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Measurements of Atmospheric Density
at Kwajalein Atoll, 18 May 1977

1. INTRODUCTION

In order to determine the influence of atmospheric parameters on the dynamics
of reentry vehicles, a density measurements program was formulated and supported
by the SAMSO/ABRES program office. Several of the current and future advanced
ballistic tests, require in situ measurements of atmospheric properties in order to
properly evaluate the mission performance. The density measuring techniques
presently available which have been included in the programs of the ABRES office
include radiosondes, rocketsondes, Robin spheres, and accelerometer instrumented
spheres. These measuring techniques have been employed to measure the atmos-
pheric density, temperature, and winds near the reentry region around Kwajalein
Atoll in the Pacific Ocean where the tests of reentry effects on ICBM systems are
frequently evaluated.

The radiosonde measurements provide high accuracy data up to about 33 km
(110k ft). A sufficient number of these measurements have been performed to deter-
mine that the errors associated with the radiosondes, which include a hypsometer,
are ~0, 28 percent (RMS) at 18 km (50k ft) and 0. 42 percent (RMS) at 30 km (100 k ft)
(Cole and Kantorl). For altitudes above 30 km, the rocketsonde system provides

measurements to about 55 km during sunlit periods and about 65 km at night. The

(Received for publication 27 January 1977)
1. Cole, A.E., and Kantor, A.J. (1977) Private communications.



density profile is determined by a normalization to radiosonde data near 30 km,
The RMS errors associated with densities derived from the rocketsonde instru-
ment measurements, increase from about 0. 4 percent at 30 km to 1. 8 percent at
60 km (Cole and Kantorl). Above 60 km, the Robin sphere system provides data
with an accuracy of about +5 percent to 80 km and about +10 percent near 90 km.
Most Robin sphere flights provide data to 35 km overlapping the rocketsonde, but
differences have been observed and are attributed to poor knowledge of the drag
conditions during this subsonic portion of the flight (Kennedy and Hackersonz).
Since the Robin sphere is a passive system it is totally dependent upon the tracking
radar for its data, and is thus subject to the errors of the particular radar system
used. Smoothing of the tracking data over several kilometers is necessary to re-
move the random errors. A significant effort has been made to attempt to improve
the accuracy of Robin data by making use of the sophisticated radar systems avail-
able at the KREMS facility at Kwajalein Atoll (Martin and Azzarelli, 3 and
Hanrahan4). These studies have shown that below 80 km, the density errors due
to radar tracking data and smoothing are probably less than 3 percent when using
the doppler velocity data of the KREMS radars (Hanrahan4). Allowing for other
error sources should result in an overall density accuracy of about +5 percent for
altitudes below 80 km. The accelerometer instrumented sphere, which is the main
subject covered in this report, provides the capability of making measurements
from about 50 km to above 150 km with an accuracy of better than +5 percent over
the altitude range. The accelerometer measurements provide better altitude
resolution because they are not subject to the difficulties encountered in smoothing
radar data.

A new data reduction program has been prepared for the accelerometer sphere
over the past few months. The new analysis approach provides accelerometer re-
sults with significantly less smoothing and greater accuracy than data previously
analyzed. The sinewave type output of the spin plane sensors is fitted to determine
a unique acceleration value each half spin cycle. Since there are two spin plane
sensors, unique data points are available each 0. 05 sec which would allow atmos-
pheric structure with scales of about 150 m to be resolved.

The results discussed in this report are those obtained from measurements
made on 18 May 19877 at Kwajalein Missile Range in support of the TDV-1 mission
for the SAMSO/ABRES Program Office. Table 1 provides a list of the

2. Kennedy, B.W., and Hackerson, L.D. (1977) Analysis of Meteorological Data
at Kwajalein Missile Range for WTR Mission 2333, ASL.

3. Martin, L., and Azzarelli, T. (1977) Wind and Density Measurements on Four
ROBIN Spheres, XONICS DCD391.

4. Hanrahan, T. (1877) Evaluation of Doppler Modulation and Angle Error Effects
on ROBIN Sphere Atmospheric Density Estimates, XONICS DCD426.

10



ut

ing
em
e-
~ove

ail-

1ing

here

re-

e

ton

rata

“our

‘ects

Table 1. Atmospheric Measurements Performed at KMR on 18 May 1977
in Support of TDV-1

[
Time (GMT) Mission ID Sensor
0508 R 12 Rawinsonde (Roi Namur)
0508 K 174 Rawinsonde (Kwajalein)
0655 2024 Rocketsonde
0726 2025 Robin Sphere
0920 2026 Robin Sphere
0940 R 13 Rawinsonde
0940 K174 Rawinsonde
1037 2027 Robin Sphere
1154 WTR 2333 TDV-1
1237 2028 Robin Sphere
1320 2029 Robin Sphere
1343 0978 AFGL Accelerometer Sphere
1402 2030 Rocketsonde
168°E 169°E
50
— 90
5nmi 13:43 GMT
500 AFGL SPHERE
10°N
50
Roi-Namur ///é, ROBIN SPHERES
OP % GMT
2028 7:26
2026 9:30
2027 10:37
2028 12:37
2029 i3:20
9°N

Figure 1.

The Region Around Kwajalein Atoll With the Ground

Tracts of Where Measurements Were Made. Altitudes on
tracts are shown in k ft for the Robin spheres and AFGL sphere

11



measurements made during the program. Figure 1 shows the locations around

Kwajalein Atoll where the measurements were made.

2. EXPERIMENT DESCRIPTION

An accelerometer capable of accurately measuring atmospheric drag accelera-

! ana 1077,

pheric density from 50 to 150 km. The instrument with its associated electronics,

tion between 10~ has been developed to provide measurements of atmos-
PCM encoder, telemetry transmitter, radar beacon, and batteries have been pack-

aged into a 25-cm diameter sphere.

2.1 Piezoelectric Accelerometer

The accelerometer is a triaxial piezoelectric sensor with the center of gravity
of the three proof masses located near the center of the sphere. The piezoelectric
crystals used for each axis provide a highly linear output voltage, as a function of
the strain produced in the crystal under the force produced by the acceleration of
the proof mass.

In Figure 2, an individual sensor element is represented schematically. The
sensor is a cantilever beam made in a bimorph construction. The ceramic element
used is multicrystalline lead zirconate-lead titanate. This element was selected

because of its high sensitivity, good mechanical strength, high internal capacitance,

good chemical stability, and good thermal stability. An applied force produces a
corresponding deflection that strains the crystal resulting in voltage signal propor-
tional to the applied force. The sensor elements used result in typical outputs of
about 70 volts/g. A photograph of the instrument used for rocketborne sphere
measurements is shown in Figure 3. Because the high acceleration forces from
handling and launching the sphere could fracture the ceramic, the proof masses are
held clamped until after the sphere is released from the payload. In order to
determine the total drag acceleration at any particular time on the sphere, three
orthogonal axis of measurements are desired. The configuration of concentric
masses allows the center of mass of each proof mass to be located near the center
of gravity of the sphere. During assembly and balancing, the first and second
moments of inertia of the instrument are adjusted so that the spinning sphere will
be gyroscopically stable and that the precession frequency will be well removed
from the measurement, or spin frequency. The sphere is flown with the sensitive
direction of the z-axis along the rocket longitudinal axis. The final spin rate is
typically in the range between 5 and 6 Hz and precession frequency about 1 Hz.

The sphere is released with a mechanism designed to impart a large separation
velocity from the payload, and to produce minimum forces that would result in

precessional motions.

12
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EDGE VIEW OF PIEZOELECTRIC BIMORPH

ELECTRICAL CONTACT
[ CERAMIC PLATE ' . PROOF

BRASS SHIM > . . MASS
[ CERAMIC PLATE ¥ T

Y

EACH SIDE OF CERAMIC PLATE

IS SILVER COATED - POLARIZATION
DIRECTION OF CERAMIC SHOWN BY
ARROW

Figure 2. A Schematic Representation of the Sensor
Construction Indicating the Orientation of the Polari-
zation Field of the Piezoelectric Ceramic

DIMPLE
MOTORS

X-AXIS
BIMORPH

ACCELEROMETER MECHANICAL =3
COMPONENTS BIMORPH
SEISMIC MASSES

Figure 3. A Photograph of the Sensor Housing, Which is Machined Out of Solid
Stock for Rigidity, Showing the Caging Jaws and the Bimorph Elements With Their
Proof Masses
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2.2 Experiment Measurements

The atmospheric drag acceleration is colinear with and oppositely directed
from the velocity. Figure 4 shows the angles defined for the sphere data analysis.
After the sphere is released, its spin axis tends to stay fixed in inertial space.
The precession motion typically results in a cone with a half-angle of about one
degree superimposed on the mean spin axis direction. The spin stability should not
allow the misalignment of center of mass and center of pressure, to cause a change
in the mean spin axis direction to accumulate to an angle greater than 1/20 over
the usable altitude range. The angle, o, between the vertical and the spin axis can
be determined by two independent techniques and once known, it leads directly to

independent measurements of drag acceleration from each of the sensor outputs.

The relationships are:

B+vy-a=180°

« 1is the angle between the spin axis and vertical,

B3 1is the angle between the velocity vector and vertical,

y is the angle between the drag acceleration vector and the spin axis,

a_ is the acceleration component along the planned spin axis which is smoothly
and slowly changing during a flight,

a, and a_ are the peak amplitudes of sine curves, produced each spin period

by the component accelerations in the spin plane.

One of the ways of determining the value of ¢ is to use the a,or ay component to-

gether with a,, calculating v from,

14
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Figure 4. Representation of the Angles Used
in the Analysis of the Sphere Data
with 8 known from the trajectory velocity components. Second, under the assump-
tion that the spin vector stays fixed in space, the value of ¢ can be determined as
that value necessary to have reasonable agreement between ap values on upleg,
with those on downleg using a ora measurements., Note from Figure 4 that on
upleg the angle between ap and ay is near 90°. This fact leads to a very sensitive
dependence of upleg ay values on the chosen a. This point will be illustrated later.
Each axis output voltage is sensed by a series of four amplifiers which have
gain differences of about a factor of 20. The amplifiers have notch filters to
strongly attenuate the signals at the precession frequency. This minimizes the
effects such as precessional motion of the sphere, particularly at the higher gain
levels. Typically, the spin frequency is 5 to 6 Hz and the nutation frequency about
oothly 0.9 Hz with a nutation angle of about 1 to 20, which is measured by an accelerom-
eter removed from the center of the sphere. The amplifiers are calibrated at about
period 20 different frequencies to determine the appropriate transfer function. In Fig-
ure 5 the amplifier calibration curves for the y-axis show the notch filter centered
at 0.9 Hz.
nent to-

The precession frequency determined from the flight data was 0.9052 + 0.0001 Hz
compared to the calculated value of 0,8874 Hz, that would be expected from labora-
tory measurements of the finally adjusted moments of inertia. The precession an-

gular velocity, A, is related to the spin angular velocity, w, by the relationship,

15
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Figure 5. Amplifier Gain Curves Plotted as a Function of
Frequency From the Y-axis Calibration Data. The effect
of the twin-T filter at the precession frequency is shown

I
A=W i -1 )
Xy

where IZ and Ixy and the moments of inertia about the spin axis and any axis in the

x-y plane, respectively. An error of 0.27 percent in the measurement of the sphere
moment of inertia ratio during the laboratory calibration accounts for the difference
between the measured and calculated precession frequencies.

The free nutation or precession acceleration is measured by a low sensitivity
accelerometer, located about 10 cm from the center of the sphere with its sensitive
axis parallel to the z axis. The precession acceleration measurement can be used
to determine the cone angle of the z axis of the sphere. An Euler angle analysis of
the motion of the sphere yields the relation, in small angle approximation,

2 2

a, = roWw” -a%) |
where ap is the precession acceleration at the radial distance r from the center of
the sphere and 6 is the cone angle. Analysis of the flight results in the vicinity of

80 km on upleg and downleg, shows that the cone angle was 1. 84° on upleg and

16
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0.97° on downleg, The decrease in coning angle between the up and downleg is
caused by damping due to flexing of mechanical parts in the sphere. The cone
angle observed on downleg produces an acceleration superimposed on the drag
acceleration of +1 to 1. 5 percent.

Once the drag acceleration, a., has been determined, the atmospheric density,

Dl
p, can be determined from the drag force,

1 2 -
F-Epv CDA—maD
) - 2aDm

V2CDA

The drag coefficient, CD’ can be determined grom experimental results in the
range of Reynolds numbers between 20 and 107, and for Mach numbers between
0.1 and 6 (Bailey and Hiatts) and from theoretical studies in the free molecular
flow region (Schaaf and ChambreS). In the transitional flow region which corre-
sponds to altitudes between 90 and 110 km, a model solution (Rose7) compatible to
smooth transition between the continuum and free molecular cases is used. At
lower altitudes the drag coefficient can be conveniently expressed in terms of
Reynolds number and Mach number. At high altitudes the important parameters
are the speed ratio and Knudsen number. But, in both cases, the atmospheric
temperature is needed. A convenient table for determination of drag coefficient
(Corbin8), based on the models mentioned, is used in this analysis. Thus, for the
first solution a model atmosphere is used to provide the parameters to define the
drag coefficient. The mass density is calculated and this used to calculate the
temperature under the assumption of hydrostatic equilibrium. This calculated
temperature is then used to recalculate the drag coefficient. When final density
values are obtained, these results can be used to calculate molecular scale tem-
perature which is converted to gas kinetic temperature using model values of mean

molecular weight.

Bailey, A.B., and Hiatt, J. (1972) AIAA _1__9:1.436.
Schaaf, S.A., and Chambre, P.L. (1958) Fundamentals of Gas Dynamics, 637.
Rose, M. H. (1964) Phys. Fluids 1:1262.

Corbin, V. L. (1975) Private communication of unpublished study, Drag
Coefficients from Free Molecular Flow to Continuum Flow for Mach Numbers
1.5 to 6.0.
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2.3 Atmospheric Model

The atmospheric model used for all of the comparisons shown in this report
is the U.S. Standard Atmospheric Supplements 1966, 15°N Annual (USS.ASQ) which
is the source for the Kwajalein Standard Atmosphere (Salahlo) and is identical with
it. Above 120 km, the USSAS 1966 summer model with an exospheric temperature
of 800°K has been chosen for use. This choice provides a realistic comparison
with a continuous value and slope through the 120 km level. The mean molecular
weight is taken to be 28. 96 up to 80 km, from 80 to 120 km the values of USSAS
1966 (Table 2.3) are used, and above 120 km the model values consistent with the

summer Tex = 800°K model are used.

2.4 Calibration Procedures

Each sensor with its proof mass is calibrated by applying a sinusoidal motion
to the support mounting, measuring the distance traveled at a fixed frequency and
thus determines the acceleration of the mass., In Figure 6, a schematic represen-
tation of the calibration setup is shown. The distance traveled is measured with a

telescope reticle which is calibrated with precision gauge blocks.

SINE WAVE

)
GENE}RATOR MICROSCOPE
v WITH CALIBRATED

RETICLE
LEAF
SPRINGS

ELECTRO-
MECHANICAL | ]
EXCITER -—
SINUSOIDAL
TRAVEL SENSOR
NN\ OUTPUT
VOLTAGE

Figure 6. Schematic Diagram of the Test and Calibration Arrange-
ment Indicating the Measurement of the Displacement With a Micro-
scope to Determine the Input Acceleration

9, USSAS (1966) U.S. Standard Atmospheric Supplements, 1966, U.S. Govern-
ment Printing Office, Washington, D.C.

10. Salah, J.E. (1967) Kwajalein Standard Atmosphere, MIT Lincoln Laboratory
= Technical, Note 1967-14,

18
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The applied motion during calibration is,
x = X sinwt ,
from which the acceleration is given by,
- 2 .
% = -w X sinwt ,

and has a peak acceleration of,

')i=u2X

The peak acceleration can be easily determined from the measurement of the fre-
quency and the maximum displacement. The natural frequency is measured by
shock-exciting the transducer while it is vertically suspended on the calibration
system. The equation of force for this system includes a pendulum-like restoring

force and can be written,

%+ (£+ﬁ.)x=0 )

m f

where the natural frequency is seen to be,

f = N :_1 <_k_+£)1/2
n 27 2m m 7

The observed frequency of free vibration when the system is shock-excited in the
laboratory will thus be higher than the natural frequency, f_ = 1/27 Jk/m experi-
enced at zero-g. The typical natural frequencies of these sensors are in the range
of 12 to 14 Hz and for bimorph lengths of 5 to 6 cm, frequency differences of about
1.5 percent would be expected. In Table 2, the observed frequencies, expected
natural frequencies, and calibration values at test frequencies are listed.

The sensor is used to make measurements under a case of forced undamped

oscillations. The frequency used in these calibrations is near 3 Hz. The crystal

19



Table 2. Calibration Data for the Accelerometer (AC~6) Flown 18 May 1977

f(test, free £ (test)
oscillation) n f(test) Qutput(test) Output(f=0)
Axis (Hz) (Hz) (Hz) (Volts/g) (Volts/g)
X 12.0 11.82 3.05 69. 94 65.29
Y 14. 4 14, 23 3.0625 67.12 64.10
L z 13.7 13. 53 3.06 67.72 64.26

calibration is then corrected to zero frequency by use of the standard amplification

factor equation (c. f. ’l'homson}‘l or Van Name12)

3, {1 _(.5:)2}3 o)

where ¢ is the damping factor. The damping factor can be easily determined by
looking at the logarithmic decrement, §, when the crystal is placed in free vibra-
tion, 6 = 1/n(In)(x_/x ). For small damping factors, ¢= §/27, and for typical

sensors of the type used here, the damping factors range between 5 X 10-3 to

8 x 1073, Thus, (2¢ u)/wn)2 =~ 0 and the amplification factor reduces to the form,
A . 1
A, 1 - (w/wn)2

and can be used to calculate the amplification at any forcing function frequency.
Figure 7 shows amplification factor plotted as a function of the ratio of angular
velocity or frequency ratio to its natural value when in free oscillation.

In the flight data, the free vibration frequency can be determined immediately
after the masses are uncaged. Table 3 shows the values of frequency observed in
flight with amplification factors and flight sensitivities. The natural frequency is
not the same as that observed after uncaged, because the spin produces an addi-
tional force due to centripetal acceleration unless the proof masses are located

exactly at the center of gravity. The force equation is,

11. Thomson, W.T. (1948) Mechanical Vibrations.
12, VanName, F.W., Jr. (1958) Analytical Mechanics.
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The Amplification Factor of a

Forced Undumped Oscillator is Plotted as a

Function of the Ratio of the Forcing Fre-
quency to the Natural Frequency of the

Oscillator

Table 3. Free Oscillation Frequency and Flight Sensitivities for
Accelerometer AC-6

f(flight free
oscillation) f(spin) Flight Sensitivity
Axis (Hz) A/A (Hz) £, (flight) (Volts/g)
X 10.72 1.383 5. 644 12. 11 90,31
11,88 1,291 5. 644 13. 15 82.67
--- 1.0 - --- 64. 26
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or

which can be rewritten,

»

where the observed angular velocity, w = (k/m - u)g)l/2
fi = fibs + fi, and Wy and fs represent the spin angular velocity and frequency,

respectively. The natural frequencies calculated for the flight case are different
The difference is probably due to the rigidity of the

than those for the test case.
The values used to determine the flight

mounting box compared to the test stand.
sensitivity are those determined after the accelerometer is uncaged in flight.

The ratio of acceleration measurements from the x and y axes are shown in
Table 4. The fact that the variation is much larger than the standard deviation of
the measurements is probably due to the calibration accuracy of the individual
amplifier gains. The sine function voltage generator used in the calibration of
these amplifiers was later found to exhibit intermittant second harmonic distortion
which contributed at least some errors to the calibration and is the main source of

error for the results presented in this report. Analysis of the calibration data and

recent tests with the piece of equipment, have led to the conclusion that errors up

to 5 percent could have been introduced. The difference between the a 1 and ay

ranges is probably due to this error source.
with the rocketsonde data at low altitudes, leads to the conclusion that the results

The agreement of the flight results

are probably less than the 5 percent mentioned; however, this factor must be con-

sidered in evaluating the absolute errors of this experiment.

Table 4. Ratio of the Measurements
of X-axis and Y-axis Acceleration

With Standard Deviation for 25 Data
Points in the Upper