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ABSTRACT

This report introduces a technique for measurement of nonaxial
forces produced by solid-propellant rocket motors which is independent
of thrust stand interactions and motor weight variations. The technique
consists of measuring the axial and two horizontal transverse forces
(three components) while spinning the motor about its axial centerline.
The accuracy of radial force measurement using the spin technique was
established from a dynamic transverse force calibration which was
accomplished in the presence of a 4800-1by, thrust-simulating axial load.
It was determined that radial forces having magnitudes less than 10 lbg
could be determined within 0. 5 lby and that radial forces greater than
10 1br could be determined within 5 percent at rotational speeds up to
250 rpm. The principle of the technique, its limitations, and advantages
are discussed, Details of the dynamic transverse force calibrations and
test results of nonaxial force measurements during motor firings are also
presented.
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SECTION |
INTRODUCTION

The extent to which the thrust vector of a solid-propellant rocket
motor 1s misaligned from the motor axial centerline is of great signifi-
cance for many space applications where precision ftrajectory require-
ments exist. Nonaxial force measurement has, heretofore, been
accomplished through testing on a multicomponent thrust stand which
requires that the six components (Fig, 1), which define the force system,
be individually measured, This method, however, has several inherent
complexities which necessitate large corrections to the measured force
data. Primary among these corrections are those necessary to account
for motor weight variations with time and for thrust stand interactions
which produce biased force measurements. A precise knowledge of the
variation in motor weight and center-of-gravity location with time as
well as the characteristics of the thrust stand is essential for accurate
force measurement,

A technique for nonaxial force measurement which circumvents the
aforementioned complexities was devised by personnel of the Rocket
Test Facility, Arnold Engineering Development Center. The method
consists of measuring the axial thrust and two horizontal transverse
forces (three components) while rotating the motor about its horizontally
oriented axial centerline. The spin method eliminates the two vertical
force measuring systems required in the gix-component stand method
since, during one revolution of the test motor, the radial component of
the thrust vector is twice located precisely in the horizontal plane. In
addition, thrust stand interactions are inconsequential since the magni-
tude of the nonaxial force is proportional only to the double amplitude
(forced difference) of the sinusoidally varying load cell output signal.
However, the spin method of side force measurement assumes that the
misaligned thrust vector intersects the spin axis and thus does not account
for the roll component of the force system.

A dynamic transverse force calibration was performed in Propulsion
Engine Test Cell (T-3) of the Rocket Test Facility to determine the
accuracy of force measurements using the spin technique. The calibra-
tion force was generated by an eccentrically mounted mass which, when
rotated about the spin axis, produced a radially directed centrifugal force
of known (calculated) magnitude. Data were obtained at various rotational
speeds with three levels of imparted unbalance.

This report presents a discussion of the apparstus and operational
principles used with the spin technique for nonaxial force measurement.
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The configuration and results of the dynamic force calibration conducted
as part of the system checkout are discussed. Transverse force meas-
urements obtained during solid-propellant motor firings, accomplished at
rotational speeds of 100 and 200 rpm, are presented.

SECTION I '
APPARATUS AND OPERATIONAL PRINCIPLES

The test configuration for spin technique transverse force meas-
urements consists of a horizontally oriented thrust cradle supported
vertically by three double-flexure columns (Fig. 2). The cradle is re-
strained in the horizontal plane by one axial and two transverse columns,
each containing a flexure-mounted, force-measuring load cell. The test
motor is supported by forward and aft bearing assemblies and is rotated
by an electric drive motor mounted on the cradle. The basic spin rig in
Propulsion Engine Test Cell (T-3) (Ref. 1) was designed to accommodate
motors having diameters up to 36 in. with maximum lengths up to
approximately 120 in,

Nonaxial force measurement is accomplished by measuring forces in
a horizontal plane and perpendicular to the motor centerline at two axial
locations while rotating the motor about its axial centerline:(Fig. 3). The
angular location (#) defining the direction of the nonaxial force component
{Fy{) can be determined through motor rotation since the traversing,
radially directed motor force vector will produce a sinusoidal output from
the two transverse force measuring systems. The transverse component
of the motor thrust vector (Fy) is located in the horizontal plane at the
times when F,, and Fy (Fig. 3) are either maximum or minimum. The
magnitude and axial position of F; can be determined by properly summing
the system forces and moments at times when Fy is in the horizontal plane.
Examples of the expected variation in F; and Fgq with time for two axial
locations of Fy and the corresponding methods of calculation are shown in
Fig. 4.

The spin technique for nonaxial force measurement has two significant
advantages over the six-component stand method. The motor weight change
correction, which must be applied to the measured vertical forces when
using the six-component method and which can be as much as two orders of
magnitude greater than the force which is to be measured, is not required
with the spin technique since all forces are measured in the horizontal
plane. Thrust stand interactions do not affect the transverse force meas-
urements since the spin technique depends only on a force difference (not
absolute value). For example, with no interaction and a constant motor



AEDC-TR-65-228

nonaxial force, the outputs from the transverse force measuring system
will oscillate sinusoidally about zero with the values of maximum and
minimum forces being equal in magnitude but opposite in sign (Fig. 5a).
However, when interaction effects are present, the sine wave is dis-
placed by an amount which is dependent upon the degree of interaction
present (Fig. 5b}. The magnitude of the nonaxial force is equal to one-
half of the algebraic difference between the maximum and succeeding
minimum measured force. The magnitude of the thrust stand interaction
effect is cne-half of the algebraic sum of a maximum and succeeding
minimum measured force. It can be seen from the above discussion that
the nonaxial force component is derived from a signal at least twice as
great as that which would be measured by a six-component method. For
example, with the six-component stand the signal generated by the trans-
verse force is distributed between four lead cells {neglecting roll). With
the spin technique, a double amplitude signal is distributed between only
two measuring stations, thereby contributing toward improved system
data accuracy.

Assumptions and corrections associated with the spin method for
measuring transverse forces are: The data must be corrected for system
centrifugal unbalance forces resulting from spinning. The technique
agsumes that any variation in the direction and magnitude of the trans-
verse vector will be small during each revolution of the test motor. It
is assumed that nonaxial forces intersect the spin axis, and thus the roll
component of the force system is neglected. The unbalance correction
can be minimized by testing at low spin rates (since centrifugal force is
proportional to the square of rotational speed) and by precise balancing of
the unit prior to test.

SECTION 11l
CALIBRATION

The accuracy of force measurement which might be expected using
the spin technique was determined from a2 dynamic force calibration.
The calibration consisted of rotating an eccentrically mounted weight
about the spin axis, thereby producing a calculable centrifugal force,
Data were obtained at various rotational speeds with three levels of im-
parted unbalance. This section presents a discussion of the calibration
configuration, instrumentation, and results.

3.1 CONFIGURATION

A photograph and schematic of the calibration configuration are
ghown in Fig. 6. The rotating assembly consisted of a 19, 38-in. ~diam
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cylindrical can supported from a flexure-mounted cradle by forward
and aft bearing assemblies. A threaded steel retainer rod was placed
through the can in an axial plane located 56 in, downstream of the up-
stream transverse load column. The distance between the transverse
load columns was 84 in. The center of gravity of the symmetrical rod
was positioned on the spin axis to within +0. 001 in.

Two stainless steel solid cylinders, threaded through their center-
lines, were used to provide the specified unbalance., The cylinders
weighed 10. 043 and 5. 020 1b,,, and were threaded to the rod at varying
radial locations to provide different levels of imparted unbalance.

An axial force of constant magnitude was applied to the thrust
cradle by means of a deadweight acting through a bell crank lever mech-
anism to provide cradle force interaction effects.

3.2 INSTRUMENTATION

Instrumentation was provided to measure horizontal forces directed
perpendicular to the spin axis at two axial locations. Double-bridge,
strain-gage-type load cells having a range from 0 to 200 1b; were em-
ployed. The angular position and rotational speed of the gpin rig were
determined by a magnetic pickup which provided a pulse output when screw
pegs (Fig. 6b) passed the pickup face., The pegs were positioned angularly
at 10-deg increments on the rotating assembly.

The d-c¢ output signals from the force measuring load cells were
amplified and recorded on a frequency modulated (FM) magnetic tape
recording system, The pulse outputs from the rotational speed and
angular position magnetic pickup were displayed on a photographically
recording, galvanometer-type oscillograph which recorded at a paper
speed of 16 in. /sec.

After a calibration run, the FM recorded side load data were re-
recarded on magnetic tape through electronic low pass filters in series
with a multi-input, analog-to-digital converter. The filters were used
to attenuate all frequencies {resulting from system vibration) greater
than the rotational speed. Playback of this tape to an IBM 7074 com-
puter provided a printed tabulation of force at 0, 01-sec time increments.
The angle at which the measured force maximized was determined from
the filtered transverse force data and spin rig angular position pulses
(Fig. 7) displayed on an oscillograph recorder. Details of the filtering
technique are discussed in the Appendix.
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3.3 PROCEDURE

After the cylindrical can and eccentric mass retainer rod were in-
stalled in the spin fixture, the rotating assembly was balanced to within
3.5 in, -1by,. The total centrifugal force produced by the remaining
3.5 in. -lby unbalance was 1.0 lby at a rotational speed of 100 rpm.

The calibration mass was then threaded to the retainer rod and locked

at a radial position which would provide the desired level of imparted
unbalance. The radius at which the mass was located was determined

. within 0, 002 in. through precision measurement of the distance between
the machined end of the retainer rod and the center of the calibration
mass. The final level of unbalance which was used to determine the
calculated centrifugal force was obtained by vectorially adding the meas-
ured residual system unbalance (3. 5 in. -1by,) and that calculated for the
eccentric calibration mass. The force measuring load cells were then
electrically calibrated, and a thrust simulating axial force of 4800 lbs

was applied. The rotating assembly was spun up, and data were recorded
at nominal rotational speeds of 30, 140, 250, 190, and 80 rpm. Data were
obtained at corrected unbalance levels of 54,865, 92,15, and 148, 52 in. -lby,
with the facility equipment {which is normally used to provide high altitude
pressure simulation) inoperative. Since this equipment would provide an
additional energy source for exciting the system resonant frequencies, a
series of spin-ups was accomplished with 82, 15 in. -1b;y, unbalance at a
pressure altitude of approximately 100, 000 ft to determine if higher am-
plitude extraneous vibrations could be effectively filtered from the calibra-
tion data.

A post-calibraticn check was made to verify that the magnitude and
angular position of the residual system unbalance had not varied.

3.4 RESULTS

Calibration data were obtained at varying rotational speeds for
nominal levels of unbalance of 50, 100, and 150 in, -lby, and with a
4800-1bf thrust simulating axial load applied to the flexure-mounted
cradle. All data were obtained with the calibration (unbalance) force
applied at an axial position 56 in. aft of the upstream transverse re-
straining column. This placement of the calibration force would theo-
retically provide in-phase sinusoidal variations in F;, and Fgq with the
magnitude of F3 being twice that of F,;. Data were also obtained with the
test chamber evacuated to a pressure altitude of approximately 100,000 ft
at the 100 in. -1by, unbalance condition to determine the effect of higher
vibration levels (from facility equipment) on data filtering capability.
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The analog variation in measured transverse forces for a typical
rotational speed (140 rpm) during the altitude run is presented in
Fig. 7a. The high noise-to-signal ratio (~5 to 10) clearly indicates the
necessity for data filtering. The data presented in Fig. 7b were ob-
tained by re-recording the data shown in Fig. 7a through a low pass
electronic filter. Filter celibrations indicated that filtering had no
appreciable effect on data accuracy. A complete description of the
filtering technique and data reduction methods is presented in the
Appendix.

3.4.1 Comparison of Measured and Calculated Force Data

The measured total side force is presented in Fig. 8 as a function
of rotational speed for three levels of forced unbalance. The caleculated
centrifugal force is also shown for comparison. It can be seen that the
difference between the measured and calculated centrifugal force in-
creased with rotational speed for all three unbalance conditions.

The ratio of measured to calculated centrifugal force is presented
as a function of rotaticnal speed in Fig. 9. The high departures of
measured force from calculated centrifugal force at a rotational speed of
30 rpm occur because of the large effect that small force variations have
on the force ratio at this condition. For example, the 15.5-percent de-
viation shown for 100 in. -1by, unbalance at 30 rpm represents a meas-
ured force only 0.5 lbsy greater than the 3.23-1br calculated centrifugal
force. The trend of increasing ratio of measured-to-calculated centrif-
ugal force with rotational speed in Fig. 9 is the result of the dyramic
effect of free vibrations acting in combination with forced vibration. The
"equations describing this dynamic effect are developed and discussed for
a single-degree-of-freedom forced vibration system in Ref. 2, where
the ratio of the measured to disturbing (centrifugal) force magnitude is
termed the magnification factor. The magnification factor is proportional
to the system natural frequency and damping ratic and to the frequency of
the disturbing force. However, the effect of damping ratio on the magni-
fication factor is small in the region where the impressed frequency is
much less (~one-fourth) than the natural frequency. The curve shown in
Fig. 9 represents the calculated variation in the magnification factor with
rotational speed for a single-degree-of-freedom forced vibration system
with a resonant frequency equivalent to that determined for the calibration
configuration {12 cps) and with zero damping. The ratio of measured to
centrifugal force clearly follows the theoretical variation of the magnifica-
tion factor.

The difference between the actual and measured transverse force
angular positions is presented in Fig. 10 as a function of rotational speed
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for the 50 in. -1by unbalance condition. The measured angular position
lagged the actual by an amount which increased with rotational speed

to a value of 13 deg at 240 rpm. The angular difference results from
the forced vibration angular phase lag (Ref. 2), which ig associated

with the previously discussed magnification factor. The three curves
shown in Fig. 10 represent the theoretical variation in the forced vibra-
tion phase lag angle for a system having a natural frequency of 12 cps
with varying damping ratios. Damping ratio measurements on systems
comparable to that used during the calibration indicate that the damping
ratio could be expected to be in the range of from 0.1 to 0. 3. The phase
lag measurements presented in Fig. 10 indicate the damping ratio to be
approximately 0. 2 with a scatter of +5 deg, which is the smallest
angular increment which can be accurately resolved from the 10-deg
increment angular position pulses. The angular position was also deter-
mined within § deg during a more recent calibration where total nominal
transverse forces of 2, 4, 6, 8, and 10 lbs were produced at 100 rpm.

The variation in the ratio of the measured downstream to measured
total force is presented in Fig. 11 as a function of force magnitude. This
parameter is of significance during a motor firing since the apportion-
ment of the total transverse force between the two axial measuring
stations determines the axial position at which the motor misaligned thrust
vector either intersects or is nearest the motor axial centerline {or spin
axis). For the force calibration reported herein, the eccentrically
mounted calibration mass was placed at an axial location, which should
distribute the centrifugal force so that two-thirds of the total measured
force is applied to the downstream transverse restraining column. It
can be seen in Fig. 11 that the ratio ranged from 0. 667 to 0. 696 for all
total force magnitudes greater than 10 lby. As previously discussed, the
scatter shown for force levels less than 5 lbg is the result of the large
effect which small force deviations have at this operating level. Also
presented in Fig. 11 is a scale which shows the indicated displacement of
the calibration force (as determined from the force distribution) from the
true axial position at which it was placed. The force distribution correctly
indicated the axial placement of the calibration force within 3 in. for force
levels greater than 10 lbs.

3.4.2 Estimoted Accuracy of Nonaxial Foree Measurement

The calculated centrifugal force was corrected for the theoretical
magnification factor previously discussed, and the subsequent parameter,
Fopred, is used as a basis for comparison with measured forces. The
difference between measured and predicted force is presented in Fig. 12
ag a function of the magnitude of predicted force. Also shown are the

 respective upper and lower limits of the individual eyclic measurements,
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which were averaged to obtain the points presented. It can be seen in
Fig. 12 that the force difference varied about zero in a random manner.
No trend in the force difference with level of unbalance or rotsiional
speed is evident. In addition, no apparent effects from the additional
background vibration imparted by equipment required for altitude simu-
lation were observed. In general, average measured total side force
was within 5 percent of the predicted force for all force levels greater
than 10 lbs. The difference between measured and predicted force was
less than 0.5 lbs at operating force levels less than 10 lby.

SECTION IV
NONAXIAL FORCE MEASUREMENT RESUL TS DURING A MOTOR FIRING

The ability to measure small nonaxial forces using the spin technique
was demonstrated during two recent motor firings in Propulsion Engine
Test Cell {T-3)} conducted at rotational speeds of 100 and 200 rpm. The
data are presented to illustrate the nature of transverse force results
which might be expected from a motor firing.

The variations in the upstream and downstream force measurements
during the 100- and 200-rpm firings are shown in Figs. 13a and b, re-
spectively. The data presented include corrections which were applied
to account for the forced vibration magnification factor, electronic filter
effects, and system unbalance forces. The unbalance correction was
applied by assuming that the centrifugal force varied linearly with time
from the pre- to the post-fire, steady-state conditions. Vector angular
locations where the force magnitude is less than 0, 5 1bs are not shown
(see Fig. 13a) since the angular data lose their significance as the vector
magnitude approaches zero.

The magnitudes of the forces measured at the upstream and down-
siream stations during the 100-rpm firing were always less than 4. 0 1by.
The upstream force was less than 0. 5 lby except during the period from
14.9 to 22, 7 sec, during which the phase variance between the upstream
and downstream force measurements ranged from 50 to 160 deg.

The magnitude of the downstream force measured during the 200-rpm
firing ranged, primarily, from 6 to 18 lb;. The upstream force magni-
tude remained around 2 lby throughout the firing. The phase difference
between the upstream and downstream force vectors varied from approxi-
mately 60 deg at the start of the firing to approximately 120 deg at the
end of the firing.
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The fact that the upstream and downstream forces were ocut of phase
throughout the entire burn time of the 200-rpm firing and during the
period from 14.9 to 22. 7 sec for the 100-rpm firing indicated the pres-
ence of coupling action.

After the upstream and downstream force vectors were determined,
the vectors were transglated to a common axial location (by the addition
of a couple} and vectorially added to obtain a generalized nonaxial force
system. The axial location chosen for the resultant force was determined
such that the couple generated by translating the upstream and downstream
force vectors was a minimum. The generalized force gystem, consisting
of a single, radial force vector, a force axial location, and a couple, is
equivalent to the original system consisting of the nupstream and down-
stream force vectors, The system is unique in that the couple acts in a
plane perpendicular to the radial force vector which minimizes the
couple magnitude. Figures l4a and b present the resultant force system
for the 100- and 200-rpm firings, respectively. The nonaxial force
vector was generally located near the axial plane containing the motor
exhaust nozzle for both firings. Since the downstream restraining column
was also located in this region, the upstream measurements had only a
small effect on the resultant vector magnitude and angular position.

SECTION V
CONCLUDING REMARKS

The results obtained from the dynamic transverse force calibration
have demonstrated that nonaxial forces can be measured, using the spin
technique, within 5 percent or 0.5 lby {whichever is larger) at rotational
gspeeds to 250 rpm. The accuracy of measurement of the angular position
at which the transverse force vector ig directed depends on the force
magnitude and the rotational speed of the system., The angular position
can be determined within 5 deg at a nominal force level of 2 lbg and a
rotational speed of 100 rpm.

During a motor firing, additional inaccuracies may arise as a result
of improper proration of the unbalance correction (normally assumed to
vary linearly with time from pre- to post-fire) or from motor installa-
tion misalignment. Based on experience gained during previous motor
firings, it is estimated that the magnitude of the unbalance correction
could be expected to range from 3 to 5 lby depending upon the rotational
speed during firing. It has also been demonstrated that a motor can be
aligned so that the motor centerline is concentric with the spin axis with-
in 0. 0015 in. with little additional effort.
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In summary, it is concluded that the spin technique for measuring
nonaxial forces has significant advantages over the prevalent six-
component stand method. This is particularly true for motors fired
horizontally, where large corrections must be applied to the six-
component stand pitch data to account for weight changes resulting from
propellant consumption. In addition, a detailed knowledge of the six-
component stand force interaction characteristics is essential for
accurate data reduction, which necessitates costly stand interaction cali-
brations. The spin technique, however, does not include provisions for
meagurement of the roll component of the force system and does not
provide for continuous measurements (with time) of the nonaxial force
vector since the average value of the nonaxial force is determined only
once during each motor revolution.

10
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APPENDIX
FILTERING TECHNIQUE AND DATA REDUCTION METHODS

The spin technigue for measurement of nonaxial forces from a
solid-propellant rocket motor was evaluated by conducting a dynamic
force calibration from which a comparison between the measured trans-
verse force and calibration force was obtained. The calibration force
was generated by an eccentrically mounted rotating mass which produced
a calculable centrifugal force. The following discussion outlines the
methods used to determine the measured and predicted (calibration)
forces.

Measured Transverse Forca

The output signals from the transverse force measuring load cells
were composed of components produced by (1) the forces produced by
free vibrations of the system and (2) the forces produced by the calibra-
tion mass. The free vibrations occurred at the system natural frequencies,
whereas the frequency of the calibration force was equivalent to the
rotational speed. The analog variation in the composite data gignal for a
typical calibration condition is shown below:

omposite Signal

Forced Vibration
Calibration Signal

Since only the calibration force component of the composite signal is
of interest, a method for separating this force from the free vibrations is
essential for accurate force measurement, Extraction of the desired data
from the described composite signal was accomplished with low pass
electronic filters (one for the upstream signal and one for the downstream
signal) which had the capability of passing direct current electrical
calibration signals and incorporated an adjustment whereby all frequencies
above a given frequency setting were attenuated at a rate of approximately
13 decibels per octave. In addition, however, the filters impart an
angular phase lag (¢f) between the input and output signals. Typical filter

11
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amplitude attenuation and angular phase lag characteristics are shown
below for some selected filter settings:

Output Amplitude
Input Amplitude
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The calibration signal was extracted by re-recording the com-
pogite signals (upstream and downstream) through the low pass filters
on an oscillograph and on magnetic tape recorders. The angular phase
lag and amplitude effects of the filters on the data signals were deter-
mined through use of an electronic oscillator. The oscillator provided
a signal at a frequency equivalent to the rotational speed which was
transmitted to the filters. The filter input and output signals from the
oscillator were recorded and compared to determine filte¥ effects.

Y1

Filtered Amplitude Effect = Vo

Unfiltered Oscillator 2
Oscillator Signal

The angular phase lag was determined from the analog display on
oscillograph. The amplitude effect (less than 1 percent) was deter-
mined from the digitized magnetic tape data.

The magnitude of the transverse force measured on the upstream
and downstream leoad cells was determined by taking one-half of the
algebraic difference between the maximum and minimum force values
for each cycle of rotation (see Fig. Th of the text). The upstream and
downstream calibration force measurements were added to obtain the
total transverse force since their cyclic variations were always in phase,

Predicted Force

The predicted force for each calibration condition is dependent on
the system residual unbalance force, the imparted unbalance force, and
the forced vibrafion magnification factor, The magnification factor is
dependent on the system dynamic characteristics (Ref. 2) and is defined
for a single-degree-of-freedom, second-order system by the following
equation:

MF =

\ﬂ:; - %)] *1[2‘: el

13
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where: MF = magnification factor
o = rotational frequency
wn = natural frequency
{ = damping factor

The natural frequency was determined from wave analysis of data
obtained from the calibration configuration to be 12 cps. The damping
ratio was considered zero since its effect on the magnification factor
is negligible in the region where the impressed frequency is much less
than the natural frequency.

The residual unbalance was 3.5 in, -lbm, as determined from forces
measured at varying rotational speeds with nc imparted unbalance.

—F
o’ (MF)
The final unbalance force was obtained by vectorial addition of the

residual and imparted unbalance. The final predicted calibration force
used for data comparison was obtained from the following equation:

(mr)rcs =

Fpred = (MF) &* [(““')res + (m")imp:l
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Note: Scale Difference between Figs. 13a and 13b
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Note: Scale Difference between Figs. 14a andb
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Some investigutionson random Jutersl thrust

with solid propellunt rockel moiors
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GLRMARY L

Jeuteche Forschungsansbtult fur Luft- und Roumfahrt e.V. ' : ': T:
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Introduction

It is ceneral practice %to alter the dircction of the flight-trajectory
of uigsiles 5, luteral thrust produced by the propulsion device. These
forces uct verticully to the missile axis, Various neans are known and
applied to jgenerute such laterzl forces by the missile propulsion system.

Flioht experiments with unguided pivsiles some time a0 showed that

randomn luteral forces must aleo’ oe ereated by the rocket motor. There=- s
fore wo sturted a resedarch pro ram to clarifly the origin, the effect '5
and the influence of those laterul forces arising auring tiotor firingsa
The prouvulsion anits used wers solid propellunt rockets.

althou, h these side-lorces are ;;enerally small compared to the axiaI~

thrust, they may bring losmas onto the airfrunc of a wmissile, which cannot
be neglected in all cases, especiully if one thinks of larger missiles, ¢!
where the structure is not so stiff as with smull rockaets. The invaati-.‘jhi
sations have been down with small rockets, but may reluted to larger r;fi
tnits as well. ‘ ‘ T

Suoject of this paper will be to show some ol the investiguations per=
formed nng the bazic resulte obiained.

Theoreticnl considerctions on possible causes lor lateral thrust

A6 disturbarces of unknown nature are the origin of the unfavouraole
behaviour of the rocket wotors, the explained problem cennot be attacked u;
by theoreticul-mmthematical trestment up to this time. 50 an experimentsl-f?
way-ol-approuch secued vc be tne only posguible treatment. To establish o
i working prog ram viaricus caudes huve been consigerec. Thereby four
dilfferent roups have veen tounc. - !

fhe rirast catesory is not included in our test program. It comprises
the interaction of the motor Jjet with the frec flow around the missile
hody. With unfavourable peouetrical confiurations lateral forceg can
be produced. dut pornglly these conligurations ure uxisymmetric, BO
that latersl thrust forces must not e expected. i

The second ,roup is churacierized by working conditionsy where the .
noszle flow is not yet or no nmore fully developed, this prefersably

occure during the igpnition and the burn-out phasec. When the pressure in 5¥
the nozzle comparea to the amvient preésgure is too low, the flow scparates
off ‘he noizle wall and thug produces nOn-syunelric pressure disfribution



'.\‘I-_.

at the nozzle well .and hence luteral forces: Various reports have been
suulisted cuncerrins jet separution, Bso that the chardacteristics of it
are quite well uncerstood. %t
The third proup of postivle causes comprises those which do create lateral
forcos due to procestes occuring within the supersonic (i.e. diverging)

purt of the thrust-roz:ile, Ao too large diverping angles and undue surface
rou hnese us pogsiule chuses are excluded, onrnly thernodynamic or chemical
phemomensa which wre non-synmetricully distrivuted across the nozzle crosv~
gection ure to vbe considered. Here one has to think of diflerences in
reconbination ener ies or velocities of combustion gases of unegqual mixture-
r4tio or aftervurning due to uncompleted combustion in the chamber.

The fourth group then comprises all phenomena occuring inside the combustion
ghamver and in the sunconic portion of the nozcle elso influencing the

flow downssream the nozzle throat. Besides thosc of thermochemical nature
some couses due to amerodynumic character .re conceiveable. From ineven
comoustion or by the confi juration of the propellant tlock non-axisymmetrie
flow towards the expansion - nozzle may be induced and such produce uneven
velocity - and pressure distribution in the whole nozzle flow.

Eiperimentul lnvestivations

Cuuses of the first croup car.ot be investigated by us because of lack

of technical means. The causes of the second group are already well un-
derstood. Therefore we started & progrum aiming ot the causes of  roups
three usnd four. They are very difficult to study, as that occur under con-
ditions inside the combustion champner and the nozzle, where mesasurements
of the change of state in the gus flow are almost i1mpossible to perform.
fi1rat we tried to study the aerodynemic part of the possible causes and

to find out, whether luterul forces are created upstream or downsiream

the nozzZle 'Liiroat.

‘ne wir-flow model for {low simulation

Yi-ure 1 shows an aiz-flow model, which simulates the flow inside & rocket
sotor und throuc-h the nozzle. Compresced &ir was used us working gas. The
pieces simulating the propellont charge and the nozzle contour can ve ex-
chan,ed by other profilees urd contours. ;

‘he Plow wne vieuulized uy the Schlieren-techniiue in the supersonic nozile
pert. Jdach waves are produced by thin wires of 0,05 mm dismeter (Flg. 2b)
The pupersonic flow was visualized vy & mixture of Al-powcer und turpentine
paiated on gne of the windows. The flow patlern then 1s visible vy the
ordering of Kl- raing by the air-flox (#4,-.2u)

the 'chamber pressure, whicr the nodel-chamber is operated with, is in the
range froum $ to 15 atmospheret.

Photo iraphs &s well ns ni, n-speed films were tuken to resclve the develop-
ment of the flow-pattern.

5.2 Three-component thrust rig for motor firinns

“or gide-force measurcments with rocket motors a threc-component thrust rig



wes built (Pigd). It zllowed to meessure axial thrust aud the literel
forces in two planes being perpendiculir to each other. L 1rct, wliuched
to the motor neur the mozuzle lead to juartz-loud cclls, whici .re pre-
lodded by wei hts heing connected to the rochkot moSol n.dn oy dire
and over u wheel at the edgze of the rig constructior, .miin, the experi
ments it was roticed, that she side=force measurc e dos influcnced
by hent conduction und rudiution onto uhe lond=-cell e vhe entle, s
that heavy irsuluntion was anpplied to the cell unda cunla. In nddidion
the load-cells are watercoclaed.

Phe minimum side-force, that can be resolved by this test o1, is in the
order of five srums while the nmean side-force vulues observed ire in the
order of sever:l ten to severul hundred rrames. An influerce of ¢xisl lofds
onto the siie-force pickups was not observed as well os trerc iu 50 lnier-
ference between the two side-force pickups when louac is wpylied to ode -of
tnem onl;

The rocket motor usec developed a thrust in the order of 150 kg. rFropellubts
burnt are double-hase und cowposite powder. [he double-bave chares sticn
from the production line of a factory, while the couposite char;'aes have

been produced in the laboratory of our estublishment.

Experiuental techiques and results

The cola-flow experiments have been made to eliminate effectt that can
be produced by chemicnl reaction or cooling of hot pases. I't was looked
for purely aerodynamic causes of side-force generation during gas rlow
through. the motor. In this prosram conver, ing angle, distinnce batween
nozzle entrance and charge sinnlator, yozzle contour, charge channel wiath
and porition of charge channel adis relative to the nozzle axis huve been
varied.

All experiments show no side-forece effects (#iye 4) ovesides that confiju-
rations where the charge channel is parullely offset from the noz:zle axid.
Po eliminate effects of misadjustment of the -ires on tie.noisle: wull, the
tests were perforncd with the charge axis lying ubove and velow the nozzle
wxis and thus 'evaluating only the distancc vbetween the lachvave intersectio:
points of such two confijurations. - '

It can be stuted that for cold-flow conditions well fabricased nezsleswith
smooth rozzle surfaca: show no side=forces, ag lons as the profile of the
muss=-Llow iu axisymuetric with reapect to the nozrsle axis, Any paraliel

or anguler devistion of! this conditions results in nide. Porcess The origin
of them comes of the subvsonic region. Originully purcllel devizidlons turn
over into an ansular deviation. Abgular devistions create ahn cucilliuang.
flow in the supersonic region. As the "Uchlioren"-pictures indicnte the
oscillation damps out und iacreases in period length downgtream the super-
sonic nozzle portion. (#iz. 4).

Calculations made from veloecity differences deduced fron llich-wave anjle
neapureuents close to the noz.le wall resilt in a side-force Jdid rau,
plotted over the noz:le len;th as shown in the slide. (L8 15)

As various nozzle .eometries have been used, unot ier ncticeatle cbservation
was mode. The flow behaviour explained before led to the idea thut elonsation
of the noz:le throat to a channel wiili throatdismeter night diminish the



antTar deviation” - o re e :

lenith of 1.9 uy wes 1nvest1¢atad. 4 remarkabvleé reuuctlon of'bide-forcea
aus observed. .ig. b shows the cowpavsion vetween 'a nozzle with a charnel
gt the thront und one wlthout 1t.

1]

; the cold-Clow program the purely werodynamic side of the problem thus

~'a
ig clurified. '"he lollowing rocket motor firings had to wim 4t the phenore-
ne ori inatving frow thermodyuuwic and chemicul propertice of the compustio:

3

poG. 30 it sas looked for a clean asrodynami¢ saupe insilde the combustion
chamber and of the exlauet nozzle, The design result is shown in Fige 7
which :ivens tne cross=gection of rogket notor.

The propellant charie is of the "international-burning" type and open towards
the rozzle enzrance in the fashion of a low angle subsonic diffusor with
steady crogs-section increase up to chumer diameter.

L Luct there is a mass-flow increase with increuse of cross-section area.
i 8 siows tae developtient of gas velocity ("= w/a) alon,; the motor
ch«:fe. Jurlnu the rap flow townrds the nozzle no eddys or turbulence
scoula occur therefore. Juring the test-progrzm three different nozzles
havée oeen used: They are showr in Figs, 9 (normul, "channel throat", sonic).

#i,;. 10 shows the pressure vs. time record and the two side-force ve. tiue
recoras of a motor firings. This picture is typical for all firings that
wve beell performed, Yith respect to the lateral forcec thrée rejimes can
be recoghised, depicted as'A, B and C. The reyimes A znd C are cornected
to pressure built-up and decay at the beginning and at the end of burring-
time. Ir betweern both side-force truces oscillate without cny predominat-
ine frequency. The picture of the side-force traces vary [rom one. firing
to the other, but in principle they show the same result.

Trom this it must bo ntated, that lateral thrust is aleuys . enerated during’
rocket mator firings cven ip @he nozale |isl fully Flowing and ino jet sepi-
retion cin accur and the desisn of internal gas flow is aerodynamically as
clear as possicle. 'The side-forces measured with composite chargces show
peak-vilues in the order of half a percent of the axial thrust of the

rocket motor. These peank-values ulways are in the same order of magnitude

for chur ¢t of the sume ghape and propellant., Likewise the time-mean values
of . the side~forces for the ertire Luriing-time ure characteristic for csrtulu
chur U;LJpUE.

It was stated that the time-me n-and peak-velues for the used deounle-uase
char;;es are only about half as rewl as for the composite propellant
churr-ee. o 'said before the roason for this can beé thset tne colipdoasite=
propellant fabricated in the luboratory in small juantities have not been
mixed apd prepered oo well thal the double-buse slavs coming off an in-
dustrisl production. but another possivle reasor may lie in’ the pasic vife
ferance in corpugtion-mechanisi with douple-bage nund conposite-propellants.
It is imacsinasle that the conoustion of a4 heteroseneous propellant with
granular inserss crentes gironger irre,ularities in reoaction thun a wiaely
home -eneous propellant like the double-bape types At this time up epecial
iivegti s-tionu have been performed to look after this (uestions.

The tests ran with a nozzle having a channel at the throat with a lenyth

of pypain 1.8 d, prought a. reauciion of the luterul thriat components,

The Iewuining peak-valucvs are in tne order of O.1 ,. of eXidl motor-thrust
for composite us well aB for douele-buse char es. This srnows that the damp-

-5 =



with rocket motors: Prom this it N e Aa e ced L.t the causes
the side-forces in rocket motor fifinge, are ron-axXis; e tric maab=rlow
profiles in the subBonlc portion of the rozzle. vt this tiwme 1% cantob oe
explained with certalnty which xind ol pheiomen: 1o occud insida the chia=
ber. But considerii, thut due to internal motor desil‘! se odrneat it disturb-
unceg are unlikely to arise and that osvious differenc:e 1 siide=orces

mu nitude exist betseel differont charces, the pod inle Ghated CORG I urutle

upor influences froi the combustion process , i.€e unconplete col justion
with or without afterburning.

surtheron it is noticed that the pesk-values ot lateril thrust are eqgually
Lreat with the veiw: nel-throut" nozzle ifor poth tspus of propelilants,
whereas with the norumal nozzle clear differences exist. Altrou, h a sound
verification by & large test prograi inciadin: more varistions hae not
been perforaed, 1t is felt that the ratio of length to diumeler of the
danplngchunnel sete a lower limit below which the damping effect of the
channel rapidly vanicnes.

geveral motor firings @with double-base charyes hdave Leel made usine a
gonic nozzle, i.¢. without the pupersonic, givergent portian. (?i.. 11).
The picture of the side-force traces look very wuuch like those .0t

with & normal superscnic nozzle. Trom this apzain il can oe desuced that
the causes for luteral thrust of that rahdom type is located incice the
combustion chamover und the least no esaential siae-forces are  enerated’
in the supersonic portion of the nozzle.

The main object of the firings with this nozzle was to show that the
lutersl thrust arising during chamber prescure aecuy at burrn-out wust
be nttributed to jet separution in the supersonic nozzle portion.

A8 the side-force records show there are no more large luterasl thrust
comporents nt burn-out when u sonic nozzle is appliea, Jjet separation
is the only cnuge Lfor hirh side-lforces during pressure decdy.

As it is shown in Pi. . 10 strong side-forces are renerated during the
period of pressure decuy. “hese forces are cauted b, the jet gaparation
off the wall due to too low pressure in the conbustion chamver. This 1is

a well-known paenouetine The pressurc, at which tne separatiol beyinre, 1s
delfined by the Wiy ertiiela" criterium. As Lests have shown, the pressure
according to the "iuwwerfield” eriteriun car be lowered by uhe use of &a
wchannel throat, bat the appearance or ma, nitude cannot be dimirished

by this. In the present phtise of investi ution we aure lookiny af ter some
technical means that might be asle to tvoid theee cide-{oreces-

fhe most difficult part of the sida-force investijutions is that of
re;ime A, tere we sare still doing; experiments 10 find the cause of the
gile--orces., A pos:inle cnusc cdn be unegusl pressure distrioution in
the combustion chamuer penerated by the 15L1UET clarpge for the pro-
pellant slab.



Concluslions

By u rocket notor fired to propel & missile the thrust generated shows
lateral tnrust comprhuerite, which can infliefice the flight trujecsorjf

te « remnrkanle de ree and apply louds onto the structure that ‘may
renerate vibratione or shocks of a considerable stren, th, figh forces
rotified 11 burtout of staje may be attributed to the ruhlon leteral
thrast forces. Cold flow tests and lateral thrust beasuremnenis during
recket wotor £firin-a clearly demonstrate tirec different regimes of
side-Inree sppesrance, .o of thewm are eubily identified as pasdynamic
effects due to oL.-uesl n conditiocns iu the chamnner and for the nozzle-
flow, &
Bepides these expected shenomens lateral thrust was observed throusaout |
the entire varning-time with varying direction and ma nituae. LT 'WLB
possible to locule the orisin of the side-force generatin glBturbancest
45 occurin, ir the sunsonic pertion cf the motor and the neazle. 1t is
fuirly obtwious that they are due to irregsularities of thae chemical reuact-
{0y gechanism during comdustion. :
vuritheron & method of damping down the peak-values was developed and
puccessfully tested.

“he progrow pe formed so far comprises orly a few points, while the in-
vestigation of the influence of a number of paraueters is tuill to be
done. Bspeciully as far as damping methods are corcerned systematic in-
vesti ttions will lead to still considerable improvenentis,

“ipally it is shown that some busic improvenents should be worked out,
if the misdistance of unguided missiles shall be reduced. The order of
mernitude of leteral tnrust observed ie gufficient to create consider-
able £licht puth nlte ations.



