for

three plenum pressures.

For the short nozzle, the results seem unequivocal. For the nozzle
entrance flow inclined in one direction, e.g., bent tube east, there appears
to be a side force in that direction. When the entrance flow is rotated
180 deg, i.e., bent tube west, the force is also.

For the long nozzle, the forces are indeed made smaller than for the
short nozzle as expected from the analyses in References 2 and 3, which pre~

dict that side force varies in a damped sinusoidal manner with nozzle length.

Cone angle and throat radius of curvature for nozzles 3 and 4 are much
different from those upon which the analyses were based. Therefore, we built
new nozzles (Figure 7), in which the cone half angle a and the throat radius
of curvature-to-throat-radius-ratio, pt/yt = )\, were the same as those values
of one of the nozzles studied by Hoffman and Maykut (Reference 3). Their
predictions for this nozzle for a = 10 deg and A = 0.5 and plenum conditions
of 1000 psi, 6000°R, y = 1.2 are reproduced in Figure 12. We then measured
side force for this nozzle for three nozzle lengths, x/yt = 12, 6, and 3. The
side force values obtained are plotted in Figure 12. For these tests, plenum
temperature and pressure are 296°K, and 450 psi. The mass flow rate is deter-

mined from plenum conditions according to

. -—Y— *
m 0.579 /ﬁ; poA .
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Y= 1.4 aud R is the gas constant for nitrogen. Subscript zero refers to

plenum conditions.

These results demonstrate the predicted effect of nozzle length on the
measured side force. For x/yt = 12 and for plenum flow angled to the west,
the largest positive side force occurs (deflection to the east is positive in
our laboratory system). For x/yt = 3, the side force swings to the west, and

at x/yt = 6, it 1s close to zero.

The 1initial direction of the flow at the throat entrance section for
nozzles 5, 6, and 7 appears to have little effect on the direction and magni-
tude of the side force compared to the effect of the nozzle length. For
nozzles 3 and 4, when the tube leading to the nozzle entrance section was
inclined to the west, the observed side force was inclined to the west (Figure
10) or at least 1inclined west of the direction resulting when the tube was
inclined to the east (Figure 1l1).

For nozzles 5, 6, and 7 however, the westward inclining nozzle produced
eastward directed side force until the side force went to zero (x/yt = 6).

Then it appeared that the force and entrance flow direction again agreed.

The magnitude of the side force 1s of the order of 10'4 of the thrust.
This value 1is very low compared to those values predicted and measured in
References 2 to 4 and shown in Figure 12. We could, at this point, conclude
that when the flow is inclined in the plenum, some straightening can occur
during compression in the converging part of the nozzle. Thus, the asymmetry
at the throat may be greatly reduced. Therefore, the observed side forces may
be much reduced compared with when the flow is canted at the nozzle throat.
But to confirm this viewpoint, we took nozzle 3 and modified it by tilting the
throat as shown in Figure 13. We also examined the effect of mass flow by

extending the plenum pressure and hence the mass flow rate through the nozzle.

The results of these measurements are shown in Figure 14. The side force
generated when the nozzle throat is tilted (that is, when the asymmetry in the

flow 1is extended to the plane of the throat) 1is much greater than when the

23




asymmetry is limited to the plenum. In fact, the effect of the plenum flow
misalignment, as exhibited in Figure 11 by the open and closed circles, is
masked by the effect of the asymmetric throat as shown in Figure 1l4.

It seems reasonable to conclude, therefore, that when the nozzle and
throat entrance sgection are properly axisymmetric, the effect of misalignment
of the flow entering the throat is small relative to the effects of misalign-
ment of the throat {tself.
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IV. SUMMARY

The Star 48 upper stage rocket motor and payload system appears to pre-
cess in a coning motion which affects the flight path. The coning motion has
been attributed to side forces generated because of deviations of the rocket
nozzle entrance flow from truly axisymmetric conditions. 1In this report, an
experimental investigation is described in which intentional nozzle entrance
flow misalignment was produced and consequent side force was measured on a
model at a simulated altitude of 1.7 x 10° ft.

Side forces generated with an approximately 1/50th scale Star 48 rocket
nozzle were quite small when compared to the predictions and measurements of
previous investigators, but the difference was attributed to the difference
where the flow inclination or misalignment occurs. When the flow is inclined
at the nozzle throat, the downstream effect of the inclination is predictably
large. When the flow 1s 1inclined in the plenum upstream of the nozzle
entrance, the downstream effect 1is smaller by an order of wmagnitude. The
observed side forces show a dependence on the nozzle length, as indicated by

earlier investigators.
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