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I. TINTRODUCTION

During the past several years, the ARRADCOM has been developing a
new improved sensing munition called SADARM (Sense: And Destroy ARMor).
The individual components which make up this munition have been tested
separately and a theoretical system analysis has been performed.1 The
SADARM weapon consists of a self-forging-fragment warhead and a milli-
meter-wave radiometer contained within a canister which is suspended
from a vortex-ring parachute (VRP). The axis of the warhead is kept at
about 30° to the line of descent. The vortex-ring parachute forces the
warhead to spin at a rate proportional to the descent velocity. As a
result, the axis of the warhead traces out a helical path on the ground
during descent. The antenna of the microwave radiometer is assembled
so that the detector beam leads the warhead axis along the helical
ground path. When the radiometer detects a metal surface on the ground,
the firing logic is activated and the warhead functions.

Knowledge of the roll rate of the warhead as well as the amplitudes
and frequencies of the motion of the system is important to a proper
design of the firing logic and has bearing on the hit probability of the
weapon. One method to determine the dynamic behavior of the system is
to observe it under steady-state conditions in a vertical wind tunnel.
During such tests, it is also possible to match the VRP to a particular
payload. The Fluid Mechanics Branch of the Applied Sciences Division
and the Electronics Devices Section of the Munitions Systems Division
of the Large Caliber Weapon Systems Laboratory (LCWSL), ARRADCOM, at
Dover, NJ, have been using the Air Force Vertical Tunnel Facility at
Wright-Patterson AFB, Dayton, OH, for this purpose. Unfortunately,
vertical wind tunnel tests have several shortcomings. They are
performed under a constant dynamic head which corresponds to a steady-
state descent of the system. Therefore, no dynamic behavior under
unsteady conditions can be observed. Moreover, the directional
instability of the vertical jet of the tunnel makes it necessary to
position the parachute manually to keep it within the jet. Such
manually induced disturbances may or may not simulate wind shear
effects, but they cannot be used with any confidence to estimate the
damping capabilities of the system. Finally, the test data consist of
a movie film which is rather tedious to measure. Although a pair of
orthogonal cameras were used on occasion, most of the test program used
a single camera providing angular information only along one plane.

Because of the shortcomings of the vertical wind tunnel tests, the
LCWSL asked the BRL to instrument two SADARM models with yawsondes.?2

1. P.H. Dietz, B.H. Rodin, and R.A. McGee, "SADARM System Simulation
(U)", Ballistic Research Laboratory Report ARBRL-MR-02856, August
1978. AD C015654L.

2. W.H. Mermagen, V. Oskay, and J.W. Bradley, "Yawsonde Tests of SADARM
Warhead at Sol Se Mete Canmyon, Albuquerque, NM", Ballistic Research
Laboratory Memorandum Report ARBRL-MR-02918, May 1979. AD B0O38263L.
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Originally, it had been planned that models would be dropped from a
helicopter. In reality, the initial drop tests of instrumented models
were made at the Aerial Cable Test Facility of Sandia Laboratories in
the Sol Se Mete Canyon, Albuquerque, New Mexico. Due to technical,
environmental, and analytical difficulties, the test results were not
conclusive.?

Aerojet Electrosystem Company of Azusa, CA was under contract to
LCWSL to perform a concept demonstration test with a live system during
early 1979. In preparation for the demonstration tests, it became
important to perform additional drop tests of instrumented SADARM models
both from the Cable Facility and from helicopters to determine their
dynamic behavior. Several major modifications to both the models and
the test procedures were made based on the results of the previous test
program. This report describes the second generation instrumented
SADARM model, the test program, and some of the data.

II., MULTI-SENSOR SADARM MODELS

The instrumented SADARM model used during the first test program
had four solar cells located at equally spaced intervals on its
cylindrical surface?, see Figure 1. Each solar sensor slit had been
installed at an angle of 30° with respect to the axis of symmetry of
the warhead rather than with respect to the system roll axis. As a
result, two solar sensors could detect large amplitude yawing motions
but were limited in accuracy. The other two solar cells had good
measurement accuracy but were limited in the yawing amplitudes they
could observe. This combination of solar cell characteristics limited
both the test window and the usefulness of the data. During the analysis
of the yawsonde records from the previous program, it was noticed
that the yawing motion obtained from only one pair of sensors did not
seem correct since both the yaw and the spin could vary during a single
roll period (about 200 milliseconds). The condition of both yaw and spin
changing during a measurement period violates the usual basic assump-
tions of the yawsonde reduction algorithm3:%. An algorithm to reduce
yawsonde data with large-amplitude yawing motions had been developed
by Murphy® but even this improvement required averaging over several
revolutions with one pair of solar cells. If the data from all four
sensors were used simultaneously, then only one revolution is needed

3. W.H. Mermagen and W.H. Clay, '"The Design of a Second Generation
Yawsonde, " Ballistic Research Laboratory Memorandum Report 2368,
April 1974. AD 780064.

4. W.H. Mermagen, "Measurements of Dynamical Behavior of Projectiles
over Long Flight Paths," Journal of Spacecraft and Rockets, Vol. 8,
No. 4, April 1971, pp. 310-385.

5. C.H. Murphy, "Effect of Large High-Frequency Angular Motion of a
Shell on the Analysis of its Yawsonde Records,” Ballistic Research
Laboratory Memorandum Report 2581, February 1976, AD B009421L.
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for the algorithm. This technique was used successfully in the
previous program for the one test where all four sensors produced solar
pulse data.?

Since the results of previous tests were limited and since a
different size payload canister was to be used for the live demonstration
tests, it was decided to build a new instrumented model and incorporate
features which would minimize the previously encountered problems. This
second generation model had eight solar cells arranged about its
cylindrical surface in two tiers, Figure 2. The upper tier contained
four sensors installed at equally spaced intervals and oriented with
respect to the spin axis so as to provide yaw measurements. The
orientation angles were selected to provide maximum angular
sensitivity with an operational test window as wide as possible. The
lower tier contained the remaining four sensors, also equally spaced
but offset with respect to the upper tier. The lower four sensors were
installed so that the slits would be parallel to the model roll axis
and were intended to measure the spin of the system with a minimum
of yaw modulation on the spin data. The optimum alignment of each
sensor with respect to the warhead axis of symmetry was theoretically
determined, see Appendix A, and a theoretical calibration curve for each
yaw data channel was computed. The solar cell installation angles are
given in Table 1.

The outputs of pairs of solar cells were made to modulate separate
voltage controlled oscillators (VCO's) in such a fashion that the
pulses would not overlap. Since the sensors were closely spaced about
the periphery of the model, at certain angles of yaw the pulses from
a yaw sensor could precede the pulses from the preceding spin sensor.
To avoid ambiguity, the polarity of the pulses from one sensor into
a given VCO were made positive while the pulses from the other sensor
into the same VCO were made negative. The resultant telemeter, shown
schematically in Figure 3, contained eight sensors, four VCO's (with
hybrid amplifiers), a mixer-amplifier, and an L-Band transmitter.
Rechargeable Nickel-Cadmium batteries with a voltage-regulator formed
the power supply and a scimitar antenna was used to radiate the radio-
frequency signal to the ground. The electronics were potted in
polyurethane foam to protect against impact and to permit ready removal
in case of failure.

Another constraint of the design was to match the mass properties
of the Aerojet design so that no scaling or adjustment of the yawsonde
data would be needed in predicting the behavior of the Aerojet system.
The most stringent requirement for the design was that the polar and
transverse moments of inertias be equal to within one percent. Figure
4 shows a sketch of the final design for the instrumented SADARM
models. A comparison of the mass properties of the required design,
Aerojet Mass Model No. 002, and the two BRL-built units is given in
Table 2,

11



TABLE 1. SADARM Solar Cell Alignments

Solar Cell VCO Frequency Alignment
Number Usage Polarity (kHz) Angle

1 Yaw * 93 +14°

2 Spin * 70 -30°

3 Yaw * 52.5 | -56°

4 Spin + 40 0°

5 Yaw - 52.5 +56°

6 Spin : ' 40 +30°

i Yaw £ 93 -14°

8* Spin = 70 0°

*On the same side as the clevis and in line with it.

TABLE 2. Mass Properties of SADARM Models

Weight c.g. Moments of Inertia(Kg-m?)
(Kg) (mm from top) Polar Transverse I Transverse II

Design
Goal 15.42 93.2 .09511 .09511 .09511
Aerojet
Model 15.42 93.88 .10149 .10222 .10409
BRL Model
No. 3 15.68 97.16 .10402 .10536 .10532
BRL Model
No. 4 15.56 96.82 .10371 .10527 .10517

Note: Transverse Moment of Inertia I is along the clevis axis whereas
Transverse II is normal to it.

12



IITI. CALIBRATION DATA

The SADARM warhead, constrained to an inclination of 30° with
respect to the roll axis, executes lunar motion during descent. That
is, as the warhead rotates about the spin axis, one face is always
pointing toward the spin axis. Consequently, a different calibration
procedure from the standard yawsonde calibration is required. The
usual yawsonde calibration® is done by a rotation of the yawsonde about
its axis of symmetry, taking note of the roll angles at which the sensors
see the light beam for various orientations of the light with respect
to the sonde. A calibration for lunar motion, however, requires that
the model be rotated about an axis which is not the axis of symmetry
(in the case of SADARM - 30° off the axis of symmetry).

For the SADARM calibration, a special fixture was designed to
perform a lunar motion calibration. Figure 5 is a photograph of one
of the BRL SADARM models mounted on the special calibrator. An
existing Schlieren optical system was used to provide a parallel light
beam 30-cm in diameter, large enough for the sensors to remain within
the beam during all calibration angles. The instrumented SADARM model
was mounted on a machine indexing head at 30° tilt angle to simulate

the drop conditions of the unit. The indexing head was capable of
being rotated about its axis while tilting toward and away from the

light source so that the model will perform a lunar motion within
the light beam. The tilt angle between the rotational axis of the

indexing head and the light beam corresponds to the complementary
solar aspect angle SIGMA-N which is the angle between the sun and a

normal to the system roll axis. During the calibration, for each value
of SIGMA-N (or indexing-head tilt angle), the model is rotated 360° so

that each sensor would see the light source. The roll angles at which
the sensors detect the light for that value of SIGMA-N are recorded.

A listing of these roll angles for each sensor as functions of
SIGMA-N form the raw calibration data. Tables 3 and 4 contain these

data for SADARM yawsonde units 3 and 4, respectively.

6. W.H. Clay, "A Precision Yawsonde Calibration Technique", Ballistic
Research Laboratory Memorandum Report 2263, January 1973, AD 758158.
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The data in Tables 3 and 4 show that the roll angle is almost
independent of SIGMA-N for the spin sensors (2, 4, 6 and 8) as

expected. The slight functional dependence is due to imprecision in
the installation of the sensors and the fact that the sensors have a

finite field of view. The functional behaviors of the yaw sensors

(1, 3, 5 and 7) are seen in the graphs of Figures 6 - 9. The
calibration data from SADARM unit 4 are shown as open circles while the
dashed curves are the predicted calibrations computed according to

Appendix A. The agreement is quite good and the differences are
attributed to the precision of installation of the sensors. The full

functional range of the theoretical calculation was not achieved
because of the low level of light available during calibration. Finally,

it should be noted that sensor 5 of unit 3 (see Table 3) could not be
calibrated past SIGMA-N of 20° due to the low light sensitivity of that

sSensor.

The roll angle versus SIGMA-N calibration data are used with an
extended Murphy's algorithm to reduce the flight data. A conventional

yawsonde reduction could also be done using pairs of sensors such as
1 and 3 or 1 and 5. This method would be valid if the roll rate is

reasonably constant during a revolution and the yaw varies only slightly
during the same period. The raw calibration data would then be adjus-

ted in the following manner. The fractional difference (x/y) for each
pair of sensors considered is formed by the d1fference between roll

angles for those two sensors divided by 360° at each value of SIGMA-N.
These fractional differences are then used as functions of SIGMA-N and

compared to the time difference in flight data for the sensors in
question divided by the roll period. It has already been shown? that

this approach does not work well for the SADARM system.

IV. TEST PROGRAM

The SADARM drop tests described in this report were done to
provide a preliminary evaluation of the dynamic behavior of the 223 mm
(8.8 inches) model used with a 2.13 m (7-foot) vortex-ring parachute

in both canyon and open environments. The SADARM-concept live
demonstration was scheduled to be performed under canyon conditions

using the active warhead. It was important to determine the system
behavior under a minimal environmental influence and the effects of

the canyon environment on system performance.

Helicopter drops from a 915 m (3000-foot) height were included
in the tests to measure the system behavior without the influence of

the canyon environment. The helicopter drops were done over an open,
high desert terrain. The canyon drops were done at the Aerial Cable
Test Facility, SLA. Since the operation of the yawsonde depends on
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available sunlight, the time of day and the weather conditions were
critical factors in the successful performance of the test program.
Because of these weather and sun position requirements, five working
days were scheduled for each test phase although only twenty drops at
each site were planned.

A. Test Windows

The data shown in Figures 6 - 9 indicate that the calibrations
become non-linear for SIGMA-N larger than 40°. The sensors themselves
cannot detect the sun if SIGMA-N is greater than about 60°. Tables
3 and 4 show that the spin sensors can detect the sun at values of
SIGMA-N up to 75°. Unfortunately, the functional dependence of
SIGMA-N on roll angle for the spin sensors is quite strong and small
fluctuations in roll angle give large variations in SIGMA-N. Thus,
the spin sensors are not appropriate for obtaining yaw determinations
despite the apparent attractiveness of the extremely wide coverage
these sensors provide,

The unperturbed trajectory of a SADARM drop is vertical; therefore,
the solar aspect angle for zero yaw is the same as the elevation (or
altitude) of the sun above the horizon. Table 5 shows the elevation of
the sun at half-hour intervals throughout the day at Albuquerque, NM
for 6 December 1978. The elevation of the canyon wall (which varies
in height with azimuth) for various times of day (i.e., azimuthal
positions of the sun) is also tabulated. Figure 10 shows these data
graphically. As seen in Table 5, the maximum altitude of the sun is
32.6" at the test site in early December. This is well within the
observation range of the SADARM yawsondes and it is possible to test
the yawsonde-instrumented models on flat terrain anytime during the
working day. During canyon drops, however, the local elevation of the
canyon walls must be considered lest they block the sun. The elevation
of the canyon walls, as seen in Table 5 and Figure 10*, indicate that
the tests should be performed between 0900 and 1500 MST.

B. Helicopter Drops

After the original yawsonde test program, LCWSL and Aerojet made
several changes to the basic test model. These changes involved
moments of inertia and parachute dimensions and resulted in three
different test configurations as shown in Table 6.

*Data provided by D.S. MeDonald of Aerojet Electrosystems Company of
Azusa, California.
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TABLE 5. Altitude of the Sun at Albuquerque, NM

(12-6-78)
TIME ELEVATION ANGLE (DEG)
ZULU MST SOLAR CANYON WALLS
1500 0800 9.8 19.6
1530 1830 14.6 19.0
1600 0900 19.0 18.5
1630 0930 22.9 18.2
1700 1000 26.3 17.5
1730 1030 29.0 16.5
1800 1100 31.0 14.2
1830 1130 32.2 10.5
1900 1200 32.6 7.8
1930 1230 32.0 7.0
2000 1300 30.6 6.5
2030 1330 28.4 6.5
2100 1400 25.5 7
2130 1430 22.0 14.5
2200 1500 17.9 179
2230 1530 13.4 18.8
2300 1600 8.6 20.0
2330 1630 3.4 24.0
2400 1700 -2.0 25.6
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TABLE 6. Helicopter Drop Test Configurations

Configuration Number of Ix=Iy VRP Cup BRL Unit
Drops
I 10 Yes 2.13m .20 m 3
II 5 No 2,13m .17 m 4
III 5 Yes 1,83m .17 m 4

All drops will be made from 915 m height.

The helicopter drops were scheduled to take place during the week
of 4 December 1978, On 4 December, five preliminary drops were made to
check instrumentation as well as the release technique. For the laser
tracker data to have a correct range reference, it was required
that the test be started at a pre-surveyed point. From the pre-surveyed
point the model is tracked to the drop site and then to impact.

The only release method which could be used was a parachute bag attached
to the helicopter's external, quick-release mechanism. Test drops of
instrumented models were performed on December 5th and 8th. Poor
weather prevented testing on December 6th and 7th.

Table 7 contains a log of the helicopter drops. The extended
test window made it possible to perform 21 drops during the two test
days. Transmitted data were obtained for all drops but on three of
the drops the parachute did not deploy. The deployment failure of
drop 16 can be attributed to high winds prevalent on the 8th of
December. Because of the winds, the remainder of the drops on that
date were done from an altitude of 610 meters. During drop 18 it was
not possible to release the parachute at the preselected drop altitude
but, by helicopter maneuvering, it was possible to release the model
during helicopter descent. The payload was almost lost. The modified
link used during drops 24 and 26 was designed by LCWSL engineers in an
attempt to reduce payload oscillations. The modification effectively
changes the plane of application of the VRP torque from one parallel
to the clevis axis to a plane normal to that axis,
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TABLE 7. Log of SADARM Helicopter Drops

Drop Unit Drop VRP Cup
Date Number Number Time (MST) Size(m) Size(m) Remarks
12-5-78 6A 3 —e-e-- 2.13 .20 No release
6B 3 11:10 2,13 .20
7 4 11:31 2.13 .17 Poor drop
8 4 12:27 2.13 .20
9 3 13:06 2.13 .17
10 4 13:26 2.13 .20
11 3 13:53 2.13 .17
12 4 14:26 2.13 .20 Poor drop
13 3 15:34 2.13 .17 Cloudy sky
14 4 16:02 2.13 .20 Cloudy sky
15 3 16:29 2.13 .17 Cloudy sky
12-8-78 16 3 11:17 2.13 .20 Poor drop,
high winds
17 4 11:45 2.13 .20 Reduce
height to
610 m
18 3 -—-- 2,13 | .20 Release on
descent
19 4 12:37 2.13 .20
20 3 12:56 2.13 .20
21 4 13:25 2.13 .20
22 3 13:49 2.13 .20
23 4 14:50 1.83 .17
24 3 15:04 2.13 .20 Modified
link
25 4 15:23 1.83 .17
26 3 16:09 2.13 .20 Modified
, link
27 4 16:35 1.83 A7
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C. Cable Drops

A test program using configurations similar to those shown in
Table 6 was also planned for the cable site. Since the maximum drop
height from the cable fixture is about 200 m, LCWSL engineers decided
to use a pre-deployed vortex-ring parachute. The pre-deployed chute

would also eliminate the deployment problems encountered in the May
1978 test series?. A log of the cable drops is shown in Table 8.

A total of 37 drops were made at the Aerial Cable Facility of SLA

during 11 - 13 December 1978. Eight of these drops used an uninstru-
mented mass model built by Aerojet Electrosystems Company. This model

is designated AJ2 in Table 8. All drops with AJ2 used a 2.13 m
parachute and a 0.20 m cup. All drops seemed to perform successfully.
The purpose of these drops was to extend the statistical base for the
pre-deployed launch condition. The remaining drops used two BRL-
instrumented models. The yawsondes transmitted properly during all
drops but three parachutes did not perform properly. These poor

deployments may be in part attributable to the gusty wind environment
of the canyon. A fourth unit deployed late in the drop.

The canyon environment presents several other difficulties in
addition to the wind problem. There is always a possibility that the
model will impact the canyon walls. The ground near the impact area
is replete with trenches to contain instrumentation cables. These
trenches, covered with steel plates, make the canyon impact area more

hazardous for model survival than the helicopter drop area. SLA
attempted to minimize this danger by using a catcher attached to a
truck. Unfortunately, the unpredictability of the canyon winds made
the catcher an additional hazard. Several transmitter antennas were
damaged upon impact and had to be replaced during the test. The only
major damage occurred when Unit 3 hit the edge of the catcher at the
end of drop 10. The eight screws holding the canister top cover were
sheared off and the transmitter-antenna cable was severed. Fortunately,

the transmitter was not damaged and the unit was repaired overnight.
Another unexpected problem occurred during drop 8 when the receiver

of the laser tracker was inadvertently exposed to the sun. The intensity
of the solar radiation damaged the tracker photomultiplier. Thus, most

of the photographic coverage for 12 December was obtained with hand-held
cameras. The laser tracker was operational only for drops 24 - 27.

The modified link used during drops 28 and 30 was the same

one used during the helicopter drops 24 and 26. The sleeve used during
drops 32 - 37 was the result of an effort to minimize the wind effects

on the VRP at the moment of release. The panels of the pre-deployed
parachute are subject to wind buffeting prior to and during release.
The sleeve is designed to encase the parachute prior to release.
Unfortunately, the limited number of drops with the sleeve did not

permit an assessment of the effectiveness of the device, particularly
in light of the fact that wind gusts as high as 30 mph were recorded

on December 13th.
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TABLE 8. Log of SADARM Cable Drops
Drop Unit Drop VRP Cup
Date Number Number Time(MST) Size(m) Size(m) Remarks
12-11-78 1 AJ2 11:10 23 .20
2 3 11:51 2.13 .20
3 4 12:12 2.13 .17 Poor drop
4 3 12:39 2.13 <. 20 Questionable
drop
5 4 13:04 2,13 .17
6 3 13:35 2.13 .20
7 4 13:53 2.13 .20
8 3 14:27 2.13 .17
9 4 14:45 2,13 .20
10 3 15:05 2.13 17
11 AJ2 15:22 2.13 .20
12 AJ2 15:37 2.13 .20
12-12-78 13 4 10:14 2.13 .20
14 3 10:31 2.13 .17
15 4 10:47 2,13 .20
16 3 11:02 2.13 .17
17 4 11:17 2.13 .20
18 3 11:44 1.83 .17
19 4 12:03 2.13 .20
20 3 12:18 1.83 .17
21 4 12:47 1.83 .17
22 3 13:02 2,13 .20
23 4 1537917 1.83 L7
24 3 13:31 2.13 .20
25 4 13:49 1.83 .17
26 3 14:03 2. 13 .20
27 4 14:19 2,13 .20
28 3 14:34 2.13 .20 Modified
link
29 4 14:50 2.13 .17 Poor Drop
30 3 15:08 2.13 .20 Modified
link
31 AJ2 15:20 2.13 .20
32 AJ2 15:30 2.13 .20 Sleeve Drop
12-13-78 33 AJ2 11:25 2.13 .20
34 AJ2 11:45 2.13 .20 Sleeve Drop
35 AJ2 12:12 2.13 .20 Sleeve Drop
36 4 12:28 2.13 .20 Sleeve Drop,
Poor Drop
37 3 12:54 2.13 .20 Sleeve Drop
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V. TEST RESULTS

The test program produced large quantitie§ of yawsonde, photo-
graphic, and laser tracker data. These data, in a somewhat reduced
form, can give an indication of the performance of the prototype
SADARM system. Ultimately it would be desireable to obtain the ground
trace of the SADARM seeker for each drop, but the data reduction and
analysis to reach this goal is formidable; therefore, only yawsonde
results will be presented in this report. Data will be presented on:

(a) the VRP behavior with respect to transition time to steady
state,

(b) the steady-state spin behavior of the system and

(c) the steady-state yawing behavior of the warhead.

The primary purpose of the test program was to measure the
behavior of the SADARM system with a 223 mm payload under the canyon
environment so that performance information could be obtained prior to
a live warhead demonstration. Thus, the steady state performance at
the cable site is of primary interest. The comparison of the cable
site transitional behavior to that of helicopter drops is of engineering
interest since helicopter drops may more realistically simulate the
deployment from an artillery shell.

A. Transitional Behavior of the VRP

The transitional regime for the SADARM experiment is the time
between parachute release and steady state conditions. After the
parachute is released, a finite time elapses during which the VRP
deploys and begins to spin. The spin gradually increases until steady
state is achieved. The time at which the parachute begins to spin
can be observed from the yawsonde data, for those units instrumented
with sondes. Similarly, the yawsonde data also show when steady
state spin has been achieved. At the test site, SLA provided discrimina-
tors and a strip chart recorder so that the data from each yawsonde
sensor could be displayed during the drop. Time zero was taken as the
time when the explosive cutter on the cable fixture was initiated to
release the parachute. Until the model begins to spin, only random
pulses will issue from the yawsonde solar cells. After the parachute

starts to spin, a regular pattern of pulses will be observed and
the time between these pulses will change slowly until steady-state.

Thus, the site records provide the times for start of spin and for
steady-state. Tables 9 and 10 are tabulations of these observed times

for both cable and helicopter drops, respectively. The time to steady
state spin is the average of data from all four spin sensors.

A close examination of Tables 9 and 10 shows several interesting
features of parachute deployment:
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(1) The start of spin, determined from the first observed
yawsonde pulse, is much more consistent at the cable site than for the
helicopter drops. The standard deviation in start time for the 2.13-
metre parachute at the cable site is 0.24 second compared to 0.72 second
for the helicopter tests. This difference is partially attributed to
the automatic release mechanism at the cable facility in comparison
to the manual release on the helicopter. The difference is even more
pronounced for three specific helicopter drops where the starting times
were 7.78, 9.47 and 14.98 seconds.

(2) The average time to the start of spinning motion is the
second difference between the two sites. At the cable site, the average
time was 1.41 seconds. The helicopter drops showed an average 2.23
seconds before the initial detection of yawsonde pulses. This could
be attributed to two factors: the initial air density for the
helicopter drops was lower because of the increased altitude and the
helicopter release was from a bag while the cable drops were from a
pre-deployed configuration.

(3) The time required to reach steady-state spin also seems to be
a function of test site. These times are shown as At in the Tables.
At the cable site, steady-state spin is achieved within 2.8 seconds
after the beginning of spin, on the average. On the other hand, less
than 1.5 seconds is required to steady-state spin at the helicopter
site. At both sites, however, it is interesting to note that the time
from release to steady-state spin is about four (4) seconds.

All the above observations apply to the 2.13-metre VRP. Some
1.83-metre VRP's were also tested, but it is difficult to draw any
conclusions because of the limited number of drops (3 at the helicopter
site and 5 at the cable site). It is possible, however, to state that
the smaller VRP takes longer to reach steady-state spin after the
beginning of rotation. This increased time is about 1.5 seconds at
both test sites and is due to the lower torque transmitted to the
payload by the combination of smaller VRP and torque disk.

B. Steady-State Spin Behavior

Preliminary analyses of the yawsonde data from most of the cable
drops and two helicopter drops (numbers 10 and 27) have been made.
This section discusses the spin behavior. The next section will
treat the flight behavior. Data from cable drops 7 and 18 and helicopter
drops 10 and 27 will be used to demonstrate the salient aspects of the
system's performance. The remaining yawsonde plots are shown in
Appendix B.

The spin of the model can be determined in two ways: data from
the spin sensors can give the spin directly or data from the yaw sensors
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can produce the spin after treatment with Murphy's algorithm’. Figure
11 shows the spin data from the yaw sensors for cable drop 7. The spin i
not observed until VRP had developed sufficient torque to drive the
payload. Thus, the spin data do not start at the release time but

several seconds later. Once the system begins to spin, some time is
required to reach steady state (the region between 3 and 4 seconds).

After 4 seconds into the flight a steady-state spin of 4.7 rps is
observed. The data show a periodic modulation of the spin similar to

the modulations which have been observed before> whenever yaw sensors
are used to compute spin. A unique peculiarity of these data, however,

is that the modulation is at the same rate as the average spin rate.
Figure 12 shows a similar plot of spin obtained from the spin sensors.
The average spin rate is still 4.7 .rps but the amplitude of the modula-
tion is reduced. Nevertheless, the rate of the spin modulation is the
same as the average spin rate.

Figure 13 shows the spin history of cable drop 18. For this drop,
a 1.83-metre VRP was used. Several differences are obvious when com-
pared to the previous two plots. The initial data point occurs at
about 4 seconds into the flight indicating that the smaller parachute

would require higher dynamic pressures than the 2.13-metre VRP to
develop similar torque values. Secondly, the smaller parachute requires

a longer drop time to reach the steady state conditions. The elapsed
time is over 6 seconds. Finally, the average value of steady-state

spin is about 6.0 rps, once more, indicating that the smaller parachute
needs higher drop velocities to achieve the required torque since the

spin rate of a VRP is linearly proportional to its descent velocity.

Figures 1l4a through 14d show the spin history of the helicopter
drop 10 for the first 45 seconds of its flight. For this test, the

model was released at 915 metres and a 2.13-metre VRP was used. The
initial data point does not occur until 3 - 4 seconds into the drop.

The steady state is achieved at about 5 seconds. The average spin
rate is 4.8 rps. This value of spin persists throughout the

remainder of the drop. The spin data from this helicopter drop also
show a persistent modulation of the spin at a frequency equal to the

average spin rate. In addition, a slow frequency modulation of some
amplitude is also observed to occur sporadically. The slow modulation
rate appears to be between 0.5 and 1.0 Hz.

The spin history corresponding to a helicopter drop with 1.83-
metre VRP, drop number 27, is shown in Figures 15a and 15b for the first

7. J.W. Bradley, W.H. Mermagen, and V. Oskay, "Yawsonde Reduction for

Slow-Rolling Vehicles." Proceedings of AIAA Atmospheric Flight
Mechanics Conference, August 1979,
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20 seconds of this model's descent. Due to the prevailing wind
conditions, this drop was made from 610-metre altitude. Figure 15a
shows that the first data point is observed at about 2 seconds and the
steady-state spin is reached about 4.5 seconds into the drop. The
average steady-state value of spin is 5.9 rps. Once more, the spin
history is dominated by a fast frequency modulation at the same rate
as the average spin. Similar to the spin of helicopter drop 10, it is
- possible to detect a low frequency modulation as well, although for
this drop it is not as pronounced.

C. Dynamic Behavior of the Warhead

A yawsonde measures the flight behavior of a test vegicle in a
plane defined by the sun and the roll axis of the model3~5, The

measurement made by the yawsonde is the complementary solar aspect angle,
Oy between the solar ray and the normal to the roll axis. While these

measurements provide a good qualitative indication of the model's
behavior, and some bounds on the motion can be established, a complete
picture of the model's motion requires elaborate analysis based on a
mathematical model for the mechanics of the system. Such a model does
not exist, as yet, for the SADARM System.

Figure 16 shows oy as a function of flight time for the cable drop

7. There are no yawsonde data prior to 3 seconds since a minimum of

one revolution in roll is required. A bi-modal behavior of the payload/
parachute system is observed in this plot. The fast yaw rate is seen

to be at 4.8 Hz, quite close to the average spin rate of 4.7 rps.

The peak-to-peak amplitude of this component is about 5 degrees. The
slow frequency mode is about 1.25 Hz which corresponds to the pendular

rate of the parachute/warhead system. The slow mode also has a
peak-to-peak amplitude of 5 degrees.

Flight behavior of the cable drop 18 is shown in Figure 17.
Although there appears to be yawsonde data prior to 6.5 seconds, no
credence could be placed to this portion of the plot since the system
had not achieved steady-state conditions as yet. The region of the
data between 7 and 10 seconds again shows the bi-modal behavior of this
system. In contrast to the cable drop 7, this drop is dominated by the
fast frequency (6.0 Hz) mode. The measured maximum amplitude of this
mode is 14 degrees peak-to-peak. Around 9 seconds, a sizable slow mode
appears. It is expected that this is due to the System traversing a
region of wind shear near the canyon floor. The large amplitude of the
fast mode shown in this plot appears to be a peculiarity of drop rather
than the warhead with the 1.83-metre VRP (see Appendix B).

Figures 18a through 18d are the yawsonde results for helicopter
drop 10. The data cover the first 45 seconds of the drop. As was the
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case with the cable drops, the plots show a bi-modal behavior. A small
amplitude (about 2 degrees peak-to-peak) fast mode persists throughout
the entire drop. The frequency of this mode is somewhat less than

5 Hz and is comparable to the average spin rate of 4.8 rps. The fast
mode amplitude appears to remain constant during the drop. The
amplitude of the slow mode varies considerably. The peak-to-peak
amplitude fluctuates from 6 degrees at 13, 33, and 41 seconds to 13
degrees at 19 and 34 seconds. The slow mode frequency seems to lie

between 0.5 and 1.0 Hz.

The yawing motion of the helicopter drop 27 (using 1.83-metre VRP)
is depicted in Figures 19a and 19b for the first 20 seconds of the

drop. Once more, the motion indicated prior to 5 seconds should be
ignored since the system had not achieved its steady behavior as yet.

The motion between 5 and 20 seconds is again bi-modal. Similar to
helicopter drop 10, this flight also shows a persistent small amplitude

fast mode. The slow frequency mode is the prominent feature of the
motion. But for this round, the maximum peak-to-peak amplitude remained

below 12 degrees.

At present, drops 10 and 27 are the only helicopter drops which
have been reduced. On the other hand, yawsonde data from most of the

cable drops were reduced. Those data are colated in Appendix B.

VI. DISCUSSION

Because of a favorable altitude of the winter sun, it was
possible to perform a large number of test drops at both the helicopter
and cable sites. The predeployed parachute setup at the cable site
worked well about 90 percent of the time. The bag release system for
the helicopter drops worked reliably over 80 percent of the time.

Some of the failures in helicopter drops can be attributed to the
release mechanism while other failures are attributable to unfavorable

prevalent wind conditions.

All the successful drops of the 2.13-metre VRP at the cable site
required an average of 1.4 +0.25 seconds to start spinning. The

helicopter drops required a longer time, about 2.25 #0.75 seconds.

This difference in spin start time may be due to the difference in
initial air density between the helicopter and the cable drops. As a
result, a higher drop velocity is needed from the helicopter to achieve
the same dynamic head as the cable-site drops. However, this

increased drop velocity results in a shorter time to reach steady-state
conditions after the start of spin (1.5 seconds for the helicopter
versus 2.8 seconds for cable drops). This combination results

in a total time to steady-state after release of 3.8 seconds for
helicopter drops and 4.2 seconds for cable drops. The times in both
cases are average with a standard deviation of 0.75 second.
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The spin data for both cable and helicopter drops show a rapid
spin-up to steady-state values. The data (Figures 11, 12, and Appendix
B) show small-amplitude spin oscillations. The 2.13-metre parachute
drops gave spin rates between 4.5 and 4.8 rps.

The motion of the parachute/warhead combination has two observable
frequencies. The slow frequency is at about 1 Hertz and should
correspond to the pendular frequency of the system. It is conjectured
that this component is excited by winds during the descent of the
warhead. The second, fast frequency is approximately equal to the
system spin rate. This mode appears to have a constant amplitude
throughout the drop while the amplitude of the slow mode varies. PFor
each drop, the average solar aspect angle corresponds closely with the
altitude of the sun for the time of day that the drop was made. It
should be noted that, for no yawing motion, the solar aspect angle oy is

the altitude (or elevation) of the sun at the time of drop. Changes
in the attitude of the model result in oscillations about this value.

Since the yawing motion seems to have a component at the spin rate,
the question of whether the instrumentation can observe such a motion
arose. A further question on the accuracy of the yaw amplitude
measurements should also be considered for this case. To determine
the system measurement capability and accuracy, several test cases
were generated on the computer (see Appendix C) and reduced using
Murphy's extended algorithm. The test cases show that the present
SADARM instrumentation can detect motions with frequencies equal to the
spin rate. If the test case motion has an amplitude of 5 degrees
peak-to-peak, the ability of the instrumentation and the computational
algorithm to replicate the motion seems to have an accuracy of about
t 1 degree. At present, the cause of the fast frequency motion is not
known. Some probable dynamic models are being investigated.
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Fig. 1. Photograph of original
SADARM Model
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Fig. 2. Photograph of new SADARM
Model
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LIST OF SYMBOLS
damping coefficient of solar aspect angle (Appendix C)
directional cosines of 2z’ axis (Appendix A)
time

required roll angle, or elapsed time, bétween sightings of
two sensors

angular distance, or elapsed time between two sightings with

same sensor (approximately 360 or one roll period)
fractional difference

transformation matrix from un-primed to primed coordinates
(Appendix A)

coefficients relating oy to ¢s (Appendix A)

unit vector along positive X-axis (Appendix A)
unit vector along the sensor slit (Appendix A)

vector perpendicular to the optical plane of sensor slit
(Appendix A)

unit vector from the origin of the primed axes to the sun
(Appendix A)

spin period (Appendix C)

canister coordinate system (Appendix A)

measurement coordinate system (Appendix A)

sensor angle with respect to canister axis (Appendix A)

angular position of a sensor on the canister with respect
to the clevis (Appendix A)

solar aspect angle

altitude of the sun (Appendix C)

fast component of solar aspect angle modulation (Appendix C)
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LIST OF SYMBOLS (continued)

slow component of solar aspect angle modulation (Appendix C)
= %-- o, complementary solar aspect angle

average spin period (Appendix C)
amplitude of spin period modulation (Appendix C)

canister inclination with respect to spin axis; canister
roll angle (Appendix A)

angular location of the sun in the primed coordinates
(Appendix A)

canister spin rate

circular rate of fast component (Appendix C)
circular rate of slow component (Appendix C)

spin period modulation frequency (Appendix C)
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APPENDIX A
DETERMINATION OF SENSOR INSTALLATION ANGLES

The second SADARM test canister was designed to include eight
solar sensors, four to be installed as spin sensors and four as
yaw sensors. Since the canister is suspended from the parachute at
some inclination ¢ with respect to the roll axis of the system, it
is not at all obvious how to install the individual sensors to obtain
roll or yaw measurements. In order to obtain a roll rate measurement,
the sensor slit must be installed parallel to the roll axis. lor

maximum oy coverage, the yaw sensors must be installed at some angle

vy with respect to the canister axis which will provide a mostly linear
calibration in a wide field of view. The natural system for the yaw
and roll rate measurements is the parachute/canister coordinate system.
The natural system for installing sensors is the cylindrical canister
coordinate system.

We define a coordinate system centered on the canister so that the
Z-axis is along the axis of symmetry and the X-axis passes through
any sensor slit. Let N1 be a unit vector along the positive X-axis

and let'ﬁé be a unit vector along the sensor slit. In the canister

coordinate system, these unit vectors have components

Ny

(1,0,0)

=]
1

5 = (0,siny, cosy)

where y is the inclination of the slit from the Z-axis. Positive

vy is measured from the Z-axis to the Y-axis. A vector perpendicular
to the optical plane of the slit, then, is

P = N1 X N2

which has components in the canister system
P = (0,-cosy,siny)

Figure Al shows the canister coordinate system. The measurement
coordinate system is defined by tilting the Z-axis at angles ¢ and ©
to form a primed coordinate system. The new Z-prime axis is the axis
of rotation of the canister/parachute system. Figure A2 shows the
relationship between the two coordinate systems.

To transfer from the canister to the tilted coordinate system,
consider the transformation
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(2) - ()

If the direction cosines of the Z/ axis are 1, m, n then

2 = sindcosH
m = sin¢sind
n = cos¢

The transformation matrix A can be written as

vi-22 o A
V1-272 V1-27
AN & 0 n m

V1-22 /1-27

2 m n _J

Transforming the components of the perpendicular vector P, we have

P = AP
and, after some algebra
=
P (P;s Py, PJ)
where
m 2n
P1 = | =———]J]cosy - | ——— ] siny
Vl-lz Vl-JZ,2
n m .
P, = f——————— cosy - ——e siny
- </1-22 ) </1-22 >
P3 = -mcosy + nsiny

Define S as a unit vector directed from the origin of the primed
coordinate system (the measurement system) to the sun. Let o be the
angle between S and the Z-prime and let ¢S be the angle between the

projection of S onto the X-prime, Y-prime plane and the X-prime axis.
The angles are shown in Figure A3. The solar sensor is illuminated
by the sun when the unit sclar vector and the optical plane of the
sensor are coplanar. This is true when

2l
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Thus, B =

m n
sinocosqbg —— 1 cosy - =", Simy
) /1-42 V1972

r n m i,
—sinosin¢s ((—————————) cosy + <——————-—) sinyT
Vl-%z Vl-%z

+tcosg (n siny - mcosy) = 0
/
For design purposes, oy = m/2 - o is a more convenient variable. The
above equation can be solved for oy in terms of the remaining angles:
tancN = Acosd>S + B51n¢s

where

W = -sin¢cosB (singsind - tanycos¢)

(tanycos¢ - singsind) V1-sinZ¢cos®6
B = cos¢ + tanysin¢sind

(tanycos¢ - singsin®) V1-sin®¢cos®6

The angles ¢ and 6 are given by the tilt of the canister and the
location of the sensor in question. The above equations can be used
to determine the optimum value of y for the proper variation of oy with

¢g depending on whether a roll or yaw orientation is required.

Figure A4 shows how the function o, varies with ¢S with y as a

N
parameter, for a given location 6 of the sensor slit.
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FIGURE A3 THE SOLAR VECTOR IN THE MEASUREMENT
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APPENDEX B
ADDITIONAL YAWSONDE PLOTS IFOR CABLLE DROPS

Spin and yaw histories of some additional cable drops are presented
in this Appendix. Bulk of the data presented were obtained with the
2.13-metre Vortex-Ring parachute. There are three cxceptions: (a)
cable drop 25 used 1.83-metre VRP similar to the drop 18 discussed in
the body of the report, (b) drops 28 and 30 used the 2.13-metrc VRP
but also used a modificd linkage which was supposed to impart torque
90° out of the clevis plane. These three drops will be discussed
separately from the others.

Figures Bl - B12 give the spin histories of cable drops with
2.13-metre VRP whereas their yawing motions are plotted on Figures
B13 - B24. An inspection of Figures Bl - B12 show that all but four
drops have attained steady-state spin behavior by 4.5 seconds into the
drop. Three drops which are exceptions (drops 5, 19, and 27) attain
steady-state conditions between 5 and 6 seconds. The fourth drop,
number 17, does not have any data until 7.5 seconds into the flight.
Wherever early yawsonde data exist, the model/parachute appears to
require about 1.5 seconds to reach the steady state. Once more, drops
19 and 27 appear to be exceptions. They have attained steady state
in 2.5 - 3.0 seconds after the start of rotation. All drops with the
2.13-metre parachute achieved, on the average, a steady-state spin
of 4.6 rps. All spin data plotted in Figures Bl - B12 show high frequency
modulation whose oscillation rate is approximately equal to the average
spin of the corresponding drop although the amplitude of the modulation
varies from round to round.

Yawing behavior of these drops, Figures B13 - B24, show even
greater variability., Although all drops attest to the bi-modal nature
of the yawing motion of this payload/parachute combination, the
modal content of each drop is different. Cable drops 2, 8, 9, and 19
(Figures B13, B16, B17, and B23, respectively) show an almost equal
amplitude of fast and slow modal arms. On the other hand, drops
6, 13, 14, 16, and 17 (Figures B15, B19, B20, B21, and B22, respectively)
show a dominant high-frequency mode. Drops 10 and 27 (Figures B18 and
B24, respectively) show yawing motions where the relationship between
the two modes vary during the drop. Although a relatively constant
amplitude fast mode persists throughout these drops, both show a
sudden appearance of a slow frequency mode of sizable amplitude.

Finally, cable drop 5 (Figure B14) show a complete lack of fast frequency
component during the steady-state portion of the drop. In spite of

this apparent variability in the yawing behavior of this system, the
motion is consistent in that, when detectable, the fast mode has a
frequency approximstecly equal to the average spin of the system and the
slow frequency is approximately one (1) Hertz which is the system's
pendular frequency.
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The spin and yaw data for the cable drops 28 and 30 are plotted
on Figures B25 - B28. Figures B25 and B26 give the spin histories
of drops 28 and 30, respectively. Similar to the other drops using the
2.13-metre VRP, about 4.5 seconds are required to reach a steady-
state spin rate whose average value is 4.7 rps. They also show the
same fast frequency modulation. The yawing behavior of these drops shown
in Figures B27 and B28. As the previously discussed data, these two
Figures show bi-modal behavior of varying modal content. Although
two drops do not form a sufficient statistical base, it may be conclu-
ded that the modified link did not alter the dynamic behavior of the
system.

Figures B29 and B30 show the spin and yaw behaviors of cable
drop 25, respectively. This drop used the 1.83-metre VRP similar to
drop 18 discussed in the main body of the report. Although there were
four additional drops with that parachute, data reduction problems
precluded their immediate analyses. Behavior of this drop is quite
similar to that of drop 18. The system reaches the average steady-
state spin of 6 rps at 7.5 seconds into the drop. The system is once
more bi-modal in behavior although the modal amplitudes for this drop
are different than the yawing motion of cable drop 18.

At the beginning of each yawsonde plot, there appears to be a
region of irregular motion. These segments must be ignored as part of
the dynamic behavior of the parachute/warhead system since our method
of yawsonde analysis will produce questionable results in regions of
strongly transient spin. The gaps in the data are caused by the
editing of noise which was present during portions of the drops. This
noise was most likely due to the loose coupling between parachute and
payload through a slip-cup assembly. The mechanical friction and
rubbing in the cup could produce radio interference, particularly at
L-band.
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