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ENVIRONMENTAL TESTING AND SIMULATION

DIGITAL CONTROL OF A SHAKER TO A
SPECIFIED SHOCK SPECTRUM

James F. Unruh
Southwest Research Institute
San Antonio, Texas

A digital camputer based control system was developed for a bi-
axial electrohydraulic shaker table used for seismic qualification
testing of nuclear power plant camponents. The system drive sig-
nals were developed from a weighted linear sum of 1/6-octave psuedo
randaom noise signals. Preliminary drive signal shaping is accom-
plished through the use of a series of table mounted dummy mass
transfer functions obtained fram a previously generated data bank.
Adjustments to the drive signal are made by direct comparison of
the resulting test response spectrum (TRS) to the required response
spectrun (RRS). Drive signal shaping sequences for a 2000 1lb elec-
trical equipment control cabinet are presented to demonstrate the
effectiveness of the control system for seiasmic qualification.

weighting coefficient
frequency, Hz

gravity units

indices

discretized time variable

lower margin for TRS to RRS
match

upper margin for TRS to RRS
match

analog to digital conversion
digital to analog conversion
Fast Fourier Transform
system transfer function

table dumy mass transfer
function

nurber of input l/6-octave
bands

required response spectrum

shock response spectrum
operator

TRS = test response spectrum

Wit = build-hold-decay weighting

X(£) = input frequency spectrum

X5 (t) = exciter drive signal

Y(f) = output frequency spectrum

Ypit) = table acceleration

response

ZPA = zero period acceleration

ej = random phase angle

" = constant, 3.14159

.2 = :{;,;-ul:tave psuedo randam
INTRODUCTION

A digital camputer based control system was
developed for Southwest Research Institute's
(SWRI) biaxial electrohydraulic shaker table
used for seismic qualification testing of nucle-
ar power plant components. The overall program
objective was to reduce costs associated with
the design and qualification of nuclear power
plant canponents by decreasing control signal
resolution bandwidth to minimize component over-
test and by implementing automated procedures to




greatly reduce signal shaping time over that of
conventional analog control methods.

The criteria appropriate for the seismic
qualification of a majority of nuclear plant
camponents are specified by the plant architect
engineers in the form of a base acceleration
Required Response Spectrum (RRS). To meet the
specified criteria the Test Response Spectrum
(TRS) measured at the base of the camponent
must envelope the RRS based on a 1/6 octave
resolution. Recall that a shock response spec-
trum is a plot of peak response of a series of
single degree-of-freedom oscillators versus
oscillator natural frequency for a given criti-
cal damping ratio (see Fig. 1). The corres-

energy in the range fram 1 to 33 Hz {1]. The
duration of the input motion is usually 30
seconds with the non~-stationary character often
being synthesized by a signal build-hold-decay
envelope, 5-15-10 seconds, respectively. The
peak acceleration in the input time history is
specified by the Zero Period Acceleration (ZPA)
The ZPA is the high frequency asymptote of the
shock response spectrum. In Fig, 1 the ZPA of
the RRS is approximately 0.35 g's while the
ZPA of the TRS is stated as 0.546 g's.
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Fig. 1 - Typical response spectra

Typically, analog drive signal generation
processes generally consisted of recording
multiple band passed random noise signals onto
analog tape. The drive signals were then
scaled, summed and passed through a build-hold-
decay weighting circuit to simulate the non-
stationary character of an earthquake event as
is shown in Fig. 2. For independent biaxial
drive, signal input resolution was limited to
one octave when using a single standard 14-
channel magnetic tape. Shaping the drive sig-
nals required manual adjustment of the sumiing
potentiometers with repeated weight or
test item excitation until enveloping of the
required response spectra (horizontal and

diagram of the analog control process used on
SWRI's biaxial shaker table is given in Fig. 3.
As schematically shown in Fig. 3 the shaker
table has independent vertical and horizontal
axis control. The exciters are electrohydrau-
lic with 6-inch 20,000 1b¢ and 8-inch 10,000
1be capabilities, respectively in the vertical
ans horizontal axes.

Fig. 2 - Analog drive signal
generation process

DIGITAL CONTROL PROCESS

Digital control testing for shock simula-
tion is not a new area of development [2-5].
In fact, several minicomputer-based digital
control systems are now readily aveilable
which can rapidly and accurately reproduce
transient waveform time histories on linear
systems by use of the Favour and LeBrun tech-
nique [2]. This control technique is a
straightforward application of linear transfer
function theory wherein the desired output fre-
quency response signal, Y(f), is obtained from
the multiplication of the system transfer
function, H(f), times the input frequency spec-
trum, X(f). Thus if a frequency response out-
put spectrum and the system transfer function
is known, then an input frequency response
function can be cbtained directly as X(f) =
Y(£)MH(f). With the use of the Fast Fourier
Transform (FFT) algorithm the required time
history can then be generated. These opera-
tions work quite well fx- electramagnetic ex-
citers which are linear with respect to accel-
eration control. Due to the nonlinear response
of electrohydraulic exciters direct application
of the Favour and LeBrun method has not been
successful for electrohydraulic exciters. How-
ever, several control system methods are pres-
ently in use that compensate for the nonlinear
effects (3-5). Kao, et al, [3]) used an itera-
tive approach while updating the system trans-
fer function during the qualification test by
incrementally increasing the drive level until
a full level test was accamplished. Hunter [4)
determined the nonlinear gain characteristics
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Fig. 3 - Seiamic simulator analog control process

of the system prior to item test and used the
gain schedule to modify the drive signal.
Nichols (5] realized that an electrohydraulic
exciter is a displacement controlled device
which is quite linear with respect to dis-
placement amplitude and worked directly on
control of the displacement drive signal via
a required displacement response time history.

It must be realized that there are an in-
finite mmber of acceleration response time
histories that can produce a given shock re-
sponge spectrum. The above control procedures
operate directly on the time history and there-
fore indirectly on the ing shock re-
sponse spectrum. A problem therein arises for
producing a drive signal with excessive actua-
tor stroke. However, through an iterative
process Nichols (5] was able to systematically
modify the required acceleration time history,

that no acceptable time history can be found
vhich would lie within the exciters stroke
capability. In such case it is permissible to
reduce the low frequency response spectrum re-
quirements so long as the test item does not
exhibit resonant response in this low frequency
range,

The digital control system on SwRI'S seis-
mic simulator is an open loop system with the
operator in direct control. The input drive
signal is adjusted based directly on the match
of TRS to the RRS. The exciter displacement
drive signal is generated from the linear sum
of a series of 1/6-octave psuedo random noise
signals. Each narrow band drive signal is the
weighted sum of twenty (20) phase-shifted




cosine functions whose frequencies are uni-
formly distributed with the 1/6-octave band.
The relative phase anong the signals has a
uniform random distribution in the interval
{0-m]. The build-hold-decay (5-15-10) weight-
ing is imposed on each of the narrow band
signals to simulate the nonstationarity of an

event. The signals are generated

in the time domain as

0;(t) =W(L) ¢;() i=1,34 1)
where

_ 20

¢, (g) = jil cos [2m fij t+ eJ.], (2)
fij are the uniformly distributed frequencies
in“the ith 1/6-octave band, 6 are the uniform

random distribution of phases;, tx is a time
variable discretized at a fixed sampling rate,
and W(ty) is the build-hold-decay weighting
function (5-15-10). For the most part, each
of the generated signals appear to be non-
stationary narrow band randam. Time histories
of several of the l/6-octave band drive signals
are given in Fig., 4. Two sets of independent
narrow band (1/6-octave) drive signals were
generated, one set for each drive axis and
stored on disk for repeated use. The drive
signal for a single axis is then obtained by
a weighted sum of the individual 1/6-octave
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a; ¢i (tk)

where the a;'s are the weighting coefficients
and NB is nurber of bands for which signal
energy is to be input. Out of the thirty four
(34) 1/6-octave bands only energy input out to
the 2PA is required, usually 33 Hz.

In order to obtain an initial estimate of
the weighting coefficients for a given drive
signal, an estimate of the system transfer
function is obtained from a data bank. Table
transfer functions for both the horizontal and
vertical table axes were obtained for a series
of table mounted dummy mass configurations,
with variable center of gravity positions,
using a moderate level of continuous random
excitation. Transfer functions for the two
extreme dummy mass configurations are given in
Fig. 5. As can be seen by these transfer func-
tion data, a significant resonance occurs in
the horizontal table for a heavy mass, high
c.g. test item. It was important, therefore,
that a good estimate of the transfer function
be available prior to test item mounted table
excitation so that overtest of the item will
not occur during drive signal shaping.
Through the use of the data bank of transfer
functions an initial estimate of the table
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Fig. 7 =~ Seismic simulator digital control process

response is made ing to the flow chart
given in Fig. 6. Initially the "a" coeffic-
ients are assigned a value of 1.0 and the indi-
vidual energy bands are summed to generate the
drive signal. A frequency spectrnum is then cb-
tained via an FFT of the drive signal. The
frequency spectrum of the response is then ob-
tained fram the product of a preselected dummy
mass transfer function and the input spectrum.
The inverse FFT of the frequency response spec-
trum yields an expected table response time
history, and from the response time history an
expected TRS is calculated. The TRS is then
compared to the RRS and the "a" coefficients
are adjusted, and the process repeated until a
satisfactory matching is obtained. The a-
weighting coefficients are then stored for
future use during actual item excitation. A
drive signal for the second axis is then inde-
pendently shaped in an identical manner.

The algorithm for adjusting the a-weight-
ing coefficients is based directly on the match
of the TRS to the RRS and is mathematically
quite simple. At the onset of the signal shap-
ing operation the test operator selects desir-
able tolerances by which the TRS must match the
RRS. The lower limit (AMIN) usually requires
the TRS to exceed the RRS by 10% (AMIN = 1.1)
while the upper limit (AMAX) typically is set‘:h
at 30% (AMAX = 1,3) above the RRS, For the i—
1/6-octave band, if

mi*msmismi*mx (4)
then no adjustment in the corresponding a; is

necessary. However, if Bg. 4 is not satiffied
an adjustment of the form

Ei = ((AMAX+AMIN)/2) * (mzsi/'rmi) * a; (5
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Fig. 8 - Typical horizontal drive sequence

is made to generate a;, a modified weighting
coefficient for that . For those response
values far below the required RRS; an acceler-
ator factor can be used to insure a more rapid
convergence. In those cases where the low
frequency response requirements exceed the ex-
citer stroke capabilities, adjustment to AMIN
and AMAX or direct edit of the a; coefficients
can be made to insure a drive signal within the
shaker capabilities.

The initial shaping operation is accom=
plished totally with software resident in a
Digital Bquipment Corporation POP 11/70 mini-
camputer which services various laboratory
sites through a CAMAC (Computer Automated Mea-
surement and Control) system. The CAMAC system
provides electrical, logical, and mechanical
standards for all interface hardware which are
controlled through FORTRAN software handlers
[6]. The PDP 11/70 operates under RSX-11M, a
realtime operating system which will respond
to event-driven interrupts fram laboratory
equipment .

With preliminary signal shaping completed
the test item is mounted on the table and ex-

cited with the initial drive signals which may,
at the option of the test engineer, be reduced
to 1/2 or 1/4 level. In this manner the ef-
fects of table axis coupling and item table
interaction can be determined without jeopar-
dizing the safety of the test item. A sche-
matic of the seiamic simulator digital control
process is given in Fig. 7. The digital drive
signals are transferred initially to a 4-chan-
nel analog tape recorder via a set of digital
to analog converters (DAC) housed in a CAMAC
crate located in close proximity to the elec-
trohydraulic shaker table. The tape drive is
used mainly to preserve the drive signals for
repeated runs and to minimize the amount of
high priority run time required from the shared
PDP 11/70 minicamuter system. During excita-
tion of the test item analog to digital con-
verters (ADC) are used to obtain digitized
table response time histories fram which the
TRS's are generated. A comparison of the match
between the TRS's and RRS's is made and appro-
priate adjustments to the drive signal a-
weighting coefficients are made as in the pre-
liminary shaping operation described above.
The operation ocontinues until the matching
criteria associated with AMIN and AMAX are
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Fig. 9 Typical vertical drive sequence

satisfied.
are
of the RRS's.

Typically, at most four iterations
to insure sufficient enveloping

IYPICAL RESULTS

In Fig.'s 8 and 9 typical TRS to RRS match-
ing sequences are given, as taken fram a quali-
fication test of a 2000 lb electrical equipment
control cabinet. A picture of the cabinet on
the seiamic simulator is given in Fig. 10.

Fig. 8 shows the horizontal drive sequence.

The initial expected response from preliminary
signal shaping is shown in Fig. 8a and, as can
be seen, the expected TRS and RRS match is very
close. In the first drive sequence the effects
of the generation of higher harmonics in the
table, coupling between the two axes, and cabi-
net high frequency rattling response appears.
After three adjustments to the drive signal co-
efficients the final matching is given in Fiq.
8d4. For this particular test no drive energy
beyond 15 Hz was input, however, due to higher
harmonic generation by the mechanical table and

high frequency rattling response of the cabinet,
the high frequency spectrum could not be as
closely matched as the spectrum below 15 Hz.
It should be noted that the TRS is camputed at
the center frequency of each l/6-octave band
fram 1 to 50 Hz, Straight lines are drawn be-
tween each camputed point which may give the
impression that the TRS did not match the RRS
at all points below 15 Hz. Cloese examination
of the data will show that this is not the
case. The vertical drive sequence

ing to the horizontal sequence of Fig. 8 is
given in Fig. 9. As can be seen by these data
the generation of higher harmonic energy is
not as pronounced as in the horizontal drive.
Again the matching of the TRS to the RRS was
accanplished within three iterations.

The time required for preliminary drive
signal shaping is highly dependent on the
response of the time shared camputer system.
Typically each axis requires approximately one
hour of operator time. Final drive signal
shaping during item excitation usually requires
two to four hours depending on the scope of




Fig. 10 - Seismic gsimulator and test specimen

additional signal monitoring required to insure
item functionality during seismic excitation.
Generally all item functions are monitored dur-
ing shaping even though fractional input levels
are used initially. In this manner, a measure
of fragility may be obtained if item failure
eventually occurs.

CONCLUSIONS

A digital based control system was devel-
oped for SWRI's biaxial seismic simulator with
the abjective to minimize camponent overtest
and reduce drive signal shaping time. The dig-
ital control system, which directly adjusts the
shaker input time histories based on the match
of the resulting TRS to the RRS, has been in
operation for approximately six months. During
this time we have found that the cbjectives of
the program were successfully accamplished.

The 1/6-octave band drive signal resolution
allows for closer matching of the TRS to the
RRS than previously obtained with the analog

control system thereby minimizing item overtest.

Due to the camputer automated procedures, sig-
nal shaping time was also greatly reduced.

s
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GUNFIRE VIBRATION SIMULATION

-

ON A DIGITAL VIBRATION CONTROL SYSTEM

s e W e e

gy John Cies
e Hewlett-Packard Company
o Paramus, New Jersey
-,
e This paper describes a method of synthesizing a shaped pulse train required

C to simulate gunfire vibration. The pulse train yields the desired line
. spectrum resulting from machine gun firing vibration excitation on a typi-
s cal military aircraft. The shaped line spectrum comes directly from the
specification. The shape is determined by the location on the aircraft
and the line spacing depends upon the firing rate of the gun. In addition
to giving the line spectrum, some of the current specifications for this
vibration environment detail how to set-up the test using analog equipment.
However, this technique has some limitations as well as extraneous informa-
tion when compared to the digital system approach. A comparison of the two
s methods will be included and the extraneous data of the specification will
be discussed as it applies to the digital controller. It is also intended
to compare the digital system method to actual recorded acceleration data
taken from a test firing of one of these Gatling gums.

) Present day digital systems have the ability to acquire field measured
v data and then duplicate this data on a vihration exciter. Having ac-
quired the actual gunfire response, a comparison will also be made be-
tween the duplication of the actual response and the synthesized pulse
train. Obviously, the best approach is to use the duplicated field data.
However, field data may not be available for every equipment mounting
location on every aircraft/Gatling gun type and configuration. When ac-

Vb, tual data is not available, the next best approach should be used; the
7|ﬂ| synthesized pulse train. In any event, one point should become evident,
‘ that digital vibration control systems offer the power and flexibility

to handle some of the more 'exotic" vibration environments and with an
accuracy not available from analog systems.

. INTRODUCT ION 3. Shaped line spectrum (pulse train).

. Based upon the variety of acceptable methods of 4, Swept pulse repitition rate shaped line

'=.: performing a gunfire vibration test, it does spectrum.

o not take long to realize how formidable a prob-

) lem specifying and performing such a test can As an alternate to 2, swept narrow band random
T be. Replication of the spectral content, par- on random has been used, but it is not known
w ticularly the fundamental firing rate and its whether this is considered an acceptable alter-

N harmonics as transmitted through the structure native. These methods will be described briefly

‘ to the test package becomes the desired goal. below, iowever, the focus here is to discuss one
be However, it appears that very little data is method, the shaped line spectrum, in detail,

’ available to adequately define the environ- from two aspects: its implementation on a dig-
‘*:y ment. As a result, there are presently four ital vibration control system, and how it com-
‘V: known test methods outlined in the military pares to actual measured data from a test firing

o specifications, of a Gatling gun.

b

1. Swept sine on random.
Gyt
'§:‘ 2. Multiple narrow band swept sine on random.
B
51:&
) 11




BACKGROUND

The actual operating environment during a Gat-
ling gun firing is a quite complex combined
vibration - pulsed excitation from the gun and
structure borne noise from the engine which is
considered random in nature. Swept sine on
random approximates this combined excitation

in a very limited sense in that a discrete com-
ponent is superimposed over a shaped random
spectrum. Two obvious limitations exist for
this method:

1. Only one frequency combines with the ran-
dom as copposed to having the fundamental
firing rate and all its harmonics combined
with the random at any given instant of
time.

2. Sweeping a single frequency over the en-
tire test frequency range results in un-
necessary excitation at frequencies in
between the firing rate and its harmonics.

The multiple swept narrow band sine on random
is a closer approximation to gunfire, however,
it only includes the fundamental and the first
three harmonics. During the test, four narrow
band sine sweeps arec synchronously swept over
a ten percent bandwidth with the background
random excitation. Whether four bands is a
limitation cannot be answered in a general
sense since it depends on other factors. One
definite limitation, however, is that it re-
quires multiple sine controls in a complex
interconnection to perform this test. The
set-up time alone for this method could be
prohibitive, not to mention the equipment cost.

A reasonable alternative to this method is to
sweep narrow random bands rather than sine. A
plot of the control signal will look identical
to the swept narrow band sine on random even
though the excitation in the narrow bands is
random, not sine. One consideration for this
method is that the sweep is discrete; i.e.,
the higher level random in the narrow bands
occurs at discrete frequencies (multiples of

a f). Therefore, some frequencies in the nar-
row bands may not get excited. However, the
advantage to this method is that only one digi-
tal control system is required.

The two remaining techniques constitute a sig-
nificant departure from the rationale behind
the previous methods. For the shaped line
spectrum, the underlying assumption is that
the gunfire excitation has a much greater am-
plitude or damage potential than the random
and, therefore, the random portion can be neg-
lected. This simplifies the test by making it
a single excitation environment, but it does
not make specifying it any easier. Performing
this test with analog equipment can be rather
complicated as well. This technique will be
described in detail in the next section. The
last method is identical to the above in ap-
proach, the difference being that the funda-

mental firing rate ic swept over a narrow fre-
quency band which in turn sweeps all the har-
monics. This method is juse a bit more com-
plicated than the fixed pulse rate test since
it requires a more sophisticated waveform syn-
thesizer to sweep the pulse rate.

DISCUSSION

The specific gunfire vibration specification

to be described herein is for the M-61 machine
gun on the A-7 airplane which operates at 6,000
and 4,000 rounds per minute. The technique,
however, is applicable to any type of periodic
event for which the amplitude spectrum is known.

Before describing the digital system implementa-
tion for the shaped line spectrum gunfire, the
specification method for doing gunfire vibra-
tion will be summarized. In short, it is writ-
ten around an analog random control console
which, upon first glance, can be very misleading,
based on the digital approach. The first step
is to equalize the spectral shape using a random
noise generator (see Figure 1). However, since
g pk versus frequency is the desired output,
either some modification to the analog console
output is required to multiply gz/Hz by a f and
take the square root, or separate swept filter
analysis equipment is required. After the de-
sired shape is achieved, the random noise is
replaced with a pulse generator box that will
put out square waves of 350 microsecond duration
and occur every 10 msec. When this pulse train
is fed through the control console to the power
amplifier/shaker, the gain is adjusted to get

17 grms. These numbers are for the 6,000 rpm
(or 100 Hz pulse repetition rate) spectrum.

The misleading part of this approach is the ex-
traneous information put into the specification;
this will be explained below. For anyone with
experience in a vibration lab, this technique

is closer to art than science. Granted it gets
the intended test done with minimal additional
equipment, but there are several limitations.

l RANDOM NO 1 SE }— ANALOG
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CONSOLE
l PULSE TRAIN l
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This laborious set-up and equalization pro-
cess must be done each time the test is
performed.

2. Unless the control accelerometer is band-
pass filtered before the rms meter read-
out, adjusting the gain for 17 grms could
result in an undertest in the defined
frequency band.

3. With fixed frequency spacing and large
filter bandwidth, the analog system may
not achieve a line spectrum for slower
gunfire rates because the condition where
two spectral lines fall into one filter
could be reached.

4. The specification requires the amplitudes
between spectral lines must be 30dB down
from the reference amplitude, yet this
cannot be controlled adequately with the
wide spacing of analog filters, and sep-
arate analysis with a finer resolution
is needed to verify this criteria.

Now for the digital approach. To start, it
should be mentioned that taking the specifica-
tion detailed above to the letter, the digital
scheme could be very difficult to sell to the
quality control inspector since no pulse gen-
erator and no 17 grms tuning are required.

The only information required to meet the in-
tent of the specification is the line spectrum
(g peak versus frequency). If the phase of
the line components is also known, then the
desired time domain waveform is totally and
uniquely determined. The pulse width and pulse
repitition rate are extraneous. The pulse
width is required to ensure that the square
wave is narrow enough to '"'ring" the highest
frequency filter in the analog console. But,
the filters in the digital fast fourier trans-
form (FFT) do not need to be excited. The
pulse repetition rate is redundant since it

is implicity specified in the frequency spacing
of the line spectrum, i.e., a spectrum with am-
plitudes spaced every 100 Hz will give a pulse
repetition rate of 1/100 Hz or every 10 msec.
Therefore, since the desired line spectrum can
be synthesized in a digital system and fourier
transformed to the time domain, the other in-
formation, pulse width, pulse repetition rate
and grms are no longer required. The process
in the digital system then is to create the
desired line spectrum, fourier transform it

to the time domain and then use the transient
vibration control (TVC) software to control
the shaker to the resulting repetitive pulse
train. By maintaining control of the exciter
to this acceleration waveform, the desired
line spectrum is achieved.

It should be pointed out here that the digi-
tal system offers some significant advantages:

1. Many more filters in the control and analy-
sis; for the 100 Hz line spectrum the FFT
spacing is 5 Hz or 20 "filters" between
spectral components.

2. The phase is specifiable and preserved.

3. The set-up process of creating the line
spectrum, tailoring the waveform, etc.,
is done only once because when the desired
spectrum is achieved, the test set-up is
saved in the digital control system and
can be run within minutes after being re-
called from the system storage area.

4. The discrete fast fourier transform uti-
lized in the digital sy:-tem is an exact
fit for the discrete line spectrum of
the gunfire vibration. The only considera-
tion is the finite portion, or where the
fourier series expansion gets truncated.
See Appendix A for a mathematical descrip-
tion and Appendix B for a general descrip-
tion of putting the line spectrum into
the system.

5. The gunfire pulse train can be generated
at one location and passed on to other
test facilities by transferring discs
with the gunfire set-ups already saved.
This could serve to standardize the test
and make it repeatable whenever the test
is performed.

Some additional considerations regarding the
digital approach should also be mentioned.

1. The line spectrum can only be specified
at multiples of delta f, in this case
S Hz. Other choices allowed by TVC are
20, 10, 2, 1, 0.5 and 0.2 Hz. The trade-
off for using the other resolution choices
becomes the maximum frequency tested to
which is 512 lines * delta f.

2. TVC only allows one control channel so
this method cannot be used for multiple
control points.

3. The pulse train cannot be superimposed
on background random vibration.

Neither of the above are considered limitations.
Gunfire vibration testing is typically per-
formed on black boxes which do not generally
require average control from multiple accel-
erometers. Also varying resolution data blocks
may be possible using external sampling tech-
niques to acquire data to pass to TVC. Future
work will include trying to use external sam-
pling techniques for gunfire vibration.

Lastly, the test specifications for this type
of test do not require superimposing random




vibration on the pulse train so it too does

not appear to be a limitation. The real prob- Flawre 3 - FOURILR TRASFOIC OF SIINESLZLD
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Figure 3 is the fourier transform of the ref-
erence spectrum in Figure 2. This is the ac-
tual reference waveform used by the transient
vibration control software (TVC) to control
the exciter. A detail of one pulse is shown
in Figure 4. The key to this approach is that

the spectral shape mentioned above plus the Flowe 5
relative phase uniquely determine the pulse CORTIUOUS V5. BISCRETE SPECTAM
shape in the time domain and by repeating this w v

pulse every 10 msec gives the line spectrum
with a spacing of 100 Hz while maintaining
the same overall shape. This is verified by O ALSE T AL TRAIn CoeEon
the comparison of one pulse versus the pulse
train in Figure 5. Notice that even though
the continuous spectrum of the single pulse -
shows some waviness, the amplitudes of both
spectra match at the multiples of 100 Hz. w\
The waviness is most likely due to the fact \m
that fourier series expansion for this pulse ™
train only goes to 2 kHz. For the purist, the o
proper continuous spectrum could be synthesized i
FFT'd to get a single pulse and then build a [
pulse train with these pulses spaced every 10 ‘
msec. However, with tolerances of +1.5dB to

*kHz and $3dB 1 to 2kHz the pulse train as s
created is well within the requirement. e
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The actual measured spectrum from the control
accelerometer is shown in Figure 6. Note that
if the 60 and 180 Hz ground loop spikes are ex-
cluded, the amplitude between components is
greater than 40dB down from the reference am-
plitude (20dB/decade) or less than 0.1lg at

the 10g pk area of the spectrum. Figure 7

is the actual time waveform on the shaker head
(the FFT of Figure 6). In the ideal case, this
pulse train should match exactly the reference
pulse train in Figure 3 since the intent is to
control the shaker to this acceleration time
history. However, the negative peaks are less
than the reference and the positive peaks are
greater than the reference. It appears, there-
fore, that the dynamic response of the shaker/
amplifier wants to make the peaks equal in
magnitude; i.e., make the waveform symmetric.
Whether this is due to the low pass filter ef-
fect (frequency roll-off) of the shaker system
preventing it from tracking the sharp rise

and fall of the negative peak or some other
limitation in the shaker system is not known.
The ground loop noise shows up as well in
Figure 7 as the larger oscillations between
peaks of the pulse train. Even though some
variations in the actual and reference pulse
trains appear, the basic shape of each pulse

is maintained which keeps the spectral shape
well within tolerance.
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To summarize, the technique has been more
than adequately demonstrated bare table to
meet the intent of the specification. Any
variation with the test item mounted has to
be treated as a fixture/test item dynamics
problem and treated accordingly. The actual
set-up time for both the 6,000 and 4,000 rpm
spectra took approximately four hours from
system turn on to running the shaker, after
the extraneous information was weeded out.

As a final check on the digital gunfire tech-
nique, the rms level was computed and found
to be 17.0 grms for the reference line spec-
trum. This should be no surprise since the
rms level is just the square root of the sum
of the squared values of the rms at each dis-
crete frequency. The actual measured level
on the C-150 bare table was 20 gmms which
also makes sense since this includes the
energy in between the line components as
shown in Figure 6. This last comparison
gives further evidence that the only perti-
nent information necessary to specify this
test is the line spectrum for the digital
system approach.

RECORDED GUNFIRE DATA

For comparison to the synthesized line spec-
trum method, acceleration data is included
from a test firing of the same gun/plane
configuration the synthesized spectrum rep-
resents. The gun was mounted on the airplane
using isolators. Data was taken in three
directions on the gun cradle and on the iso-
lated side of the mounting structure. Unfor-
tunately, the organization that has allowed
me to look at this taped data has requested
that I divulge nothing of its source, nor
identify the organization. Therefore, there
are no figures of the gun mounting configura-
tion, consequently, further description of
the test set-up is just not available.

In any event, some insights can be gained from
the data that is available. The data presented
is for the gunfire only, i.e., no engine or
other random excitation, but at a slower firing
rate (v~ 55 Hz). To start, the acceleration
time history (Figure 8a) shows a complex pulse
where the peak of each pulse varies, the re-
petition rate varies and each pulse has several
cycles of high acceleration just as expected
from a pyrotechnic event. Notice the zero
offset of the time response, this is a charac-
teristic of piezoelectric accelerometers and
makes integration to get velocity and displace-
ment impossible. The frequency content of the
pulse train (Figure 8b) does show peaks at the
firing rate and harmonics, but the amplitudes
between components is significant, particularly
at the higher frequencies. This is due pri-
marily to the fluctuation of the firing rate.
Table I summarizes the range of time domain
peaks. These values occur simultaneously in
all three directions. Figure 9 shows more
detail of one pulse for the X cradle response.
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The significant point from this figure is that
the response goes to 10 kHz (could possibly be

higher since the roll-off could be the tape

Response
Location

Moasured recorder's maximum frequency). It was not
Acceleration expected to see any response above 5 kHz,

X cradle
Y cradle
2 cradle

consequently the data shown in Figures 8, 9

%0 0 M5 y pesk and 10 have a high probability of being aliased.
120 1o 169 & besk The amplitude information of the frequency

X isolated
Y isolated
T isolated

plots, therefore, will be lower than the ac-
15 to 28 g peak M N .
15 to 35 g peak tual value. Aliasing will also cause the
15 to 38 g peak spectrum to deviate from a line spectrum as

GUR RE SPONSE
G CRADLE X AX
TRSLIENT CAPTURE

C PEAK
—

(g SE TMIN 4D CORNSPORDING SPECTACR FOR 20uuz SALE RATE during one afternoon and analyzed at a later

will the repetition rate variation found in
the data. However, to determine how much de-
viation each causes is not possible from the
data as acquired. The frequency content
above 10 kHz is most likely the background
noise level of the tape recorder;

Fraure 8 10mV/g x .06g = .6mV. The data was gathered

date and different location so that access
Fioure 8o to the data for reanalysis was not possible

prior to publication. Figure 10 shows the

isolated response on the aircraft. The
frequency response below 200 Hz is similar

to the cradle response indicating the natural

frequency of the isolator is near this fre-

— quency. As a general comparison, the grms
| ! levels of the taped data are close to the

o H 'ﬂ#ﬁ synthesized spectrum on the gun cradle, how-
ﬂ#!f___ | m ever, since aliasing is expected, actual values
' should be even closer to the synthesized value.
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l To summarize, some light was hopefully shed

on performing gunfire vibration and how digi-
tal vibration control systems can make this
test easier to specify and run with a greater
accuracy than analog systems. In closing, 1

would like to mention that the swept pulse

repetition rate gunfire is also possible on
the digital vibration control system., How-
ever, the technique was not developed in

.
100 q i

000 time for publication. A paper is planned
fourler Tronsform 1Oue 4 1 describing the details at a later date.

16




(]
?

-F
L

et
.8

“8
18

2.0

w
)

Figure ®

R Axls Gu1 Crodle Single Pulse Betoll
G PEAM

¥

Floure 10

Fourter Trunsform SOz 41 3V

ISOLATED MESAONSI PULST TRAIR AND CORRS SPONDING TRUM FOR 20kNz SAWPLE
T AXIS JSLATED SIOF OF OUN SPECIRn Fon ad
TRANSIENT CAPMUNE

& PR Floure 100

yre _
l}‘ .'I‘I - - _J I.lzm 2" 'n"':l 19 1988 1008
I.WIOW M of b Fiowre 1@

(\//LWIJ

N

.'
3° e .

Fonrier Tramsform 10w 8¢ binnd

17

It was intended as part of this effort to
duplicate the actual measured gunfire accelera-
tion pulse train on a shaker using the TVC
software. However, due to the limitations in
the data, the zero offset mentioned above and
possibly the aliasing problem as well, dupli-
cation of the recorded time waveforms was not
possible even at levels much lower than the
actual measured peaks. For the next oppor-
tunity at measuring gunfire response, the
organization that permitted access to this
data plans to use piezo-resistive accelero-
meters which will eliminate the zero offset
phenomenon and hopefully allow duplication
of the field measured time histories on a
shaker head.

REFERENCES
1. Hewlett-Packard 5427 Operating Manual.

2. Fourier Analyzer Training Manual, Ap-
plication Note 140-0.

APPENDIX A
FOURIER SERIES REVISITED

When computer based FFT analyzers were first
introduced, the term DFFT was the buzz word.
Many folks thought it represented digital
fast fourier transform since it involved a
computer when it actually meant discrete
fast fourier transform. This term was used
specifically to emphasize that the spectrums
given by this type of analyzer are discrete,
i.e., the only valid data is at the computed
frequencies and, therefore, not sure what
happens in between.

When plotting then, these DFFT analyzers just
""connect the dots'" to give the appearance of
a continuous spectrum. The discrete nature
of these analyzers comes directly from fourier

theory. To achieve a continuous spectrum,
the fourier integral must be computed from: ~
.1 7 -jwt
F(w) = -2—“ " f(t)e dt

In other words f(t) must be observed (or
measured) for all time. The resulting spec-
trum would have infinitesimal resolution,
but who has all this available time? Being
pragmatic, the measurement is made for a
finite time which gives a finite resolution,
e.g., a 0.2 sec measurement or block of
data will result in a resolution of 1/.2 or
S Hz. Measuring for a finite time gives an
approximation to the spectral content which
is called the fourier series. The pulse
train then for the desired line spectrum
can be computed by writing the fourier series
using the data in the desired line spectrum:
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x(t) = I Ajggp Sin (27100t + ¢y)
n=1
Where Ajgon = 58; Ajoon = 10g; . . . from

Figure 2.

Summing terms to 2000 Hz, the desired maximum
frequency. The frequency and ampiitude are
given in the specification, the phase can be
arbitrarily chosen. When the desired line
spectrum is entered into the analyzer and ~
fourier transformed to the time domain, the
result is x(t) which is used as the reference
waveform to run the shaker. Thus a perfect
match, a discrete frequency analyzer for
testing to a discrete spectrum.

APPENDIX B

The basic process for the digital method is
as follows:

1. Synthesize the desired line spectrum.
2. Fourier transform to the time domain.

3. Center the pulse train in the data block
so that beginning and end of the time
record are as close to zero as possible.

4. Save this data block in a disc record.

S. Load transient vibration control (TVC)
software and specify input as saved disc
record from step 4.

6. TVC asks peak g's for time record --
guess for first time.

7. For continuous output answer 1/time rec-
ord to number transients per second, i.e.,
for 100 Hz prr, the data block time rec-
ord = .200 sec, therefore, the number of
transients per second = 5.

8. TVC asks number pulses, but test requires
total time, so answer for TVC is:

_ Total time

Number pulses = .—z—m

9. Run test either bare table or system by
itself.

10. Compare measured spectrum with desired

and edit peak g's from (6) by proper ra-
tio, recheck; if okay, save the set-up.
Now, you are ready to run gunfire at any
time with just minutes of control console
set-up time.

18
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NOTE: The large calculated terminal displace-
ment can be ignored since this time domain
data block will be output continuously. It

is the opinion of the author that the detailed
step by step procedure to run the gunfire
should not be a part of this paper. However,
anyone interested in performing gunfire vibra-
tion on the 5427A or the 5451C Option 350
should contact their local Hewlett-Packard
field office.

DISCUSSION
Mr, Zurnaciyan (Northrop Electronics): Is gun-

fire vibration a forcing function in the time
domain or in the frequency domain, or is there
a random forcing function?

Mr, Cies: Your output is a time domain signal,
an acceleration waveform versus time, That is
your specification, and that is what the dig-
ital system controls to,

Mr, Zurnaciyan: How would you represent it
analytically?

Mr, Cies: It is just the sum of a Fourier se-
ries, except you don't have the phase, You
may have the five sine wt plus ten sine wt out
to however many terms you want to carry it. I
only carried it to 20 terms,

Mr, Caustin (GENRAD): Was the spectrum swept

in these tests?

Mr, Cies: No, In that particular case, it was
not, but it can be. Recently, I found out how
to sweep the gunfire, and I hope to do that.
Yes, it is possible.

Mr, Smallwood (Sandia National Laboratories):

I noticed that you blamed the smearing of the
spectrum with the high frequencies primarily
on aliasing. How much of it was caused by the
jitter and the pulse repetition rate?

Mr, Cies: You can't tell until you get data
that are not aliased; that would be the best
comparison. There is one other limitation I
forgot to mention. My ultimate goal was to
get the gunfire tape data and run that on the
shaker, but I couldn't because it was aliased,
and also, because the piezo-electric acceler-
ometers had an appareant DC off-set, I don't
know whether they saturated. I don't know the
exact phenomena, but it doesn't allow you to
get a good velocity or displacement by inte-
grating the acceleration waveform, Hopefully,
the test will be repeated with piezo-resistive
accelerometers, and with that kind of data, it
should be possible to take the tape data and
run it on the shaker,
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MEASUREMENT OF ALL COMPONENTS OF STRAIN
BY A 3-D FIBER OPTIC STRAIN GAGE

S. Edelman and C. M. Davis, Jr.
Dynamic Systems, Inc.
McLean, Virginia

anical shocks on structures.

This paper describes an instrument which has been designed, but
not yet built. A three-dimensional strain gage imbedded in the earth
furnishes a complete description of the motions in the neighborhood of
the gage. Fiber optic interferometers measure the three axial strains
and the three shear strains at a point in tems of half-wavelengths of
the laser light used. Arrays of such gages are suitable for geophysi-
cal exploration, earthquake studies, and studies of the effect of mech-
The gage is sufficiently sensitive to
monitor the motion of tectonic plates.

INTRODUCTION

A three-dimensional strain gage imbedded
in a matrix furnishes a complete description
of the motions in the neighborhood of the
gage. In this paper we present the mathemat-
ical basis and a basic arrangement of a fiber
optic three-dimensional strain gage.

Fiber optic sensors currently being de-
veloped for a variety of applications (acous-
tics, magnetics, temperature, pressure,
strain, acceleration etc.) promise increased
sensitivity, geometric flexibility, EMI/EMP
immunity, and decreased cost compared to
conventional sensors. The transduction mech-
anisms employed result in either phase or
intensity changes in the light propagating in
the core of the optical fiber. The greatest
sensitivity is realized for those devices
wvhich rely on phase changes.’»<s? The usual
matrix will be earth, Obvious applications
are:

e geophysical exploration

e earthquake studies

o the effect of explosions and other
mechanical shocks on structures

The gage provides the three axial compo-
nents of strain with more sensitivity and with
less trouble and expense than the use of three
seismometers. The three shear components are
provided simultaneously. Previously, this
information about the motion of the earth was
not available directly. The outputs can be
monitored continously so that both oscillatory
and permanent deformations can be measured.

L]

LR
ATy

LA B

OADROONANN00

19

The technique used to measure the strain
allows determination of the time involved.
From these data, the rate of change of strain,
velocity, and acceleration or force per umit
mass can be found easily. Arrays of such
instruments can depict the details of the move-
ments of whatever volume of earth is required
in a particular investigation. For example,
the speed of motion of tectonic plates is
given as of the order of ome centimeter per
year. This is about 3.2 x 10™% micrometer
per second or, for a helium—neon laser using
light of the wavelength of 0.6328 micrometers,
this is 3.2 x 1077 radians per second.
Phase shifts as small as 1077 radians have
been measured at 10Hz using a phase-locked loop
technique. Strains corresponding to the motion
of tectonic plates could be followed in detail
by a strain gage of the kind described here
either by using a phase-locked loop technique
or by counting several fringes over intervals
of about an hour.

In the case of one plate moving parallel
to its interface with another, but pinned at
the interface, an array of these gages could
determine the distortions being developed in
all three divensions and allow an estimate of
the strain-energy that would be expended by
release of the pinning. Thus, earthquake
prediction could be based on much more inform-
ation than is available now.

DESCRIPTION

The gage consists of six linear strain
gages, each forming one edge of a distorted
tetrahedron. See Figure 1. The distorted




tetrahedron is formed by a plane cutting off
equal distances along the axes from one vertex
of a cube. Each linear strain gage consists
of an active fiber and s reference fiber-pair
wvithin a common sheath. See Figure 2. The
sheath consists of two telescoping cylinders
with knobbed and roughened projections to
couple intimately with the matrix. The active
fiber is attached to both parts of the sheath
so that the fiber extends and retracts with
the motion of the sheath. The projections of
the sheath, in turn, follow the motion of the
matrix in which they are imbedded.

One fiber of the reference pair is nom-~
inally the same length as the active fiber.
Departure from exact equality is treated
below. The length of the two fibers making up
the reference pair differ by a small amount,
ideally one-eighth of the wavelength of the
light used.

The light from the active fiber is com-
bined with the light from each of the refer-
ence fibers to form two interferometers, each
of which measures the strain in the active
fiber. The count of one interferometer either
leads or lags the count of the other depending
on the direction of motion of the active fiber,
The change from lead to lag or vice versa is
used to control the counting that provides a
measure of the strain in each direction.3.6
Recording of the motion can be done auto-
matically by counters or by a microprocessor
using well-known techniques.

Each fiber enters the sheath through the
cap of one cylinder, is wrapped several times
around a reel consisting of a thin-walled
piezoelectric cylinder with a low-friction
surface, and then leaves the sheath through
another point in the same cylinder cap. All
fibers are cemented to the cylinder cap at
entrance and exit. OQutside the sheath, all of
the fibers and the electric leads to the piezo-
electric cylinders are fastenmed together in a
bundle for mutual support and so that any
strains or temperature changes affect all
fibers equally. The reel for the active fiber
is fastened to the portion of the telescoping
sheath opposite to the entrance and exit cap
while the reels for the reference fibers are
fastened to the portion of the telescoping
sheath that bears the entrance and exit cap.
Thus, the active fiber shares the extension and
retraction of the sheath, but the reference
fibers do not. All of the reels are at least
one centimeter in radius since sharper bends
cause deterioration of the fiber and loss of
light. The knobbed and roughened projections
anchor the piezoelectric cylinders and the cap
by which the fibers enter the sheath to the
matrix,

DETAILS AND CONSTRAINTS

It is expected that the best way to imbed a
gage in the field will be worked out in
practice. However, we go through the mental
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exercise of planting a gage to show how two of
the inherent constraints can be handled. If
the data from the gage are to be useful, it is
necessary to know the orienmtation of the three
axes accurately. We assume that for a partic-
ular investigation, a gage is to be placed st a
given depth in the ground. A hole of suit-able
dismeter to the proper depth is dug with a
posthole digger or earth asuger and the bottam
leveled. A thin layer of liquid mud allowed to
dry without disturbance will provide a flat
level floor. The gage, attached by releasable
bonds to s thin tubular framework as shown in
Figure 3, is properly oriented and lowered to
the bottom of the hole while the floor is still
tacky. The hole is then backfilled carefully,
one thin layer of liquid mud at a time, to
minimize settling and disturbance of the
position of the gage. After the hole is
filled, the positions of the vertical pipes
indicate the positions of the corners, 0,A,B,C
and thus the orientation of the axes. As the
pipes are hollow, a borescope can show if they
have been bent or twisted during the back-

filling. After checking the orientation and
the pipes, the gage can be released from the
frame.

Another part of the same process occurs
because each linear gage must be able to
measure displacements that either increase or
decrease its length. To allow displacement in
either direction, each linear gage is extended
a little more than 0.5% of its length before
being fastened to the frame for insertion.
The total allowable extension of the fiber is
12 of its length., When the gage is released
from the frame, the knobs imbedded in the
earth tend to hold each linear gage imn the
extended position. Any partial recovery is
monitored by recording changes in the inter-

ferometer fringes 8o that the equilibrium
length of the active fiber in position is
known.

Fiber optic interferometers are preferable
to other kinds of strain gage for the studies
contemplated here because their greater sensi-
tivity allows the gages to be smaller and
thus, they more closely represent the motion
at a point. If a given application entails
displacements which might exceed the 1Z limit,
the effective length of the active fiber can
be increased greatly by controlling the length
of a portion of the fiber using an electrical
signal to change the circumference of the
piezoelectric reel in the sheath. This does
not obviate the advantage mentioned above since
the distance between ends of each linear gage
is not changed.

There are & number of ways to use dif-
ferent kinds of piezoelectric motion genera-
tors to provide a reservoir of optical fiber.
We will consider only a length of fiber wound
around the outer surface of a thin-walled
piezoelectric cylinder as described above. It
has been shown that the change in the circum~
ference of such a cylinder is a precise func-
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tion of the voltage applied to the cylinder.
Here we assume that a microprocessor has been
counting interference fringe passages in both
directions as well as keeping a record of the
voltage applied to the piezoelectric cylinder
so that the current length of the active fiber
is always known. If the lemgth of fiber
approaches either allowable limit, the micro-
processor applies a voltage to the piezoelec-
tric cylinder to reel fiber in or out, as
needed, to maintain the tension in the fiber
or to prevent the extension from exceeding the
limit, respectively. The record of the volt-
age applied to the piezoelectric cylinder
together with the counts of interference
fringe passages in each direction furnish the
data needed to calculate the current length of
the fiber.

Any drift due to temperature can occur
only from temperature changes which affect the
active fiber and the reference fibers differ-
ently. Since all three fibers are enclosed in
the cylinder buried im the matrix, in most
cases all will experience the same tempera-
ture. In unusual cases in which a temperature
gradient will occur inside the cylinder, fiber-
optic temperature sensors can be used to
change the circumference of the piezoelectric
reele to compensate.

CALCULATIONS

The phase shift,¢, of an optical beam of
wave number k, which occurs when the beam
propagates through an optical fiber of length
L and refractive index n is

¢ = knL 1)

where the change 4¢ is given by

26 = kal (5, + fa (2)

and 5, = A L/L is the axial strain and
2 3)

4n _ _ 0

EX [(Pn R SLt P su]

9d P72 are the Pockels coeffi-
cunts, S, is the strain perpendicular to

the axis. For constant volume S, =-1/2 5.
Substituting Plz - .12 = ,27 and n
= 1.46 into Eq. " (3) we obéain An/n--0.0SSn
and Eq. (2) becomes

Lt = 0.921(111.8ll %)
Optical phase shifts are readily measured
by means of an optical interferometer such as
the Mach Zehnder configuration shown in Figure
4, Light from a single-mode laser is intro-
duced into a single-mode fiber and divided by s
3 dB coupler® into the arms of the inter-
ferometer. The sensor arm is subjected to the
strain while the reference arm remains un-
strained. The resultant optical phase shift is

*
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converted to an intensity variation by the
second 3 dB coupler. Using a homodyne detec-
tion scheme in a phase locked loop csonfxgura-
tion, phase shifts as small as 10 radians
have been measured at 10 Hz.® For a HeNe
laser source, this corresponds, to measuring
length changes of 10™"“m (or 10 A).

Consider the electric fields E‘ and

Er corresponding to light of angular fre-
quency w in the sensor and reference arms of the
interferometer

E' - Ae-i(wtﬁb). Er - Be-i(mt) (5)

respectively. The intensity at the output of a
3 dB coupler is given by
2 2
= %* *) =
P (Es + Er)(Es + Er ) = A® + B® + 2AB cos¢,

Large phase shifts can be determined by simply
counting axis crossing and multipling byw.

The measured strain in the linear gage OA is

[(dx¢: dx)2*(:vdx)2 ‘“’dx)z]

dx

Terms in which the differentials appear to the
second power or higher can be neglected in
comparison with differentials to the first
power. Accordingly:

Sul 1/2 du
.(1+2&-) 1.2 (8)

= Exx, the strain along the x axis

By cyclic permutation:

Sop ™ eyy 9)
Soc = %2 (10)

Similarly, the measured strain in the
linear gage AB is:

Sag "
Bu . Bu 42 &v ] 2, /8 8
[(d;u» 8_,(d)( S—Ydy\ o(dy+s_y_dy—8_: dx\ o(a_:vd,( W dy ) J
AB
. 8_u dx? v dy? _ (8u Sv) dxdy
$x dx2+dy? By dx2 +dy? Sy 8x’ dx2a+dy?
since dx=dy=dz
.y,.a_uw/,a_v_y,(a_uoﬂ) (1)
8x 8y 8y 8x
2s AR xx * Lyy - ('xy
“xy = 25a8 " Soa ~ Sos (12)
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by cyclic permutation

czy = zsBc - soB - soc (13)

€x ™ 28ca = Soc ~ Soa (14)

1f dx, dy, dz are not exactly equal and if
the discrepancies are no more than 12 or so,
they do not introduce amny serious error. If
dy = dx+e , then from Eq. (11):

Sag *
du dx? L& dx2 +2e 10x _(5_u JV) dx2 + edx
5x 200x% +edx) By 2(dx2+edd) 3y §x/ 2(dx? + edx)

e.8u 1)
du Sx v 8y Gu 3v
V’sx % e “dxee st_y ’V’dxoe " *Ex
-— Cyy - _y_e c_u 3v -
Cxx+%Eyy Vz€xy Ya v Bx 8y (15)

and it can be seen that the error is of the
second order of small quantities.

Our assumption that one of the reference-
pair fibers is the same length as the active
fiber is also subject to uncertainty. From Eq.
(6), the intensity of the combined 1light is:
A, + B, + 2AB cosd. The interference
pattern of light snd dark fringes is formed as
4 changes and it can be seen that the greatest
contrast between light and dark will occur if A
= B, Thus, for best sensitivity, the light
from the 1laser should be divided equally be-
tween the two fibers aand they should be about
the same length so that the loss with distance
will be about the same. However, for modern
low-loss fibers a small discrepancy in length
will not cause any serious loss of contrast.

APPLICATIONS

Arrays of these gages could be used to
provide information about the details of the
deformations of dams, buildings, and other
structures, both in response to sudden impulses
and over long periods. The creep of masses of
earth and of glaciers could be followed.

Since each gage provides information about
the particle motion at a point, a sufficiently
large, closely-spaced array could distinguish
between waves of dilatstion, distortion,
Rayleigh and Love waves if the integrated
motion is not too coufused.

S8imilarly, arrays of these gages could be
used to furnish the raw data from which the
motions of the earth in response to different
patterns of explosions could be deduced. This

..‘".q.\.“ q‘!‘.l A0 "g‘." l.‘ ’
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information could be used to show how stresses
are propagated through the earth and exerted on
structures.
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Six linear gages are positioned along the edges
of the cube corner defined by points O, A, B,
C. The original and displaced positions of
these points are given in the table.
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Knobbed telescoping sheath imbedded in a matrix
con-tains an active fiber which extends and
contracts with the sheath and twvo reference
fibers of different length whose lengths are
fixed.
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Fiber Optic CGage is attached to a frame by re-
leasable bonds during insertion into the ground
and backfilling of the hole. The frame shows
the orientation of the buried gage.
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DISCUSSION

Mr, Favour (Boei ny): Do you have any
predicted frequency response near single ele-
ments?

Mr, Edelman: It depends on how long you make
the linear gages and how much tension you want
to use, I think, practically, you can make the
resonance anywhere in the audio range, maybe
even up to 20 or 30 kilohertz,

Mr wood (Sandia onal Laboratorjes):
Physically, what kind of dimensions are these?

Mr, Edelman: I was careful not to say that,
In working on this, I thought about something
like ten centimeters on a side, But there is
no inherent reason why you can't make it any-
where from a centimeter up to a half a meter,
If you make it too big, this nice deformation
that 1 assume, where you use only the first or-
der derivative, won't fit., But within that
limit, you can make it whatever size you like,
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REGISTRATION OF THREE SOIL STRESS GAGES AT 0 THROUGH 28 MPa (4000 psi)

Charles R. Welch
U. S. Aray Engineer Waterways Experiment Station
Corps of Eagineers
Vicksburg, Mississippi

gages, and eight SE gages.

during unloading in the sand.
other two types of gages.

occurred.

A series of static tests were conducted on three soil stress gages. The
gages tested were the currently accepted SE soil stress gage (34 MPa (5000 psi)
range), a modified high range SE (HRSE) soil stress gage (138 MPa (20,000 psi)
range), and the Waterways Experiment Station Medium Level (WML) stress gage.
The tests consisted of multiple static loadings of two different soil types
(Reid-Bedford sand and buckshot clay) which contained four HRSE gages, four WML
The loading range was from 0 to 28 MPa (4000 psi).
The test chamber was 1.17 a (46 in.) in diameter by 1.07 m (42 in.) deep.
Representative outputs from all three gage types are presented.
cern are the recorded outputs from the standard SE gages.
loading of both soil types reasonably well, but consistently over-registered
Hysteretic-type behavior was not observed on the
The results imply that for dynamic tests in some
s0ils the standard SE gage will indicate higher impulses than had actually

Of special con-
These measured the

INTRODUCTION

Recently the Waterways Experiment Sta-
tion (WES) was asked to make dynamic soil
stress measurements in a 20-MPa (3000-psi)
to 70-MPa (10,000-psi) pressure environment.
The environment was created by explosively
loading wet clay soil with a planar chemical
explosive array (i.e., FOAM HEST charge
array). Because there were no accepted soil
stress gages for uge in this pressure range,
static laboratory tests were made to examine
two experimental gages. The candidate stress
gages were the High Range SE (HRSE) soil
stress gage and the WES Medium Level (WML)
stress gage. These were tested statically in
two different soil types: one with signifi-
cant shear strength (Reid-Bedford sand) and
one with negligible shear strength (wet buck-
shot clay). The tests consisted of hydrau-
lically loading one surface of a so0il mass
containing the gages. Used as standards for
comparison during the tests were SE soil
stress gages. The SE soil stress gage has
been used for several years to measure dy-
namic and static soil stresses. Its basic
design incorporates the criteria for soil
stress gages developed by Pesttie and
Sparrow [1].

The primary purpose of this paper is to
document the hysteretic response observed on
standard SE gages and to provide tentative
explanations for this response. A secondary
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purpose is to describe other experimental
gages and their performance.

SE SOIL STRESS GAGE

The SE soil stress gage (Figure 1) is
an adaptation from the original design by
Ingram [2] and is marketed by Kulite Semi-
conductor Products, Inc., as their Model
No. LQ-080U. It has an overall diameter of
51 wm (2.0 in.) and is 5.8 mm (0.228 in.)
thick. This provides an aspect ratio (diam-
eter to thickness ratio) greater than five.
It is made of 17-4 PH stainless steel. The
gage has a maximum stress range of 35 MPa
(5000 psi) and full-scale electrical output
of 0.7 v for 10-v excitation. The active
portion consists of two opposing diaphragms
instrumented with two semiconductor strain
gages each. These are connected in a full
bridge configuration. The active portion is
isolated from lateral loads by a steel edge
ring and is connected to this edge ring by a
1.5-sm-(0.05~in.-) thick annulus of silicone
rubber. The calculated natural frequency of
each diaphragm is about 50 kHz. Overall gage
modulus when considering the deflection of
the center of the diaphragms is calculated
to be 650 MPa (94,000 psi).

HRSE SOIL STRESS GAGE
The HRSE soil stress gage, Model
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Figure 1 - SE soil stress gage

No. LQV-080-8U (Figure 2), is another Kulite
adaptation of the original design by Ingram.
The HRSE gage is similar to the SE gage ex-
cept that the diaphragms are twice as thick
making the overall gage thickness 11.5 mm
(0.453 in.). The gage is mounted in an alumi-
num paddle by WES to provide the proper aspect
ratio for making soil stress measurements and
to isolate it from lateral loads. The paddle
also aids in gage placement and in attaching
cable protection. The gage has a linear
stress range of about 140 MPa (20,000 psi).
The calculated natural frequency is 100 kHz.
The overall modulus, considering only center
diaphragm deflection, is calculated to be
10,350 MPa (1,500,000 psi).

ALUMINGN
PADDLE

HASE GAGE
LOCATON.

11.) =
—

/
H 4

H
|
101.6 mm 22.9 -1

Figure 2 - HRSE soil stress gage in
aluminum paddle

B

WML STRESS GAGE

The WML stress gage (Figure 3) is radi-
cally different from the other two stress
gages. It was originally designed to make
stress measurements in rock. The gage has
an outside diameter of 95 mm (3.75 in.) and
overall thickness of 19 mm (0.75 in.). It is
based on an original design by MAJ Richard

26

Kanda, U. S. Army Corps of Engineers. The
gage consists of a series of concentric rings
loaded in compression by two thick plates.
The rings are formed by cutting grooves into
the bottom plate. The central ring is instru-
mented with longitudinal and circumferential
foil strain gages connected in a full bridge
configuration. The material used for the
gage is either high strength aluminum
(7075-T6 alloy) or a high strength steel, de-
pending on range. For these evaluation tests
aluminum was used. The overall gage modulus
for the aluminum version is about 18,600 MPa
(2,700,000 psi). Its peak stress range is
approximately 140 MPa (20,000 psi). Full-
scale electrical output is about 70 mv for
8-v excitation.

TEST DESCRIPTION

Prior to the tests, all stress gages
were calibrated statically in a hydraulic
chamber.

The geometry for the static tests in
sand and clay was the same. The tests were
conducted in a large chamber (Figure 4). A
hydraulic load was applied through a rubber
membrane to the soil surface. The outputs of
the stress gages were recorded along with the
outputs from two pressure gages which moni-
tored the hydraulic pressure.

The soil was placed within 150 mm
(6 in.) of the top of the chamber. A double-
greased liner of polyethylene was used be-
tween the soil and the chamber walls to re-
duce sidewall friction. To insure uniform
soil placement, the so0il was rained in place
for the Reid-Bedford sand and was hand-
compacted in 100-mm (4-in.) lifts for the
buckshot clay.

The stress gages were positioned in the
soil during placement of the soil as shown
in Figure 4. The gages were alternated in
the circle to preclude biasing any gage type
due to local test bed or soil stress irregu-
larities. In addition, all gages were the
same distance from the chamber walls so that
the gages in each array would be loaded in
the same fashion regardless of sidewall
friction effects. Electrical cables from
the stress gages exited the bottom of the
chamber and were connected via additional
cables to the recording station some 20 m
(70 ft) away.

For each soil type, the hydraulic load
was cycled up and down four times. The peak
hydraulic pressure for each cycle was about
28 MPa (4000 psi). The outputs from the soil
stress gages and the pressure gages were
amplified and recorded on a 32-track FM mag-
netic tape recorder. All gages were powered
by the same power supply. The recorded out-
puts were digitized for plotting by computer.

B




P

i
=
iy
it
—~=

ome KR il ]
~7 <
1 9 8Y M PngalS :'-Aﬁl-
-, “— "
MECE 0) - WA GAGE
CABLE EGRESS TUBS
O AG SO00ve
508 Sanain 02 41
Py
L mjsmlosml asi
) o e Suvact
(X T —
oy e I
fo—ton
1 1N
™ -1 NOTE: Dimensions
are in inches.
MECE 01 WAl GAGE SOTTOM MHECE 57 - WaR GAGE TOP
CHNTRM DG
-~ TR NTLO
mmmq
LN Gasts e camt”
o~ i

R I XIS TE S I IITIT RS

cades
"oas

Figure 3 - Machine drawing of WML stress gage

LEGEND
st GAcE

O WML CAGE
@ HIGH RANGE 3E CAGE

M2 MEASUREMENT OISIGNATION

1.17 m

[ APPLLED MYORMYLIC LOAD

A
)
3

r .
Y TIR Y E Y YIYYY YR IYY
i 1 s
A Sowrace A
—xn 13 [ e |

152

7777

>

Lo

S paoe

IO I 3 o B £~ B

1.07 m
///(///
s 2
610 mm

7

TEST CHAMBER
wALLS ———of

b1 | ]

/’// e

7

+

TJEST BED CROSS-SECTION SECTION B-8

Figure 4 - Schematic of test chamber showing stress gage locations

27




(MR
» I!‘
Yo
1
[
W {l""
,
L
IR
LA
NN
o
:
Bl
e
oA TEST RESULTS presented for each gage type. For the sand
’ only one loading cycle is presented. The ver-
" Typical gage outputs for the three gage tical fluctuations seen on the records for the
;;"':‘5 types in the clay and in the sand are shown in sand tests are due to electrical noise on the
<:|‘. Figures 5 and 6. In each figure the hydraulic pressure gage output and not to hydraulic pres-
,»'.:. pressure (vertical axis) versus the stress gage sure fluctuations. This noise was also seen
1 0: output (horizontal axis) is shown. For the on the other pressure gage. It did not occur
2,'!, clay tests, all four loading cycles are during the clay tests. Its source is unknown.
'
t
) -
[-3= - (-3 < 4
.n‘ - " a§, .« " E .« " -
'l:fl‘ £ 3 i Q:QT ' gg{ e
S ' v §. ) \ '
.'i'".'l :2‘ 2~ ¢ &1 E s &1 :
v.‘o 2 e . ; H ;
vt 21 ig io) i e
i 24 g - feol &
o o w - v v
2
_';‘ " a % :;‘ w 'E‘,‘ _3 w4 .E
1A't : o 3 A e n
g - = L]
» 3 1= £°1:2
- - - -y ] A Pt N, PP n - - z
) 3 “ ¢ "10d0 “2000 3000 sdo0 = v 6 1000 2800 3000 4b00 = w 3 1080 2800 3B00 «Boo
: "“ Stress Gage Output - psi Strecs Cage Output ~ psi Stress Gage Output - psi
-
0 S —_ — ———————— ——r——r———
'?:-’ -5 0 5 10 15 20 25 30 -5 0 5 10 15 20 2'50 30 -5 0 5 10 15 20 25 30
s Stress Gage Output - MPa Stress Gage Output - MPa Stress Gage Output - MPa
!
W i SE STRESS CAGE HRSE STRESS GAGE WML STRESS GAGE
I X
Q . .
\:’.0: Figure 5 - Hydraulic pressure versus gage output for the SE, HRSE, and WML
’\;,‘,l'.' stress gages during the clay tests
€8 4] I
i
:mg"‘! 1
e
iyl 0
)
)"'
2T t"
L
ot
e
PO
,0’ ‘l'
PR
L5 ggh?
LY
»
W ..I
(] 3
)
"5 - :3- - — - : §— .- - ~ - - - ‘gs — - e —
N A I T R S T I B e
L}
'\.:'. . b PO han ' le MR SRR R (I P R e —
AN 5 o o:8 - e 8 “58 AT “‘"""‘@d !
[ . 2 23 . N
: e ?:2—~~ - 5»2 HE - @ tR gg‘ g ——— !
L S T kg N I TR -
.:‘ ] ° &~ } ° o 4N .- - . u“"- e e—da
D ) 2 S =3 ~£ .. b = . = t2 = e
':, 3 -5 SN A 2 g -3 g§-. NP
P} - r 9o . I AR =4 MR S
..l'*l i - P -y = le Sr LS. . ! , * teo o1 ) ) ' ' ’
X 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
,' Stress Gage Output - psi Stress Gage Output - psi Stress Gage Output - psi
o
LY 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
. a A Y PR - i i . i i " n n i " -t " -
» _‘H Cage Output - MPa St G
" y Stress Gag pu Stress Gage Output - MPa ress Gage Output - MPa
. O
':.0 b OSTRESS GALE HRSE ST-@ '+ faAnt WML STRESS GAGF
LR
el Figure 6- Hydraulic pressure versus gage output for the SE, HRSE, and WML
Iz stress gages during the sand tests. (Note: vertical fluctuations are due
Wk to electrical noise on the hydraulic pressure transducer channel)




Additional observations are:

1. No significant differences occurred
in the measurements in either the sand or the
clay due to gage location.

2. No changes occurred in gage response
as a result of repeated loadings.

3. In general no appreciable hysteresis
and no over- or under-registration of stress
was observed for any of the gages in the clay.

4. The WML gages exhibited a non-
linearity during the clay test below about
3.5 MPa (500 psi). This nonlinearity oc-
curred during the sand test but the electrical
noise on the hydraulic pressure gages pre-
vented its detection.

5. The WML gages tended to over-register
approximately 10 percent in sand. Over- or
under-registration during loading of the other
two gage types in sand was not observed, pos-
sibly because of the noise levels on the hy-
draulic ptessure gages.

6. A hysteretic response occurred in
the sand test on every SE gage on all four
loading cycles. In each case the SE gages
followed reasonably well the hydraulic load
during loading but over-registered during
unloading.

7. Three of the four HRSE gages suffered
apparent electrical problems during the sand
tests. The remaining gage performed satisfac-
torily and showed no hysteresis and no over-
or under-registration.

8. The WML gages did not exhibit hys-
teretic behavior in the sand.

Observations 1 and 2 indicated that the
stress environment for the different gages
was similar and that gages were probably
coupled well to the soil (i.e., no void spots
above the gages). Observation 3 combined
with Observations 5 and 6 suggests that over-
registration, under-registration, or hyster-
etic behavior of the stress gage is dependent
on the shear strength of the soil. This con-
tention is supported by the fact that cali-
bration of the gages in hydraulic fluid
(which has negligible shear stremgth) did not
produce these three types of behavior. Ob-
servation 2, the nonlinearity of the WML gage
at the low stress levels, has been observed
during the fluid calibration and is caused by
all of the supporting rings not making con-
tact with the top loading plate under initial
loading.

The electrical problems that the three
HRSE gages experienced during the sand tests
(Observation 7) is asttributed to intermittent
breaks and shorts in the electrical cables
from the test chamber to the recording
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station. The problem did not occur on the
clay tests because different cables were used
for these same gages. Although the one gage
performed satisfactorily in sand, before the
HRSE is recommended for use in sand or other
soils with significant shear strength, it
should undergo additional testing.

Observation 6, the hysteretic behavior
of the SE gage, has special significance.
The SE gage has typically been used in the
past in dynamic tests to measure peak
stress and impulse (i.e., area under the
stress-time curve). Since the WML and HRSE
gages did not exhibit hysteresis (Observa-
tions 7 and 8), it is hypothesized that the
SE gage hysteresis was not caused by locked-
in stresses from frictional effects between
the sand and the chamber walls. Since the
hysteretic behavior was observed under
static conditions, the dynamic response is
suspect.

POSSIBLE EXPLANATIONS FOR THE
SE GAGE RESPONSE

It is postulated that the diaphragms re-
mained in the partially loaded (i.e., de-
flected) position due to shear stresses which
developed in the sand. These shear stresses
were the result of the uneven vertical move-
ment of sand particles which followed the
diaphragms during loading. The sand parti-
cles moved further at the center of the gage,
while at the edges they moved very little.

In order for the diaphragms to return to the
no-load positions, the reverse must happen,
i.e., the diaphragms must push the center
sand grains up past the grains at the edges.
The resultant shear forces between the sand
particles prevented this until the surface
load was reduced. It should be noted that
the relatively soft SE gages undergo much
larger deflections and soil particle motions
than the HRSE gages or the WML gages.

The data from the static tests are in-
sufficient to confirm this hypothesis.

CONCLUSIONS

1. The WML, HRSE, and the SE stress
gages will perform satisfactorily in clay,
although the WML gage is nonlinear below
approximately 3.5 MPa (500 psi).

2. The SE soil stress gage shows
stress-dependent hysteretic behavior in sand
under static conditions. It will probably
over-register Waightly during loading in sand
and may over-register during unloading. On
dynamic tests this could cause the gage to
over-register impulse.

3. Aside from possible nonlinear
behavior at low stress levels the WML gage




performs satisfactorily in sand. It tends

to over-register about 10 percent.

4. The HRSE gage appears to perform
satisfactorily in sand, without hysteretic be-
havior and without over- or under-registering.
However, this is based on a single gage's per-
formance and should be further verified.

RECOMMENDATIONS FOR FUTURE WORK

The three stress gages tested each need
additional work. The limitations on the use
of SE gages in high shear strength soils needs
to be quantified in terms of both stress level
and shear strength.

The linearity of the WML gage needs to be
improved. This could be a quality control
problem since the degree of nonlinearity var-
ies widely with new gages. Its output also
needs to be increased. The WML gage's linear-
ity can be improved by lapping the top and
bottom plate together before assembly. Its
output can be increased by using semiconductor
strain gages in place of the foil strain gages
to instrument the central column. This would
also require increasing the overall gage
stiffness by either decreasing the area of the
grooves or by using steel for the gage body.

The HRSE soil stress gage needs further
verification in sand. It sppeared to perform
well. It has both good linearity and high
output. In soils with high shear strength
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and/or at higher stress levels, it may exhibit
the same hysteretic behavior as the SE gage.

ACKNOWLEDGEMENTS

Special thanks is due Leo Ingram and Jim
Ingram (of WES) for their editorial comments
and Mrs. Modell Holloway and Brenda Young
(both of WES) for preparing this manuscript.
This work was sponsored by the Defense Nuclear
Agency.

REFERENCES

1. Peattie, K. R. and Sparrow, R. R., "The
Fundamental Action of Earth Pressure
Cells," Journal of the Mechanics and
Physics of Solids, London, Vol 2, pp 14l-
155, 1954.

2. Ingram, James K., "Development of a Free-
Field Soil Stress Gage for Static and
Dynamic Measurements," Technical Report
No. 1-814, 1968, U. S. Army Engineer
Waterways Experiment Station, CE,
Vicksburg, Miss.

3. Hvorslev, M. Juul, "The Changeable Inter-
action Between Soils and Pressure Cells;
Tests and Reviews at the Waterways Exper-
iment Station," Technical Report No. S-
76~7, 1976, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.
(Not cited directly.)




CABLE PROTECTION FOR GROUND SHOCK INSTRUMENTATION IN SEVERE

ENVIRONMENTS - RESULTS OF AN EVALUATION TEST

P Charles R. Welch

U. S. Army Engineer Waterways Experiment Station
Corps of Engineers

L Vicksburg, Mississippi

The results of an explosive test on two candidate cable protection systems
i for ground shock instrumentation are presented. The protection systems con-

i sisted of 1/4-in. stainless steel (304 alloy) tubing and 3/8-in. oil-filled

N hydraulic hose. The test consisted of a 3.7 m by 3.7 m FOAM HEST with a charge
2 density of 44.4 kg/m® overlying a wet clay. Fifteen cable protection channels
. were included. They ranged from 0.3 m to 1.4 m below the charge array and were
’ terminated with passive bridge resistor networks. Stress gages and shock-
isolated accelerometers in the test bed indicated peak stresses and particle

: velocities of 31MPa and 20.3 m/s, respectively. Surface airblast pressures

: of 69 MPa and surface displacements of 0.8 m were recorded. Despite this,

v ! almost all cable protection system channels survived over 100 msec. Many were
& alive posttest. Noise levels in the hydraulic hose systems during wave en-

5 gulfment were acceptable. Noise levels generated in the steel tubing systems
were almost nonexistent. Both are presented in terms of an anticipated gage's
output. Typical data return from several later tests which employed these two
systems is then reviewed. The results indicate that cable protection for
ground motion transducers, in at least this environment, need no longer be a

problea.

INTRODUCTION

The Waterways Experiment Station (WES)
was recently charged with making ground mo-
tion measurements in an extremely severe
ground shock environment produced by explo-
sively loading a wet clay with a high density
FOAM High Explosive Simulation Technique
(HEST) charge array. The environment pro-
duced survival problems, both for the ground
motion transducers and the tramsducer cables.
Initial efforts to produce instruments and
cable protection systems to make measurements
in a similar environment are described in
Ref. [1]). These efforts included the use
of aluminum tubing and oil-filled hydraulic
hose to protect instrument cable and a shock-
isolated accelerometer system to measure
particle velocity. The work was largely
successful but indicated where improvements
might be made. This led to an evaluation
test on two prospective cable protection
systems: (1) a steel tubing system suggested
by the earlier work, and (2) an oil-filled
hydrasulic hose system not tested fully on the
previous test. Both of these cable protec-
tion systems were designed to act as conduits
for a small diameter (3.2 mm) 4-conductor
(28 gage conductor) foil-shielded instrument
cable. Both were designed to withstand the
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primary ground shock environment (typically
20 to 50 msec). The evaluation test was
specifically designed to test the cable sur-
vivability and the noise generated in the
cables protected by these systems.

This paper deals with this evaluation
test. In it we will describe the cable pro-
tection systems, the evaluation test, and its
results. Typical survival rates from two
later tests are also provided.

GROUND SHOCK ENVIRONMENT

The ground shock environment of inter-
est was generated by loading a wet clay with
a FOAM HEST charge array with an explosive
charge density of about 44.4 kg/m® TNT equiv-
alent. The FOAM HEST explosive array is com~
prised of lengths of high explosive contained
in a polystyrene foam lattice and mounded
over with soil for coantainment. It is used
to explosively load large planar areas. Peak
airblast from the HEST charge ranged up to
about 150 MPa. The resulting ground shock
was characterized by the following: peak
accelerations from 10 kg to 150 kg, peak
particle velocities to 30 m/sec, surface dis-
placements to 0.7 m, and peak soil stresses
from 20 MPa to 40 MPa.




HYDRAULIC HOSE CABLE PROTECTION SYSTEM

The protection philosophy behind the
oil-filled hydraulic hose system (Figure 1)
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Figure 1 - Hydraulic hose cable
protection system

is that the hose acted as a membrane to con-
tain the o0il around the transducer cable
while the o0il actually protects the cable.
The hose used is typically used as air hose;
it is 3/8 in. in diam and is nonreinforced.

A thick machine oil was used inside the hose.
Each end of the hose was terminated with
machined potted fittings which sealed the oil
around the cable. The contained oil allowed
only hydrodynamic pressures to be transmitted
to the cable; i.e., no localized temsile or
shear stresses would occur on the cable. It
also cushioned the cable from the surrounding
acceleration environment. If the hose should
rupture during the explosive event, the oil
leaking out of the hose would provide a lu-
bricant between the cable and the soil to
minimize localized stretching of the cable.
The advantages of the hydraulic hose are:

(1) it is flexible and hence has minimum
effect on the motion of the instrument it
serves, (2) it can be had in lengths up to
about 30 m, and (3) it is easy to handle in
the field. Its disadvantages are: (1) it
offers little shear protection or protection
from the pressure environment, (3) while it
prevents localized stretching of the cable it
does not prevent overall stretching of the
cable between the potted- end fittings, and
(3) it is moderately expensive (~$3.28/m).

STEEL TUBING CABLE PROTECTION SYSTEM

The philosophy behind the steel tubing
protection system (Figure 2) is straight-
forward; it completely isolates the cable
from the stress environment. This protection
system consisted of 1/4-in. stainless steel
tubing with an inside diameter of 4.6 mm.
When used to service a ground motion in-
strument, a small slip joint was normally
incorporated in the tubing near the trans-
ducer. The slip joint allowed the tubing to
elongate up to about 130 mm during the explo-
sive event. This helped to minimize the ef-~
fect of the tubing on the transducer's motion.
The stainless steel alloy choosen for the
tubing (Stainless 304) had a fairly low-yield
strength (240 MPa) with a much higher ulti-
mate tensile strength (550 MPa). It was felt
that this property would allow the tubing to
strain easily under load without breaking.
This was borne out by static laboratory ten-
sile tests in which the tubing would normally
undergo about 30 percent strain before fail-
ure. Swagelok (commercial name) stainless
steel fittings were used to attach the tubing
to the ground motion instruments and to make
connections between tubes. Through laboratory
tests it was found that these fittings pro-
duced little, if any, stress concentration in
the tubing at the point of engagement, yet
they provided a connection which had good
tensile strength. Advantages of the steel
tubing are: (1) it offers protection for the
cable from the normal, shear, and tensile
stress, and (2) it is fairly inexpensive
(~$1.28/m for the tubing and $5.00 each for
the fittings). Its disadvantages are:

(1) it offers no protection for the cable
from the acceleration environment, (2) it is
not as easy to handle in the field as the
hydraulic hose, and (3) there is a greater
chance of it affecting the motion of the in-
strument it serves than the hydraulic hose.

EVALUATION TEST DESCRIPTION

The evaluation test was conducted on a
firing range at Ft. Polk, Louisiana. It con-
sisted of a 3.7-m by 3.7-m clay test bed

Instrument
Canister
Miniature Slip-joint
Instrument
Cable Smge/ok
Fitting 1/4” Pipe Plug
- - - -'----------------- - w'.th ’/"' HOIe
-~ - o - - > -
@-.-..—.-..—.—.—.—.—..—.—.-s asz=As3~
~
Swagelok "\ Tubing Inside
Slip-Joint to 1/4 inch
1/4 inch to Stop Slide Out 4
Steel Tubing Tubing Stee/ Tubing

Figure 2 - Steel tubing cable protection system with miniature slip joint
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Figure 3 - Schematic of test bed showing different types of cable protection channels,
trunk line, and ground shock transducer

(Figure 3) upon which was placed a FOAM HEST
explosive charge (also 3.7 m by 3.7 m). The
charge was composed of Iremite 60 explosive
placed at a charge density of 44.5 kg/m3 TNT
equivalent. A 0.76~-m thick overburden of
sand was placed over the charge to help con-
fine the explosion. In the clay test bed were
instruments to record the surface airblast
pressures aad the ground shock, as well as
candidate channels of the cable protection.
All were recorded on 32 track FM tape re-
corders during the event. Minimum throughput
frequency response for the recording system,

Table 1

including signal conditioning circuits, was
12 kHz. The various channels are listed in
the experiment matrix in Table 1.

There were fifteen cable protection
channels. These were: a Type A stainless
steel "run" and a Type B stainless steel "run"
and one hydraulic hose "run" each at the 0.3-,
0.9-, and 1.4-m depths, and one stainless
steel "loop" and one hydraulic hose "loop”
each at the 0.3-, 0.9-, and 1.4-m depths. The
cable protection runs were simply lengths of
steel tubing or hydraulic hose containing

Experiment Matrix

Time of
Type of Channel
Channel Type Transducer/ Depth Cable Failure
Designation Measurement (m) Protection (msec) Comments
R S1A Type A Steel Tubing Run 0.3 Steel Tubing 60 2.1-m separation between broken ends
R S3A " 0.9 " Did not fail
R S4.5A " 1.4 " Did not fafl
R SIB Type B Steel Tubing Run 0.3 Steel Tubing, no >100 Cable failed outside test bed and
Smail Slip Joint outside steel tubing
R S3B " 0.9 " Did not fail
R S4.5B " 1.4 " 20 Cable failed outside test bed and
outside steel tubing
R H1 Hydraulic Hose Run 0.3 Hydraulic Hose 55
R K3 " 0.9 " >100
R H&.5 " 1.4 " bid not fafl
L sl Steel Tubing Loop 0.3 Steel Tubing Did not fail
L s3 " 0.9 " "
L 54.5 " 1.4 " "
L H Hydraulic Hose Loop 0.3 Hydraulic Hose Did not fail
L W3 o 0.9 " "
L H4.5 " 1.4 " "
1 Vertical SI Accelerometer® 0.9 Steel Tubing - Failed pretest
2 Horizontal SI Acceierometer 0.82 Hydraulic Hose 35
k) Vertical SI Accelerometer 0.84 Hydraulic Hose 57
3h Vertical Hard-Mounted 0.84 Steel Tubing 28
Accelerometer
4 Vertical SI Accelerometer 0,84 Steel Tubing 14

* 51 - Shock-lsolated.




Table 1 (Concluded)

Time of
Type of Channel
Channel Type Transducer/ Depth Cable Failure
Designation Measurement {m) Protection {msec) Comments
5 Horizontal SI Accelerometer 0.80 Steel Tubing Did not fatl
Sh Horizontal Hard-Mounted 0.80 Steel Tubing 4
Accelerometer
6 Hor{zontal S1 Accelercmeter 2,06 Hydraulic Hose 60
6h Hor{zontal Hard-Mounted 2.06 Steel Tubing, no  Did not fail
Accelerometer Small Slip Joint
? Vertical ST Accelerometer 2,13 " "
?h Vertical Hard-Mounted 2,13 " "
Accelerometer
8 140 MPa SE Soil Stress 0.88 Rydraulic Hose 42
Cage
9 3(5: MPa SE Soil Stress 0.84 Hydraulic Hose Did not fail
age
10 140 MPa SE Soil Stress 0.87 Hydraulic Hose 52
Gage
11 35 MPa SE Soil Stress 0.88 Steel Tubing 4
Gage
12 WML Stress Gage* 0.89 Steel Tubing Did not fatl
13 WML Stress Gage 0.88 Steel Tubing 60
14 Air Blast Gage 0 Steel Pipe Did not fail
15 Alr Blast Gage (] *
16 Air Blast Gage 0 "
17 Alr Blast Gage o "
18 Tourmaline Crystal 0.86 None >20 Difficult to determine time of
Pressure Gage failure from records
19 Tourmaline Crystal 0.86 None >20 "

Pressure Gage

* WML - WES Medium Level.

instrument cable that ran into the test bed and fittings for the hydraulic hose and by

out the other side at the desired test depth.
The steel tubing runs were made of two 6.1-m
sections connected by small slip joints for
the A runs and by a Swagelok tube-to-tube
unions for the B runs. The hydraulic hose
runs were made from 15.2-m lengths of hy-
draulic hose terminated at either end with the
potted end fittings mentioned previously.

The cable protection loop channels were
continuous loops of cable protection. Their
purpose was to provide a test of the cable
protection system exposed only to the stress
environment beneath the explosive charge.

For these the cables were brought into and
out of the test bed via a steel trunk line
that occurred at the 1.4-m depth and termi-
nated in the test bed in a "T" section
(Figure 4). The loops of cable protection
left the T section, went up to the desired
test depth, and then went back down into the
T section and out of the test bed. The trunk
line was composed of 2-~in. schedule 80 pipe
sections connected together by large slip
joints (Figure 5) made from 3-in. schedule 80
pipe. Its purpose was to carry the cable
through the severe lateral displacement region
which occurs at the edge of the test bed dur-
ing the explosion. The purpose of the T sec-
tion was to provide an exit point for the
loop cable protection channels which would
remain stationary relative to the soil im-
mediately around it. This would prevent the
cable from being sheared off at the exit
point. The smaller cable protection was
attached to the T section via the potted

Swagelok tube-to-male pipe fittings for the
steel tubing.

All fifteen cable protection channels
were terminated outside the test bed with
passive circuits designed to simulate elec-
trically typical ground shock transducers.
These passive circuits consisted of four
350 ohm resistors connected in a full bridge
configuration. Because these circuits were
passive, and because they were located out-
side the test bed, any signals which were re-
corded on these channels were strictly the

result of the shock environment on the cables.
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All amplifier gain settings were set alike for
these channels and were made to mimic the gain
settings for a WES Medium Level (WML) stress
gage. This gage has a fairly low output

(70 mv maximum or 0.4 mv/MPa for 8~-v excita-
tion) and it was felt that these gain settings
would represent a worst case condition.

Twenty-three instruments were placed in
the test bed to measure the shock environment.
Beginning at the test bed surface were four
airblast gages to measure the explosive
cavity pressure. These were contained in
mounts designed by the Air Force Weapons
Laboratory and designated as "8-hole debris
shields." At the 0.19-a depth was a verti-
cally oriented shock-isolated (SI) acceler-
ometer to measure particle velocity. A
description of this transducer can be found
in Ref [2]. This particular gage failed
posttest. Additional SI accelerometers were
located at the 0.9-m depth (two oriented hori-
zontally and two oriented vertically) and at
the 2.1-m depth (ome horizontal and one ver-
tical). Hard-mounted accelerometers to mea-
sure the acceleration were located at the
0.9-m depth (one horizontal, one vertical)
and at the 2.1-m depth (one horizontal, one
vertical). The hard-mounted accelerometers,
like the SI accelerometers, were housed in
aluminum canisters to protect theam from the
pressure environment. Soil pressure and soil
stress measurements were made using eight
gages, all at the 0.9-m depth. These were:
two 35 MPa range SE soil stress gages (Kulite
Model LQ-080UH), two 140 MPa range SE soil
stress gages (Kulite Model LQV-080-8U), two
WML stress gages, and two tourmaline crystal
(PE) pressure gages. Ref. [3] provides a
description of the 35-MPa SE stress gage.

All the other pressure and stress gages are
described in Ref. [2). The PE pressure gages
were housed in oil-filled 0.3-m sections of
1-in.-diam Tygon tubing. The o0il provided
coupling between the PE pressure gages and
the soil stress.

The cables to all of the transducers,
except the airblast gages and the PE gages,
were protected by one of the two cable
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protection systems. This was necessary, not
only for channel survival but also to test the
interface between the cable protection systems
and the gages or canisters. The cables to
these gages entered the test bed through the
steel trunk line, left the trunk line at the

T section and entered the smaller cable pro-
tection, which in turn carried these up to

the associated gages.

The airblast gages had their cables pro-
tected inside 1-in. schedule 80 steel pipe
that extended out beyond the test bed. The PE
gages, which utilized low-noise (i.e., shock-
resistant) coaxial cable, did not have any
cable protection.

TEST RESULTS

The test bed surface was displaced down-
ward by the explosion about 0.8 m. Peak air-
blast measured at the surface ranged from
52 MPa to 150 MPa. A typical airblast and
airblast-impulse (i.e., area under the air-
blast curve) wave form is shown in Figure 6.
In the figure "zero time" is the time at which
the detonation of the explosive charge was
initiated. Peak accelerations throughout the
test bed were in the kg range with 20,000 g
vertical acceleration being recorded at the
0.9-m depth (Figure 7) and 10,000 g horizontal
acceleration being recorded at the 2.1-m depth
(Figure 8) being typical.

Messured peak horizontal particle veloc-
ities were less than 9 msec. The velocity
wave form derived from the hard-mounted ac-
celerometer at the 2.1-m depth is shown in
Figure 9. Vertical particle velocities ranged
from 16.5 msec at the 0.9-m depth to 12.7 msec
at the 2.1-m depth. A sample of the velocity
wave forms derived from the SI accelerometers
is shown in Figure 10. Recorded peak soil
stresses, all from the 0.9-m depth, ranged up
to 103 MPa, although the more believable rec-
ords indicate peak soil stresses and pressures
of about 31 MPa (Figure 11). The disparity
between these peak values may be the result
of the acceleration effects on some of the
stress gages.
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CHANNEL SURVIVAL RATES

The survival times for the different
channels are shown in Table 1. While the sur-
vival rates for both the ground shock trans-
ducer channels and the cable protection chan-
nels were good, the cable protection channels
survived better. All fifteen of these sur-
vived the primary ground motion (for this
experiment, until about 20 msec past zero
time). Only three of the cable protection
channels failed before 100 msec. These were
two steel tubing runs and a hydraulic hose
run. The first channel to fail was the Type B
steel tubing run at l.4-m depth. The cable
on this channel failed at 20 msec past zero
time, outside of the test bed and outside of
the steel tubing, apparently as a result of
the soil being "squeezed" out from underneath
the charge. The second channel to fail was
the hydraulic hose run at 0.3-m depth. It
failed at 55 msec past zero time and at
several places in the test bed, all in ten-
sion. The third channel to fail was the
Type A steel tubing run at the 0.3-m depth.

It failed at 60 msec past zero time at the
miniature slip joint near the test bed center.
As a measure of the lateral soil displacement
that occurred in the test, it is noted that
the tubing ends were found 2.1 m apart post-
test. (This was the only steel tubing channel
whose exterior, i.e., tubing, tubing joints,
and miniature slip joints, were not found in-
tact posttest.) Of the remaining twelve cable
protection channels, ten survived the complete
test.

Three of the ground shock transducer
channels (all with steel tubing cable protec-
tion) failed before 20 msec. Seven other
channels (five with hydraulic hose, two with
steel tubing) failed from 20 msec to 60 msec
past zero time. The remaining six channels
(five steel tubing, one hydraulic hose) sur-
vived the test. (Note: the steel tubing
channel that failed pretest is not considered
in these tabulations.)

All the failures that occurred on the
steel tubing transducer channels were caused
by tensile failure of the cable inside the
tubing. This always occurred at the gage or
gage canister. These failures are believed
the result of the extension of the miniature
slip joint augmented by the travel of the
large slip joints on the trunk line. This
contention is supported by the fact that the
three transducer channels (measurements 6h,
7, and 7h), for which the miniature slip
joints had not been used, all survived the
test. Discussions with personnel posttest
revealed that the cable may have been
placed taut in the large trunk line pretest.
The failures that occurred in the hydraulic
hose also appeared to be tensile in nature.
These occurred within 0.6 m of the gage or
gage canister. On some channels additional
cable failures were observed at other places
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in the hydraulic hose. The hydraulic hose was
also found to have failed in several places.

All four of the airblast gages survived
the test. The two PE pressure gages did not.
These six channels were not part of the cable
protection study.

INDUCED CABLE NOISE

The noise generated in the cable protec-
tion channels by the shock environment for the
first 10 msec is shown in Figures 12 through
16. The noise is displayed in all cases as if
from the WML stress gage (gage output of about
0.4 mv/MPa). To aid in evaluating these
plots, the approximate time of ground shock
wave arrival at the various depths are given
as: 0.3-m depth - 1.5 msec, 0.9-m depth -

2.3 msec, and 1.4-m depth - 3.3 msec. Hence
all cables were engulfed by the ground shock
during the displayed 10-msec time frame.

Based on this noise data, the following obser-
vations are drawn:

1. The hydraulic hose channels (both
loops and runs) were noisier than the steel
tubing channels. The noise on the hydraulic
hose channels was also lower in frequency
content.

2. For a given protection system, the
runs of cable protection were noisier than the
loops of cable protection.
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3. Differences in noise levels gener-
ated in the Type A and Type B steel tubing
runs were within data scatter.

Observation 1 indicates that the in-
strument cable is more sensitive to the pres-
sure environment than the acceleration en-
vironment. Observation 2 indicates that the
steel trunk line mitigated the noise gener-
ated in the cables in the severe lateral
displacement regions at the test bed edges.
Observation 3 states that while the miniature
slip joints may decrease channel survival
rates slightly, they do not significantly
increase the noise levels induced on these
channels.

I1f 10 percent of the expected peak sig-
nal level is used as the maximum acceptable
noise level, then the cable protection chan-
nels that produced acceptable noise levels for
the simulated WML stress gages were (this as-
sumes the 31 MPa soil stress mentioned previ-
ously): the Type A and B steel tubing rums at
0.9-m and 1.4-m depth, all three steel tubing
loops, and the hydraulic hose loops at the
0.9-m and 1.4-m depths. These cable protec-
tion systems should work better (i.e., have
less noise compared to the peak signal) for
other ground shock transducers because other
ground shock transducers in general produce
more output at the gage.

A prominent feature of the records was
the noise pulse that occurred simultaneously
on the three hydraulic hose loops at about
6 to 8 msec. This pulse is attributed to a
reflected stress wave from below the test bed
engulfing the T section of the main trumk
line. This reflected stress wave is also seen
on the stress measurement at the 0.9-m depth
at about 7 to 8 msec (Figure 15).

RESULTS FROM LATER TESTS

These cable protection systems, aug-
mented with steel trunk lines to cross the
test bed boundaries, were used on two later
FOAM HEST tests. These tests were conducted
in wet clay and had a ground shock environ-
ment similar to that of the evaluation test.
The steel tubing was used for ground motion
transducers that were less than the 1.4-m
depth. The hydraulic hose was used for all
deeper gages.

The first test had 29 channels. On
this test no cable failures occurred during
the primary ground motion. Five channels
failed between 62 msec and 110 msec after
zero time. All others survived. The cable
failures were again tensile in nature. The
failures inevitably occurred at the gage or
gage canister and inside of the associated
cable protection system. (The external por-
tions of all cable protection systems were
intact posttest.) The failures are attri-
buted to stretching of the hydraulic hose and
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to elongation of the small slip joints on the
steel tubing channels.

The second test involved 58 channels.
All but four channels were alive posttest.
The four that died presumably died in the
same manner as in the earlier tests.

CONCLUSIONS

Both the hydraulic hose protection
system and the steel tubing protection system
produced good survivability in ground shock
transducer cables during the primary ground
motions under the tested ground shock environ-
ment. This ground shock environment was pro-
duced by a high density (44.5 kg/m3) HEST
charge loading wet clay and is characterized
by accelerations greater than 10,000 g, 30 MPa
soil stresses, and surface displacements to
0.8 m.

Ground shock induced noises were higher
in amplitude and lower in frequency content
for instrument cables protected by hydraulic
hoses than those protected by steel tubing.
In both cases the noise levels were reduced
by bringing the cables into the test bed via
a larger trunk line.

Even for ground shock transducers that
have a low electrical output (70 mv maximum)
the hydraulic hose system, augmented with the
trunk line, will provide acceptable noise
levels when used at depths of 0.9 m and
deeper; the steel tubing, augmented with the
trunk line, will perform satisfactorily at
depths of 0.3 m and deeper; and the steel
tubing without the trunk line will perform
satisfactorily at depths of 0.9 m and deeper.

RECOMMENDATIONS

In regions of more severe stress and
displacement it will either not be possible to
make the instrument cables survive, or the
cable protection systems will become so mas-
sive as to affect the measurements adversely.
A possible solution is to avoid instrument
cables and use self-recording (self-contained)
measuring systems. The technology for such
systems has been demonstrated. This approach
needs to be broadened. In the interim, the
cable protection systems described or varia-
tions thereof tailored to specific conditions
should be used in severe shock environments.
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DISCUSSION

Mr. Keller {DNA): Do you think then, that the
pressure protection is more important than the
cable slap as far as the noise generated in the
cables is concerned?

Mr. Welch: Yes, it {is. We felt that was
exactly the case, especially considering the
high acceleration environments that we were
in. The steel tubing is small enough so that it
would move with that acceleration environment.

Mr. Keller: What was the total displacement of
the gages?

Mr. Welch: It varied. It was about 30 inches
at the surface in the evaluation test that I
cited. To give you an indicaton of what the
displacements were in the test bed; one of the
steel tubes failed in the evaluation test, and
it failed after 20 plus milliseconds. It was
one foot belov a 12 by 12 charge. We found the
ends after the test. It broke in the center,
and the ends were displaced seven feet. So
there was a great deal of soil displacement.
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STRUCTURAL RESPONSE OF HEPA FILTERS TO SHOCK WAVES

P.R. Smith
New Mexico State University
Las Cruces, NM

W.S. Gregory
Los Alamos National Laboratory
Los Alamos, NM

Shock waves were produced in a shock tube one meter in diameter and
49 meters in length. The driver of the shock tube was of variable
length so that both peak pressure and impulse behind the wave could
be controlled. Structural behavior of the HEPA filters as shock
waves impacted upon them was recorded by a high speed motion picture

camera.

Various pressure and temperature transducers recorded the
characteristics of the shock wave on a high speed recorder.
per unit area needed to break a given brand of filter was found to
be constant for long driver lengths.
lengths the high velocity air flow behind the shock wave was appar-
ently responsible for filter failure, rather than shock impulse.

Impulse

However, for short driver

INTRODUCTION

However remote, the possibility exists
that within nuclear facilities conditions
might arise from which explosions could occur.
These might be gas explosions, dust explosions,
or chemical explosions. A knowledge of how the
explosively driven shock wave from such an event
will affect the ventilation system of the faci-
lity 1s necessary in order to evaluate the prob-
ability of release of radioactive particulate
to the atmosphere. High efficiency particulate
aerosol (HEPA) filters, common to nuclear faci-
lity ventilation systems, under normal operating
conditions prevent radioactive particulates
from being exhausted to the atmosphere at the
facility boundaries. Typically these filters
have efficiencies of 99.97% or better. However,
little is known about their efficiency or their
structural response when these filters are
struck by explosively driven shock waves. Meas-
urenent of filter efficiency during the tran-
sient of the shock wave passage is difficult,
but our studies (1) indicate that efficiency is
only slightly reduced during the transient, if
the HEPA filter does not fail structurally.
However, if filter failure occurs, i.e. if the
filter medium breaks, then efficiency falls
dramatically and large amounts of radioactive
particulate could be released during and after
the transient. Therefore, the current study
of shock affects on the structural response
of HEPA filters provides critical information
for safety analysis of nuclear facilities.
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The Los Alamos National Laboratory/New
Mexico State University .91 meter (36 inch) dia~
meter shock tube has a variable length driver
which allows control of both shock over-pressure
and shock impulse. Thus, explosive shock waves
can be simulated both as to magnitude and dis-
tance from the source of the explosion. Eight
types of HEPA filters from six different manu-
facturers were tested. These included both
standard and special HEPA filters (e.g;. V-Type,
separatorless), fabricated by both domestic and
foreign manufacturers. A total of °5 tests were
made to determine the structural response of the
filters to impinging shock waves of various over-
pressures and impulses.

DESCRIPTION OF TEST APPARATUS

Figure 1 is a reduction of the construction
blue-print of the overall shock tube which {is
located on the New Mexico State University campus
in Las Cruces, New Mexico. The total length of
the shock tube is approximately 48.77 meters (160
feet). The tube consists of three sections, all
made of 0.91 meters (3 feet) inside diameter
steel pipe, namely: 1) a driver or high pressure
section 11.76 meters (38 feet 7 inches) long, 2)
an interstage or double diaphragm section 0.43
meters (17 inches) long, and 3) a driven or low
pressure section 36.58 meters (120 feet) long.
These sections appear from left to right, respec-
tivelv, in the drawing of Figure 1.

The driver section can be pressurized to a
maximum of about 2413.25 Kpa (350 psig) bv a
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large diesel driven cowpressor. Peak pressure
differences across the generated shock wave,
therefore, will have a maximum of approximately
344.75 Kpa (50 psi). Dwell time of the pressure
rise behind the shock wave can be varied from a
few milliseconds to approximately 50 milli-
seconds.

The dwell time of the pressure rise, and
therefore the impulse, is controlled by varying
the length of the driver (high pressure) sec-
tion. A movable wall achieves this. The mov-
able wall is sealed by a pneumatically expanded
rubber tube around its rim. A system of movable
steel carts (i.e. load carrying spacers) trans-
fer the huge axial forces (as high as 1,583,488
N (356,000 1b)) to the rear support flange, and
puts the pipe in tension.

The shock tube is fired to generate its
gimulated explosive wave by rupturing metal or
plastic diaphragms separating the driver (high
pressure) section from the driven (low pressure)
section. A short 0.43 meter length of 0.91
meter tubing is placed between the driver
section and the driven section. A thin dia-
phragm of diameter equal to the flange diameter
is placed on both ends of the interstage (dou-
ble diaphragm) section. Both the interstage
and the driver sectlons are movable. After the
diaphragms are in place, a pneumatic piston
slides the driver forward until it clamps the
interstage against the driven section. Final
pressure sealing is obtailned by bolting the
flanges of the sections together with 0.0508
meter (2 inch) diameter bolts.

METHOD OF TESTING

Size 5 (0.61 meter x 0.61 meter x 0.30
meter) HEPA filters were subjected to shock
waves by placing them at the open end of the
shock tube as shown in Figure 2, A high speed
motion picture camera was placed downstream of
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Size 5 HEPA Pilter Ready for Testing
at Exhaust End of the 0.91 meters
Diameter Shock Tube

the filter and focused on the face of the filter
during the test. Ten feet upstream of the fil-
ter a Kulite model XTH-1-190-10G pressure trans-
ducer with a frequency response of 10,000 Hz re-
corded the pressure of the passing shock wave.
The value of the pressure was recorded on a
Honey-Well visacorder, model no. 2106. Timing
marks on the high speed film and the visacorder
were synchronized through a Redlake Corporation
timing 1ight generator, model no. 13-0001, thus
allowing the time and pressure at the instant

of filter failure to be determined. Structural
failure of the filter was defined as a visible
rupture, however small, of the filter medium on
the downstream face of the filter. Several ther-
mocouples in the driver and driven sections of
the shock tube recorded static air temperatures
prior to firing, thus allowing determination of
wave velocities.
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Testing proceeded by subjecting a single
type of filter to progressively lower shock
over-pressures {(at a given driver length) until
an over-pressure was reached for which the fil-
ter did not fail structurally. No filter was
subjected to more than one test. Each filter
was new and unused. Filters ranged in price
from $150 to $500 each. Therefore, in order
to keep expenses down, most of the tests were
conducted at a 9.75 meter driver length. Se-~
lected tests were then run for a 5.44 meter
and a 1.68 meter driver length. Subsequent
to data reduction, four additional tests were
found to be necessary at the 5.44 meter driver
length.

RESULTS

Table 1 presents a summary of the results
of the first 51 tests which were run. The first
column indicates the filter manufacturer and the
sequence number of the test. The driver length,
LpRrs appears in the second column and the shock
over-pressure, pmax., appears in the third col-
umn. The fourth column indicates whether or
not the filter failed structurally during the
test (yes or no). The integral of the pressure
over time, /p At, up to the point of filter fail-
ure is listed in the fifth column and is equiva-
lent to impulse per unit area. The time from
the instant the shock wave strikes the filter
until the filter fails, At, is in the last col-
umn. Notice that the tests are listed in order
by filter manufacturer, driver length, and shock
over-pressures.

The method for determining the shock over-
pressures just needed to cause a filter to fail
is summarized in Table II. Again, the first
column is the filter manufacturer and test se-
quence number, the second column is driver
length, the third column is the shock over-pres-
sure, and the fourth column indicates if fail-
ure occurred. Notice for each type of filter,
for each driver length, two tests are listed:
one for which no failure occurred and one for
which failure barely occurred. The shock over-
pressure just needed to fail the filter, PpRK*
wag assumed to be the average of the shock
over-pressures of these two tests. The uncer-
tainty in Pggrg is taken to be one-half the dif~
ference between the shock over-pressures of the
two tests. The remaining column of Table II
gives the impulse per unit area, /p 4t, up to
the point of filter failure on the second tests.

Hence, from Table II we find that a stand-
ard domestic filter (A) will fail at a shock
over-pressure of 7.17:1.10Kpa (1.04:0.16 psi),
a domestic separatorless filter (E) at 5.38+
1.52Kpa (0.78:0.22 psi), both for 9.75 meter
(32 feet) driver lengths. However, we find
that an E filter will fail at a shock over-
pressure of 10.0+.34Kpa (1.45:0.05 psi) if the
driver length 1s 1.68 meters (5.5 feet). As a
matter of fact, for all filters tested at var-
fous driver lengths, we see from the table that
the shock over-pressure for which failure oc-
curs Iincreases with decreasing driver length.
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This fact is summarized in Figure 3 in which
Pgrg 1s plotted as a function of driver length,
LDR.
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Figure 3 Shock Over-Pressure Needed to Just
Break HEPA Filters

The failure over-pressures found in these
current tests for 9.75 meters (32 feet) driver
lengths (47ms dwell) are all lower than those
reported in the literature for similar testing.
Anderson and Anderson (2) found that (0.61x0.61
x0.30) HEPA filters failed at over-pressures of
about 21.96:0.45Kpa (3.185:0.065 psi). The
dwell time behind their shock waves was approxi-
mately 50ms . The manufacturers of the filters
used in their test were not revealed. The re-
sults of the current study certainly show that
the breaking point of the filters due to shock
over-pressure is very dependent upon manufac-
turers.

As the driver length is decreased, the time
of dwell of the shock over-pressure decreases.
Compare Figure 4 to Figure 5. The first is a
trace of the pressure for a long (9.75 meters)
driver and the latter, a trace of the pressure
for a short (1.68 meters) driver. The dwell
behind the shock wave in the long driver case
is about 47ms and in the short driver case
about 5ms. Our previous studies have shown
that the reflected wave from the rim of the
filter case which appears at the pressure
transducer location about 20ms after shock
passage is not experienced on the face of the
filter nor interior to the filter (1). The
results summarized in Figure 3 would appear
justified since less impulse per unit area (i.e.
the integrated area under the pressure pulses
shown In Figures 4 and 5) 1s available at short
driver lengths compared to long driver lengths
for the same peak pressure. However, this
logic presupposes that it is impulse that
causes filter fallure. To examine this pre-
supposition, we consider Figure 6, a plot of
the impulse per unit area, I/A=/pAt, as a func-
tion of driver length, Lpr, taken from Table II.
If impulse due to the shock over-pressure is
the cause of failure, then the lines in Figure
6 should be horizontal, i.e. impulse should not
be a function of driver length. Obviously, this
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Table I

Summary of Experimental Data

Filter Mnf*/Test No. Lpr Ppax Break? % = [pAt st
meters Kpa (Kpa)msec ns
A#18 9.75 6.07 No -— -—-
A#17 9.75 8.27 Yes 229.6 28
A#8 9.75 15.03 Yes 166.17 11
A#7 9.75 16.55 Yes 66.74 4
B#2 9.75 16.55 No - -
B#10 9.75 17.93 Yes 609.52 34
B#1 9.75 20.0 Yes 491.61 31
c#leé 9.75 8.62 No -— -
c#15 9.75 10.34 Yes 375.09 37
C#l11 9.75 15.17 Yes 428.87 28
CHta 9.75 16.55 Yes 314.41 19
c#9 9.75 18.62 Yes 477.34 28
c#3 9.75 20.00 Yes 377.29 19
D#5 9.75 16.55 No - -
D#46 9.75 17.25 No - --=
D#30 9.75 17.65 Yes 353.02 18
D#47 9.75 17.93 Yes 535.74 30
D#6 9.75 20.00 Yes 539.88 29
E#28 9.75 3.86 No - -
E#27 9.75 6.90 Yes 213.75 31
E#38 1.68 9.65 No -—- --=
E#37 1.68 10.34 Yes 107.56 30
E#36 1.68 12.41 Yes 103.43 12
F#19 9.75 7.58 No ——= -—-
F#20 9.75 8.62 No -—- -—=
F#48 9.75 9.86 Yes 345.44 35
F#29 9.75 10.34 Yes Film Lost
F#13 9.75 17.24 Yes Film Lost
F#49 9.75 17.24 Yes 485.41 28
F#12 9.75 19.31 Yes 405.43 21
F#51 5.44 10.34 No -— -—
F#50 5.44 12.41 Yes 335.10 27
F#34 1.68 10.34 No -—- -—-
F#35 1.68 12.07 No -—- -—
F#33 1.68 12.76 Yes 120.66 34
F#31 1.68 13.45 No -— -—-
F#32 1.68 14.82 Yes 136.52 212
G#23 9.75 3.86 No -— -—
G#22 9.75 6.90 Yes 262.01 38
G#21 9.75 11.03 Yes 222.71 20
G#14 9.75 15.86 Yes 222.02 14
G#t39 1.68 17.93 No -— ~-—-
G#40) 1.68 19.31 No -—- -~
G#41 1.68 20.89 Yes 182.03 15
H#26 9.75 3.65 No -——- ---
H#45 9.75 4.83 No -—- ---
H#25 9.75 6.90 Yes 206.85 30
H#t24 9.75 10.76 Yes 333.72 31
H#42 1.68 24.82 No -—- -—-
H#43 1.68 25.51 Yes 151.00 7

*Key to Manufacturer Code: A = Standard Domestic, B = Standard Domestic, C = Standard Domestic,
D = Standard Domestic, E = Separatorless Domestic, F = V-type Foreign, G = V-type Foreign, H = V-type
Domestic. Note: Letters are not related to actual manufacturer's names.

>
»




Table II
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Shock Over-Pressure to Break Filters

ilter Mnf./Test No. LDpR Pmax Break? PRRK % = [pAt
meters Kpa Kpa Kpa-msec

:ﬁg SZZ 8127 Yos 7.17:1.10 229.6
ngo 5 7e i‘;’:éi Yos 17.2420.69 609.52
3y o 13'.212‘ Yos 9.52:0.90 375.09
Dy 57 i;gg Yoo 17.4420.21 535.74
E:ﬁgg o7 2:38 Yos 5.381.52 213.72
53?3 i:gg 1?): 5 Yos 10.0£0.34 107.56
Fres 323? g:gg Yos 9.2420.62 345.44

£430 322 igﬁ Yos 11.38:1.03 335.1
gﬁi? i:gg 5:% Yos 12.4120.34 120.66
45 50 PR3 Yos 3.3821.52 262.01
1 166 20,69 Yes 20.0:0.69 192.37
hte 7 P Yos 5.86£1.03 206.85

ey o8 551 Yes 25.1720.34 151.0
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Figure 4 Typical Pressure Trace of Shock Over-
Pressure for a 9.75 meter Driver
Length (Pressure Transducer Located
3.05 meters Upstream of Filter)

47

- ffromfRir_n:Qf-FBker

N

A\%Er:e(ofpreak
-t ol

»

Figure 5 Typical Pressure Trace of Shock Over-
Pressure for a 1.68 meter Driver
Length (Pressure Transducer located
3.05 meters Upstream of Filter)
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Figure 6 Shock Impulse Needed to Just Break
HEPA Filters

Careful examination of the pressure re-
cords reveal that, for all the 1.68 meters (5.5
feet) long driver tests, filter failure occurred
after the shock impulse had passed through (or
more probably, had been absorbed by) the filter.
In fact, in one case (F#32) faillure did not oc-
cur until 212ms after the shock sturck the fil-
ter. For the remainder of the cases, however,
the failure occurred within 7 to 34ms after
shock impingement. This would seem to imply
that some other mechanism contributes to the
failure of the filters at the short 1.68 meters
(5.5 feet) driver length. The culprit could be
air flow rate. The passage of the shock wave
through the air of the tube causes the air to
move in the same direction as the shock wave.
The trailing expansion wave does not change the
direction of this air movement (3).

Notice from Figure 3 the lowest Ppgry at a
1.68 meter (5.5 feet) driver length was 10Kpa
(1.45 psi) for the E filter. The air velocity
behind a shock wave with this over-pressure is
28.17 m/sec. (94.39 ft/sec), or a flow rate
through the filter of 641.41 m3/min (22,654 CFM).
For the G filter, Pgrk at a 1.68 meter (5.5 feet)
driver length was 20.0Kpa (2.9 psi). The air
velocity behind the shock wave with this over-
pressure would be 52.18 m/sec. (171.1 ft/sec),
or a flow rate through the filter of 1162.63
m?/min. (41,058 CFM). Our previous tornado
testing of filters (4) showed that the flow
rates through the filters reached a maximum
value of 622.97 m¥/min. (22,000 CFM) and that
most filter failures occurred at flow rates
below this value. Hence, because high residual
alr flow rates still persist after the passage
of the shock impulse, it is probably this high
flow rate with its attendent high stagnation
pressure that causes failure of the filters,
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The odd peint on the F curve in Figure 6
may now be explainable._ The value of I/A at
LpR = 5.44 meters (17.83 feet)isthe same as the
value of I/A at Lpr = 9.75 meters (32 feet) with-
in the limits of error of the measurement
(+37.26Kpa-ms)*. That is, for long driver
lengths it appears that the impulse needed to
cause a filter to fail isconstant for this type
of filter. It would have been dangerous to
generalize this statement to all types of HEPA
filters from the small amount of data available
for F filters. Therefore, four more tests were
run, one each for filter types E, F, G and H,
all at a driver length of 5.44 meters (17.83
feet). The shock over-pressures were selected
from Figure 3, assuming a linear variation of
the over-pressure just needed to break the
filters with driver length. Table III summarizes
the results of these runs.

If the data of Tables II and III are used
to construct another plot of impulse per unit
area,I/A = /pAt,as a function of driver length
LDR, then Figure 7 results. Notice that for
filter types E, F and G, I/A is essentially the
same for driver lengths 5.44 and 9.75 meters,
supporting our hypothesis that for long driver
lengths the shock impulse needed to just cause
filter failure is constant for a particular
type of filter. However, type H does not appear
to support this statement. By examination of
the expected error bands in Appendix A, we find
for test H#54 the value of I/A is 179.88Kpa-
msec with an error band of approximately *82.42
Kpa-msec. The value of I/A at driver length
9.75 meters for H#25 1s 206.85Kpa-msec with an
expected error of approximately +23.49Kpa-msec.
Thus, within the limits of accuracy of the ex-
periments, H#54 and H#25 give the same results
for I/A. There is, therefore, a strong prob-
ability that at long driver lengths the shock
impulse needed to fail a particular type of
filter is constant.
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Figure 7 Shock Impulse Needed to Just Break
HEPA Filters after Four Additional
Tests at LpRr = 5.44 m.

*The appendix presents the expected error of
the experimental results.
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Table III

Supplementary Test Data

Filter Mnf./Test No. Lpr Phax Break? % = pAt At
meters Kpa msec.
Kpa-msec.
E#55 5.44 8.99 Yes 204.72 23
F#52 5.44 11.59 Yes 359.35 31
G#53 5.44 13.46 Yes 269.1 20
H#54 5.44 16.35 Yes 179.88 11

Thus, both shock impulse per unit area and
air flow rate must be considered when designing
filtration systems. If expected shock impulse
per unit area at a location exceeds the maximum
value (v350Kpa-msec) for long driver lengths
given in Figure 7, then a filter at that loca-
tion can be expected to fail structurally. If
the shock impulse per unit area 1s below this
value, then the flow rate of the air behind the
shock wave should next be considered. If this
flow rate exceeds 622.97 m3/min (22,000 CFM),
then the filter can agian be expected to fail
structurally. Notice that these values of shock
impulse per unit area and flow rate are maxi-
mums, i.e. only certain brands of HEPA filters
were found capable of withstanding these im-
posed conditions. For example, from Figure 7
we see that the long driver length impulse per
unit area for filter H was only about 200Kpa-
msec. Hence, it would appear that a safety
factor of at least two should be applied to the
maximum shock impulse per unit area given by
Figure 7.

CONCLUSIONS

1. 1In general, the shock over-pressure needed
to cause structural failure of HEPA filters in-
creases as the value of the driver length de-
creases.

2. At short driver lengths, failure occurs
after the shock impulse has passed through or
been absorbed by the filter, At long driver
lengths, failure occurs during the shock im-
pulse.

3. For ghort driver lengths there 1is some evi-
dence that the high residual flow rate of air
behind the shock wave might cause the failure

of the filters, rather than the shock impulse.
Further investigation of this point is strongly
suggested since it will enter significantly in-
to computer code predictions of ventilation sys-
tem behavior during explosions.

4. A high probability exists that shock im-
pulse needed to cause filter failure is con-
stant for each type of filter at long driver
lengths.

5., Filter manufacturer was a variable which

had significant effect upon filter failure.
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Appendix
Table of Expected Experimental Errors
Filter Mnf JpAt * e-ror
Test No. (msec. Kpa)
B#1 491.61 + 60.61, - 59.37
C#3 377.29 + 60.61, - 59.37
C#4 314.41 + 50.26, - 49.02
D#6 583.87 + 60.61, - 59.37
A7 66.74 + 50.26, - 49.02
Af8 166.17 + 45.58, - 44.47
c#9 521.26 + 56.47, - 55.23
B#10 609.52 + 54.50, - 53.16
c#11 428.87 + 92.26, - 89.77
Ff12 405.43 + 58.54, - 57.30
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o Table of Expected Errors (con.)
.';.' :
"e:ﬂ Filter Mnf /pAt * error
f’l' Test No. (msec . Kpa)
A
L)
b 14 222.01  + 48.20, - 46.95
-k c#15 375.01 + 31.65, =~ 30.41
‘~ A#L7 229.6  + 25.44, - 24.20
t o G#21 222.71  + 33.72, - 32.48
it G#22 362.01 + 26.89, - 20.06
e H#24 333.72  + 32.89, - 31.65
4] R#25 206.85 + 26.89, - 20.06
T,gvf. E#27 213.75 + 26.89, - 20.06
st D#30 317.86  + 53.57, - 52.33
F#32 136.52 + 1.379, - 2.07
. F#33 120.66 + 2.07, - 2.07
ofy E#36 103.43  + 2.07, - 13.79
Jjngg; E#37 107.56 + 2.07, - 2.07
]
s G4l 192.37 + 9.65, =~ 41.37
©f
oy H#43 151.0  + 44.47, - 59.16
e D#47 535.74  + 54.40, - 53.16
2 F#48 345.464  + 30.20, - 28.96
o F#50 335.10 + 37.85, - 36.61
e F#52 358.54 + 51.37, - 59.99
& ‘ G#53 268.91 + 69.43, - 68.40
i H#54 179.75 + 82.88, - 81.84
:::4 E#55 204.57  + 46.47, - 45.44
{30
i
v Time:  +3 msec
QL Pressure: 0.207 Kpa tests #1 - #30
|'G:x‘ 0.172 Kpa tests #31 - #37
:‘!3,5 0.103 Kpa tests #38 - #40,#44,#46
e 0.140 Kpa tests 41 - #43
:i;#‘ 0.040 Kpa tests #45
KA 0.124 Kpa tests #47, #49
N 0.110 Kpa tests #48
i 0.090 Kpa tests #50 - #55
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DISCUSSION
Voice: 1Is it an end line driver?

Mr. Smith: Yes, it is. It is a movable wall.
It can be moved to within six inches of the
diaphragm and back as far as about 40 feet away
from the diaphragm. It is pneumatically sealed
around the edge, and when we go up to very high
pressure in the shock tube, you would never be
able to hold that wall. So we have a set of
spacers on wheels that we put in behind the
wall, and all the forces transfer to the back of
the tube. For instance, at our highest pressure
possible, which is 40O psi in the driver, there
is a half a million pounds of force that has to
be put into that tube in tension. It is a lot
of force. I don't think that this particular
type of device, at least at this diameter, would
be very feasible for much higher pressures than
we can stand in this one, 400 psi.

|
|
|
|



A TECHNIQUE COMBINING HEATING AND IMPACT FOR
TESTING REENTRY VEHICLE IMPACT FUZES AT HIGH VELOCITIES

R. A. Benham
Sandia National Laboratories
Albuquerque, New Mexico

A laboratory testing technique has been developed for
simulating the combined reentry aerothermal heating and
high velocity impact effects on a ballistic missile
warhead contact fuze system.
subjecting a stationary, instrumented nose tip to the
flame of an aluminum powder-liquid oxygen torch system
just prior to impact by an explosively propelled alu-
This turnaround technique
(the target moves to strike the stationary nose tip)
has been used in the development of several advanced

minum flyer plate target.

fuzing system designs.

This method consists of

This paper describes the test-

ing method and presents results from recent tests.

INTRODUCTION

Impact fuze sensors for reentry
vehicle weapon systems are con-
tinually being developed. New per-
formance and/or packaging require-
ments come with each new generation
of weapon system. Methods of testing
these new fuze designs have been de-
veloped that are used to wunderstand
the fuze operation. Rocket driven
sleds can produce nose-tip velocities
of up to 2.44 mm/us (8000 ft/s) for
impact into various targets. Explo-
sively driven flyer plates can pro-
duce 1impacts of a target material
onto a stationary nose tip at veloc-
ities of 1.83 to 4.20 mm/ps (6000 to
13800 ft/s). Plasma jets provide
tests for investigating aerothermal
heating, while wunderground nuclear
tests and various other 1laboratory
methods allow testing the effects of
radiation on the fuze systems.
Rocket flight tests provide a com-
bination of environments experienced
by the fuze system along the reentry
vehicle trajectory.

Underground and flight tests give
the most realistic environments but
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they are very expensive, costing
millions of dollars for each test.
The laboratory methods have generally
addressed only one environment at a
time. Recently we have developed a
laboratory technique which reasonably
simulates the combined aerothermal
heating and impact effects. This
method is capable of providing impact
velocities of 1.83 to 4.20 mm/us and
heating on the order of 13 «x
106 W/m2, This combined tech-
nique has been used for the evalua-
tion of several contact fuze systems
allowing the recording of fuze func-
tioning parameters after the fuze
hardware has been subjected to the
critical effects of aerodynamic
heating. The test results obtained
are timely, of reasonable cost (about
$50,000 for a test) in comparison to
flight tests, and are capable of
being repeated.

The new combined heating and im-
pact simulation technique consists of
subjecting an instrumented nose tip
to the flame of an aluminum powder-
liquid oxygen torch system for 15 s.
With the torch still ©baurning, a
metallic flyer plate, which has been




accelerated by a barrel-confined
explosive system, impacts the nose
tip, thus simulating conditions when

an aerothermally heated reentry ve-
hicle strikes a hard, ground target.
The timing and flame conditions are
selected to approximate the tempera-
ture profile along the nosetip axis
at the time of impact in a real
reentry vehicle. The flyer is de-
signed to rotate end over end as it
travels along its trajectery, permit-

ting impacts on the nose tip at any
desired angle (between 300 and
90°) of the flyer plate face with
respect to the nose-tip axis.

This report describes the com-
bined test method presenting data
from two tests that have been con-
ducted. Temperature profiles re-
corded from embedded thermocouples

adjacent to the nose-tip axis is pre-
sented along with flash x-ray data of

flyer plate impact conditions. Im-
pact velocities of 3.05 and 4,21
mm/us (10,000 and 13,800 ft/s) have

been attempted. Sacrificial barriers
required to house the 45.4-kg and
90.8-kg (100-1b and 200-1b) explosive
charges also are briefly described.

NOSE-TIP HEATING

During the
ballistic

reentry phase of a
missile trajectory, the
nose-tip experiences rapid aero-
thermal heating. The majority of
heating occurs during the last few
tens of seconds before impact and
generates temperatures high enough to
cause surface material ablation. The
nose tip may experience heat fluxes
of several ten millions of W/ml
(several thousand Btu/ftZ/s) with
peak fluxes occurring at altitudes
above a few tens of thousands of
meters (several hundreds of thousands
of feet). The rapid heating gen-

erates extreme temperature gradients
from the surface 1into the nose-tip
material. The temperature expe-

rienced along the nose-tip axis of a
particular reentry vehicle is de-
pendent on the design and material
properties of the nose tip, the
ballistic parameters of the flight
path, along with many other vari-
ables. Past flight test data and
analysis 1lead to estimates of the
temperature profile on a new system.
The temperature profile along the

axis and the shape of the ablated
nose tip at impact are the specific
conditions that would be reproauccd

in an adequate laboratory simulation
of aerothermal heating., The nose
tips to be impacted in our tests are
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machined to a calculated or em-
perically determined ablated shape.
We do not attempt to match the heat
flux history experienced by a
reentering nose tip.

An aluminum powder-liquid oxygen
torch system was used to provide the
simulated aerothermal heating effect
for the combined heating/impact
tests. The torch system (schematic
shown in Figure 1) was purchased from
Science Applications Incorporated by

Sandia National Laboratories; the
nozzle design is «changed to meet
Sandia needs. The details of the

torch operation are documented in a

Sandia internal memoranda [1). The
torch operates by burning 3-um to
40-um atomized aluminum powder in

oxygen prolucing a theoretical maxi-
mgm flame temperature of 3900 K (6560
F).
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T0 NDICATE OROER
LOX TO NOZALE OF VALVE OPERATION
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Fig 1 - Schematic of the
Aluminum-Oxygen Torch System

The torch performance was mea-
sured during several preliminary
tests to obtain approximate heat flux
input levels to the carbon nose-tip
material, Figure 2 shows the torch
in operation for one of these tests.
A flat carbon slab, instrumented with
embedded thermocouples, was used as a

HEAT FLyUX
GAGE

TORCH
NGZZLE -
-

See L

o I
Fig 2 - Alumlnum-Oxygen Torch




heat-flux gage. Measured tempera-
tures along with thermal properties
of the carbon material allowed esti-
mates of the flux that would cause
the observed temperature grad1ents

A flux level of 5.67 x 106 W/me

(500 Btu/ft2/s) was determined from
these tests. This heat flux, when
applied to a simple, semi-infinite
carbon, plane model, showed that a
15-s burn would give a reasonable
approximation to the temperature pro-
file experienced in a real reentry
situation.

The torch system wused 1in the
combined heating/impact test con-
sisted of two nozzles separated by
0.50 m (19.8 in) to allow the flyer
plate to pass between them on its
trajectory to impact. Figure 3 shows
the orientation of the torch heads
and nose tip for these tests.
Further details of these tests can be
found in Sandia test reports [2,3]).

NOZZLE

s rLven
AXiS FLYER
\ ﬂu.ucrouv 'UT!
d
I
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nOSE
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ru-z
AXIS

NOZZLE

Fig 3 - Plan View of
Torch Nozzle Setup

The axis of each nozzle was
oriented at 459 to the flyer plate
trajectory with the nose tip placed
at the intersection of the nozzle
axes and flyer plate trajectory. The
two nozzles aimed at the nose tip
produced an axial flow of combustion
products over the nose tip causing
nearly axisymmetric heating to be
generated. Figure 4 shows a photo-
graph of the nozzle setup for the
combined test.

NOSE TIP THERMAL INSTRUMENTATION

The nose tip for the combined
test consisted of a graphite cone
with a spherical 76.2-mm (3-in) dia-
meter tip. The geometry and material
were chosen to be 1like reentry nose
tips, but do not represent any
particular systenm. Three thermo-
couples were imbedded in the carbon
using carefully machined carbon
plugs. All voids were filled with
carbon cement to minimize the effect

n'i,ﬁ»\'}l;’%.n!. ‘ i _:(. |'l‘p?l,g‘ﬂﬁq?it .."i.
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of the installation on the heat flow
within the carbon nose tip. After
the thermocouples were installed the
junction location (from the surface)
was precisely measured using an x-ray
picture of the nose tip. Figure 5
shows the x-ray of the thermocouples
within the <carbon material. The
thermocouples used were tungsten-
tungsten 26% rhenium with a tantalum
sheath. The junction is at the end
of the sheath tube. These thermo-
couples are very small (0.203 mm
(0.008 in) diameter) and are capable
of monitoring temperatures up to
3000 K (5000 F)*

The thermocouples were wused in
two ways. The first was to obtain
data to detine the temperature pro-
file down the nose-tip axis at
various times. In a test of an
actual reentry vehicle nose tip, this
data would be compared to expected
profiles. The second was to use the
temperature histories, at the known
positions, in an inverse heat trans-
fer computer code [4] to calculate
the surface temperature and heat flux
histories at the nose-tip surface.
The calculated surface temperature
was used with the thermocouple data
to complete the temperature profile
data.

EXPLOSIVE FLYER PLATE SYSTEM

The barrel tamped expliosive flyer
plate system for launching rotating
metallic flyer plates has been de-
scribed in several previous papers
(5,6,7]. Essentially a heavy
metallic barrel houses the Composi-
tion C-4 explosive and flyer plate.
The barrel confines the detonation
gases long enough to drive the plate
to the desired velocity while re-
tarding the lateral gas expansion
that contribute to flyer plate break-
up. A single-point initiation is
used to drive a spherically expanding
detonation front toward the flyer
plate location.

A recent change in the barrel
design consists of a steel-jacketed
lead barrel instead of cast iron or
steel barrels used in the past. The
lead barrel system provides nearly
the same degree of confinement as the
cast iron barrels recently used. The
cost of the lead system, as well as
the procurement lead time, are

*Paul Beckman Co., 944 Hendretta
Ave., Huntingdon Valley, PA 19006;
Bulletin CA-1, "Carbon/Ablator
Indepth Thermal Sensors"
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Combined Test
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Fig 5 - X-Ray of Thermocouples Within Carbon Nose Tip

significantly less than for the cast weighed 5.90 kg (13 1b) for the
iron. Several small scale models of 4.20 mm/us (13,800 ft/s) impact
this new lead barrel system were test. The cushion, which in previous
tested [8,9) to demonstrate that even designs was placed between the
at velocities of 4.63 mm/us explosive and flyer plate, was
(15,200 ft/s) (an extension of the removed in order to achieve higher
flyer plate vulocity capability), the terminal velocity.
design performed properly. Figure 6
shows a flash x-ray exposure taken A new method for calculating the
during the 1/4-scale model tests for launch time and excess rotation angle
the 4.20 mm/us (13,800 ft/s) test during launch has been developed
where the high velocity was achieved [10]. These parameters are used to
and the predictions of flyer per- calculate the motion of the flyer
formance were accurate. plate. As the flyer plate travels
through air, its velocity and rota-
Figure 7 shows a sketch and tion rate during the first 90° of
Figure 8 is a photograph of the ex- rotation are reduced significantly by
plosive barrel system for the the effects of air drag. Since im-
90.812-kg (200 1b) explosive charge pact occurs within the first 900 of
used for the combined heating/impact rotation, this effect is important.
tests, The barrel weighed 1816 kg Figure 9 shows the shock wave which
(4000 1b). The flyer plate was rides on the leading edge of the

0.368 m (14.5 in) in diameter and plate as it travels through air. The
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Fig 9 - Drag Forces on Rotating,
High Velocity Flyer Plate

drag forces, Fp, are applied to the
plate through the center of pressure
which approches the leading edge of
the plate as the plate rotates. The
moment Fp & X works to decrease
the rotation rate while the force
Fp reduces the average plate veloc-
ity. Full analysis of these effects
have not been accomplished since the
introduction of a helium atmosphere
around the trajectory essentially
eliminates these forces and 1is easy
to accomplish. Results of the scale
tests [8), where a helium atmosphere

was used, show excellent agreement
between the measured and calculated
velocity and rotation rate. A mylar

tube helium envelope was, therefore,
used for the full-scale tests.

PROTECTIVE BARRIER

The explosive charge contains a
large amount of metal which turns
into intermediate velocity shrapnel
(0.61 to 0.91 mm/us (2000 to 3000
ft/s). A protective barrier was pro-
vided to reduce shrapnel hazard to
the surrounding area. Figure 10
shows the front of the barrier. A

1.52-m (5-ft) diameter and 2.13-m
{7-ft) long corregated culvert sec-
tion provided the inside walls for

the structure,
assembly was

The explosive barrel
positioned inside the

culvert. The barrel and culvert axes
were parallel. The end walls were
made of 19 mm (3/4 in) thick plywood
boards and were held together with
wire rope. The volume between the
end walls was filled with sand. The
minimum depth of sand around the

culvert wall was 1.83 m (6 ft). The
back end of the tubular opening was
vented but plugged with a dirt-filled
box. The front end con- tained an
aperture to allow the flyer plate to
exit (0.46 x 0.46 m (18 x 18 in).
The remainder of the debris traveling
in the general direction of the flyer
plate was retarded by a 0.46-m

(18-in) thick layer of sand. The
shrapnel hazard distance was cal-
culated by first estimating the
shrapnel terminal velocity from the
explosive system using Gurney equa-
tions. Conservation of momentum was

used to obtain the
velocity
trajectory
the hazard
for this

(2000 ft).

particle exit
from the sand. Air drag
calculations then predict
range. The hazard range
configuration was 650 m

COMBINED TEST

For the high-velocity, combined
heating/impact test the nozzles of
the aluminum-oxygen torch were posi-

tioned on either side of the flyer
plate trajectory so that the nozzie
axes intersected at the impact loca-

tion on the nose tip (see Figure 3).

The nose tip was positioned in front
of the barriered, explosive flyer
plate system at a distance which
allowed the plate to rotate to a

350 angle at impact. The plate
velocity was 4.20 mm/us (13,800
ft/s); the rotation rate was 900 rps
and the transit distance was 4.57 m
(15 ft). Figure 11 shows a diagram
of the relative positions of the
barrier, torch nozzles, and nose
tip. Figure 12 shows a photograph of
the test setup. A helium filled
mylar cylinder provided the low drag
atmosphere. The helium tube, how-
ever, could not enclose the flame and
was, therefore, terminated 0.30 m (1
ft) in front of the line joining the
two nozzles. Figure 13 shows a photo
of the helium tube in place.

The end closure of the tube was
specially designed to withstand the
tremendous heat of the torch but not
to interfere with the flyer motion.
Six layers of commercial aluminum
foil separated by air gaps were posi-
tioned at the same angle, with re-
spect to the trajectory, that the
flyer plate would have at that loca-
tion. The layers melted sequentially
through the 15-s burn time until only
two sheets were left at explosive
initiation. The flyer uniformly
impacted the remaining sheets with no
measurable effect on its motion. The
last 2 ft of flyer motion was in air
and torch products.

Three flash x-ray exposures were
obtained to verify plate condition
and orientation. The setup and laser
alignment methods for this test were
as described in past experiments
[5,6,8,9].
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LASER ALIGNER
REMOVED
PRIOR TO TEST

Fig 13 - Test Setup With Helium Tube in Place

RESULTS
Two tests have been conducted:
one with an impact velocity of 3.0§

mm/us (10,000 ft/s) and impact orien-
tation of 900, and the other with
an impact velocity of 4.20 mm/us
(13,800 ft/s) and an impact angle of
350, The heating data was nearly
the same for both tests. Figure 14
shows the temperature histories for
the three thermocouples 1located as
shown in Figure 5. Figure 15 shows
the temperature profile at two dif-
ferent times. Figure 16 shows the
calculated surface temperature using
the inverse heat transfer calcula-
tions mentioned above. Figure 17
shows the calculated heat flux at the
surface from the same set of calcula-
tions.

Figure 18 shows an x-ray of the
flyer plate just before impact, while

in the torch area (10,000 ft/s 90°
test).
CONCLUSIONS

To date, two combined heating/

impact tests have been conducted on
various contact fuze systems.
Through these tests we have demon-

strated for the first time the abil-
ity to accomplish a dual test simu-
lating both reentry heating and im-
pact shock effects on a reentry fuze
system. The heating to a specific
nose tip has been quantified and is
of sufficient magnitude to be of in-
terest to system designers. Future
tests are being considered to qualify
different contact fuze systems.
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Fig 18 - Flash X-Ray Exposure of Flyer Plate Prior
Impacting Nose Tip
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ﬂﬁ USE OF A DROPPED WEIGHT TO SIMULATE A NUCLEAR SURFACE BURST
N
v;.‘
N !
;Fﬁ Charles R. Welch and Sam A. Kiger
;d U. S. Army Engineer Waterways Experiment Station :
ph: Corps of Engineers
N Vicksburg, Mississippi
,;', This paper investigates analytically and experimentally the use of a
‘a‘ dropped weight for the simulation of the airblast generated ground shock
e from a nuclear surface burst. A one-dimensional elastic analytical model
‘4 of the weight impacting the soil is presented. It indicates that the peak
f% stress induced in the soil is a function of the square root of the drop
:%9 height and the ratio of acoustic impedances of the dropped weight and soil.
i Also the impulse generated in the soil is dependent on the thickness and
density of the slab and the square root of the drop height. Relations
oy are then developed between the one-dimensional elastic solution and empir-
:ﬂ ical curves for the peak airblast pressure and impulse from a nuclear sur-
@: face burst. It is found that the peak pressure and impulse can be simu-
ﬂ%. lated simultaneously for weapons in the kiloton range to about 1000 psi
W overpressure. Measured stress and particle velocity wave forms from a series
] of dropped-weight tests are presented along with the calculated stress wave
- forms. The tests consisted of dropping two concrete slabs, 12 and 19.5 in.
thick by 50 in. in diameter, onto a sand test bed from drop heights of 2-1/2
ﬂ? and 10 ft. It is found that differences between the measured and calculated
4{ stress wave forms were due primarily to the nonplanarity of impact of the
%q dropped weight. Limitations and difficulties associated with the dropped-
Ry weight simulation technique are discussed as well as problems with displace-
:ﬂi ment boundary conditions, impact planarity requirements, and the smallness
c& of the test bed. Applications of the drop-weight technique to the testing
R of model underground structures are discussed.
J
i
_;ﬁ INTRODUCTION energy can vary from test to test depending
Wy on the type of detonation (high or low order)
)’, The Limited Nuclear Test Ban Treaty of and the containment of the explosive. Con-
‘s 1963 prohibited detonation of nuclear devices versely, using a disc-shaped slab dropped onto
5J. in the atmosphere. Since then various schemes the soil surface as an energy source has the
have been developed to simulate different advantage of being useful in the laboratory.
L d characteristics of the airblast from nuclear The use of dropped weights to produce ground
" explosions. These include: (1) the Dynamic shock is not new. In 1973, Wallace and Fowler
,:5 Airblast Simulator (DABS) described by Martens [4] used dropped spheres of various sizes and
R and Bradshaw [1] which simulates the dynamic densities to simulate the far-field seismic
*ﬂf drag forces associated with nuclear airblasts; motions generated by explosions. In 1976,
‘;' (2) the High Explosive Simulation Technique Ford [5] made correlations between the near-
' (HEST) described by Wampler, et al. [2] which surface vertical velocity wave forms produced
’ simulates the overpressure generated by a nu- by dropping a steel wrecking ball onto sand-
g clear airblast; and, (3) the Direct Induced stone and those wave forms induced by a sur-
W, High Explosive Simulation Technique “(DIHEST) face tangent spherical explosive charge.
) which is described by Schlater [3] and is in-
'4: tended to simulate the directly induced hori- This paper investigates the use of the
i zontal ground shock near the nuclear flat-dropped weight to simulate ground shock
: detonation, generated by a nuclear surface burst. Some
™ of this material is extracted from an M.S.
- These simulation techniques use large thesis written by Welch [6]. A one-
- high explosive charges as their energy source; dimensional elastic wave treatment of the im-
.ﬁ therefore, the test must be performed at re- pact problem is presented. Correlations are
¢ mote sites. The energy produced by high ex- made between this solution and nuclear ajir-
;' plosives and the rate of deposition of that blast predictions by Crawford, et al. [7].
i
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These correlations lead to analytical expres- half space; there are no reflections from a

sions which relate the
weight (i.e., density,

parameters of a dropped
thickness, drop-height,

back surface.

't_‘g; etc.) to a given yield of nuclear weapon at a 6. The slab and soil are always in per-
B3 given pressure range. The ground motion data fect contact (i.e., no bouncing occurs).
5\1*;‘ from a series of eight dropped-weight tests
'.:]'l’ are then presented and compared to the results 7. p1c] > p2e2 (This is assured by
;'Q:'f of the one-dimensional elastic wave treatment. Assumption 6.) We will let wuj(z,t) be the
rE Limitations of the dropped-weight simulation displacement in the slab and uj(z,t) be the
) technique are discussed. displacement in the soil. As a result of
.;,'Q" Assumptions 1 through 4 the equation of motion
:g‘:::y ONE-DIMENSIONAL ELASTIC SOLUTION becomes
0
f]"“‘ The following solution to the drop weight Ypepr = U (2)
tASf' ! is from Drake [8]. Another solution, obtained te 1712z
;:,v;‘j without using transforms, is by Welch [6]. Port u - czu 3)
[9] also obtained the same solution. Gutzwiller 2tt 2 2zz
[10] developed a solution in terms of harmonic
Ry modes., where differentiation with respect to a vari-
‘:;:l‘ able is indicated by a subscript (i.e.,
‘:;": In the dropped-weight problem shown in 3u;/3z = ulz ). The initial conditions for
,"n‘:'s Figure 1 a slab of dilatational velocity Cy the slab and soil are
€%
:-:t:‘é { AL postrion v, (2,0) = 0 %)
"~ k| — ult(z,O) =v, (5)
D)
':’:. u,(2,0) = 0 6
S
¢ 'P -t h uzt(zgo) =0 (7)
:l" IMPACT POSITION Boundary conditions at the slab/soil interface
i (i.e., at z = Q0 ) also assume that the back
. surface of the slab is free of stress. For the
'g‘!:j' soIL one-dimensional case, the stresses in the two
,;: ; HALF-SPACE media 9] , 0y are given by o] = c{pjuiz
& : S and 0, = c%ojuz, . The boundary conditions are
¢ are written as:
l"l.. Figure 1 - Schematic of the dropped-
f!',?,l weight problem 2 2
) ' €114 (05t) = cy0,u, (0,¢) (8)
. density pj , and thickness » , falls
Gl through a height, h , onto a soil half space 2
',_t‘.': of dilatational velocity €y and density oy . ciplult(-t’t) =0 (9)
;;",_;_p The velocity at impact, v, , 1is:
."”'“jl
Ay u,(0,t) = u,(0,t) (10)
:4'4::. vo = /z_éi (1) 1 2
( - The assumption of the soil being a half
‘;'&“ where g 1s the acceleration due to gravity. space leads to the final constraint on the
Faghle The following are assumed: problem; that the displacements in the soil re-
’:'iﬁ:'i main finite as 2 tends to infinity, i.e.,
:g'l. 1. The slab has velocity components
{,:f" only in the vertical direction (i.e., there
;:,:gi are no rotational or shear components). 1im uz(z,t) is finite (11)
ZHo
ik 2. The face of the slab and the soil
""\ surface are parallel at the time of impact. Using a bar over a variable to designate
i ' the Laplace transform of that variable, the
‘:i X 3. The soil and the slab are considered Laplace transforms, with respect to time, of
:.:.: linear and elastic. Equations 2 and 3 are written as:
’
“*5::”\1 4., Displacement occurs only in the 2z
s direction and is a function only of z ({i.e., s55,(08) - wu(00) - up (2,0) = DS (2 (12}
Wi there are no edge effects),
‘t:"r‘

The soil is considered to be a

Ok 5.




2—
82;2(2.5) - !uz(z,o) - uzt(z.o) - czuhz(z.s)

(13)

Using Equations 4 through 7 in Equa-~
tions 12 and 13 produces

2
Elzz(z,s) - s—zcl(z,s) = v, (—12-) (14)
c

1

Uy, (2,8) - 5—232(2.5) =0
€2

(15)

The general solutions to Equations 14
and 15 are

;l(t.s) = Ajexp(- c—sl z) + Blexp(cil z) + s—xz A (16)
]
1—12(:,5) - Azexp(— Ciz 2) + Bzexp(é x) (17)
Taking the Laplace transform of the
boundary conditions 8, 9, and 10, and the
radiation condition 11, produces
2 - 2 —
clolulz(o,s) = czozuzz(o,s) (18)
czo u, (~£,8) =0 (19)
1"171z ’
4, (0,5) = u,(0,2) (20)
1lim :Z(z,s) is finite (21)
2o
Using Equation 21 in 17 gives
BZ =0 (22)
From Equations 19 and 16
s
A} = Bexp(- c—‘ 28) (23)
And from Equations 23 and 16
u,(z,8) = exp (- 2 tsz)) + ¢ o L,
A ’1[ p( o 0 '“(cl )]"2 o (24)

Employing the displacement boundary condi-
tion (Equation 20Q) along with Equations 17, 22,
and 24 produces

B, [exp(--cs—lu)+ 1]+l2v°
s

= A2 (25)

Using the stress boundary condition (Equa-
tion 18) along with Equations 24, 17, and 22
gives

cfolal[(-c—'l).xp(- : ")’7'1] -y (- &)

Employing Equation 25 in the above,
along with some algebra, produces

1
-4,
Bl.K[l"”('cLlu.)]‘[l‘exv(-cLlu)] (26)
where
€11
T e, @n

Using Equations 22, 25, and 26 in Equa-
tion 17 gives

- . l-exp(-c—:u) . 28

Uyfz,#) + S v ————— e lexp (- — 2)

2 o2 % [(14R) + Q-Kyemp(- ) <2 (28)
1

Dividing numerator and denominator of the
above by (1 + K), and letting R = (1 - K)/
(1 + K) , we have

: —[""(")} @9

L+Rexp (- 2 20)
1

Since R exp [- (8)/(c)) 2&] is less than
1, we have (see Selby [11]

_______. 3" _ 8 apn
Lenem - 220 nf (-R)" exp ( 5 2n) (30)
‘1
From Equations 30 and 29
3 R S P o(Ho. 2
uy(z,8) e 2 nio(” [exp(n < "1))
(31)

) ,,( JLEVIIN 5))]

€1 2

Taking the inverse Laplace transform of
the above (see Churchill [12])) we have for
the displacement in the soil
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K s a Un | =
u,(z,8) = =——= v I (-R) | M !-—0—)
2 (14X) "o =0 [ l( € <,

o x - ot _2)] (32)

where H is the ramp function defined by

1

H(t-m) =t-m for t-m>0 (33)

=0 otherwise

While Equation 32 provides the displace-
ments in the soil due to the dropped weight, we
are more interested in the generated soil
stresses. Thus differentiating Equation 32 with
respect to 2z and multiplying by c%pz produces

2

50,k -

2°2 1 n 2n | 2
9,(2,8) = ) vu(c_z) L (-R) [H(t -—°1 ’Z;)

n=0
-H(t-(“ﬂl“oi)J
‘1 €2

where H 1is the heavyside step function de-
fined by

(34)

H(t -m) =1 for (t-m) >0
= 0 otherwise

In deriving Equation 34 we utilized the fact
that

B, +5 =du s

Focusing our attention on the stress in
the soil at the interface (at z = 0 ) and re-
calling that the usual acoustic transmission
coefficient, T , is given by

)
T+,
CaP2 T 1P
Equation 34 becomes

v
0,(t) = oy T2 (35)

where

ze 1 bn“[u(c-lﬁ)-u(c-ﬂﬂﬁg)] (36)
ne0 1 1

Because of Assumption 7, R 1s strictly nega-
tive, hence R 1is strictly positive, and the
terms of the series in Equation 36 are all
positive. A plot of Z versus time is shown
in Figure 2. It is seen that it is equally
well represented by

Ed
Z = (_R)int 7w (37)

where int [(c)t)/(2%)] is defined as the
largest positive integer n < (cjt)/(2%) .

op — 2L
o ~ |k
apgl-R}>" —
dp(-R)2 ]
92
op(-R) 7T
L 2 A i . e i A 1
L L4 v L]
0 b 8t 12e
“ R W
TIME

Figure 2 - Predicted normal stress versus time

generated in a soil half space by a dropped

weight of thickness & and dilatational wave
velocity c¢)

Placing Equation 37 into Lquation 35
produces the final expression for the stress in
the soil

N clt]
0,(t) =2 oye,T -r) 1|22 (38)

IMPULSE PRODUCED FROM A DROPPED WEIGHT

In this section an expression for the im-
pulse (i.e., area under the stress-time curve)
produced in the soil from a dropped weight will
be derived. This expression will involve the
peak stress generated in the soil and other
parameters of the dropped weight. 1In the next
section the expression will be correlated to
the peak stress and impulse from a nuclear sur-
face burst.

The stress generated in the soil from a
dropped weight (Equation 38) is shown plotted
in Figure 2 where the peak soll stress, %p
is defined as:

vO
-5 01T (39)

o
p

From Figure 2, the impulse, I , from a
dropped weight is given by:

14

o, 2t R n
0-:‘ <p(-l) (40)

4 2t
te e LR o o (-B ¢

n

== 0o I (-R)
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Since 0 < -R < 1 the sum, I, , of the

first n terms are given by (see Tieraey,
[13]

! 1 _(R?
L c1°p|:1+R-1+R] (41)

Letting n * < 1in this expression
produces

1
I = EI % T (42)

in which the result R+ 1 = T has been used.
To show that Equation 42 is what one would ex-
pect from a falling weight, we observe from
Equations 1 and 39 that

2 &) (1)
1 cl(Z P15 T\ T
= Zol V2gh

CORRELATION TO A NUCLEAR SURFACE BURST

From Equations 39 and 1, it 1is seen
that for drop heights of 40 ft or less the maxi-
mum stress that can be generated in the soil by
the dropped weight is around 1000 psi. This
assumes a soil dilatational wave velgcity of
1000 ft/sec and density of 100 1lb/ft”. Hence
we will focus our attention on the pressure
range of 1000 psi or less.

A plot of impulse and duration versus peak
overpressure for a 1-Mt nuclear surface burst is
taken from Crawford, et al. [7] and is shown
in Figure 3. The impulse produced from an

100

STRAIGHT LINE 0.5 W \1/3
APPROX. T = 2(P_ )V-3({2)
~ so TVt

™~

.

1710 (PSI-SEC)

10 - s A
1 10 100 1000 10,000
Figure 3 Duration and impulse versus peak
overpressure from a 1-Mt nuclear surface burst
(from Crawford, et al. [7]

explosion scales as the cube root of the charge
welght (see Baker, Westine, and Dodge [l4]; for
peak overpressures up to 1000 psi the impulse
can be represented by y

1/3
0.5
Iw - 2(Pso) (Tﬁ?) (43)

where
I, = in psi-sec
Pso = peak overpressure at the surface
(psi)
W = charge yield in TNT equivalent in Mt

Since Pg, 1is the peak overpressure at the sur-
face, it corresponds to o in Equation 42. To
correlate the dropped-weight induced soil stress
to that induced from the overpressure from a
nuclear surface, we set the impulse from the two
(Equations 42 and 43) equal and let Po=0, -
This produces P

2 (4) 2009 (k)

3 3
1 4 1.50
W= 1Mt (T) (E—l') Up (44)

or,

Similar expressions that relate the
dropped-weight parameters to triangular-shaped
representations (as defined by Crawford, et al.
[7) of the nuclear overpressure-time curve are
contained in Welch (6].

DURATION DISCREPANCY BETWEEN THE
DROPPED WEIGHT AND THE SURFACE BURST

Equation 44 equates a charge yield in
megatons from a nuclear surface burst to the
parameters of a drop test by requiring that
each has the same duration. From Figure 2, for
a l1-Mt surface burst between 30 and 1000 psi,
the overpressure time duration, t, , is fairly
constant and is about 1 sec. Since ty; is also
cube root scalable (see Baker, Westine, and
Dodge [14]), it can be represented as a function
of charge yield as

1/3
) (1 sec) (45)

W

ty (1 Mt

Using Equations 37 and 39, and considering the
period, tg , of the stress wave produced by
the dropped slab to be the time it takes for

the stress wave to decay to some fraction v
of the peak value produces

t t
az(t) int[%ﬁ] f;—[s-]
Y= —-—=(R = (-R
P

Therefore

c.g[“ ]ﬂud (46)
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Solving for /¢y from Equation 44 and
placing the results into Equation 46 gives

1/3
T -0.5 w 47
> (2 &n v) op (——1 t) 47)

ts T &n (-R

Recognizing that (-R) = (1 - T) and assuming
small values of T produces (see Selby, [l1l])

for -1 < T <1 (48)

& (-R) =2 (1 -T) = =T - % . % P I

® -T for small T

Placing this result into Equation 47 gives

t =

0.5 1/3
g= 2 tay) o (——) (A sec)  (49)

1Mt

Equation 49 gives the duration of the dropped-
weight induced stress pulse that simulates a
nuclear weapon of yield, W , in megatons and
at an overpressure equal to o, . This pulse
is considered to have terminated when the
stress level has reached a fraction, vy , of
the peak stress. The equality in impulse of
the dropped weight and the nuclear surface
burst has been assured by Equation 44. When
ty and tg are equal, the duration of the
two wave forms are also equal. Because of the

ACCELERCHE TE

4

difference in the form of their defining Equa-
tions 45 and 49, this will occur at only one
simulated stress level., Assuming a value of y
of 0.01 (i.e., assuming the pulse from the
dropped weight has terminated when the stress
levels have reached 1 percent of the peak stress)
and setting Equation 45 equal to Equation 49
gives

13
(-1L) (1 sec) = -2 tn (0.01) ~;°'5( Ly

173
Mt i m) {1 &ec)

or
o " 85 psi

Thus at 85 psi the dropped weight can
simulate the peak stress, impulse, and dura-
tion of a nuclear surface burst. Since tg
and ty4 have the same dependence on charge
yield, this will be true regardless of the
size of the nuclear weapon simulated.

Because of the inverse dependence of t
on the peak simulated stress (Equation 49),
at higher simulated overpressures, tg will
be smaller than t;, . At the maximum over-
pressure that the dropped weight can practi-
cally simulate (1000 psi), t, will be about
1/3 t.+ .

8

8

DESCRIPTION OF DROPPED-WEIGHT TESTS

The tests consisted of dropping large
concrete slabs onto a sand test bed in which
were located soil-stress gages and a velocity
gage (Figure 4). All tests except Test 6
employed a 65-in.-diam by 12-in.-thick circular
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Figure 4 - Test geometries for the eight dropped-weight tests
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concrete slab as the drop weight. 1In Test 6
a 19.5-in.-thick by 65-in.-diam concrete slab
was used. These slabs weighed 3580 and

5809 1b, respectively.

The test bed was formed from two 3.3-ft-
high by 22.8-ft-diam steel rings. These were
stacked on one another and filled with Reid-
Bedford sand to a depth of 5 ft. The sand
was vibrated as it was placed in the rings to
ensure uniform density. The test bed was
underlain by an approximately 2-ft-thick con-
crete floor.

Six 5000-psi range SE soll-stress gages
(Kulite Model No. 20-080U) and one Sandia Model
DX velocity gage were placed in the test bed
below the drop weight. The SE gages are
instrumented-diaphragm-type, soil-stress gages
and are adaptations of an original design de-
veloped at WES (Ingram {15]). The DX velocity
gage (see Perret, et al., [16]) consists of a
free-swinging pendulum which moves through a
viscous fluid and whose motion is detected by
a variable reluctance circuit. The velocity
gage was contained in an approximately 4-in.-
diam by 8-in.-long aluminum canister.

Three of the stress gages were placed
120 deg apart at a radius of 2 ft from the
test bed center and at a depth of 2 in. The
other three gages were placed near the center
of the test bed at depths of 2, 6, and 12
in, Each of these was offset slightly so
that the gage would not shadow any gages
below it. The velocity gage was placed near
the test bed center at a 6-in. depth.

All transducer signals were amplified
and then recorded on a 32-track FM magnetic
tape recorder. Throughput electronic system
response was about 20 kHz.

Additional comments concerning each test
are as follows:

1. Test 1 -- Conducted on a fresh test
bed. The 3580-1lb slab was dropped from 2.5 ft.
SE gage No. 1l at a 2-in. depth was broken.

2, Test 2 -- Test bed was not resur-
faced following Test 1. The 3.80-1lb slab was
dropped from 2.5 ft.

3. Test 3 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10 ft. SE gage No. 6 at a 12-in. depth was
broken,

4. Test 4 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10.0 ft. SE gage No. 3 broke.

5. Test 5 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10 ft.

6. Test 6 -- Test bed was resurfaced.

7

This consisted of removing the SE gages at the
2-in, depth, adding sand to the small crater
created by the slab during the first five
tests, compacting it, and reinstalling the SE
gages at the 2-in. depth. The slab was then
lowered slowly onto the test bed to assure the
slab and test bed were parallel. The 5809-1b
slab was dropped from 10 ft.

7. Test 7 -- Test bed was resurfaced.
The 3580-1b slab was dropped from 10 ft.

8. Test 8 -- Test bed was resurfaced.
The 3580-1b slab was dropped from 2.5 ft.

TEST RESULTS AND ANALYSIS

The recorded velocity wave forms are pre-
sented in Figures 5 and 6. The recorded stress
wave forms along with the stress wave forms
predicted by Equation 38 are presented in Fig-
ures 7 and 8. In deriving the predicted wave
forms, the density and wave speed of the sand
was assumed to be 96 1b/ft3 and 1,000 ft/sec
and that of the concrete slab to be 155 1b/ft3
and 10,000 ft/sec. These are typical values
for these two materials.

Zero time on the displayed wave forms was
choosen arbitrarily for each test. Thus rela-
tive differences in shock wave arrival times
as detected on different gages on a single test
are correct; absolute arrival times are not.

The following seven observations are made
based on the stress and velocity data:

1. The rise times of the stress and
velocity pulses tended to decrease from Tests 1
through 3, to increase from Test 4 to 5, and
were significantly decreased on Tests 6
through 8.

2. Differences in wave arrival times
between stress gages at the same depth were
larger for tests with large rise times than
for tests with short rise times.

3. The relative magnitudes of the peak
stresses on a given test were primarily gage-
dependent and not depth-dependent.

4. The highest stress recorded on the
2-1/2-ft drop tests and on the 10-ft drop tests
tended toward the predicted values. This
tendency increased as the rise time of the wave
forms decreased.

5. The pulse durations from both the
19.5-in.-thick slab (Test 6) and the 12-in.~
thick slab (all other tests) for the measured
stress pulses of shortest duration tended
toward the predicted values. Again this ten-
dency increased as the rise time of the wave
form decreased.

6. A second and smaller pulse was ob-
served on the stress wave forms on many of the
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tests. On those for which the second pulse was
not observed, the first pulse was broad enough
to have obscured it.

7. A slight positive phase was observed
on most of the velocity wave forms.

The following three additional observa-
tions were made while the tests were being
conducted:

8. The slab did not bounce after impact.

9. On Tests 1 through 5, there was a
gradual growth of cracks and crevices (similar
to a dry creek bed) in the upper layer of sand
directly below the slab. The area affected
was about 2-1/2 ft in diameter and was off-
set slightly (about 6 in.,) from the center of
the shallow depression left by the slab.
(Note: The test bed was resurfaced after
Test 5.)

10. The density of the sand in the af-
fected area mentioned in 9 decreased from
pretest conditions (from v98 1b/ft3 to
92 1b/ft3).

Observation 1 indicates that the in-
crease or decrease of the wave form's rise
times was not caused by material properties
(they are not stress-magnitude dependent nor
are they constant) but is also due to the
nonplanarity of impact of the slab.
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Observations 2 and 3 further suggest non-
planarity of impact. Accordingly a triangula-
tion method, based on the stress wave arrival
times and/or the occurrence of peak stress,

was used to determine the degree of impact
nonplanarity. The results are shown in Fig-
ure 9. For Tests 1 through 3 it was possible
to determine both the initial point of impact
(as defined by the Angle A) and the tilt of the
slab at impact (Angle B). This initial point
of contact was always near stress gage SE2.
With the loss of SE3 on Test 4, it was possible
to define only a minimum value of the tilt
angle for the remaining tests. Because the
tilt of the slab was not dependent on the drop
height and because the initial point of impact
remained fairly constant, it is surmised that
the slab did not rotate during free fall but
was not parallel to the sand bed at its re-
lease. Because the tilt angles for Tests 2 and
3 were similar while their associated rise
times were quite different, it is surmised that
for larger drop heights (hence, higher impact
velocities) nonplanarity of impact matters
less. And finally because the wave forms from
Tests 6, 7, and 8 show much shorter rise times
(hence, much better planarity between the slab
and the test bed), it is surmised that impact
nonplanarity can be reduced significantly

with only a moderate amount of effort.

Observations 3, 4, and 5 indicate that
the linear elastic model presented is a good
approximate solution to the dropped-weight
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ANGLE A ANGLE B HEIGHT

TEST # (DEGREES) | (DEGREES) )
1 6.1 1.3 2.5

2 4.4 2.3 2.5

3 48.9 2.1 10.0

4 - 145" 10.0

s -- 1.2 10.0

IS - 0.67% 10.0

7 -- 5.69" 16.0

8 - 0. 21* 2.5

* Minimum vertical angle.

Figure 9 - Horizontal and vertical tilt of slab
at the time of impact as determined from the
data

problem, at least for near-field regions in
the sand. Differences between this solution
and the data appeared to have been caused by
the impact nonplanarity dicusssed above and
the occurrence of a reflected stress pulse to
be discussed below.

Observations 6, 7, 9, and 10 indicate
that the input stress wave was reflected at
the sand/concrete interface at the bottom of
the test bed and arrived back at the surface.
Here it would attempt to spall the sand as the
weight of the slab was overcome. The fact
that the affected area was offset from center
about 6 in. (Observation 9) indicates that the
tilt of the slab at impact was about 3 deg.
This is in agreement with tilt angles cited
earlier, The disturbance of the sand in the
vicinity of the stress and velocity gages by
the reflected stress wave is also believed
partially responsible for the stress data
scatter seen in Test 5,

Two other phenomena not mentioned were
observed on the velocity and stress wave forms.
While not necessary for an understanding of the
physics of the tests, they are cited and ex-
plained now for completeness. These are:

1. Beginning in Test 6, a 900-Hz "ring-
ing" was observed on the velocity traces.

2. Also beginning in Test 6, SE4 con-
sistently indicated a wave arrival time later
than SE5, despite the fact that SES5 is sup-
posed to be 4 in, directly below SE4.

Observation 1 is due to resonance in the
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DX velocity gage or its mount and has been ob-
served on other field tests. It did not occur
in Tests 1 through 5 because the impact particle
velocities did not contain frequency components
high enough and of sufficient magnitude to ex-
cite it. Observation 2 is believed caused by
the mislocation of SE4 when the test bed was re-
surfaced. It is suspected that SE4 was moved

to either the location of SEl or SE3 at this
time.

For another analysis of the data the
reader is referred to Robert Port's analysis
which appears in the report by Baum and Lodde
[17].

LIMITATIONS AND PROBLEMS OF THE
DROPPED-WEIGHT SIMULATION TECHNIQUE

The principal difficulty with the use of
a dropped-weight simulator is assuring the
planarity of impact of the dropped weight onto
the test bed surface. The falling slab has a
much slower velocity (“25 ft/sec for a 10-ft
drop) compared to the dilatational wave speeds
of most soils (1000 ft/sec to 6000 ft/sec).
When one portion of the slab strikes the soil,
a precursor stress wave is generated. This
precursor destroys the one-dimensionality of
the geometry and leads to the long rise times
and mitigated peaks observed during the tests.
To prevent serious degradation of the simula-
tion environment requires impact planarity
between the soil and dropped weight of less
than 1 deg, depending on the slab impact veloc-
ity and the soil dilatational wave speed.

Other limitations include: (1) maximum
peak stress, (2) size of the dropped weight,
and (3) test geometries for which the dropped
weight can be used. The limitation on peak
stress 1s a result of the low impact velocity
that can be produced for practical drop
heights. This limits the peak-simulated over~
pressure to about 1000 psi for most dry soils.

The size limitations of the drop weight
are a result of the requirement that the drop
weight must be lifted and held and it must not
break up on impact. This limits the size of
the area that can be loaded and the maximum
weapon that can be simulated.

If one assumes a 50-ton lifting and hold-
ing capability and a 2-ft-thick concrete slab,
the diameters of the slab and loaded area
become about 20 ft. If such a slab were
dropped 40 ft onto a sand test bed, then (from
Equation 44) it would simulate a nuclear weapon
of about 180-ton TNT equivalent at about the
1000-psi pressure range. This scales up to
l.4-kt, 9.2-kt, and 5.9-Mt TNT equivalents for
model testing of 1/2, 1/8, and 1/32 scales,
respectively. Such a test environment, even
with its small size, would prove useful for
many applications.

The last limitation is caused by the
boundary conditions imposed by the slab onto

_




the soil. This prevents the dropped-~weight
simulation technique from being useful for test-
ing buried structures at very shallow depths,
particularly in soft soils. The dropped

weight imposes continuity of stress and dis-
placement conditions on the soil surface. Since
the bottom surface of the slab is planar and
remains so after impact, it forces the soil
into a planar displacement boundary condition.
If a relatively hard spot exists in the soil
(e.g., a shallow buried, stiff structure) then
local stress concentrations will occur above
the structure as a result. If the same buried
structure were loaded through the soil by the
overpressure from a nuclear airblast, such
would not occur. Because of this the following
should be taken as a rule-of-thumb. If for a
simulation test one would expect the loading
from the nuclear overpressure to cause the
loaded area to displace at the surface un-
evenly, then the dropped weight probably should
not be used as the energy source.

CONCLUSIONS

1. The dropped-weight technique is a
valuable tool for simulating ground shock gen-
erated by nuclear airblast. It can be espe-
cially useful in a laboratory environment in
small-scale experiments where high explosives
cannot be used and repeatability is important.

2. As is seen in Figures 7 and 8, the
one-dimensional elastic solution for soil
stress agrees reasonably well with the experi-
mental data.

3. Due to limitations on practical drop
heights, the maximum peak overpressure that
can be simulated by a dropped weight 1is about
1000 psi.

4. The amount of weight that can be
picked up limits the size of the loaded area
and yield that can be simulated by the dropped
weight. A 2-ft-thick, 20-ft-diam, 50-ton
weight dropped 40 ft onto a sand test bed will
simulate the peak overpressure and impulse
from a 180-ton INT equivalent nuclear surface
burst at the 1000-psi level. For 1/2-, 1/8-,
and 1/32-scale models, the 180-ton yield scales
up to l,4-kt, 9.2-kt, and 5.9-Mt simulated
vields, respectively, on a prototype structure.

5. The duration of the stress pulse
produced by the dropped weight is generally
less than the duration from simulated nuclear
overpressure. At 80 psi the duration is about
the same. At 1000 psi the dropped-weight
duration is about 1/3 that of the simulated
nuclear surface burst.

6. The displacement boundary conditions
impused by the dropped weight on the soil sur-
face cause it to be unsuitable for testing
rigid buried structures at shallow depths in
soft soil.
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RECOMMENDATIONS FOR FUTURE WORK

Because the dropped weight appears to be
a useful tool for nuclear simulations, further
development of the technique is warranted. This
development should focus on five areas: (1) de-
veloping an adequate mechanism to detect time of
impact; (2) developing methods to ensure planar
impact of the dropped weight (an in-flight self-
leveling mechanism would be ideal); (3) devel-
oping methods to shape the input stress wave
form by employing drop weights of different
materials and cross section; (4) developing
additional driving mechanisms (besides just
free fall) to increase the impact velocity; and
(5) developing methods to better simulate the
boundary conditions imposed on the soil
surface.

Other possible uses for the dropped
weight need to be explored. These areas in-
clude in situ dynamic soil property testing
and calibration of development of ground motion
instruments,
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NOTATION

Al’AZ’Bl’BZ Constants

c Slab dilatational wave velocity
c, Soil dilatational wave velocity
g Acceleration of gravity

h Slab drop height

H Heavyside step function

H Ramp function
1 Impulse from dropped weight

I Impulse from nuclear surface burst
K  Impedance ratio, °1c1/°2c2
P Slab thickness

P Peak blast overpressure on the
surface

R 1-K/1+K

s Laplace transform

ts Period of soil stress wave
t, Blast wave positive phase
duration

T Acoustic transmission coefficient
vy Displacement in slab
u, Displacement in soil

u Laplace transform of u
v, Slab impact velocity

w Explosive yield

2 Vertical direction

Y Ratio of stress amplitude to peak
stress, = cz(t)/op

P Slab density

Py Soil density

% Stress in slab
9, Stress in soil
cp Peak soil stress

AOOUTUDOOOER I
‘l“,',".‘.'.‘:"‘ ‘.‘s.g ""-‘

L3R




A NS

" ;‘\
\.
]

On

ANALYSIS AND TESTING OF A NONLINEAR
MISSILE AND CANISTER SYSTEM

R.G. Benson, A.C. Deerhake, and G.C. McKinnis
General Dynamics Convair Division
San Diego, California

servative.

Analyses and tests were performed to evaluate the nonlinear vibration response of a
missile in its protective canister. A diametric rattle space exists between the missile
and the canister liner, an elastomer with load deflection properties that are approx-
imately exponential. Simplified MSC/NASTRAN transient response analyses
predict the response to be a series of repeated shocks with peak amplitudes that ex-
ceed some component allowables. A full-scale vibration test of this configuration
showed that the predicted response character is correct but that the amplitude is con-

INTRODUCTION

The original Tomahawk Cruise Missile System was
designed for torpedo tube launch from 688 Class Sub-
marines. Two significant design considerations were the
MIL-S-901C near-miss shock and MIL-STD-167
shipboard-vibration requirements. Both are imposed
while the missile is stowed in the submarine storage
rack. The Tomahawk-capsule assembly is moved from
the storage rack to the torpedo tube immediately before
launch. The design which evolved to meet these require-
ments consists of a close-tolerance steel capsule with a
thin elastomeric liner into which Tomahawk is inserted.
Aboard the submarine, the capsule is lashed to the
storage rack with sufficient force to elastically deform

the capsule onto the missile, closing the diametric gap
(rattle space) between the two. This design successfully
protects the missile against damage when subjected to
the aforementioned shock and vibration environments.

In the last few years, Tomahawk launch platforms
have expanded to include a mobile ground launcher and
two surface ship launchers. Unlike the submarine ver-
sion, the surface-launched vehicles are launched from
the storage location. For these vehicles the booster is
ignited in the canister. Sufficient clearance must be pro-
vided between liner and missile to accommodate both
missile and canister dimensional variances and booster
radial expansion. A schematic of the system is shown in
Fig. 1. In an attempt to avoid using an active system to
eliminate the rattle space during storage and to release
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SHOCK-MOUNTED LAUNCH PLATFORM

COMPONENT MOUNTING FRAMES (4)

MISSILE-TO-LINER

DIAMETRIC GAP

(RATTLE SPACE)

ALUMINUM BARREL

ELASTOMERIC LINER

CROSS-SECTION
(NOT 70 SCALE)

Fig. 1 — Schematic of missile in canister
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at launch, an evaluation of the effect of allowing rattle
space during shipboard and ground launched use was
undertaken. This paper presents the results of a full-
scale development test to investigate rattle space-
induced effects on vibration response. These test results
are compared to the pretest analytical predictions.

ANALYSIS

Missile response analyses were performed using a
modified modal transient solution. The nonlinearities
were included using techniques developed for the shock
analysis presented by Dreyer, et al., and Martin[1,2) to
predict the Tomahawk missile response to near-miss
shock excitation. The analysis is nonlinear for two
reasons: the rattle space creates a dead zone and the
elastomer which lines the canister inner diameter has a
nearly exponential force deflection curve (Fig. 2).

Normal modes were developed under the assuinp-
tion of a zero gap and a linear spring constant for the

LOAD
LINEARIZED
STIFFNESS FOR
MODE CALCULATIONS |

RATTLE SPACE

liner (dashed line in Fig. 2). Selection of the linear
spring magnitude was premised on minimizing the non-
linear perturbations within the range of anticipated liner
deflections. The equations to be solved are shown in
Fig. 3. Differences between the actual spring force and
that resulting from the assumed linear formulation are
treated by superimposing a displacement-dependent
force in the modal transient response analysis. The
MSC-NASTRAN code was used to perform these analy-
ses. Important simplifying assumptions were that the
rattle space was uniform over the length of the missile
and that the canister and missile were straight and
parallel. Tests of the liner material have shown that
there is a significant amount of hystersis in the force-
deflection characteristics, not addressed in these
analyses. Fig. 4 lists the calculated modal frequencies.

Enforced accelerations at selected frequencies
from the MIL-STD-167 sinusoidal vibration test
specification (Fig. 5) were used as canister forcing func-
tions. Fig. 6 shows that the calculated missile response

LINER STIFFNESS

MISSILE

A SPRING FORCE
IN TRANSIENT
RESPONSE EQUATIONS —

Y

DEFLECTION

Fig. 2 — Elastomeric canister liner-load vs deflection

SOLUTION IN GENERALIZED (MODAL) COORDINATES:

{X} =¢ {q'
MODAL EQUATION OF MOTION:

fal + [200] o} + [.2]

ot =[] [o]T tEm+FY

WHERE MODAL PARAMETERS ., M, & ARE CALCULATED USING LINEANZED LIMEN/RATTLE SPACE STIFFNESS

AND F IS DELTA NONLINEAR FORCE FROM ACTUAL LINEA/RATTLE SPACE SPANG ANO DAMPING CHARACTERISTICS

DELTA NONLINEAR FORCE:

Fi = F(XI - Xj) + Eﬂi-li) . ‘*l . i,)

WHERE i & | ARE POINTS ON EACH SIDE OF LINER/RATTLE SPACE SPRING

Fig. 3 — Tranvent respon-c cguaatonas
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K 4 7 (VERTICAL, YAW) ing liner configurations. The results indicated that a
canister with the ‘‘shock pads’ would meet the vibra-
': . tion and shock limitations for all components and the
‘:, 1 ] E SR ] £ 1 i production drawings reflect this design. However, it was
'0: X (ROLL) ¢ & Y (LATERAL, PITCH) fqund tbat there were producnblhty prol:)lems inherent in
;:-, this design. Tolerances on the canister liner could not be
e i 3 I 3 Ed I3 Ed held within the required specifications. The conse-
A AN AN AN quence was that the nominal rattle space had to be in-
4 creased from 0.070 + 0.050 t0 0.135 + 0.050 inches, to
i ensure that adverse tolerance buildup would not inhibit
“ Mode Frequency .o N p
K Hz) Mode Shape launch. Additionally, it had been found that the ‘‘shock
¢ ) 1920 | Misste lateral translation pads’’ were generally damaged or dislodged as the
W 2 1923 | Missie vertcal transiation missile was loaded into the canister. This made it im-
o 32 | e o perative to modify the liner design to eliminate them.
5 3035 | Missie first lateral bending Although t‘he missile response analyses for th'is new liner
. 6 3097 | Missile first vertical bending configuration were thought to be conservative because
3 7 4916 | Missie second lateral bending of the simplifying assumptions, the predicted responses
h) : ;2 gf x::::z - f;';evrzrf:r";z;dmg were of a sufficient magnitude to justify a development
: 0 8762 | Missile third vertical bending test. It was decided the factors such as liner thickness
. variation, hysteresis, and damping could be evaluated
) Fig. 4 — AUR finite-element model modal data only through a test program.
*
b to a 1.27 g input at 25 Hz is a series of repeated shocks
S that peaked at approximately 18 g for a rattle space of TEST SETUP AND TEST PROCEDURE
- 0.07 inch. This response level is far in excess (factors of
,3 5 to 10) of the defined sinusoidal allowables ot some of A full-scale vibration test was conducted to
WG the vibration-sensitive missile components. Comparing measure the response characteristics of the missile in a
oy a repeated spike loading environment to a sinusoidal canister with varying rattle space conditions. The test
,‘ allowable is not strictly correct. This was a major reason specimen consisted of an inert cruise missile test vehicle
- for using actual component hardware during the design (Launcher Test Inert Vehicle — LTIV) with actual hard-
,|. development testing. ware for the vibration-sensitive components. The
::q To reduce this predicted response, a set of ‘‘shock selected canister had the maximum internal diameter
' pads’’ were added to the canister liner, reducing the available and resulted in an average missile-to-liner
::, rattle space to zero at a critical component mounting diametric rattle space of 0.10 inch. Testing was con-
' station (Fig. 7). Fig. 8 compares the calculated ducted at the Naval Ocean Systems Center on a
responses to shock and vibration excitation for the vary- mechanical vibration table designed to test large
3 2
{
¥ /
g
) 1 -
&
‘. (/2] f
o © VA D Ll
q L L -
' ' £
\ 3
[
ac
o«
; 0
A «
v &
| g o1 f
[} I
o 4 ¥
s @« [
[} %]
o o 4
L
M)
)
- 0.02
_ 0 10 2 30 €0 S0 60
y FREQUENCY IN HERTZ
« Fig. § — MIL-STD-167 sinusoidal vibration input levels
L)
‘ 79

A

L) INONOG
O l.‘ ‘.!‘02005.‘."0“.0

BARACAOAR Y ‘..'a ]

: OO MR R NN T o N0 DOOY O OO A On
T a i‘L‘»‘l»!’\”f‘d,:‘.i'!!”t."ﬂ."ﬂ:“ 3,4'5\,..’;"h..‘r.f'.‘e..‘u.t‘n.‘.‘i'.'x‘. Cagn? !"‘4" .'l'.t'o.e.h .‘.‘..J"i ]



30 I

20

ACCELERATION (G)

-20

01 02

03 04 05

TIME (SECONDS)
X = INPUT % = MISSILE-STATION 194 4

Fig. 6 — Missile time history response — analytical excitation = 1.27g at 25 Hz
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Fig. 7 — Canister liner
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Fig. 8 — Calculated Tomahawk ship launch
shock/vibration response
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specimens to MIL-STD-167 requirements. Fig. 9 is a
schematic of the test setup and Figs. 10 and 11 are
photographs of the two configurations tested. Both
horizontal and vertical missile orientations were tested
to establish the effect of gravity on missile response.
Excitation was applied in the canister and missile ver-
tical axes (Fig. 9). The horizontal orientation corre-
sponds to the shipboard Armored Box Launcher (ABL)
and the Trailer-Erector-Launcher (TEL) used in the
Ground Launched Cruise Missile (GLCM) program.

_l 1 — STATION 20.6
(LTIV 40, 3, CAMSTER MO. 4,
AVERAGE RATTLE SPACE FORWARD -
OF STATION 130.6 = Q.10 M.,
RATTLE SPACE AT GUIDANCE SET = 0.12)
- — STATION 74.0
z
TOP VEW
AXTURE ~_| ! v
WSTRUMENTATION: . STATON 186.0
ACCELEROMETERS .
10 ON LTV e B
& ON GUIDANCE g --
1 ON ENGINE " /
2 ON CAMSTER
& ON RXTURE
)
STATION 243.0
[ ——
DIRECTION OF
EXCITATION

Fig. 9 — Test configuration for vertical orientation
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Fig. 11 — Vibration test fixture (horizontal orientation)

Vertical orientation of the test specimens represents a
portion of the surface ship vertical launch system (VLS)
configuration. The four mounting frames shown in
Figs. 8 through 10 correspond to canister support frame
locations which are common to these launch platforms,

Total weight of the LTIV, canister, and test fixture
exceeded 20,000 Ib in the vertical orientation and 12,000
Ib in the horizontal. The shaker used was a mechanically
driven device with no feedback control system. It is
designed to operate as a constant amplitude device that
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is controlled by the prerun positioning of eccentric
rotating weights. Weights and c.g. locations of the test
specimen extended the test facility to its functional
limits, particularly for the vertical missile orientation.
However, the facility was inexpensive and available,
and it was felt that any full-scale test data would be
valuable in both quantifying rattle space effects on
missile response and in validation and tuning of the
analytical model.
Testing for both the horizontal and vertical orienta-
tions was conducted for three constraint configurations:
® No shimming — missile-to-liner rattle space was un-
constrained along the missile length.
¢ One shim location — shims placed at station 20.6
between the support frame and the canister closed
the missile-to-liner rattle space to zero at this station.
¢ Three shim locations — shims were placed between
the support frames and the canister at stations 20.6,
74.0, and 156.0 to close the missile-to-liner rattle
space to zero at these stations.

Tables 1 and 2 show the matrix of test conditions.
The matrices were developed to explore the sensitivity of
missile response to excitation amplitude and frequency
within the capabilities of the test equipment.

DATA REDUCTION AND TEST RESULTS

The vertical orientation was tested and, as
predicted by prior analysis, a fixture resonance occurred
at 12 Hz. This was in the range of interest, as shown in
Figure 12a, which is an example of response curves as
measured by the NOSC real-time analyzer and shows
both the missile response and the support frame
response at station 20.3. To maintain the test level in
some cases, a resonance of this type will require a driv-
ing force beyond the shaker capability. However, the
system did not isolate and the shaker had sufficient
force to maintain the approximate test level above 12
Hz. Since the input at the four frames was not uniform,
it was decided to define the missile-to-canister trans-
missibility to be the ratio of the response on the missile,
adjacent ot a frame, to the acceleration on the frame, at
that station. In the horizomal case, fixture flexibility
was not a problem, and the excitation was nearly
uniform at the four frame stations.

As predicted by analyses, the missile response was
frequently characterized as a series of repeated impact
shocks, as illustrated in Fig. 12b. Response levels were
significantly lower (factors of 2 to 3) than had been pre-
dicted. Figs. 12a and 12b also illusirate a pitfall tha
must be avoided in this type of testing. The curves in
Fig. 12a were made from the NOSC analyzer. In com-
paring these data with the data of Figure 11b (Brush
recorder strip charts) at 30 Hz, obtained from the same
magnetic tapes, it is obvious that the analyzer introduc-
ed an apparent filter on the data, with the result that the
repeated spike loadings were smoothed and not recorded.

The NOSC analyzer converted the oscillatory signal
to a DC level by means of a rectifier. General Dynamics
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ACCELERATION (6)

TABLE | — Vibration-vertical orientation test matrix

Run Number — Vertical Orientation
Lateral Excitstion Frequency Range (Hz)
Zoro Rattie Space
0.10 In. Avg Station 16.3 Zero Rattle Space | Set Table Doubs
Rattie Space | 0.10 In. Avg at others | Sta. 18.3, 74, 156 Amp. inches 415 18-25 26-33 3440 41-50
7 8 14 0.006 X
3 11 15 0.010
4 12 16 0.020 X
5 13 17 0.040 X
X MIL-STD-167A LEVEL
19.56 * l/\ DOUBLE
Note double amplitude (in ) = L: Tie > AMPLITUDE
(hertz Nt ™
Example: 0.04 inch double amplitude excitation at 25 Hertz gives a peak G value of 1.28
TABLE 2 — Vibration-horizontal orientation test matrix
Run Number — Vertical Orientation
Lateral Excitation Frequency Range (H2)
Zero Rattle Space
0.10 In. Avg Station 18.3 Zero Rattle Space | Set Tabie Doubi
Rattie Space| 0.10 In. Avg at others | Sta. 18.3, 74, 156 Amp. Inches 415 16-25 26-33 3440 41-80°
2 13 14 0016
3 12 15 0.026
4 11 16 0 046
5 10 17 0 081 Xe»
6 9 18 0153 o X w—p
7 8 19 0195 e e
22 2t 20 0 003
* 80 HZ OR HIGHEST OBTAINABLE
X GLCM POINT
116 CONVAIR BRUSH DATA
112 NOSC “FLTERED” DATA AT 30 Kz EXCITATION
10.0 - LTIV: STA. 18.3
[Hittitee *NHNI‘HH
R 0 L A o B B Ni”nn il
mv\snmu 18.3 P i '"' lll]'lll"[
BEe” |
1.0 4 = \ - DEAL FAIXTURE -_-E
1 - 0 NPUT 0
y A IS
L 4+ 4 4 .--I-.- e =g * 2 T e e ol o - 4 4+ 4 4 4+ -
/1 ] VACTUAL WPUT
/ T/ FAXTURE STATION 20.3
0.1 S /
|- -4 4 TS G S Ty G WO T WS e e B e be ade e ol e e o
v
0.01
0 4 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 48 40 %0

FREQUENCY (H2)

Fig. 12 — Typical data samples
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experience with this type of system shows that it will at the input excitation frequency when it coincides with

produce a DC record that is exact for a sinusoidal input the component suspension frequency.
signal but will be 1 to 2 dB low for a purely random in-

put. Fig. 12b shows that the response is not sinusoidal CONCLUSIONS

and has a random amplitude.

All the response data presented herein were based The test results show that the analysis is conser-
on the Brush recordings. In no case was the response vative and needs to be modified to correlate with the test
symmetric when spiking was observed; the responses results. The analysis did correctly predict that shimming
being biased in one direction. This suggests that a larger at a single station would be effective in reducing overall
gap would not aggravate missile response for the vibra- missile response levels. Use of the transmissibilities in
tion levels tested. Figs. 14 through 19 to predict missile response to the im-

Although transmissibility in the strictest sense is a
linear concept, it is used herein as the ratio of the peak 6

H H . . - .
missile response to the corresponding frame input level. QO me-sr-ser sormr

Data shown in Fig. 13 illustrates the observed depen-
dency of transmissibility on amplitude and frequency of
the excitation. As expected, transmissibilities were
reduced when shimming was introduced. Figs. 14
through 19 are from Reference 3 and show the max-
imum measured transmissibilities at two missile stations
for each of the shimming arrangements and missile
orientations. Figs. 14 and 17 show that the maximum
transmissibility for the unshimmed case generally occur-
red for the horizontal orientations. Contrary 10 expecia-
tions, the gravity force did not reduce the response.

An unexpected result was that response of a shock-
isolated component was lower for the no shimming case
(Fig. 20). The reason for this is thought to be that when
the rattle space is eliminated, the system is nearly linear,
especially for small amplitudes. Thus the time history
response (Fig. 21) is nearly sinusoidal, resulting in a 0
component resonance response at 48 Hz. For the case 8.00 0.01 0.02 0.03 .04 0.0%
with rattle space, the response is not sinusoidal, rather it
is a series of shocks that excite a number of harmonics, SET EXCITATION - OA - INCHES

|\

» wearz
o8 WERTL \

TRANSMISSIBILITY - LTIV/FIXTURE

diffusing the input to many frequencies. Therefore, not Fig. 13 — Nonlinear relationship between
all of the input energy goes into driving the component transmissibility and amplitude
7 *I |
] HZh
6

AN
L LI A
11 NN *

0 ety
0 S5 10 15 20 25 30 3 40 45 SO S5 60
FREQUENCY (HZ)

-

TRANSMISSIBILITY LTIV/FIXTURE

“ e ot

Fig. 14 — T envelopes, horizomal and vertical, station 18.3, no shims
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posed vibration environments showed that for the un-
shimmed case, the two critical component allowables
would be marginally exceeded for some frequency
ranges of the imposed vibration. During post-test in-
spection, both of the vibration-sensitive components
were found to be functional, except for damage caused
by bolts backing out. Although the tests were imperfect
because of lack of feedback control and fixture
resonances, the results were encouraging and have
shown that a design with rattle space is feasible. This
design concept is being pursued.
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0 35 40 45 S0 55 €0
I vertical, station 18.3, three shims

In the coming year a prequalification test of a
Tomahawk missile in a production canister with rattle
space will be performed. The test will be performed with
servo-controlled electrodynamic shakers, using the
horizontal missile orientation. This was the worst case
observed in the recent test and has the advantage of
minimizing fixture flexibility effects. Testing will be per-
formed in all three missile axes. The mathematical
model will also be modified to correlate with these test
results, This calibrated analytical model is needed to
evaluate various rattle space distributions as well as to
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DISCUSSION

Voice: In your =analysis did you assume the

missile was translating from the canister?

Mr. McKinnis: Yes, we assumed it was

translating.

Voice: 1In the test did you make any provisions

to ensure that it would translate uniformly, or
did you want it to pitch?

Mr. McKinnis: 1In the horizontal configuration

the whole canister translated almost
uniformly. We did have it tied down at the back
with tie-down bolts. They allow it to rotate
some. So it is probably not a good assumption
to let it do that.
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BIO-DYNAMIC RESPONSE OF HUMAN HEAD DURING WHOLE-BGDY VIBRATION

CUNDITICNS

B.K.N.RAO
Department of Mechanical & Production Engineering,

Birmingham Polytechnic, Perry Barr, England

SUMMARY
Studies have shown that many commercial and military vehicles transmit high
acceleration levels to the occupants in the frequency regions of 1 to 30 Hz,
wherein lies the major body resonances. These bodily resonances influence the
performance and psychology of drivers and passengers in various ways depend-
ing upon the magnitude of vibration inpmt, posture, nature of task, attitude,
etc. In the vehicle ride application area, it is now realised that the trans-
mission of these vibrations to the head of occupants may significantly effect
their dynamic visual acuity, resulting in ®'tunneling' and/or ‘*blurring* of
vision. Very few studies have been cited in the literature concerning the
transmission of vibration from feet-to-head, or/and from seat-to-head. Owing
to a limited number of subjects employed, limited postures, different faci-
lities and experimental techniques, the results of these studies have been
interpreted in different ways. Also, most of the data refers to military per-
sonnel and its application to civilian population raises some doubts. Clearly,
a need exists for accurate information on the head transmissibility character-
istic of the human head, by exposing subjects from the civilian population to
low frequency sinusoidal and random vibrations in the frequency range of 1 to

30 Hz. This paper covers the results obtained for various postures and diffe-
rent conditions.

mechanical shake table. The seated erect
posture was standardised and the head res-
ponse obtained by strapping an accelero-
meter to the subject's head. The results
exhibits two resonances, one in the region
of 2-2.4 Hz and the other at 4.8 Hz and the
authors observed that the head in a non-
linear fashion. Non-linearities have also
been noted by Edwards and Lange (10), Vogt,
et al (1l1), and Wittman and Philips (12),
whereas, lange and Edwards (13) and Lee and
King (14) have claimed that the head resp-

A T ITERATURE SURVEY

some attempts have been made in the past
to study the transmission of vertical
vibration to the human head from the feet
and the seat in various postures. Coer-
mann (1) in 1938 compared the motion of
the head of ten male subjects standing on
a vibrating platform(driven by electric
motor) with of the platform itself, in
the frequencv range of 20 to 140 Hz, and
demonstrated a resonance in the region of
20 Hz. Yon Bekesy (2), Muller (3) and

lockle (4) made measurements at lower
frequencies and showed head resonance in
the 8-12 Hz ranae., Investigations carr-
ied out by latham (5) and Dieckmann (6,7)
showed the same general trends but diffe-
red in detail due to differences in re-
cordina methods, and differences in the
mechanical behaviour of subjects. Dieck-
mann's results, which are based on one
subject exhibit two resonances, one in
the region of 20-30 Hz, Radke (8) con-
ducted investigations into the vibration
transmission behaviour of the head of
standing and sitting subjects and the re-

onse is linear. Using improved techniques,
Coermann (15) studies the vibration trans-
mission from feet to head and seat to head
of one subject, in the frequency range of

1-20 Hz., He showed multi-resonances for an
erect seated posture, with peaks at appro-

ximately 2.5, 5,11 and 15 Hz, while for the

standing erect posture only two resonances
have been observed, one in the region of 5

Hz and the other in the region of 12-13 Hz.

To obtain the data, light weight accelero-
meters were mounted on the top of the head
with an elastic bandage. Although, the re-
sults obtained fron these studies provide

sults show that in the sitting posture,
the head resonates in the frequency range
of 2-4 Hz, Although the position of the
accelerometer is shown, the method of
mountinag is not given, Guignard and Irw-
ing (7) studied the head transmissibility
of ten male seated subjects, by using a

some basic seful information on the resp-
onse of the head, they suffer from the foll-
owing drawbackss (a) the vibrators employed
in majority of the studies were of electro-
mechanical types, which might heve signifi-
cantly distorted the fundamental waveform
thus contaminatina the data, (b) in some
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cases, only one or two subjects have been
employed, (c) it appears that, in most
cases, very few civilians were emploved.
(d) there exixts wide variations in ex-
perimental methodologies and measurement
techniques, and (e) in some cases, no de-
tails have been given about methods of
securing accelerometers.

Other reported studies have emploved
better facilities and better experiment-
al techniques, to evaluate the dynamic
response of human head to vibrations.
Pradko, et al (16) employed transfer
function techniques to investigate the
transmissibility of the head accelerat-
ion to the input acceleration of a total
of fortyone seated erect subjects(all
military personnel). They employed both
random and sinusoidal vibrations in the
range of 1-60 Hz. Random vibrations em-
ployed were of a white noise type, fil-
tered through 2 Hz and 10 Hz band pass
filters. Results, in general, showed
strong linearities between head accele-
ration and input acceleration. The mean
transmissibility of the head accelerat-~
ion fo input acceleration shows two re-
sonant peaks, one at around 4 Hz and the
other at around 20 Hz. During the in-
vestigation, the accelerometer was taped
to a flexible brass plate to facilitate
mounting and a wide band adhesive tape
was used to restrain the accelerometer
from independent movement relative to
the head. Rowlands (17) employed a swept
sine technique to determine the frequen-
cy response of the human body, in the
frequency range of 1-30 Hz and presented
acceleration amplitude ratio and phase
angle plots of head and shoulder for ei-
ght various seated postures and limb po-
sitions, He employed six male subjects
and three acceleration levels. The in-
vestigation was carried out by using a
multi-axis electrohydraulic vibrator
which was designed to produce low acce-
leration waveform distertions not excee-
ding 15%. The results of the head/seat
response for an average subject, for all
the conditions and levels, showed two
peaks, one at 3.5 Hz with an amplitude
ratio of 1.25 and the second at 13.5 Hz,
with an amplitude ratio of 1.83. In be-
tween, the curves formed a dip at 8 Hz
with an amplitude ratio of 0.3. He also
found that the head/seat response was
slightly non-linear, and that body pos-
ture had considerable influence on the
vibration transmitted to the head. A sp-
ecially designed head harness which
could be adjusted to individual require-
ments was used, The accelerometer was
secured onto the harness. Using a man
carrying electrodynamic vibrator, Gri-
ffin (18) conducted an experiment with
12 seated civilian subjects and six le-
vels of vibration, at 12 frequencies
ranging from 7-75 Hz. The principal
finding was that body posture had consi-
derable effect on the vibration trans-
mitted to the head. Transmissibility
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was calculated in terms of head to seat
acceleration ratio. Slight non-linearities
were noted in the head response at fre-
quencies below 25 Hz. He employed a ‘'bite-
bar* consisting of a thin steel sube 15
cms in length covered with nylon tubular
sleeving and a 14 cms rod attached to one
end, and at the other end of which an
accelerometer was secured to a magnesium
block. This was placed in the mouth of
the subject who was asked to bite firmly
on the nylon tube and to ensure that the
bar remained approximately horizontal,
Gary and Ross (19) made head/table tra-
nsmissibility measurements of 12 male

and female civilian standing subjects, in
the frequency range of 1-50 Hz. The test
table was driven by a hydraulic vibrator.
Transmissibility results have been pre-
sented in terms of displacement ratio at
the head and feet with various accelera-
tion levels being employed. The results
show resonant peaks in the neighbourhood
of 2,6,20 and 40 Hz, and the authors have
claimed good linearity in the head resp-
onse. Measurements were made by bolting
the accelerometer to a plexiglass frame,
which was strapped to subject's head.

In this study, an attempt has been made
to accurately determine head to feet and
head to seat transmissibility ratios VS
frequency responses of eight civilian
male subjects, standing and sitting in
various postures. This has been made pos-
sible by utilising digital spectrum ana-
lysers. All acceleration measurements
from the head have been made by employing
a light weight miniature accelerometer,
which was carefully positioned in sub-
jects' mouth and firmly gripped with their
front teeth,

EXPERIMENTAL METHOD

A total of eight healthy male subjects,
representing students, academicians, ard
technicians volunteered to participate in
a series of experiments which will be de-~
scribed at a later stage. Table 1l gives
the subject details. The following eight
typical postures have been considered: (a)
Subjects standing straight(Fl), (b) Sub-
jects standing straight with arms stretch-
ed as in a typical reading situation(P2).
(c) Subjects sitting erect with palm on
knees(unrestrained and not leaning against
the backrest) (P3), (d) Subjects sitting
erect with palms on knees{unrestrained

put leaning against the backrest) (P4),
(e) Subjects sitting erect with arms stre-
tched as in a typical reading situation
(untestrained and not leaning against the
backrest) (P5), (f) Subjects sitting erect
with arms stretched as before(unrestrai-
ned and leaning against the backrest)(P6),
{(g) Subjects sitting erect with palms on
knees(leaning and restrained against the
backrest) (P7), (h) Subjects sitting erect
with arms stretched as before(leaning and
restrained against the backrest) (P8).
While adopting the above postures, sub-
jects were asked to completely relax and
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to keep their head as strainht as possi-
ble, and to avoid all unnecessary body
movements, dhile standina, thev were asked
to keep their heels together and feet
spread at an included angle of approxima-
tely 45 , and to Keep thelr body wei-
aht distributed equally on both feet.
In the arms stretched posture, subjects
were asked to hold an A4 size clippinn
board, weighinag approximately 410 grams,
so that its center marked by ‘X' was at
their eve level, and at a distance of ap-
proximatelv 35 cms from their eyes. While
sittina, the subjects' feet were kept flat
on the vibrator foot rest and the upper &
lower legs were maintained perpendicular
to each other. While adopting restrained
postures, subjects sat on the seat as far
back as possible, supported against the
rakkrest in a normal way, without apply-
inog extra force at any point., A car seat
bPelt was used to study the effects of the
restraint system on the subjects during
vibration. Subjects were asked to tighten
the seat belt in a snug-fit fashion. In
the unrestrained leaning posture, same
procedures as described above were followed.
Throughout the investigation, constant
checks ensured the maintenance of the
adopted postures.
The stimulus Adetails are shown in Table 2.
A speciallv desianed electrohvdraulic vi-
rrator which could be used for human fac-
tors work was emploved (20). The accele-
ration waveform Aistortion produced bu
the vibrator was in the ranae of 15-20%.
Four levels of 'ronstant velocv' type of
randor vikratior inputs were emploved,de-
*a4ils of which are aiven in Table 3. All
random vibratior studies were carried out
bv emploving some ‘ide Simulator vibrators,
as Adescribed by Ashleyv (21),

TABLE

the 1nput ani at the head. The 1input acce-
leroreter was used to monitor the accele-
ration levels at subject's feet and seat.
Measurement of head acceleration was made
after orlienting the accelerometer in its
malanced position and aripping its hori-
zontal flat surfaces by the front teeth in
the balanced position. The end of the cable
carrvina the accelerometer was not allowed
to fall abruptly from subject's mouth, in-
stead, the end of the cable was gently
lifted up and held in level with the head
accelerometer by another subject, or the
experimenter who also kept a close watch
on the positioninag of the head accelero-
meter and on the attitude of subject's
head durina vibration conditions.

Since the electrohydraulic vibrators em-
ployed in this study produced high percen-
tage of acceleration distortion on the
fundamentals, it was considered necessary
to separate the fundamentals from the har-
monics. This was achieved by carrying out
spectral analysis on the acceleration sig-
nals which was passed through a digital
spectrum analyser{(Ubiguitous Model UA6 &
1510/UA-500A) which could perform the Fourier
Transform at a very high rate and in real
time, and calculating the head/table acce-
leration amplitude ratios of the fundamen-
tals. By this method it was possible to
accurately determine the head response at
any chosen frequency. Because of the limited
capabilities of spectral analysers, it was
not possible to extract phase information.
Amplitude information on the fundamental
vibration was obtained after averaging the
spectral information 16 times.

EXPERIMENTAL FROCEDURE

The experimental procedure consisted of
exposing each subject in a given posture
2

Prequencv(iz) 2.5 4 6 8 10 13.5 15

17.° 20 2c 30

#.MU5, acceleration
level at feet/vikrator

Low Input(L)

Medium lnput(N) High Input(H)

. subjor&éseat inter- 0.64
face (ms )

1.32 2.0

Cscillator used:- Precision Oscillator made by lrossor Scientific limited,

TABLE 3
Input levels Mean r.m.s. gsceleration Facilities used
(ms 7)
11 0.3 (a)i'seudorandom sianal ~ener.toy v
12 0.h4 (b)'Constant Velocity Filtert . v~
1.3 1.32
14 2.4

Two accelerometers(Endevco 2265-20) were

used to measure the acceleration levels at
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a duration of approximately a minute,
during which time the shaker table in-
put and head response acceleration signals
were spectrally analysed. By usina the
cursor or the calibrated X-Y plotter,
r.m.s. acceleration amplitudes of the two
signals at a given frequency were accura-
tely determined. The exposure duration of
one minute was chosen in order to provide
sufficient time for the subjects to sta-
bilize their aiven posture and to obtain
an ensemble average of 16 spectra under
steady state conditions. The averaging
process was carried out to improve the
signal-to-noise ratio and hence the accu-
racy of the results. The input level was
gradually raised to the next higher level
and maintained over a duration of one mi-
nute during which time the two signals(in-
put and head response)vere spectrally ana-
lysed and the amplitude ratio calculated.
The input level was raised gradually to
the next higher level and the whole pro-
cedure repeated. After a brief rest, the
sub ject was exposed to another frequency
selected at random, and the whole proced-
ure repeated, until all frequencies were
covered.

In order to decide on the number of mea-
surements to be made, some limited spec-
tral measurements were repeated four times
on one subject at several frequencies &
the acceleration amplitude ratios calcu-~
lated. The results showed repeatability
of results within narrow limits of +10%.
It was therefore decided to make one spe-
ctral analysis at each instant and to
make a single amplitude measurement on
the fundamental frequency.

Similar procedures to that described
above were applied to evaluate the trans-
missibility characterestics of the head
to random vibrations. The r.m.s. accele-
ration levels at subject's input and
output ( head)were monitored by passing

the acreleration signals through low-
pass (0-30 Hz) filters (Krohn-Hite) &
measuring the filtered signals with a
time-domain analyser (JM1860). The head
transmissibility spectrum for each sub-
ject and posture was obtained after sub-
tracting the input spectrum from the

head spectrum at various frequencies.

A general layout of the experimental
arrangements to evaluate the trans-
missibility characterestics of the head
to sinusoidal & random vibrations is
shown in Fioure l.gjnce the object of this
study was to explore the vibration levels
present at the head with respect to a
specified input level, rather than the
dynamic load that the subject imposes

on the system, i.e. impedance, the fre-
quency response approach has been pre-
ferred to the more usual impedance app-
roach.
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FIGURE. 1

GENERAL LAYOUT OF EXPERIMEN TAL ARRANGEMENTS TO EVALUATE THE
BIO-DYNAMIC RESPONSE OF MUMAN HEAD T0 SINUSOIDAL AND RANDOM
VIBRATIONS

RESULTS AND DISCUSSIONS

SINUSOIDAL STUDIES

The r.m.s. acceleration data collected from
each posture, at various levels and fre-
quencies were converted to acceleration
ratios, by dividing the r.m.s. head acce-
leration by the respective r.m.s. input
acceleration., From the pooled ratios of all
the individuals, mean and standard devia-
tion values corresponding to each frequency
and level were calculated. The results of
all the postures were collated from which
graphs showing mean acceleration ratio ver-
sus frequency have been plotted and are
shown in Figures 2 to S.
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As is seen from these figures, the mean
data points are connected by a smooth
curve to reveal the shapes of transmissi-
bility characteristics. From the pooled
mean data, information on the first reso-
nant frequency, the mean amplitude ratio
of the fundamental peaks, mean damping
factor, second resonant frequency, mean
amplitude ratio at the second resonance,
mean damping factor, frequency of the dip
together with the mean amplitude ratio,
are presented in Table 4.

The damping factor,¥Y , was calculated by
using the formula (22),

1 fn
3 = T where Q .f2_°Tl

where, £, and f, are side band frequencies.
These pognts ar® also referred to as the
half-power points(at -3 db). f_is the re-
sonant frequency(Hz), and Q rePers to the
sharpness of resonance. It must be realised,
that the the values of Yare only approxi-
mate, as the values of fn are extrapola-

ted from the curves.

From the analysis, the following general
conclusions emerges-

(a) Within the range of 2.5 to 30 Hz, all
the curves exhibit the characteristics of
two-defree-of-freedom system, with the
first peak occuring in the range of 4 to

6 Hz (mean peak amplitude ratio ranging
from 0.82 to 1.87). 1In between the two
peaks, the curves shows a dip in the fre-
guency region of 8 Hz with the mean amp-
litude ratio ranging from 0.41 to 0.68.
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An examination of the curve shapes reveals
that the first peaks are much sharper than
the second peaks. The mean rate of fall-
off of the second peaks have been found
to be between 9 to 12 dB/octave. Approxi-
mate calculations of (damping factor)
from the two peaks reveal that the first
is slightly heavily damped (mean' rang-
ing from 0.43 to 0,.56) than the second
(mean Y ranging from 0.33 to 0.5).
Comparison of resonant frequency results
obtained from this study with that of
Dieckmann(7), Rowlands(17) and Gary &
Ross(19), in general, shows good agree-
ment .

Comparison of acceleration amplitude ra-
tios obtained from the current findings
with that of Dieckmann(7) shows good ag-
reement., Whereas that obtained from Row-
lands(17) showed first mean amplitude
ratios in the range of 1.12 to 1.62 and
second mean amplitude ratios in the

range of 0,85 to 1.88. The mean amplitude
ratio at the dip was found to lie in the
range of 0.2 to 0.63, The first peak
showved a damping factor of 0.72, follow-
ed by a very lightly damped second system.
From a phase lag point of view, Rowlands
showed the existance of two sub-systems
for the first peak, both heavily damped
followed by a further two lightly damped
systems for the higher peak,

To correctly define the number of degree-
of-freedom involved in a multiple system
such as the human body, information on
amplitude ratio and phase at various
closely spaced frequencies are needed.
Since the number of data points presented

9%

in this paper are very limited and cover

no phase information, it must be realised
that the conclusion arrived at defining the
order of the system is only tentative.
Results gathered from various tests, in
gemeral, showed large standard deviation
values in the frequency region of 2.5 to
17.5 Hz, whereas above 17.5 Hz the varia-
tions gradually diminished. The causes for
the large varjations in the low frequency

range may be attributed to (a) subject vari-

ability, (b) involuntary postural varia-
tions under dynamic conditions, and (c)
rotational and transverse movements of the
head. At high frequencies, these effects
appear to have little influence on the vi-
bration transmission behaviour of the head.
Existence of rotational an ransverse
movements of head/subjects were exposed to
vertical vibrations have been reported by
Walsh(23), Simic(24), and Rance(25). The
results have also shown that stretching
the arms in various postures do not signi-
ficantly influence the vibration transmi-
ssion to the head.

(b) From the results gathered, some postures

have shown slight non-linear trends. Out
of these some showed a decrease in resomant
frequency associated with an increase in
amplitude ratio and others have shown in-
crease in resonant frequency with an in-

crease in amplitude ratio as the input level

increase. These observations are, however,
only approximate as they are based on a

limited number of distantly spaced frequency

points. By applying the swept sine tech-

nique, Rowlands(17) has observed an increase
in the maximum amplitude ratio and its asso-

ciated resonant frequency, as the input
level decreased. Griffin(1l8) has slso
noticed slight non-linearities in the head
response in the frequency range of 7 to

25 Hz.

(c) The dynamic response of the head has
been found to vary with different postures.
A frequency shift from 4 to 5.3 Hz has been
noticed in the first resonance peak. The
associated average shift in the amplitude
ratio has been found to vary from 1.21 to
1.42. A frequency shift from 14 to 17.5Hz
has been noticed in the second resonance
peak. Average amplitude ratios at the
second peak varied from 0.82 to 1.87, with
no shift in frequency noticeable at the
dip. However, the average amplitude ratio
at the dip varied from 0.41 to 0.68.

Some basic differences between various pos-
tures and conditions were found and these
are discussed below:-

A.STANDING SUBJECTSt- Two postures(Pl & P2)
were adopted by subjects. Of these, posture
P2 showed slight downward shift in the re-
sonant frequencies at the first and second
peaks. Whereas the shift in resonant fre-
quency at the first peak was accompanied
by a downward shift in the mean amplitude
ratio, the shift in resonant frequency at
the second peak was associated with a
slight upward shift in the mean amplitude

o _—




ratio. This means that posture P2 reduces
the low frequency transmission and sli-
ghtly increases the high frequency trans-
mission to the head.

B.SITTING SUBJECTS (POSTURES P3 & P4)s-
Posture P3 reduced high frequency trans-
mission and slightly increased low fre-
quency transmission to the head. Posture
P4 had the opposite effect, namely, re-
duced low frequency transmission and in-
creased high frequency transmission to
the head. These findings are in good ag-
reement with those of Rowlands{17).
C.SITTING SUBJECTS (POSTURES PS5 & P6)i~
Similar trends as those observed above
were noticed.

D.SITTING SUBJECTS (POSTURES P7 & P8)i-
The two postures showed very little di-
fference in its vibration transmission
behaviour to the head at low and high
frequencies.

Even though different postures produced
slight shifts in the first resonant peaks,
the differences were not statistically
significant at p=0.05 level. However,
significant shifts in second resonance
peaks (p=0.01) were observed. Also, sig-
nificant changes (p=0.001) in the maxi-
mum amplitude ratios at the two peaks were
shown to exist. Tests on statistical sig-
nificance between posture variables (at
different level conditions) were carried
out by applying the Friedman Two-Way
Analysis of Variance test(26).

ANALYSIS & INTERPRETATION OF RAW DATA
Some detailed into the variations in vib-
ration transmission behaviour of the head
due to postural changes have been made
and the data on minimum/maximum resonant
frequencies and minimum/maximum ampli-
tude ratios observed at the two peaks &
dip have been gathered and presented in
Table 5. These parameters are selected
for discussion because they are regarded
as important factors of the transmissi-
bility curves, From the table the
following can be observed:-~

(a) For each posture and for each level,
there exists minimum & maximum resonant
frequencies & amplitude ratios at the
peaks and dip.

(b) Examining the data corresponding to
the resonant peak, it is seen that some
subjects exhibit resonances in the re-
gion of 2.5,4 and 6 Hz & amplitude ratios
in the range of 0.88 to 1.87 have been
observed. The occurance of head resonance
in the region of 2.5 Hz has also been oOb-
served by Radke(8), Guignard & Irwing(9),
Coermann(15), Rowlands(17), & Garg & Ross
(19). The cause for this resonance is
still not clearly understood, and is pre-
sumed to be due to the response of the
spine. Resonances in the region of 4 to

6 Hz are mainly attributed to the masses
of various internal organs located in the
thoracic cavity and the mass of the upper
body on the stiffness of the spine. The
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existance of these resonances has been con-
firmed by Dieckmann(7), Radke(8), Guignad
and Irwing(9), Schmitz, et al{27), Coermann
(15), Pradko et al(16), Rowlands(17), &
Garg & Ross(19).

(c) Data corresponding to the second reso-
nant peak shows resonances at 10, 13.5,

15, 17.5 and 20 Hz. Due to the fact that
the secondary resonances are spread over

a wide range of frequencies, the shapes of
the mean transmissibility curves in this
region are not sharply defined. Amplitude
ratios in the range of 0.54 to 2.88 have
been recorded. The existance of these se-
condary resonances of the head have been
demonstrated by the above authors and these
are attributed to the mass of the whole
body on the stiffness of the legs, axial
compression of the torso controlled by the
elastic properties of the spine column and
its supporting musculature, resonant osci-
llation of the head with respect to the
trunk, and numerous minor resonances of
superficial structures in the head. Sub-
jective comments during vibration expo-
sures confirmed some of the above attri-
butes.

(d) Dips in the transmissibility curves
have been found to occur in the frequency
region of 8 to 10 Hz, with amplitude ratios
ranging from 0.2 to 1.09. The occurance of




dips in this range have been reported by
some of the above authors., Of these,
Rowlands(17) demonstrates frequency dips
extending below 8 Hz, well into the re-
gion of 6 Hz.

The study has shown the existance of fre-
quency and amplitude ratio variations at
the peaks and dips, between postures and
within postures. Also, response diffe-
rences between subjects for each posture
and at each input level have been noticed.
A Wilcoxon test was carried out to find
any significant differences between the
levels at various frequencies, for each
posture and the results showed no sig-
nificant differences at p = 0.05 level.
Similar tests were carried out to de-
termine significant differences between
various postures and the results are
shown in Table 6.

TABLE 6
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RANDOM VIBRATION STUDIES

SPECTRAL ANALYS1S

Some investigations into the response of
the head to vertical random vibration in-
put, of subjects standing straight(Pl) &
standing with knees bent(PlA) postures
vere made by Rao(28). The main findings
of this study are summarised below:-

(a) Mean head transmissibility curves for
the standing straight posture showed two
resonant peaks, one in the region of 3.5
to 5.5 Hz and the other in the region of
12 to 15 Hz, thus exhibiting the character-
istics of a two-degree-of-freedom system.
At higher frequencies the response atte-
nuated at a rate of approximately 12 dB
per octave. The dips were found to lie in
the region of 6 to 10 Hz. The results also
showed that the response of the head was
dependent upon the level of the input.

The level of damping increased with the
intensity of input vibration.

(b) In the knees bent posture, mean trans-
missibility spectra showed the first re-
sonant peak in the region of 2 to 3 Hz
with a lower level of damping than the
corresponding mode in the standing
straight posture. Adoption of this pos-
ture also revealed considerable isolation
at frequencies above 6 Hz. A slight degree
of non-linearities in the response of the
head were also noticed. Mean head trans-
missibility spectra for postures 2 & 3

are shown in Figures 6 & 7. Side the or-
dinates of the transmissibility curves
vere not calibrated, the scales are only
arbitrary in nature.
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The curves, in general, reveal the follow-
ingi-

(a) All the curves exhibit the character-
istics of a two-degree-of-freedom system.
(b) Posture 3 has shown a reduction in
high frequency transmission and a slight
increase in low frequency transmission to
the head, whereas, posture 4 has shown the
opposite effect. Similar observations have
been made under sinusoidal vibration con-
ditions.

(c) Slight non-linear trends in each pos-
ture have been shown to exist. The di-
rection of non-linearity for different
postures are dis-similar. Similar trends
have been observed under sinusoidal con-
ditions.

(d) At higher frequencies the response of
all the transmissibility curves attenuates
at the rate of approximately 12 dB/octave.
Within the freauency range of 1 to 30 Hz,
the results of both sinusoidal and random
vibration studies have shown good agree-
ment in terms of overall response curve
shapes, resonance frequencies, and non-
linear trends.

ANALYSIS OF WEIGHTED ACCELERATION LEVELS

In each posture, a set of six weighted
r.m.s. acceleration measurements were
taken over the exposure duration of one
minute, on each subject and at each in-
put level. These results were converted

to percentage transmissibility figures.
The overall mean and atandard deviation
data on the head transmissibility of sub-
jects in various postures are presented

in Table 7. The results reveal the follow-
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(a) All postures show a decrease in per-
centage transmissibility with an in-
crease in input level. This may be attri-
buted to the general dislike of subjects
to random vibrations resulting in com-
plaints of discomfort sensations relating
to the head region. Because of this, sub-
jects knowingly or unknowingly may well
have adjusted their postures in such a
way as to attenuate vibrations trans-
mitted to the head.

(b) The results also shows that leaning
acainst the backrest increases the level
of vibration transmission to the head,
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(c) The straight legs in posture 1 merely
act as a vibration transmitting columns.
If the Kknees are allowed to bend, as in
posture lA, the lower limbs can be effect-
ively used as very efficient vibration
isolators. This fact has also been demon-
strated by Radke(29) and Hornick(30)
using sinusoidal vibrations. The current
study has also shown no significant
vriations in head transmissibility of
standing subjects (postures 1 & 1lA) over
an exposure duration of one minute. This
observation contradicts the findings of
Hornick(29) who reported that human legs
lost some of their isolation properties
within a two minute period.

(d) Stretching arms in various postures
has very little influence on the amount
of vibration transmitted to subjects®’ head.
Results of Wilcoxon test applied between
various postures are shown in Table 8.

TABLE 8

JAIATS U WILCOME TESY DOTUDIN VARIOWS PEBTUaEE

AN VINATIR RPERRN

Pastusres Aoved } el 2 wwel 3 w4
[181] wn 3 e
”-n - - - -
»” -0 <0.03 .08 <0.03 .08
” - - PLE PLE ] [ X )
~-” - - - -
- - - - -
Pl -PIA <003 <0.0% ~9.05 9.0
”-" - - - -
”"-”n - - - -
- - - L ] -

" o Net Significene

The results, in general, reveal the
following: -~ <

(a) Significant differences (p = 0.05)
between sitting straight (P3) and sitting
leaning (P4) postures, between sitting
straight (P3) and sitting restrained (P7) '
postures, and between standing straight

(Pl) and standing with knees bent (PlA)

postures have been found.

(b) No significant differences were

noticed between any other postures.

SOME STUDIES ON THE MEASUREMENT OF HEAD &
SHOULDER VIBRATION DURING WALKING

An attempt was made to investigate the
vibration characteristics of head and
shoulder of twenty nine civilian male
subjects during walking by Rao(31). The
main relevant findings of this study are:-
(a) The normal walking frequencies lie

in the range of 1.2 to 2 Hz, with the mean
at 1.45 Hz. High r.m.s. acceleration levels
at head and shoulder have been observed.
The mean levels found are within 25 mins.
and 1 hour 1SO FDP boundaries.

(b) The frequency response of the head
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during walking show the existance of three
resonances and the two dips. The first peak
occuring in the frequency region of 1.2 to
2 Hz, the second peak in the frequency re-
gion of 3.7 to 6 Hz, and the third reso-
nance in the region of 13 to 24 Hz. The
first dip has been found in the region of
2.2 Hz and the second dip in the fre-
quency region of 7.5 to 10 Hz approxima-
tely. As it was not possible to evaluate
the transmissibility characteristics of
the head at that time, it would be diffi-
cult to predict precisely, the number of
degrees-of-freedom that the head possess
during walking.

(c) Comparison of the results obtained
from the walking studies with those of
sinusoidal studies have shown good ag-
reement in terms of resonant frequencies
in the region of 2.5 to 30 Hz.

GENERAL CONCLUS ION

In this paper, attempts have been made t0
accurately determine the transmission of
sinusoidal and random vibrations from
feet and seat to the heads of standing
and sitting subjects in various pos-
tures. It is realised, of course, that
this study will not solve most of the
problems faced by previous investiga-
tors. However, it is a step forward and
does not solve some other major instru-
mentation problems.

In the case of sinusoidal studies, amp-
litude ratio vs frequency information co-
vering various postures have been pre~
sented and the results discussed both
individually and collectively.

Results of random vibration experiments
covering some limited postures have been
presented in terms of mean transmissi-
bility spectra, percentage transmissi-
bility vs time, percentage transmissi-
bility vs input levels and the results
discussed.

Also, some investigations into the vi-
brational characteristics of head and
shoulder during wvalking have been made
and the results discussed.

Results gathered from sinusoidal and
random vibration studies have shown the
following common featuress:-~

(a) The head behaves like a two-degree-of-
freedom, visco-elastic system, the first
peak lying in the region of 2.5 to 6 Hz,
the second pead occuring in the frequency
region of 10 to 24 Hz, and the dip appear-
ing in the region of 8 to 10 Hz.

(b) The first peak has been found to be
much sharper than the second peak,

(c) Both studies have shown non-linear
tendencies, but the direction of non-
linearities have not been the same through-
out.,

(d) Both studies have revealed that lean-
ing against the backrest increases the high
frequency transmission and decreases the
lov frequency transmission to the head
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vhereas, opposite trends are indicated
where the backrest is not used.

(e) Stretching of arms in various postures
have brought slight but insignificant
changes in the vibration transmission be-
haviour of the head.

(f) Changes in the vibrational bebaviour
of head between sitting unrestrained and
sitting restrained have been noticed. Such
changes are occasionally significant.

(g) Slight but insignificant changes in
the vibrational characteristics of head
have been noticed between standing and
sitting postures.

Studies conducted on walking subjects have
revealed high vibrational levels at the
head and shoulder. Barton & Hefner(32)
have similarly showed that the statistical
measures of whole-body vibration from
ambulation to be higher than those from
operation of earth moving machinery and
significantly higher than the published
guidelines for human exposure to whole-
body vibration.

It was also found that when some subjects
in the standing straight posture, were
exposed to whole-body sinusoidal vibrations
corresponding to the resonant frequencies
of the head in such a way that the input
r.m.s. acceleration levels at the feet-
vibrator interface were adjusted to give
corresponding r.m.s. acceleration levels
at the head, the sensation of some sub-
jects ranged from being ‘neutral’ to °‘very
uncomfortable’. Some others complained
t.otal discomfort sensations well before
the desired levels were reached, It, there-
fore, appears that during walking, some
filtering process is generated within the
body 80 as to reduce excessive vibration
levels from reaching the sensitive parts
of the human body. It would be interesting
to explore in some depth the mechanics

of this filtering process. It is also in-
teresting to note that the results of walk-
ing studies showed head resonances in. the
same frequency range as those observed
during sinusoidal & random vibration
studies.

The 1S0(33) while publishing their speci-
fication on Guide to Human Response to
Whole-body Vibration, have recognised
maximum sensitivities in the frequency
region of 4 to 8 Hz. This paper has clearly
shown that resonances of the head in the
frequency region of 2 Hz and 10 to 25 Hz
are equally important from the view point
of human comfort, performance and quite
possibly health,
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FLIGHT ENVIRONMENTS

YC-15 EXTERNALLY BLOWN FLAP NOISE

Capt. Lyle G. Peck
Flight Dynamics Laboratory
Air Force Wright Aeronautical Laboratories
Wright-Patterson AFB, Ohio

wing/flap region.

flap region.

The purpose of this project is to determine the acoustic
environment on the wing/flap region of the McDonnell-
Douglas YC-15 Short Takeoff and Landing cargo aircraft.
The YC-15 is designed for augmented lift through the use
of externally blown flaps deflecting the jet exhaust
thereby turning the flow and increasing lift. This
process creates an intense acoustic environment on the
Ten transducers on the right inboard
wing/flap were selected for data analysis.
tions included takeoff, landing, taxi, cruise and ground
static over the full range of operating conditions.
Results of the test are in the form of narrowband and
one-third octave plots, comparing the affects of engine
pressure ratio, flap angle, microphone location, and
forward speed on the acoustic environment in the wing/

Test condi-

INTRODUCTION

The purpose of this paper is to
present the results of an analysis of
the acoustic environment on the wing and
flap region of the YC-15 aircraft. The
four engine aircraft employs an Under-
the-Wing (UTW), Externally Blown Flap
(EBF) system to provide the additional
lift necessary for short takeoff and
landing capability. The engine exhaust
impinges on the wing and double flap
system, creating an intense acoustic
environment conducive to the acoustic
fatigue of structural components.

While considerable acoustic data
exist from model tests of EBF systems,
data from full-scale operational sys-
tems are quite limited. The objec-
tive of this program is to determine
the effect of a number of flight param-
eters (engine pressure ratio, flap
angle, transducer location and forward
speed) on the acoustic environment in
the near field of the engine, wing and
flap.

While the complete YC-15 EBF a-
coustic test program included 22 ther-
mocouples, 10 accelerometers, 22 static
pressure transducers, 22 fluctuating
pressure transducers, 2 flap internal
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pressure, and 4 total pressure trans-
ducers (kiel probes), this paper is
concerned with only those fluctuating
pressure transducers (FPT) in the
immediate vicinity of the #3 inboard
engine. This includes 5 FPT's located
on the underside of the wing/flap
structure on the centerline extending
aft from the engine. One FPT was
located on the top of the front flap
and three additional FPT's were located
off the centerline, two inboard and one
outboard. In addition to the 9 FPT's,
1 accelerometer, located on the second
flap, was selected to provide sample
vibration data. The intent was to
provide a fairly complete survey of the
engine near field acoustic environment
yet maintain a manageable amount of
data.

Tests were performed for a variety
of conditions during both ground and
flight operations. Engine pressure
ratio varied from 1.0 at idle to 2.2 at
takeoff power. Noise data were recorded
at flap angles of 0°, 22°, and 46°,
which covers the entire range of flap
motion, for forward velocities from 0
ft/sec at ground static condition to 326
knots (550 ft/sec) during flight. Noise




data were reduced in the form of 1/3
octave and narrowband plots.

AIRPLANE DESCRIPTION

The YC-15 is a full-scale proto-
type of a Short Takeoff and Landing
(STOL) cargo plane designed by McDon-
nel-Douglas for the USAF Advanced Medi-
um STOL Transport program. A descrip-
tion of the ¥YC-15 is given in Reference
1 and is included here.

Fig. 1 - YC-15 Aircraft

The YC-15 (Figure 1) is a wide-
bodied, high-wing, T-tailed military
transport airplane. Four Pratt & Whit-
ney JT8D-17 engines, rated at 16,000
pounds (71,168 N) thrust at sea level
under static conditions, are mounted in
a forward position under the wing. The
unswept wing embodies supercritical
airfoil technology enabling the ¥YC-15
to achieve modern jet transport speeds.
The high-1ift system of the YC-15 con-
sists of large chord two-segment flaps,
and full-span leading-edge devices.

The flaps are designed to penetrate the
engine exhaust even at small deflection
angles and to deflect the engine efflux
downward at approximately the same
angle as the flap deflection. This is
accomplished by a double four-bar link-
age which lowers the flap initially,
and then progressively deflects and
separates the two almost equal chorad
segments of the flap. The spoilers
ahead of the flaps are drooped as a
function of flap motion, to maintain an
effective slot between the forward flap
and the wing upper lip (spoiler trail-
ing edge). The high lift system reliecs
to a degree on the underlying principle
of the jet flap; therefore, the re~
quired lift is achieved both from the

deflected thrust and the increased wing
circulation.

Further details of the YC-15 air-
plane and test program can be found in
the flight test plan [2]). The YC-15
systems that directly pertain to this
paper are described below.

The engines are installed in na-
celles (no acoustic treatment) that are
supported by a wing pylon, positioning
the engine exhaust nozzles forward of
and just below the wing leading edge.
The general arrangement of the propul-
sion system is illustrated in Figure 2.

Fig. 2 - Propulsion System

The external mixer nozzle arrange-
ment promotes good mixing of fan and
primary exhaust air with freestream
air to produce rapid temperature and
velocity reduction and to spread the
exhaust wake over a large span of the
flap.

The centerlines of the inboard
and outboard engines are at fuselage
station Z = 34.3, X = + 206.0 and
Z = 33.5, X = + 331.0, respectively,
and the jet exit planes are at Y =
693.5 and 706.0, respectively. The
flap linkage system is shown in
Figure 3 ([1].

Fig. 3 - Wing/Flap System
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TEST DATA ACQUISITION,
DATA REDUCTION

Testing took place on 5 and 7 May
1976 at Edwards Air Force Base, Cali-
fornia. The aircraft used during the
test was designated aircraft No. 1.
Table 1 gives the aircraft operational
conditions for the two flights ana-
lyzed.
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Fig. 4 - Transducer Mounting
Plate

KIEL PROBE
(TOTAL)

TABLE 1

Aircraft Operational Condition (3]

Weight Data

Zero Fuel Weight, 1
1bs (kgs)

Ramp Gross Weight, 1
1bs (kgs)

C.G. (% MAC)

Flight 72
117,400 (53,354)

Flight 71
17,400 (53,364)
71,400 (77,909) 140,600 (63,909)

32.5 31.4

This report is concerned with the
fluctuating pressure transducers and
one accelerometer near the #3 engine.

Transd

The FPT's are flush mounted through the
wing/flap skins as shown in Figure 4.
The location of the transducers is

shown in Figure 5 with their exact posi-
tions denoted in Table II.

TABLE II
ucer Location 3

LOCATION OF FLAP INSTRUMENTATION (INCHES)

of=0 DEG

of=22 DEG of=46_ DEG

TRANSDUCERS X Y Z

X b 4 Z X Y 2

MIC 01 206.00 1 179.77 | -7.20

206.00 [179.77 §- 7.20 | 206.00 }179.77 | - 7.20

MIC 10 189.851199.50 | -4.42

101.31 ] 218.10 [-14.29 {192.54 |228.03 | -21,17

MIC 14 203.00 ] 198.80 | -4.42

204.44 {217.08 |-14.06 | 205.65 | 226.85 | -20.76

MIC 17 203.00 ] 199.50 8.75

204,19 1221.11 j- 1.46 | 205.90 [233.98 | - 9.67

MIC 20 202.80 1 209.92 | -2.75

204.54 | 228.26 | -15.27 | 205.93 | 237.33 | -24.82

MIC 24 282.05 ] 196.75 | -4.05

284.01 {213.12 |-12.8]1 | 285.15 }221.79 | -18,99

MIC 46 189.85 )] 221.32 | -0.43

193.78 | 254.20 | -25.41 | 196.88 | 266.76 | -46.54

ACC 49 201.10 ] 219.00 | -1.25

204.90 | 251.22 | -25.14 | 207.9) | 263.70 | -45.27

MIC 50 201.50 | 228,10 | -0.20

205.74 | 259.93 }-27.88 | 208.94 |270.71 | -51.08

MIC 56 201.20 | 238.16 0.55

205.91 | 259.42 | -31.28 | 209.33 | 278.22 | -57.80




5 - Transducer Location on
Engine #3 Centerline

Fig.

A complete description of the egquipment
calibration, data collection and pre-
liminary data reduction can be found in
Reference 1.

Tables III and IV list the condi-
tions at which data for this paper were
taken.

The data, which were stored on analog
magnetic tape, were reduced to 1/3
octave and narrowband plots. One-third
octave plots for all transducers at all
the test conditions in Tables III and
IV were produced in frequencies from

0 to 10K Hertz. Narrowband plots were
made from the output of FPT 01 and
accelerometer 49, for the frequency
range 3HZ - 10KHZ. 1In some instances
the transducers are denoted by the last
two digits of their four digit desig-
nation. (e.g. 14 is transducer 2614)

DISCUSSION AND RESULTS

The sources of jet noise associated
with conventional aircraft are clearly
present in the YC-15. The noise asso-
ciated with high velocity, high tem-
perature exhaust flow is present, as
in standard cargo aircraft. In addi-
tion, sources unique to STOL aircraft
add to the noise environment. The
exhaust jet impinges on and is deflected
by the wing/flap system creating
"scrubbing" noise. Trailing edge noise
and high speed air flowing around and
between the flaps intensify the fluctu-
ating pressure at certain frequencies.
The combination of these sources pro-
duces an intense acoustic environment
conducive to fatigue of aircraft
structure. This environment is extreme-
ly complex, and only rudimentary tech-
niques to predict the near field acous-
tic levels are currently available.

TABLE III
Ground Tests
Condition Altitude Flaps Velocity Engines
Ground Static 2275 0° 0 1,2,3,4 @ IDLE
Ground Static 2275 0° 0 2,3 @ 1.55, 1,4 @ IDLE
Ground Static 2275 0° 0 2,3 @ 1.85, 1,4 @ IDLE
Ground Static 2275 0° 0 2,3 @ 2.21, 1,4 @ IDLE
Ground Static 2275 22° 0 1,2,3,4 @ IDLE
Ground Static 2275 22° 0 2,3 @ 1.55, 1,4 @ IDLE
Ground Static 2275 22° 0 2,3 @ 1.85, 1,4 @ IDLE
Ground Static 2275 22° 0 2,3 @ 2.21, 1,4 @ IDLE
Ground Static 2275 46° 0 1,2,3,4 @ IDLE
Ground Static 2275 46° 0 2,3 @ 1.55, 1,4 @ IDLE
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TABLE 1V
Flight Tests

Velocity
Condition Altitude Flaps (Kts) Engines
Level Flight 18,069 0° 192 1,2,3,4 @ 1.42
Level Flight 18,069 0° 245 1,2,3,4 @ 1.6
Level Flight 17,998 0° 287 1,2,3,4 @ 1.68
Level Flight 18,028 0° 325 1,2,3,4 € 1.9
Level Flight 29,777 0° 238 1,2,3,4 @ 2.01
Takeoff and Climbout 2275+ 24° 100 1,2,3,4 @ 2.23
Approach 2275+ 46° 85 1,2,3,4 @ 1.40

In addition to the environment
noted above, additional problems asso-
ciated with the physical conditions
under which data were collected may in-
troduce greater complexity in evaluat-
ing the results. A few preliminary
comments address these phenomena.

The presence of the ground plane
affects the SPL. References 4-7 ad-
dress the problem of ground reflection
of jet exhaust suggesting up to 10 dB
variation in SPL at frequency dependent
locations. For a microphone over a
perfect reflector, the difference in
overall sound pressure level (OASPL) is
estimated to be, on an average, 3 dB
above the free-field value, with non-
perfect surfaces [5}]. An acoustic wave
reflected from the ground would not be
expected to have a significant effect
on the locations in the jet flow be-
cause of the overwhelming effect of
localized pressure fluctuations.

Taking measurements in the jet
flow presents other difficulties when
interpreting the results since the
transducers are excited by combined jet
noise and surface flow-generated noise.
For this study, no attempt was made to
separate these two noise sources and
the data are reported in terms of sound
pressure level (SPL). The major inter-
est was in the acoustic fatigue envi-
ronment seen by the wing/flap struc-
ture, and both the acoustics and fluid
flow contribute to the structural ex-
citation.

These physical constraints should
be considered if the data presented
here is compared with other STOL data

taken under different physical condi-

tions.

ENGINE PRESSURE RATIO

Engine Pressure Ratio
used in this paper only as
for engine thrust setting.
varies from 1.0 at idle to
throttle (takeoff thrust).

(EPR) is
a reference
The EPR
2.2 at full
Figure 6

depicts the jet Mach number and percent
thrust as a function of EPR for the
range of static and flight conditions
as tabulated in Reference 1.
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Fig. 6 - Jet Mach Number vs.
EPR and Thrust
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Figure 7 illustrates typical effects of
increasing the engine pressure ratio
for the FPT's on the lower surface of
the wing/flap system on the engine
centerline. The test condition for
Figure 7 is with flaps at 0°, engine 1
and 4 at idle and engines 2 and 3 vary-
ing from idle to takeoff condition in
four steps.

170
EFFECT OF ENGINE PR RE RATIO
GROUND STATIC TEST FLAPS Q-
‘SOT o DLE ENGINES 2.3. EPR
& EPR:1.8S ENGINES 1.4 IDLE °
0 EPR=185 FPT 2620 °

150 O EPR:=2.21

140

SOUND PRESSURE LEVEL - dB (RE 0.0002 MICROBAR)

130
120
1104

_ >
1004 2620 C{
90

LA LT

ONE-THIRD OCTAVE BAND CENTER FREQUENCY-HZ

Fig 7 - Effect of Engine Pressure
Ratio, Ground Static

The shape of the noise spectra is
the familiar "haystack" typical of jet
noise from conventional aircraft. The
sound pressure level increases with
frequency up to a fairly wideband peak
in the range of 30-400 Hz for the
ground static tests, and then decreases
in SPL with increasing frequency.

For all FPT's the spectra for the
idle condition do not display the noted
trends and are generally flat with the
exception of peaks, due to rotational
sources in the engine at low EPR's.
Overall sound pressure levels increase
12-15 dB as EPR is increased from 1.0
(idle) to 1.42. Further increases in
OASPL of 2 to 3 dB are noted for EPR
increases to 1.85 and 2,2.
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Fig. 8 - Effect of Engine Pressure
Ratio, Level Flight

The effect of engine pressure
ratio on noise was also evaluated
during level flight conditions. Figure
8 illustrates a set of typical spectra,
these being for the microphone on the
aft portion of the first flap. Notable
changes in spectrum shape are seen with
forward velocity and will be discussed
in a subsequent section. Approximately
a 10 dB increase in OASPL is seen with
an increase in EPR from 1.42 to 1.90.

A significant disparity is seen for the
EPR = 1.60 case; below approximately 40
Hz the spectrum is 5 to 10 4B above the
level for the other three cases. The
spectrum becomes consistent with the
other EPR's above 40 Hz. This effect
is also seen on the FPT on top of the
flap, where little or no EPR effect was
seen. The cause of this anomoly is not
readily apparent since no other param-
eter changes were reported for this
test condition.

FLAP ANGLE EFFECTS

The YC-15 flaps are continuously
variable from 0° to 46°. Three test
conditions were selected to simulate
STOL takeoff (22°), STOL landing (46°),
and cruise (0°). For the test condi-
tions of 0° and 22°, EPR's varied from
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1.0 to 2.2. However, for the 46 flap
deflection the highest EPR was approxi-
mately 1l.55 due to operational restric-
tions. A comparison of SPL's for the
three flap angles is shown in Figure 9
for the 1.55 EPR condition.
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Fig. 9 - Effect Flap Angle Change

This figure typifies the effect of
changing flap angle for the underside
of the wing/flap structure. The effect
due to the flap angle change is most
apparent on the forward FPT of the aft
flap (2650). An increase in flap angle
from 0° to 22° or from 22° to 46° cor-
responds to an increase of 3 dB overall
for each change, for a total increase
in OASPL of approximately 6 dB. The
spectra display a roughly continuous 5
dB SPL difference in the 316 to 10.000
Hz range. FPT 2650 registered the
highest OASPL for any condition, with
an overall level of approximately 161
dB. In contrast, FPT 2601 on the rear
of the wing structure shows very little
difference in spectrum shape or OASPL
as flap angle is changed. The OASPL
only increases from 150 dB to 151 dB
with a flap change from 0° to 46° .
This is as expected, since the relative
location of the FPT with respect to the
exhaust flow does not vary with flap
angle. Consequently, any change in SPL
is dependent on feedback and flow per-
turbations caused by interaction of the
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efflux and flaps downstream of the
transducer.

FLUCTUATING PRESSURE TRANSDUCER
LOCATION

The effect of location has already
been touched upon for the underside of
the wing/flap structure on the engine
centerline. Figure 10 compares the
spectra of the two FPT's inboard and
outboard of the engine centerline on the
underside of the leading flap.
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Fig. 10 - Transducer Inboard
and Outboard of
Engine #3 Centerline

FPT 2610 is 16.15 inches inboard of FPT
2614 which is on the centerline. FPT
2624 is 76.65 inches outboard of the
centerline. The spectra for 2610 and
2614 are very similar since both FPT's
are in the exhaust flow. At frequencies
up to approximately 80 Hz the inboard
FPT exhibits a level up to 5 dB above
the centerline FPT. Above that fre-
quency, they compare very closely. The
OASPL's compare within + 1 dB. FPT
2624, which is not in the exhaust flow,
shows an approximately 10-12 dB lower
OASPL but also a significant frequency
shift to a broad peak in the 300-800

Hz range. Low frequency levels are
approximately 10 4B below the levels




for the two FPT's in the exhaust. The
difference increases to about 15-18 dB
at midrange and then tends to converge
at higher frequencies. A similar trend
is noted on the rear flap where FPT
2646, which is 13.15 inches inboard of
the centerline, shows a higher SPL, up
to about 100 Hz. At higher frequencies
2650 shows up to 6 dB higher SPL's.
Overall levels consequently only differ
by 2 dB.

FPT 2617, which is on the upper
surface of the leading flap, is in a
different environment than FPT 2614
which is on the lower surface. The
effect of shielding by aircraft struc-
ture is clearly shown in Figqure 11.
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Fig. 11 - Effect of Structural
Shielding

In this case with 0 flap deflection,
no exhaust flow impinges the upper sur-
face. In addition, the spoiler on the
upper surface (Figure 3) also protects
the FPT since the leading flap slides
up underneath the spoiler at small flap
deflection angles. Consequently, the
majority of the acoustic energy must be
transmitted through or around the wing/
flap structure or from other locations
in the distributed jet noise source.
The spectrum of FPT 2617 is signifi-
cantly below the spectrum of FPT 2614,
with the differences as high as 18 dB
at frequencies up to 160 Hz. Beyond
this frequency the SPL remains approxi-
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mately 5-8 dB below the level seen by
FPT 2614. On the upper surface the
peak level is in the frequency range

of 200~630 Hz, with an OASPL roughly
10-12 dB below that of the undersurface.

As the flaps are extended some of
the exhaust flow is channeled to the
upper surface so that the upper surface
is no longer shielded. Impingement by
the flow normal to the FPT is not as
likely as on the lower surface, but the
environment shows similarities to that
of the lower surface. In fact, at
takeoff condition, FPT 2617 shows an
OASPL 3 dB higher than FPT 2614, which
is not as one might expect. Figure 12
illustrates the effect of flap deflec-
tion for the extended flap conditions.
Only a small change in spectrum is seen
by the upper surface as compared to the
lower surface. The spectrum peak fre-
quency decreases slightly, with a de-
crease in OASPL of 2-~3 dB. The spectra
at frequencies above 500 Hz are very
comparable.

170
GROUND STATIC
J [ TIRY
160 FLAPS = 48°
o FPY 2614
O FPT 2817 8

0002 MICROBAR}
@
Q
.

s 140 -

130 4

-

N

(-]
I

-
-
Q

—

SOUND PRESSURE LEVEL - d8 (RE 0
°
(-]
't

20

AR AR RARARA RN RARARNARRARIRRASRADN

f1 0 MG Jan ser

ONE-THIRD OCTAVE BAND CENTER FREQUENCY-HZ

Fig. 12 - Effect of Flap
Deflection on Upper
Surface




Y.

FORWARD VELOCITY

The effect of forward velocity on
the acoustic spectrum is significant
both in frequency shift and in SPL.
Comparison of typical spectra is made
in Figure 13.
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Fig. 13 - Level Flight vs,
Ground Static

The peak frequency shifts from approxi-
mately 100 Hz at ground static to ap-
proximately 600 Hz at level flight con-
dition. Additionally the OASPL de-
creases by approximately 5 dB. Similar
effects are seen from all FPT's in the
exhaust flow.

In Figure 14 a comparison is made
of the OASPL's for FPT 2614 at ground
static and level flight using jet Mach
number M, as the independent parameter.
M, is obtained irom propulsion system
performanc~ related parameters in
Referen-e 1. 1In both cases sound pres-
sure laevel shows a direct relationship
t., the jet Mach number. The OASPL is
typically 10-14 4B higher in the ground
static case than in the level flight
case for similar conditions. However,
references 4, 8, and 9 all suggest an
expected forward velocity noise reduc-
tion in the range of 1 to 3 dB depend-
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ing on flap setting, forward velocity,
etc. These predictions are predomi-
nantly designed for far field but a
degree of comparison is expected. To
determine a possible explanation for
this difference a comparison was made
with the FPT outside of the jet flow.
Figure 15 compares the OASPL's of FPT
2614 in the jet flow versus FPT 2624.
Note that going from ground static to
level flight corresponds to a 10-12 4B
decrease in level for FPT 2614, while
FPT 2624 shows only a 2-3 dB decrease.
This 2-3 dB decrease corresponds to
that predicted in the literature.
Apparently, the flow due to forward
velocity reduces the flow impingement
by compressing the exhause plume, thus
preventing attachment of the exhaust
flow. The amount of noise reduction
appears to be independent of forward
velocity in the range of speeds for the
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TABLE V
OASPL At Test Conditions
Condition Transducer Number
Test Engine Flaps Altitude Velocity 01 14 20 50 56 10 17 24 46
Condition (EPR) (FT) {KTS)
Ground Idle 0~ 2275 0 137 138 138 140 138 137 138 139 138
Static
" " 22° " " 138 139 138 140 138 138 139 139 140
" " 46° " " 137 140 139 140 137 138 138 139 140
" 1.55 0° " " 150 150 151 152 151 151 140 143 151
" » 22° " " 150 153 152 154 153 153 152 143 154
" " 46° " " 151 155 155 157 155 156 154 145 155
" 1.85 0° - " 153 153 154 154 154 154 143 144 153
" " 22° " ° 154 156 156 158 157 156 154 143 157
" 2.2 0° " " 156 156 157 157 157 156 145 146 156
" . 22° " " 157 158 158 161 160 158 156 147 159
Takeoff 2.2 24-° 2275 100 153 154 154 155 154 154 157 150 155
Level 1.42 0° 18,069 192 139 139 140 144 138 138 135 140 137
Flight
" 1.60 " 18,069 245 142 144 145 146 142 142 140 144 142
" 1.68 " 17,998 287 142 145 145 145 143 143 138 143 141
" 1.90 " 18,028 325 150 149 149 148 147 147 138 147 145
" 2.01 " 29,777 238 142 144 144 147 142 142 134 142 141
Approach 1.42 46° 2275 85 145 148 148 154 150 151 147 145 150
level flight test, 192-325 kts, since SUMMARY
the slope of the OASPL VS M, line is
approximately parallel with the ground A summary of the OASPL for each
static data. test condition is shown in Table V. 1In

As flaps are deflected the influ-
ence of forward velocity becomes small-
er but is still apparent. At takeoff
condition, with a forward velocity of
100 kts and 22° of flaps, the OASPL is
approximately 4 dB below the ground
static case. At an approach velocity
of 85 kts with 46° flaps, the differ-
ence in OASPL is approximately 7 dB,
still significantly below the ground
static case. 1In both cases the trans-
ducers outside the flow shows only a
2-3 dB decrease with forward velocity.

addition, a graphical representation of
the range of OASPL's for the respective
test conditions is shown in Figure 16.

The range of the fluctuating pres-~
sure levels at the 1/3 octave band fre-
quencies in the jet flow under the
wing/flaps, is shown in Figure 17.
spectra are normalized to the SPL at
the peak frequency. The 1/3 octave
band levels are most consistent for the
ground static test conditions. The

The

maximum range of SPL's is approximately
15 dB at the low frequency end, decreas-
ing to 6-8 dB at higher frequencies.
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The spectra for the flight conditions,
which include "takeoff" and "approach"
have a much wider range. At low fre-
quencies, variations as high as 30 4B
are seen. Again the difference de-
creases with increasing frequency to
10-15 dB at the high end of the spec-
trum.

CONCLUSIONS

Based on the results shown in the
previous sections, the following con-
clusions are drawn:

(1) The highest sound pressure
levels are obtained for large flap de-
flection and high engine pressure
ratios. SPL's as high as 161 dB occur
on the second flap.

(2) The effect of engine pressure
ratio is relatively consistent for all
transducers. Idle spectra are fairly
level which is typical for jet engine
noise. Increasing the EPR from 1.55 to
1.85 and 2.2 corresponds to an approxi-
mate OASPL increase of 2-3 dB for each
change. Little change is seen in
spectrum shape.

(3) The effect of flap change is
sensitive to location. Only a 1-2 dB
increase is seen with a flap angle
increase firom 0° to 46° for the aft
portion of the wiig and outside the
exhaust flow. For other locations the
OASPL's increase by up to 8 dB.

(4) The location of the trans-
ducers proved the most significant
parameter. Overall levels varied by as
much as 14 dB for the same test condi-
tion when comparing measured levels in
the flow as opposed to outside the flow.
FPT's in the flow showed a variation of
approximately 5-6 dB with levels in-
creasing from front to rear reaching a
maximum on the forward portion of the
aft flap.

(5) Forward speed effects were
most evident in FPT's in the exhaust
flow. Going from ground static to level
flight resulted in a decrease in OASPL
of 10-14 4B and a significant shift in
spectrum toward higher frequencies.
With increasing flap angles the overall
difference becomes smaller with an OASPL
change approximately 4-7 dB. Outside
the exhaust flow, only a 2-3 dB decrease
occurs with forward velocity.

(6) The spectra display signifi-
cant levels of low frequency excitation
in the range of 130-140 dB. This level
of excitation is conducive to acoustic
fatigue in improperly designed aircraft
structures. Consequently, the detri-
mental effects of high level noise
should be considered when designing air-
craft employing the type of engine/flap
configuration similar to the YC-15.
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DISCUSSION

Mr. Moore (Convair-San Diego): Was any attempt
. made to shield the transducers from dynamic wind
oot noise, or wvas this taken into consideration when
Sy you reduced your data?

Mr. Peck: No, we didn't consider that in this
phase of the test. We didn't know whether we
3 wonld be able to do it, or vhat its exact value
n would be.
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DETERMINATION OF THE DYNAMIC ENVIRONMENT OF THE F/FB-111 TAIL POD ASSEMBLY

Janice Chinn and Phyllis Bolds
Air Force Wright Aeronautical Laboratories

Wright-Patterson Air Force Base, Ohio

A comprehensive dynamic study was conducted on the F/FB-111 aircraft by Air Force
Wright Aeronautical Laboratories. The vibration and acoustic data were needed to
define the environment of the tail pod assembly in order to mount sensitive elec-
tronic equipments within. These data were compared with predicted F-111 Tail
Warning Systems Specification ASD/ENAM-78-1 and Military Standard Environment Test
Methods, 810-C. From the analysis of the data presented in this study, vibration
data in the 300 to 500 Hz range exceeded the specification and does not allow a
sufficient cushion for endurance testing for many of the transient conditions.

fHTRODUCTION

Existing vibration prediction technology is
insufficient to meet many Air Force engineering
requirements that occur during the development
phase of new weapons systems. Recent research
efforts under two Air Force contracts have pro-
duced methods for predicting forced vibration
of skin-stiffened structures. To complement
these efforts, a data base is needed for veri-
fying how vibration induced at the aircraft
skin is transmitted to critical components and
equipment items mounted on and within. An
F-111E vibration and acoustic in-flight test
was conducted n support of the Fighter
Aircraft Vibration Prediction (FAVP) study being
conducted by the Structural Vibration Branch of
the Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, Ohio.

This organization measured, recorded, and
reduced acoustic and vibration data to describe
the dynamic environment on the vertical
stabilizer of the F-111E aircraft. The in-
flight test was conducted at Eglin AFB, Florida,
during the period October 1979 to September
1980.

The test was a part of a comprehensive
in-house program, “Dynamic Environment on
Current and Future Air Force Flight Vehicles".
The acoustic and vibration data was used to
develop the specification for the F/F8-111
tail pod assembly. These data, taken during
turns and pull-ups, provided hard evidence of
potential integration problems, i.e., mechanical
chatter. The early identification of this
condition enabled the development of a more
realistic dynamic specification for the Infrared
Tail Warning System,

The objective of this paper is to illustrate
the need for measured dynamics data to:

(1) solve operational problems in a timely
manner; (2) update specifications; (3) improve
system reliability; (4) improve combat readiness
and (5) increase flight safety.

MEASUREMENT AND ANALYSIS

Test Vehicle Description. The F-111E
aircraft is a two-place, all weather, high or
low altitude, supersonic, tactical fighter/
bomber, (Figure 1). The aircraft has dual
controls and requires a crew of two seated side-
by-side. It provides the pilot with the
in-flight capability to select any angle of
wing sweep between .28 and 1.265 radians (16 and
72.5 degrees, respectively). The aircraft has
double slotted trailing edge flaps, full-span
fowler action and is powered by two jet
after-burning engines internally mounted in the
fuselage. The aircraft has a conventional
tricycle gear with the main gear as a single
assembly. It has a large vertical stabilizer
and a conventional rudder plus ventral strikes
located on the lower portion of the engine
access doors approximately .5236 radians (300)
from the vertical.

Test Instrumentation. In the airborne data
acquisition system, 104 accelerometers and 29
microphones were used for measuring the vibra-
tion and acoustic environment of the aircraft.
The three accelerometers and one microphone
germane to this paper were located on the tail
pod at the top of the vertical stabilizer,
(Figure 2). The signal conditioning and
recording instrumentation consisted of (1) 12
position switch box, (2) a tape recorder, (3) a
portable data acquisition system, (4) a time
code generator, (5) voice from the aircraft
intercom system, (6) two six-channel automatic
gain changing amplifier boxes, (7) an in-house
fabricated programmable transfer box, (8) apair

]
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Fig. 1 - F-111 Aircraft with External Stores
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of frequency multiplexers each consisting of
two voltage control oscillators and one mixer
amplifier. Figure 3 is a block diagram of the
data acquisition instrumentation.

Data Acquisition. Dynamics data were
recorded for test conditions which included
ground runup, takeoff, climb, level acceleration
and deceleration runs, sideslip, turns,
stabilized flight, gunfiring passes, takeoff
and landing, and standard maneuvers.
complete listing of these test conditions
including Mach number and altitude is given
in Reference (1).

Test data were recorded during preplanned
conditions for 3 to 5 minutes. Twelve trans-
ducers that were grouped together on one
switch position were recorded simultaneously.
The switch was then advanced to the next
position and data were recorded for the second
set of twelve transducers while the pilot
maintained the same stabilized flight condition.
This procedure continued until the switch had
been sequenced through twelve positions, and

data had been recorded for all 133 accelerom-
eters and microphones. These data were recorded
utilizing 0.762 mps (30 ips) tape speed and 54
KHz center frequency FM record amplifiers. All
transducers were calibrated in the laboratory
using the same cables, connections and mounting
brackets used during flight measurements. The
accuracy limitations of the flight measurement
systems are a summation of errors contributed
by transducers, signal conditioning equipment
and tape recorder. The maximum error of any
one of these elements is unlikely to exceed 5%
of full scale output. A reasonable estimate of
the maximum overall error is the root-mean-
square of the errors of the three contributors
of + 8.7% of full scale output.

Data Analysis. Analog tapes recorded during
the FTight test were analyzed in the Vibration
and Aeroelastic Facility located at WPAFB,

Ohio. Figure 4 shows the block diagram of the

analysis system. Using the results of a quick-
look digital RMS program, the proper amplifier

gain factor and the matching transducer sensi-

tivity for each data sample produced an RMS
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Figure 4. Analysis System

time history curve in engineering units of g RMS
for accelerometers and dB-sound pressure level
{re .00002 Pa) for microphone data. The RMS
time histories indicated whether these data were
reasonable and stationary.

The digitizing parameters used in the
analysis of the Power Spectral Density, Ampli-
tude Probability Density, and Time Histories,
of the vibration data are contained in Table I.

Data Presentation. The vibration and
acoustic data selected for presentation in this
paper are shown in Figures 5 through 30 and were
obtained during the conditions in Table II.
Figures 5 through 22 show the power spectral
density (PSD) of these data. The PSD is com-
puted using standard Fast Fourier Transform
(FFT} techniques and is presented as g2/Hz.
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These data are compared with the predicted
levels for the tail warning system contained in
the tail pod of the F-111 aircraft, ASD/ENAM-
78-1 report (2).

TABLE 1
Digitizing Parameters
Cutoff Frequency 2000 Hz

Digitizing Time 3.2767 Seconds

Delta Frequency 4,8828 Hz
Number of Transforms 16
Transform Size 1024

Figure 23 is the Amplitude Probability
Density (APD) of the normal (or Gaussian) Proba-
bility Density. A comparison was made of this
figure with the APDs presented in Figures 24 to
26 of the actual data during the speed brake out
flight condition. The APD, assuming the data is
stationary, is given by:

o(F/ Q) = (1/21) e %(F/0)? (1)

where ¢ is the standard deviation or RMS
magnitude of the variable (F) and (-3<F<+3). The
normal probability distribution has been found
to describe suitably the statistical distribu-
tion of the instantaneous magnitude of random
vibration.

The acoustic data recorded from the micro-
phone located at the top of the tail pod of the
F-111 aircraft is shown in Figure 30. The
amplitude is the Sound Pressure Level (SPL) and
f is the broad (constant percentage 0.70f;)
bandwidth for the ith band under consideration

SPL = 20 log (-ﬁ;) (2)

where P is the measured pressure and rp is the
reference pressure (0.00002 Pa).

RESULTS

The results of this study consist of a
discussion of the figures and tables referenced
in the Data Presentation Section of this paper.
Figures 5 through 22 illustrate the Power
Spectral Densities of the data that were
measured on top of the vertical stabilizer and
they are compared with reference (2) for each of
the flight conditions treated in this paper.
During these flight conditions, the highest
overall level occurred in the lateral direction,
Table II1. Since the Speed-Brakes-Out flight
condition was the most severe, additional
analysis of the three accelerometers was per-
formed.




TABLE I1
Selected Flight Conditions

CONDITION ALTITUDE AIRSPEED
VIBRATION DATA
Stabilized Level Flight 4572 m (15K ft) 1.2 Mach
Weapons Drop 3657.6m (12K ft) 1.1 Mach
Level Turn Constant g 914.4m ( 3K ft) 0.85 Mach
Level Turn Max g 914.4m ( 3K ft) 0.85 Mach
Speed Brakes Out 914.4m ( 3K ft) 0.85 Mach
Steady Heading Side Slip 914.4m ( 3K ft) 0.85 Mach
ACOUSTIC DATA
Stabilized Level Flight 914.4m ( 3K ft) 0.5 Mach
Stabilized Level Flight 914.4m ( 3K ft) 0.7 Mach
Stabilized Level Flight 914.4m ( 3K ft) 0.8 Mach
Stabilized Level Flight 914.4m ( 3K ft) 0.9 Mach
RMS ValueIA?Lgoléé 2000 Hz
ATTITUDE FORE &
CONDITION VERTICAL LATERAL AFT
1.2N @4572M 7.27 g 9.70g 4.89g
Weapons Drop 3.83 5.05 4.02
Turns Cons. g 5.43 7.54 6.20
Turn Max g 6.32 10.81 8.27
Speed Brakes Out g _1_4_____7=7 9=3£
Side Slip 5.96 8.14 6.44

Figures 5 through 7 show the vibration data
measured during stabilized level flight exceeded
the specifications in reference (2) at frequen-
cies below 400 Hz, for the three directions. The
RMS leveis for the stabilized level flight, as
expected, are the lowest.

Figures 8 through 10 show the PSD levels
measured during the weapons drop condition.
RMS levels are higher than the specification
curve, however, this is a transient condition
and will only be experienced for short durations
and the frequencies that exceed it are below
400 Hz.

The
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During the constant g turn condition, the
RMS levels are slightly higher than the
stabilized level flight, (Figures 11-13). Again,
the specification is exceeded in the frequency
range below 400 Hz, In some cases, it is
greater than two orders of magnitude. This
condition will be experienced somewhat more than
the transient condition, but a great deal less
than the stabilized level flight condition.

The maximum g turn condition (Figures 14
through 16), exceeds the specification in the
region below 400 Hz by an order of magnitude.
In the lateral direction, the specification
curve is much higher than the data in the
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{; frequency range above 400 Hz. The aircraft The acoustic data (Figure 30), shows the SPL
gv often experiences this condition in the fighter associated with the different altitudes and Mach ‘
mode during maneuvers. values during stabilized level flight. The
acoustic data curve (Ref 3) for external noise J
; Figures 17 through 19 show the side slip levels at the top of the vertical stabilizer is
'i condition; again the data exceeds the specifica- well above the noise level measured during level
b tion in the lower frequency range. In the flight.
at vertical and fore and aft directions, normal to ‘
¥ skin, the levels exceed the proposed specifica- ‘
" tion curve by more than an order of magnitude. CONCLUSIONS
i This condition is for a very small portion of
the overall life of the aircraft. From the analysis of the data presented in ‘
# this study, the following conclusions are I
?, The speed-brakes out condition is by far the reached,
o most severe. Figures 20 through 22 indicate
¥ that levels in the region below 400 Hz are much (1) vibration data in the 300 to 500 Hz
i greater than the proposed specification curve. range does exceed the specification and does not
) Table III shows that in each direction the RMS allow a sufficient cushion for endurance testing
i value is the largest for the speed brake out for many of the transient flight conditions.
4 coqdition. Additional analyses were conducted ' .
m using these data. An amplitude probability (2) To prevent mechanical linkage chatter,
. density aqalys1s was made of the data measured a knowledge of the low frequency spectrum, below
" in each direction. The data (Figures 24-26), 300 Hz, is required.
» measured over the frequency range of 10 to ) .
K 2000 Hz showed a near normal distribution from (3) These data are required to determine
¢ -39 to +30 indicating wide band random vibration critical modes in order to design the proper
} A comparison of these measured PSD levels was shock mounts for electronic equipments for: ‘
- made (Figures 27-29) with the MIL STD 810C curve ; f
N for jet aircraft, method 514.2 curve A, (Ref 3) gg; gg;gg:sﬁgaZ?"g:Z
g for both endurance and performance. Again, the A : ‘
™ ' ded th in the 1 i b (¢) updated specifications
"y data exceeded the curve in e lower equencies. (d) improved system re]lablhty
L)
4
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RECOMMENDAT IUN

It is recommended that current and future
aircraft be made available for comprehensive
dynamic measurement programs so that problems
such as the one described herein can be solved
in a timely manner.
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DISCUSSION

Mr. Caruso (Westinghouse Electric Corporation):

Mrs. Bolds:

The worst case that you observed was when the
speed brakes were out. How many times does that
condition occur, and how long does it 1last
during a typical mission? I assume it 1is a
transient condition.

According to our measurements that
condition represents a very small portion of the
overall life of the aircraft.

Mr. Silver (Westinghouse Electric Corporation):

Mrs. Bolds:

We have some problems with this low frequency
phenomenon when we locate equipment in the tail
cap. We are getting very severe definitions of
that environment for long periods of time;
enveloping those major low frequency modes and
putting them in test specifications gives us a
great deal of difficulty. If we have to run
those high level tests for long durations, we
will get extreme heating of the isolators which
is not realistic. It is important that these
high test levels be realistic; we can't afford
to envelope to extremes. It is also important
for the test durations to be realistic. I
wonder if these are really transient events that
are possibly being described as continuous
events.

I would think testing should be
conducted for short durations because they are
accelerated to begin with. You would only have
this condition for a short amount of time
compared to the overall 1life cycle of the
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airplane; that also depends on the mode of use
of the airplane, fighter, bomber or other.

Mr. Wafford (Aeronautical Systems Division):
Let me help you answer Mr. Silver's question
since our organization is responsible for
specifications. Any time you have unusual
heating conditions that are not realistic, due
to testing for long durations, you can either
use artificial cooling, or you can test for
short durations and accumilate the test time
over the expected life of the equipment.

Mr. Volin (SVIC): Do you plan to include

separate test requirements in MIL-STD-810D for
equipment located in the tails of aircraft?

Mr. Wafford: At the present time there are no
good techniques available for predicting the
tail vibration environment. We have extremely
high vibration levels in the tails of many of
our aircraft, F.15, F-111, which are not
accounted for in the prediction techniques in
MIL-STD-810; so it 1is sort of a wunique
condition. Data of the kind that are available
from the F-15 and F-111 aircraft can and should
be used to develop environmental test
requirements for equipment in this area.

Mr. Caruso (Westinghouse Electric Corporation):

We didn't consider the vibration environment in
the tail area of the aircraft because most of
the equipment is 1located elsewhere in the
aircraft. It is mostly a special case, but it
should be considered.
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\;ﬁ AN ASSESSMENT OF THE A-10'S CAPABILITY TO OPERATE ON ROUGH SURFACES
0
]ﬁf Tony G. Gerardi and David L. Morris
K Air Force Wright Aeronautical Laboratories
M Wright-Patterson Air Force Base, Ohio
A study has been conducted on the A-10's capability to operate
) on rough surfaces; specifically rapidly repaired bomb damaged
‘ﬂ# runways and taxiways. Emphasis was placed on a European combat
;QH configured takeoff gross weight of 40,755 pounds and a typical
A landing configuration weight of 30,300 pounds. Five types of
ﬂﬂv bomb damage repairs were considered, specifically A through E
st category repairs. Results of the study indicate that the A-10
r tends to respond to rough surfaces in its rigid body pitch
mode thus making the nose landing gear (NLG) the critical com-
gﬁ' ponent. An analytical study shows that by increasing the NLG
* X8 strut precharge pressure from 179 psi to 250 psi, peak NLG
Kty loads are reduced by 20%. 1In addition, application of aft
ity stick will unload the NLG and reduce NLG loads.
p?b
5
INTRODUCTION settlement and the height of the AM-2%
] repair mat. Generally, the faster that
v}& At the 51st Shock & “ibration the repair is made, then the rougher
of Symposium, a paper entitled, "Aircraft the repair quality will be. In order
'1? Response to Operations on Rapidly to know how smooth the repairs must be,
' Repaired Battle Damaged Runways and it is necessary to know the surface
o, Taxiways'' was presented. It described roughness capabilities of each air-
ol the US Air Force project HAVE BOUNCE craft. The purpose of this study then
N and the approach being taken to develop was to determine the roughness capa-
~ Rapid Runway Repair (RRR) criteria for bility of the A-10 aircraft and to
ot a given aircraft. This paper presents evidence ways of improving its rough-
aE the results when the HAVE BOUNCE ness capability if required.
s approach was applied to the A-10
e aircraft. PROCEDURE
L
:’ﬁ The A-10 is a single-place, close- The procedure used to evaluate the
g air support aircraft (Figure 1) manu- A-10's rough runway capabilities was
> factured by Fairchild Republic Company. typical for all aircraft under the HAVE
,QS The tricycle forward retracting landing BOUNCE (HB) project. HAVE BOUNCE is an
3&- gear is equipped with an antiskid sys- Air Force project managed by ASD/TAAMF
ey tem and a steerable nosewheel. The to determine the roughness character-
) nose gear is installed to the right of istics of most aircraft in the US Air
.}" the centerline to permit near center- Force inventory. The approach is to:
A line gunfire.
® ® Develop a computer program
- A close-air support mission capable of simulating the air-
My usually requires forward basing of the craft traversing uneven surfaces
ohe aircraft. 1In the European theater, air- during taxi, takeoff, landing,
) basis and particularly forward airbases and braking.
.b‘ will be prime targets during a conflict.
gt In order to respond quickly following ® Validate that computer program
o such an attack, rapid repair will be with measured test data.
o made to the runways, taziways, and park-
i ing ramps. These rapid repairs will
et result in rougher than normal surfaces
e due to upheaved pavement, crater *(Extruded Aluminum 54' x 78" x 1.5")
a",
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FIGURE 1.

® Use the validated computer
program to determine the
roughness capabilities of the
aircraft.

For this study, the existing com-
puter program TAXI was used (Reference
2) for the simulations. Test data were
available from the A-10's evaluation
testing at Edwards AFB CA. The testing
involved taxiing an instrumented A-10
aircraft at various constant speeds
over the l-cos bump and dip constructed
in the lakebed off the end of the
barrier runway at Edwards AFB. Only
landing gear loads, C.G. and pilot
station vertical accelerations were
measured. Wing and pylon loads and
moments were not measured. In addi-
tion, accelerating and decelerating
(braking) tests were not made over
these profiles. As a result, nose and
main landing gear vertical loads
measured on constant gspeed runs only
were used to validate TAXI.

Nevertheless, a great deal can be
determined about the aircraft's ground
loads capabilities using a computer
program validated with gear vertical
loads.

5 covenp Lon

A-10A AIRCRAFT

The simulation method does include
the flexibility "feedback" that the
wings and pylons have on gear loads,
but assumes that failures in the wings
and pylons will not occur. The numbers
used for upper limits in the model were
main and nose landing gear (MLG and
NLG) tire bottoming loads.

NLG Tire Bottoming Load = 24,000
lbs

MLG Tire Bottoming Load = 62,000
lbs (22
Ply Rat-
ing)

Simulations were made of the A-10
in a hard braking condition over single
and multiple repairs. The braking con-
dition is believed to be reasonably
accurate based on experience with pre-
vious aircraft studies, but was not
validated because A-10 braking test
data were not available.

RESULTS

Using TAXI and the A-10 data des-
cribing the struts, tires, structure,
performance, etc., simulations were
made of the A-10 traversing the l-cos
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dip at Edwards AFB. The dip has a 50
foot wavelength with a S-inch ampli-
tude. Several speed/aircraft condi-
tions were simulated and compared to
similar test runs. Two are contained
in this paper

GROSS SPEED

WEIGHT # KTS FIGURE
30,300 40 -
30,300 60 2
30, 300 80 -
45,800 20 3
45,800 40 -

Generally, magnitudes of the peak
values for the nose and main landing
gears compared favorably to the measured
data. 1In addition, the frequency simu-
lated matches the measured test data.
Correlation was good enough to consider
the program 'validated" for constant
speed runs.
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Using the validated simulation
program, a large number of computer runs
(velocity plots) were made over single
and multiple A through E category
repairs which are defined in Figure 4.

"Velocity Plots" are plots of peak
loads and accelerations for all velo-
cities from 20 feet per second to take-
off speed in 5-foot per second incre-
ments. They are obtained by executing a
"do" loop around a normal TAXI time
history run (see Figure 5). Table I
contains a summary of the peak loads
predicted for all the velocity analysis
simulations made. Those with an
asterik exceeded the NLG tire bottoming
load. MLG loads were within limits for
all conditions simulated. Figure 6 is a
typical velocity analysis and shows the
results when a class ''C" repair is
traversed. Note the resonance at 25
knots.

Figure 7 is a plot of the A-10's
velocity as it rolls down the runway for
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REPAIR TAKEOFF CONF ICURATION LANDING CONFIGURATION (BRAKING)
CATEGORY 40,755 LBS 30,300 LBS

STANDARD STRUT  HIGH PRESSURE STRUT  STANDARD STRUT  HIGH PRESSURE STRUT

ONE AM-2 MAT A 12,200 —— 12,400 —
TWO AM-2 MATS, 70 FEET

APART A 16,000 - 15,230 —
ONE AM-2 MAT, 3" HIGH B 16,500 -—— 15,380 -—

TWO AM-2 MATS, 3" HIGH,
74 FEET APART B 28, 180% 23,325 25,680% 22,560

ONE AM-2 MAT, 3" HIGH,
1.5" sag c 22,025 === 18,800 -

TWO AM-2 MATS, 3" HICH,
1.5" SAG, 80 FEET APART D 25,475% 21,200 22,360 -

ONE AM-2 MAT, 4.5" HICH,
3" SAG E 27,000% 22,040 22,025 -

TWO AM-2 MATS, 4.5" HIGH,
3" SAG, BO FEET APART E 34,700% 29,130% 34,180% 29,620+
* INDICATES TIRE BOTTOMING LOAD (24,000 #) WAS EXCEEDED

NOTE: MAIN LANDING GEAR LOADS WERE WITHIN TIRE BOTTOMING
LIMITS FOR ALL CONDITIONS SIMULATED.

TABLE I. SUMMARY OF PEAK NOSE LANDING GEAR LOADS

- ALBA EUROPEAN COMBAT CONF 4B7SSGH »
ED79 #4 FULL MAT W/FRS ——- MG FORCE
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FIGURE 6. TYPICAL VELOCITY ANALYSIS OF A 40,755 POUND
A-10 TRAVERSING A CLASS '"C" REPAIR
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A-10A THUNDERBOLT I1
DENSITY RATIO 1.000

200.00
—

175.00

46755.0 LBS

37755.3°z§§'° Les

125.00

100.00

VELOCITY {KIRS)

75.00

TAKEOFF
DISTANCE

2569 ft
3103 fe
4489 fu

r

28.00
b

.00

FIGURE 7. PLOT OF A-10 VELOCITY VS DISTANCE DOWN THE RUNWAY

takeoff. The "X's" on the curves
denote one second intervals and can be
used for repair spacing criteria. A ‘ﬁ;gﬁu.

velocity plot for each aircraft/bump W o P 4282, W 822
configuration used in conjunction with
a takeoff velocity profile as shown in
Figure 7 will enable repair teams to
determine the quality of repair
required at a particular location or a

THRUST ANGLE

minimum operating strip (MOS). f bir ]
s 700
Generally, the A-10 responds O] (]
primarily in the pitch mode and the t !
vulnerable component is the NLG. This s 223 FS 4558

loading up of the NLG is aggravated
during takeoff roll when full thrust

is applied because the thrust vector FIGURE 8. THRUST LINE RELATIVE TO
centerline is significantly higher C.G. AND FUSELAGE STATION
than the waterline of the center of AND WATERLINE LOCATIONS
gravity thus producing a nose down

moment as illustrated in Figure 8. 1In Application of full aft stick (35°
an effort to determine the magnitude of elevator) will unload the NLG as for-
of the thrust moment on peak NLG ward velocity increases. Figure 10
loads, a velocity analysis was run shows that the tail moment will exceed
with and without the thrust moment the thrust moment at 90 knots. Figure 7
included. The velocity analysis shown shows that 90 knots is exceeded 1100

in Figure 9 contains the results and feet down the runway for a 40,700 pound
shows that for a class 'C" repair, peak A-10. It should be noted that an aft
loads can increase by 17 percent. stick takeoff will increase the ground

roll distance and is not recommended
procedure at this time.
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K FIGURE 9. VELOCITY ANALYSIS SHOWING THE EFFECT OF THRUST MOMENT
J Therefore, any single repair (A - E)
Y 3004 encountered past the 250 foot mark will
» not produce loads over the limit.
;? When multiple repairs are encountered,
B 2504 however, a second peak will occur on
i the velocity analysis as can be seen in
Figure 11. This second resonant peak
; 200 is produced when the NLG, after
" ™ rebounding from the first bump,
B z TAIL Sttt encounters the second bump. In order
¥ =S HOSE 1P
4 g: 1504 to determine the effect of bump spacing
) g LT e on peak loads, a wavelength analysis
" S iy was performed. The wavelength analysis
N sz W was a parametric study in which the
spacing between two "E'" category
X - repairs was varied from 40 to 300
Y feet. The plotted results of that
iy study are shown in Figure 12. For all
! . N . R , spacings (1), a peak occurs around 20
ﬁ. % LY 0 120 150 180 210 240 knots. This corresponds to impacting
H VELOCITY (FI/SEC) the first class "E" repair. A second
N family of peaks occurs for N\ of 40 to
4 100 feet. This family of peaks is due
. FIGURE 10. A-10 PITCH MOMENT to the first rebound of the NLG. A
'ﬁ third family of peaks occurs for %\ of
Y 120 to 280 feet and corresponds to the
4 Examination of all of the velocity second rebound of the NLG. Finally, a
‘b plots made indicated that for the fourth family of peaks begins to
“ single A through E category repairs, appear for A = 200 to 300 plus. These !
! the slower speeds (less than 40 knots) peaks correspond to the third NLG !
- produce the higher loads. Again from strut rebound. It can be seen that 1
Figure 7 it can be seen that 40 knots considerable damping is achieved after
? is exceeded 250 feet down the runway. each rebound. In fact for N= 120 to
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FIGURE 11. VELOCITY ANALYSIS OF AN A-10 TRAVERSING 2 CLASS "C" REPAIRS
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FIGURE 12. MAT SPACING ANALYSIS, A-10 EUROPEAN COMBAT CONFIGURATION
40,755 POUNDS GROSS WEIGHT, 2 CLASS E BUMPS
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FIGURE 13. A-10 RESPONSE TO AN "E' REPAIR FOLLOWED BY A "C" REPAIR

280 feet, the second repair can be
treated as a single repair encounter.

Several important facts can be
deduced from the results shown in
Figures 12 and 13:

® Single "E" repairs (or better)
are satisfactory beyond 40
knots.

® Multiple "E" repairs (or better)
are satisfactory when spaced 300
or more feet apart.

® An "E" repair followed by a 'C"
repair is satisfactory when
spaced 120 feet or more apart.

Simulations were also made of the
A-10 in a hard braking condition as in
landing rollout (see Figure 14). Even
though the aircraft weight is down to
30,300 pounds (which reduced gear
loads), high NLG loads can be produced
over closely spaced "E'" repairs when
the brakes are applied at the main
landing gear (MLG) and a subsequent
pitch down moment is produced.
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SIMULATION_DIFFICULTIES

© BRAKING COEFFICIENT

« PHOT INFLLENCE

o ANTISKID NPT

© SURFACE CONDITIONS (FRICTION)

FIGURE 14. BRAKING OVER REPAIRS

Since the A-10 responds primarily
in pitch, a parametric study was per-
formed to see how higher NLG strut pre-
load pressures would affect its
performance. Figure 15 shows a plot of
peak NLG loads for various preload
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pressures from the standard 179 psi up
to 300 psi. From this chart, a value
of 250 psi was selected to the rest of
the parametric study. This increase in
preload pressure is equivalent to a 1.5
inch increase in strut stroke
remaining.

Velocity analyses with 250 psi NLG
strut were run for all repair cate-
gories where the NLG force with the
standard strut exceeded the tire
bottoming load. Figure 16 is typical
of the results of these simulations.
Generally speaking, the increase in
preload pressure resulted in a 20 per-
cent reduction in peak loads on the
NLG. There was very little change in
MLG response.

Landing in areas where there are
repairs may produce excessive landing
gear loads because of the increase in
effective sink speed. Figure 17 illus-
trates the point that the positive
slope in pavement can produce an
effective sink speed greater than the
design limit of 10 fps. This effec-~
tive sink speed is of short duration,
however. Simulations of landing and
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EFFECT OF NLG PRELOAD PRESSURE ON MAXIMUM NLG FORCE

nose gear slapdown on repairs were not
made.

DEFINITION OF A MINIMUM OPERATING
STRIP (MOS)

Using all of the velocity charts
produced and the data contained in
Figures 12 and 13, a preliminary mini-
mum operating strip (MOS) for the
European combat configured A-10 has
been defined for taxi and takeoff.

Since the A-10's ability to land in
the repair zone is unknown, the uni-
directional MOS shown in Figure 18
indicates that "A" quality repairs must
be made in the first 500 feet.

® Multiple "E" quality repairs must
be spaced 30N feet apart.

® An "E" quality repair may be
followed by a "C" quality repair
providing they are spaced 120
feet or more apart.




: s A18A EURGPEAN COMBAT CONF 40755#CN WP STRUT

.
1 ¥ 2 FULL MATS ¥/FES 83 FT APART MG FORCE
s NG FORCE
a2 =" ——  CG ACC MAX
g4 4] = L
Xx
é.‘:‘ L} hJ v L L L4
] e am . 10808 15000 20. 00 »
i s, PROFILE LENGTH FT ~] m
- (T
-
]
CER-g
g 14
—d
o (S
(&)
25 1;;&-
s
]
A i
s a
o o T — ~—y ~r —a T Y 2 ]
[ ¥ a8 an a0 [ § J 19898 120.08 14.0 e
SPEED KTS
FIGURE 16. A-10 RESPONSE OVER 2 'C" REPAIRS WITH INCREASED
NLG STRUT PRELOAD PRESSURE
VERTICAL LOADS:

UPHEAVAL. AT 240 FPS (142 KIS). UPNEAVAL N 10 FEET WL PRODUCE A 2
FPS EQUIVALENT SINK SPEED

UPHEAVED PAVEMENT 10"

—
10

|
RAMP AT 240 FPS. AN AM-2 RAMP WALL PROOUCE AN 8 FPS EOUNIEHL SINK SPEED
4?_ Y RAMP l 1§°

L
AN AM-2 RAMP ON 17 OF UPHEAVAL (IN 10') WILL PRODUCE AN EQUIVALENT 10 FPS

SINK SPEED WHICH IS DESIEN LIMIT FOR MOST AIRCRAFY
) © o A" QUALITY REPARS ANE RESUIRED ) FIRST 500 MEET SANOINS 20ME)
¥ © MULTIPLEE" QUALITY REPARS MUST BE SPACED 200 FEET APMAT.
— © AN 1" REPAM FOLLOWED BY A “C™ AEPAIR CAN B SPACED 120 OF MORE PEET APANT
UPHEAVED PAVEMENT 10" © MUCTIPLE REPAIRS CLOSER THAN 120 FEET APART SHOULD BE MADE AS A& SINGLE AEPAR
- -mmv'mmmw-rmmm TAR SPEERS OVER “€” REPAIRS SHOULD BE
UMITED T 15 KNOTS

lo— Iy ——o|
0 ¥
THEREFORE A TOUCHOOWN SIW SPEED OR A DYNAMIC L0AD COUPLED WITH THE ABOVE
COULD PRODUCE EXCESSIVE VERTICAL LOADS

DRAG _LOADS: SiMmARLY DRAG LOADS WILL BE WCREASED IN PORPOATION TO THE
TT ANGLE OF THE RAMP DR UPHEAVAL PAVEMENT
FIGURE 18. A-10 UNIDIRECTIONAL
MINIMUM OPERATING
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SUMMARY

An analysis has been made to assess
the A-10's ability to operate on rapidly
repaired bomb damaged surfaces. Based
on this analysis, a preliminary minimum
operating strip (MOS) has been defined.

The A-10 can takeoff (40,755
pounds or less) and land
(317,390 pounds or less) on a
50 foot by 5,000 foot MOS
(Figure 1R) providing that:

® A" quality repairs are
made in first 500 feet
(landing zone).

® Multiple "E" quality
repairs are spaced 300
feet apart.

® An "E" repair followed
by a "C" repair must
be spaced 120 feet
apart.

® Where multiple repairs
are closer than 120
feet apart, those crater
repairs should be made
as a single repair.

® Taxiway repairs may use
"E" quality repairs.
Taxi speeds over "E"
repairs should be limited
to 15 knots.

Increasing the precharge pressure
from 179 psi to 250 psi will improve
the A-10's ability to operate on rough
s'irfaces by approximately 20 percent.

Employing an aft stick takeoff
procedure will make significant
improvements in the A-10's rough sur-
face capability. The takeoff distance
will be increased, however, therefore
an aft stick takeoff is not recommended
at this time.

Reducing the A-10's gross weight
will result in increasing its rough
surface operational capability.

The minimum operating strip (MOS)
defined in this report for safe A-10
operations is based on main and nose
landing gear vertical loads only.
Pylon, store, aircraft structure,
avionics and etc failures were not con-
sidered. Additional testing should be
acconnlished so that simulation pro-
grams can be validated for response at
the wings, pylons, aircraft structure,
etc.
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In addition, A-10 testing over
AM-2 mats with hard brakes applied
should be accomplished so that more
realistic values for strut bearing
friction can be defined.

A-10 operations over unrepaired
spalls (small craters) were not simu-
lated. Testing and simulations over
spalls should be conducted.

Finally, testing an A-10 landing
in the repaired zone should be
accomplished.
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DISCUSSION

Voice: I noticed, in your plot of landing gear

force versus speed for different values of
lambda {(bump spacings), that your second peak
kept getting smaller and smaller. I would think
there would be some value of lambda wvhere the
second peak would be equal to the first peak.
What is that value? You got up to about 300
feet on your bump spacing, and your second peak
is much smaller than your first peak. I would
think there would be a point where your second
peak should be equal to your first peak;
essentially zero initial conditions.

Mr. Gerardi: After the second rebound, the

strut has cycled twice, and you have taken out
much of the energy by allowing the strut to damp
and so forth.

Voice: There must be some bump spacing where

you are starting off from almost as if you vere
going over the first bump again.

Mr. Volin (SVIC): I realize you are mostly

concerned with the landing gear. What effects
would operation over roughly repaired runways
have on the equipment in the aircraft, or on the
capability of the pilot to keep the aircraft
under control during take-off or landing?

Mr. Gerardi: That is a good question. We

anticipated problems on the F-h aircraft when we
tested {it. We anticipated problems with the
external stores, and, in fact, we predicted
problems with our computer analysis, but they
did not occur. We really aren't concerned with
secondary structure, hydraulic 1lines and the
like. We are looking at pilot acceleration; we
went through the test, we got some pilot
comments, and we found nothing that would hamper
the operation of the aircraft. The primary
concern seems to be nose landing gear,
particularly on this aircraft. We have done the
same thing on the C-130 and the C-14l
ajircraft. We did have some fairly high load
factors out on the engine pylons on both of
those aircraft,

Voice: 1In one particular aircraft, passing over

a very specialized runway profile, we managed to
drive the acceleration to the point where the
pilot couldn't function very well. That is the
only case I am aware of where the pilot's
performance was a limiting factor .

Mr. Gerardi: Some analytical studies of

avionics show that their higher frequency
response isn't really affected that much by the
type of runway uneveness that we are looking at.
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SUBCRITICAL PLUTTER TESTING USING THE
FEEDBACK B8YSTEM APPROACH
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tranafer function,

senty an

Current experimental flutter data analysis techniques assume an open-
loop system for the aerodynamic and structural model,
and modal energy are obtained from the experimentally obtained open-loop
These quantities are usaed directly or with other analy~
tical methods to predict the critical flutter speed, or for use in subcriti-
cal analytical/experimental data comparisons.
various techniques and methods are not always relisble.
additional technique that represents the eercdynamic and styuc-
tural model as & closed-loop or feedback system.
approach {3 compatible with most current technigues, with the only additional
data requirement being the zero air speed tranafer function which is ob-
talned during the ground vibration test,
tional paramnters are obtained for use in the prediction of the critical
flutter apeed or for subcritical data comparison, these are the aerodynamic
transfer function and the product of the aerodynamic transfer function with
the zero alr speed tranafer function,
tem approach and its application to a simple and complex model are presented. .

The davelopment of the feedback sys-

PFrequency, damping,

History has ghown that the
Thiz paper pre~

The feedback system

In using this approach, two addi-

INTRODUCTION

Due to the limitations of aecroclastic ana-
lyats, flight Flutter testing ie performed with
models and drones to validate analyses and with
prototype aircraft to demonstrate freedom from
flutter. As has been demonstrated in the past
on mony aireraft fiight tust and model tunnel
test programs, [lutter has been encountered
without warning resulting in the loss or dam-
nge of the aircraft or wind tunnel model., In
an affort to prevent theso unpredicted occur=
ence, various suhcritical flutter teating
techninues have been doveloped, These mathods
fAerve two purposcs, First they allow for the
extrapolation of test data to datermine the
critical flutter speed, thus in theory pre-
venting an unpredicted flutter occurrence.
Second, they allow for analytical/experimental
data compnrison throughout the flight envelope
instenad of just at the critical flutter speoed.

The earliest mathod usced pulses of the
airgraft control surfaces nlong with a atrip
chart recordings of the reaulting motion, By
using legarithmic decrement one could obtain
the damping for a glven airspeod, and {n this
manner domping vorsus alrapeed could bo plot-
o,

14%

The major limitation of this method was the
maximum frequency that could be excited was
only eight to ten Hertz. With the advent of
powered controls the maximum waa raised to
about fifteen Herte. Therafore, subcritical
flutter testing could only be used for critical
modes occurring below the eight to fifteen
Hertz range. Due to the low frequency range
that could be excited, improvements were made
in the methods of exciting the aircraft. These
included inertia shakers E]E harmonically one-
rated aerodynamic surfaces [2,3]: pyrotech-
nics [4,5], and later the use of atmoapheric,
wind tunnel, and aircraft generated turbu-
lence {6,7]. Similar improvemants have been
made in tha avea of data acquisition and data
reduction methods [8«11), thus having made on
lino data analysis possible. These various
methods are aimilar in that they treat the
structure and aerodynamic model as an open-
loop system, but differ in the technique that
is used to obtain the frequency and damping
data or how this data is used. Each of thase
techniques obtains froquency and damping or a

set of transfer functions as a function of air
apead,



The critical flutter speed can then be ob-
trained from plots of damping [8], flutter mar-
gin [2,12], modal energy EIO,]3], or differen-
tial equation coefficients [8] versus air
speed. Parallel efforts also have been made in
the generation of analytical flutter data that
can be compared directly to wind tunnel and
flight test data [14=17]. Even with these
improvements no one method can consistently be
relied on to give valid results for all air-
craft and model test. For this reason several
methods are normally applied to the test data.
In an effort to circumvent some of the prob-
lems in the currently used techniques, the
feedback system approach has been developed. As
presented in the next section, the feedback
system approach allows the calculation of the
aerodynamic transfer function. This function
can be used to predict the critical flutter
speed or it can be used along with the zero air
speed transfer function to predict the critical
flutter speed.

FEEDBACK SYSTEM APPROACH TO SUBCRITICAL
FLUTTER TESTING

As indicated above present experimental
flight flutter test methods assume an open-loop
model for the aerodynamic and structural model,
Figure 1. The techniques that use this ap-
proach are seeking to determine the effect of
the aerodynamics on the structure as a change
in the total system response to some form of
excitation that is measured or where the form
can be assumed. This approach may allow some
useful information to be lost. If the aero-
dynamic force over some frequency range is of
the same magnitude and and directly opposed to
the exciting force at a given air speed then
the mode at this frequency would be con-
sidered highly damped and little information
would be contained in total system transfer
function for this particular mode, but the data
obtained from a ground test would indicate the
presents of this mode. Jennings, Olsen, and
Walter [11] discussed the possibility of using
the zero air speed transfer function with the
data obtained during flight test to describe
the aerodynamic transfer function. To obtain
the aerodynamic transfer function, a feedback
representation of the aerodynamic and struc-
tural model is needed, Figure 2. The use of
the feedback system is not new to aviation, it
has been used for both load alleviation and
flutter suppression. For active flutter sup~
pression the total system response is measured
and an aerodynamic surface is used to generate
an aerodynamic force which counteracts the
naturally generated aerodynamic force- the
aerodynamic transfer function.

The open-loop transfer function H(w) and
the feedback system transfer functions are re-
lated by [18]:

Hy )
H(W) = -on - e
L+ H ) Hy()

A
Pty
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The trangfer function l(.) 1s obtained
from flight test data as is currently leing
done. The transfer function Hj(w) is obtained
from ground vibration test data which is avail-
able. Thus Hy(w) can be found,

Hl () - H(w)
Hz(m) =
Hl(w) H(w)

Once H,(w) is found then either H, (w) or
the product H, (w) Hp(w) may be used to"predict
the critical %lutter speed or be used in the
comparison of analytical and experimental data.
Before either of the above transfer functions
are used for this purpose their behavior as a
function of air speed would need to be con-
sidered.

The aerodynamic transfer function for a twec
degree of freedom flutter model (Figure 3) is
given for three aiv speeds in Figure 4. Transfer
functions for the product Hl(w)Hz(u) are given
in Figures 5 and 6. The aerodynamic transfer
function for a 'ive degree of freedom flutter
model (Figure 7) is given for three air speeds
in Figure 8. Either of the transfer functions,
Hy(w) or Hy(t) Hy(w), can be used to predict the
critical flutter speed. Examples of the use of
the transfer functions to predict the critical
flutter speed are given in the next section.

USE OF Fy(w) IN PREDICTING THE CRITICAL FLUTTER
SPEED

As indicated in the plots given in the last
section the maximum magnitude and phase shift
occur at an almost constant frequency for the
various air speeds. Therefore, the aerodynamic
transfer Hz(m) or the transfer function
Hj(w) Hy(w) can be used to predict the critical
flutter speed. The method currently being used
to estimate the critical flutter speed is to
obtain Hy(w) as a fuaction of air speed, then
calculate the transfer functions Hj(w) Hy(w) and
H(w) for various air speeds. Each new experi-
mentally obtained total system transfer function
H(w) can be compared to the previously calcula-
ted transfer function, then the procedure is
repeated each time more data becomes available.
During each phase of calculation the critical
flutter speed is updated. In using the trans-
fer function Hl(m) Hz(;) the feedback instabili-
ty

Hl(u) Hz(w) = -1

is used to determine the critical flutter speed.
For the two mode examples the use of either
damping or modal energy, Figures 3 and 9, as a
predicter of critical flutter speed would be un-
safe due to the suden change in slope of the

curves as the crit{ial flutter speed is ap-
proached. In this (ase the flutter margin tech-
nique or the use of the transfer function H,(w)
or Hy(uw) Ha(:), Fiyure 9, would yfeld much better
results. For the tive moue examples the use of

damping, Figure 7, modal energy, Figure 10or the
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transfer functions Hj(w) Hz(m) and Hp(w),
Figure 10, would yield safe predictions of the
critical flutter speed, with the transfer
function Hj(w) Hy(w) being the most conserva-
tive.

CONCLUSIONS

In using the feedback system approach the
aerodvnamic transfer function can be calculated
using both the currently obtained flight flut-
ter test data and the available ground vibra-
tion test data. The characteristics of this
function make it extremely useful in both pre-
dicting the critical flutter speed and for use
in subcritical data analysis. Since this
method requires little change from methods
currently being used, it can easily be imple-
mented.

This approach will complement the methods
currently being used in that the aerodynamics
are being treated as a force instead of a
change in the overall system, thus allowing
two additional methods for predicting the
critical flutter speed. These methods also
allow information to be obtained on the more
heavily damped modes. The use of this method
also has a disadvantage, the prediction of the
critical flutter speed and subcritical data com-
parison involves complex functions instead of
the simple scalar numbers generated by the cur-
rent techniques.

The feedback technique is now being re-
fined. A wind tunnel test program is being
planned at this time and should be completed by
early 1982. Additional efforts are being m. e
in the use of the feedback technique in analy-
tical flutter calculations.
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Symbols
H(W ) - system transfer function
K - stiffness
d - damping
M - mass

Subscripts

s=- structural parameters
a - aerodynamic parameters

Figure 1. Open-loop model.
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Figure 3. Two degree of freedom flutter model.
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TOMAHAWK CRUISE MISSILE FLIGHT ENVIRONMENTAL
MEASUREMENT PROGRAM

E.S. Rosenbaum, F.L. Gloyna
Convair Division of General Dynamics Corporation

This paper presents a summary of vibration measurements made during the Systems
Integration and Design Validation Phases of the Tomahawk Cruise Missile Pro-
gram. Data is also presented for the Ground Launched (GLCM), Sea Launched
(SLCM) and Air Launched (ALCM) variants, in both power spectral density and

shock spectra formats.

INTRODUCTION

The Tomahawk cruise missile has been designed as
a highly efficient flying machine to meet its basic mis-
sion goal of long-range, low-altitude flight. General
Dynamics chose to use an encapsulation system for both
the GLCM and SLCM (ship) versions. This provides a
means of separating the in-flight performance re-
quirements from the peculiar requirements of the
launch platform. In addition, the Tomahawk may be
launched from various aircraft such as the A-6, A-7,
B-52 and F-16. The main features of the Tomahawk
cruise missile are presented in Figure 1.

During the development phase of the Tomahawk
program, the Convair Division of General Dynamics
Corporation implemented a basic inflight-dynamics
data-measurement program. The purposes of this pro-
gram were, essentially, threefold:

1. Verify environmental predictions.

2. Determine environmental levels at specific loca-
tions.

3. Provide a means for investigating failure analysis.

In this regard, we used the data presented by Messrs.
Noonan, Gubser and Harmening (Reference 1) to
develop the vibration instrumentation plan. Note that
virtually no acoustic measurements were made except
during the ALCM proposal effort and one measurement
late in the Tomahawk program. Essentially, this was
done because there were no known acoustically sensitive
components in areas that might be predicted to have a
relatively high acoustic environment; say 150dB (Ref).
In addition, the design of the structure and mission pro-
file were such that sonic fatigue was not considered a
problem. There were three unsuccessful attempts to
measure the underwater boost environment with an on-
board, recoverable, tape recorder.

The Vibration Data Bank Code (Reference 2)
developed by Convair Division and presented at the
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1977 Shock and Vibration Symposium by G.E.
Wadleigh of Convair Division, was used to store,
retrieve, and analyze the shock and vibration data ob-
tained during this program.

It is the purpose of this paper to summarize the
flight test data from the various Convair Division cruise
missile programs and to show how a vibration data
bank may be utilized as an effective tool for analyzing
these data.

DATA MEASUREMENT SYSTEMS

All vehicle flight vibration measurements were
made with piezoelectric-type sensors. The test vehicles
were equipped with an S-band telemetry system and
transmitted at a frequency of 2,260.5 MHz. Flight data
was transmitted to telemetry ground stations directly, or
by utilizing available microwave relay links. In addition,
data was transmitted to a Navy A-6 aircraft equipped
with an Ampex ARI700 wideband multi-channel
recorder designed for airborne applications. Up to 14
channels of record electronics were available using
1-inch tape on 14-inch precision reels. Vehicle vibration
data were measured continuously utilizing IRIG chan-
nels 15 through 20; for the most part only three channels
were used on any one flight. IRIG-B time code and
voice annotations were recorded on tape along with the
telemetry test data.

SPECTRAL ANALYSIS

All flight data were recorded on magnetic tape.
Typically, the flight data were limited to a 10-2,000 Hz
bandwidth; essentially dictated by the telemetry system.
Accelerometer time histories were first obtained by
playback on a low-speed oscillograph, one ips, to select
the general times of interest, and then again at 10 ips or
40 ips to select more specific times for analysis. In some
cases, RMS plots were made of the raw data to assist in
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determining flight times of interest. The resulting time
histories were analyzed for cither stationary or non-
stationary trends. Stationary data were analyzed by the
use of power spectral density techniques and transient,
nonstationary, data by the use of shock spectra.

In general, one second of flight data was sampled
for the power spectral density analvsis; a 2,100 Hz low-
pass output filter (LPOF) and 20 Hz bandwidth were us-
ed. Spectral densities and auto-correlation functions
were obtained using the “*Blackman-Tukey'’ (Reference
3) method of computing the power spectral density.
This standard method is based on computing the power
spectral density function via its Fourier transform rela-
tion to the auto-correlation function. Although the
**Cooley-Tukey’’ method of computing the power spec-
tral density directly via a finite range fast Fourier
transform (FFT) of the original data is more efficient,
from a computational standpoint, our computer codes
are set up for the former. Sinusoidal amplitudes may be
estimated from the auto-correlation function using the
relationship:

. . . S
A (sine-rms) = (2 X Auto-covariance amplitude): .

The frequency of the sinusoid may be estimated from
the relationship:

f (sine-Hz) = Sampling rate/(no. of lags/cycle).

The duration of transient data that was analyzed varied
from 20 ms to 60 ms. These data were filtered with a
2,100 Hz LPOF and digitized at a rate of either 6,000
samples/second or 10,000 samples/second. The digitiz-
ed data was then analyzed using a shock spectra com-
puter code; 5% critical damping was used.

VEHICLE VIBRATION MEASUREMENTS

As in most programs, everyone wants to know
about shock and vibration environments in order to
design structure and components, but no one wants to
pay for it. Once the data is obtained and preliminary
analyses indicate levels within predictions, no one wants
to pay to complete the data reduction. At Convair Divi-
sion, however, we have reached a reasonable balance
between the quantity of data that could be obtained at
reasonable cost; data that could be reduced, again at
reasonable cost; and data that was required to prove the
present design. The flight data presented in this paper is
a representation of approximately 71 flights from all the
Convair Division cruise missile programs. For all prac-
tical purposes, all the cruise missile variants are of
similar design; structural variations, in general, did not
result in significant response differences due to either
aerodynamic or mechanical flight-vibration stimulii.

To keep this paper to some reasonable length, we
will not delve into the history of the Convair Division
cruise missile programs, nor into the specific structural
differences of the cruise missilc variants, although this
may be seen to some degree in Figure 1. However, to
better correlate the vibration data, and to reference the
vibration levels to the stimulii, a typical SLCM (sub)
mission profile is presented (Figure 2).
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The SLCM is ejected from the submarine launch
platform via pneumatic pressure and, once clear, the
booster is ignited. After surface broach, a number of
discrete flight events occur such as jettison of the
shroud, inlet covers, and wing doors, and deployment
of the wings and fins. Approaching the end of the boost
phase, the vehicle is flying at approximately Mach 0.52.
At this point, the booster is jettisioned and the cruise
engine started. It should be noted that the mission pro-
file presented is a typical one, the parameters are neither
maximums nor minimums,

The mission profile for both the SLCM (ship) and
GLCM are similar, but differ from the SLCM (sub) in
the ejection technique from the launch platform. For
the SLCM (ship) and GLCM, the booster is ignited in
the launch tube and the vehicle ejected at about the
same velocity the SLCM (sub) achieves at underwater
broach. Unlike the SLCM or GLCM cruise missiles, the
Air Launched Cruise Missile (ALCM) does not require a
booster; the launch platform provides the initial
velocities required for stable cruise engine start and
flight. Once any of the cruise missile variants achieve
cruise flight, the vibration environments are essentially
the same. A summary of the vehicle vibration data is
presented in Table 1. The location of the accelerometers
are better defined in Figure 3.

As stated in Reference 1, ihe vibration levels
measured in the forward portion of the vehicle were,
typically, less than 0.5g (rms) overall. Low-level
sinusoids, generally associated with engine operating
frequencies, less than 0.25 g (rms) are evident in the
data. The vibration levels were low enough not to war-
rant further investigation. The highest vibration levels
were measured in the tail section, primarily from the
cruise engine. For the turbojet engine, a sinusoid is
noted at about 670 Hz, which represents the engine
operating frequency (Figures 46 through 57). This is
verified by the data presented in Reference 1; the Har-
poon missile uses the same turbojet engine for the cruise
propulsion system. The sinusoid at 1,330 Hz also ap-
pears to be engine induced. Of particular interest from a
component design viewpoint is the rather high, wide-
band random environment, 9.0 g (rms), measured at
the fin acutators (Figures 48 and 49). Vibration levels
for the turbofan engine, characteristically, included
sinusoids at the shaft operating frequencies of 560 Hz
and 1,060 Hz (Figures 58 through 73). It is interesting to
note the background wide-band random vibration levels
on the vehicle structure, in both the forward and aft sec-
tions of the vehicle, were less than 0.5 g (rms) overall,
regardless of flight phase.

After the first few launches of cach cruise missile
variant, standard accelerometers (A462, A456, or A476,
and A474) were used to monitor the vibration environ-
ment. In fact, the A474 pickup (WRC turbofan engine)
was monitored in real time over an audio system. Thus,
one could listen to the flight in real time to ensure pro-
per engine operation. This technique was implemented
by Convair Division and the Williams Research Corp.
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early in the Tomahawk program after an engine threw a
turbine blade; audio analysis 1in conjunction with stan-
dard mechanical analysis enabled us 10 identify the
failure mode.

B52 captive-carry data were obtained during the
ALCM competition. As expected, the maximum vibra-
tion levels were obtained at takeotf. The variation in
vibration levels along the mission were dependent on the
location within the missile (Figures 4 through 10). Exter-
nal and internal acoustic levels, for correlation with the
vehicle vibration, are presented in Figures 9 and 10. In
general, the duration of these levels was less than 60
seconds (total) for each mission. Once the B52 was air-
borne, the missile vibration levels decreased to an
overall of less than one g (rms), Figures 11 through 17.
This compares favorably with the A-6 captive-carry en-
vironment, Figures 18 through 24. Throughout the
Tomahawk program, cruise missiles have been launched
from A-6 aircraft to prove out the basic airframe, pro-
pulsion, and guidance systems designs prior to launch
from the sub, ship, or ground launch plaiforms.

SLCM (ship) and GLCM launch vibration levels,
with the vehicle emerging from the launch tube, were
lower than expected. Vibration levels at the guidance
were about the same as measured during the A-6
captive-carry or cruise portion of flight. Approximately
two g (rms) overall random was measured at the aft sec-
tion of the missile. These data are presented in Figures
25 through 30; the 100 Hz sinusoid evident in the data
represents the first vehicle axial mode.

The boost-phase data are presented in Figures 31
through 45. Of particular interest are the measurements
made on the air-data package (ADP). Ground tests in
the Convair Division reverberant acoustic chamber
predicted higher vibration levels with the inlet in the up
position rather than with the inlet in the deployed posi-
tion; Figures 39 and 40 indicate otherwise. We have con-
cluded from reviews of both the ground acoustic test
and flight-test data that the testing in the reverberant
acoustic chamber was overly conservative, even though
we reproduced the expected flight external acoustic
levels. As expected, the vibration levels at the end of the
boost phase were higher than at the start of the boost
phase. This is a measure of increased aerodynamic ef-
fect on the vehicle internal vibration levels.

VEHICLE SHOCK

The shock environment, except for aircraft ejection
and launch-tube ignition, is generated by numerous
pyrotechnic devices within the vehicle (Figure 74). The
most significant of these shocks are due to the
25-grains/foot shaped charges a1 Missile Station 190,
used for the shroud jettision, and at Missile Station 219,
booster jettision. Although the flight measurement
system was not designed with measurement of these
transients in mind, nevertheless, valid and useful data
were obtained.

In summary, the highest shocks at the aft section of
the missile were measured at shroud and booster jetti-
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sion, However, the shock levels dissipated rapidly
within the vehicle and were less than ten-g at the for-
ward end (guidance section) of the missile. The highest
shock levels mesured at the guidance section were
generated from the recovery system. All test vehicles in-
corporated a recovery exercise module (REM), which
deploys a parachute. The producticn vehicles do not in-
corporate a REM.

Figures 75 through 96 depict the shock transients
measured at Missile Station 182; pickup A462. We were
fortunate in the location of this pickup in that this
measurement was able to discriminate virtually all
discrete missile events. These data were significant in ac-
curately determining missile events that could be used in
performance and failure analyses; electrical data identi-
fying the missile discretes were recorded on a pulse-
coded modulation system (PCM), which was only ac-
curate to within 20 miliseconds.

Figures 97 through 116 present the significant
shock environments measured at the forward section of
the missile guidance section. In addition to the REM
pyrotechnic events, the shroud jettision event seems to
have excited a 100 Hz lateral mode, probably the second
vchicle bending mode (Figure 99). To complete the
shock spectrum analyses, Figures 117 through 124 pre-
sent the shock levels measured on the WRC 1urbofan
engine. The location of this measurement and the mass
of the engine tended to make it relatively insensitive to
the pyrotechnic environment.

DATA MANAGEMENT

A computer management program was developed
to organize large quantities of x-y arrays representing
vibration and shock measurements from both flight and
ground test. Called the Environmental Vibration Data
Base Management System, and operating in either batch
or interactive modes on the Control Data Corporation
Cyber series computer system, the program provides for
storage, maintenance, retrieval, and algebraic
manipulation of the data arrays. In the present context,
the data arrays are both power-spectral densities and
shock spectra.

When an x-y function is entered into the data base,
it is accompanied by a measurement descriptor in the
form of text, and stored under keyword control. The
data are organized using an hierarchy of seven
keywords, ranging from very general to very specific
description of the measurement. Typical keywords in-
clude such descriptors as vehicle number, measurement
number, time of flight, and measurement location.

The random access structure of the stored data,
both text and arrays, is such that the keywords are used
to identify and isolate subpopulations. These data may
be plotted directly ‘or manipulated in some algebraic
fashion, such as MAX-MIN, 3-SIGMA, or enveloping.
In addition, text information may be sorted by vehicle
number, flight number, or measurement number, and
printed in the form of a report. Under keyword control,
hierarchy of detailed information is possible in these
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reports. Thus, the program functions as a home, if you
will, for the data of diverse origins.

Because of the presupposed sensitivity of the
guidance set to the flight vibration levels, measurements
at Missile Station 18, interface with the land attack
guidance set, were of particular interest. Vibration
measurements in both the lateral and longitudinal direc-
tions are presented in Figures 125 and 126, respectively.
The maximum vibration during five flights are
enveloped in these figures, and are compared without
regard to cruise speed or time of flight. The vibration
peaks occuring at approximately 600 Hz are induced by
the cruise engine, as described previously.

Envelopes of the maximum vibration measure-
ments, without regard to direction or flight time, are
shown in Figure 127. The curves are representative max-
imum vibration levels for Station 18, guidance, during
boost flight, cruise, and A-6 captive carry. To
demonstrate further the use of this powerful tool,
Figure 128 was developed. This figure presents a com-
parison of vibration levels measured at three different
locations on the same Tomahawk flight, T12-3. The
data presented are for the cruise engine, Station 182,
and Station 40 (guidance) iocations.

SUMMARY

The cruise missile environmental measurement pro-
gram has provided significant and useful shock and
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vibration data. These data will be used to define en-
vironmental specifications for components and, if
necessary, to support design changes. The Tomahawk
missile vibration data provides information for sub,
ship, ground- and air-launched variants. In addition,
data is correlated with respect to the flight profile and
location within the missile for both the turbojet and tur-
bofan engines. The shock data provides measure of the
attenuation throughout the vehicle to high-frequency
transients from pyrotechnic events. It is hoped that
these data will be used by the appropriate agencies, and
vibration community in general, to update standard
military specifications for future use.
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DISCUSSION

Mi. Zurnaciyan (Northrop Electronics): What are
the worst case environments in the guidance bay,
including shock?

Mr. Rosenbaum: The worst case environment in
the guidance bay was the B-52 take-off which
lasted for about 15 or 20 seconds. Vibration-
wise, that was up around one and a half or two
3's BRMS random. The worst case of shock
occurred from blowing the parachute covers from
this recovery package. The booster jettison and
shroud Jettison shocks were very low up at the
front. We saw levels on the order of 5 or 6 G's
on a plus or minus 15-G accelerometer, whereas
we saw levels up around 25 G's on the recovery
package. Remember, this was only about a 2,100
or 2,500 Hz accelerometer, so things could be
happening at the higher frequencies. We did
think, however, that the data that we would see
in the low frequencies, up to 2,500 Hz would be
indicative of the things that occurred at
somewhat higher frequencies.

Mr. Anderson (Rosemont, Inc.): Were the
vibrations that occurred when you boosted your
recovery package off included in the
qualification specifications?

Mr. Rosenbaum: Yes. They did not affect things
in the back at all.

Mr. Anderson: I know. We didn't have a problem
with that one.

Mr. Volin (SVIC): Did pyro-shock affect the

U
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functioning of your on-board systems?

Mr. Rosenbaum: It turns out we have a package

in the back called Mission Control Module which

has lots and lots of relays in it, and that was
a serious problem early in the program. We were
using two or three hundred G relays, standard
relays, and they were running drop tests on the
relays and failing them 1like mad. S50 we
developed a hammer test (typical of things that
we talked ~sbout in our pyro-technic-shock
meeting the other day) and found that two or
three hundred G relays were really good for two,
three or four thousand G's if the test is
proper. In some cases we had to shock isolate
the relays, and we leaned heavily on the
Goddard-Martin Pyrotechnic Shock data. I hope
to add to that data with some test data that we
have from the Tomahawk program. And I would
also like to see Mil Standard 810 updated with
this data because I think we have a vehicle that
is different; it is a different kind of thing
than you see in this standard now.

Mr. Mitchell (Naval Air Systems Command): Did
you have a flight flutter test program to
validate +¢he flutter margins of the control
surfaces?

Mr. Rosenbaum: Yes, there was one., There were
some flight test data on Tomahawk early in the
program; weren't some flutter test data also
obtained on the ALCM, Craig?
(General

Mr. McKinnis Dynamics/Convair

Division): Yes.
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Meas - Event!

) L
’ No.  Sta-Dirl A B c [} E F G H 1 J X
N A88 10-v 2.46 0.81
‘ A102 1900 2.39 0.86
;; A103  190-V 304 0.89
"o A120 8-v 143 088
a: A456 18-0 061 0.54 0.22 0.47 0.35 0.30 0.65 0.75
! A460 18-A 0.45 0.45 0.52
A461 182-v 0.34
A462 182-0 0.92 2.11 0.13 0.14 292 k094 136
r; A463 182-A 0.66
Y A464 182V 074
¢ A474 192-A 1.43 0.87 1.36 016 6.89 297 4.42
It A476 40-A 0.18 0.26 0.26 0.30
W A489  100-0 0.48 377 084
' A490 207-0 1.27 0.63 1.37 4.69 2.24
A491 207-R 2.21 8.97 8.45
!; A493 1550 1.83 065 1.90 6.87 1.67 0
;9' Notes:
¢ 1. A. A6 captive carry B. B52 takeoff C. B52 captive carry
t: D. Launch tube E. Early boost F. Late boost
f. G. Turbojet - start H. Turbojet - cruise . Turbofan - start
- J. Turbofan - early cruise K. Turbofan - end cruise
» 2. O = Longitudinal V = Vertical A = Lateral R = Radial
;;‘ 3. Overall acceleration levels (G-rms) include sinusoidal as well as narrow band & wide band random
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STATION 100 (LONGITUDINAL) LAUNCH TUBE
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f STA 155 (LONGITUDINAL) LAUNCH TUBE
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AIR DATA PACKAGE (NORMAL) TURBOFAN - LATE CRUISE

] -1
10 AB70Q06 - - -
lo.' —4— - =43 -3
s T
—— I 4 — V, \\ e e e s
N H
10 3 = =+ 31H
. iSsgEsaNasc E;
t ==
I T N
| \
°10 %0 i
w [ SECs
. -+
< }
210 ;
° =
)
o
10° e
* | ] e L
10 5 5 e N Tmmme mm TammnT e S
F E O VENCY [ B S |
OF = 80 BY = 2.000E+81 ANS + 4.93iE-00
[ TOn 17-3 PSOS 20-14-22.0 10 20-14-23.0 LPOF=2100 4
FIGURE 70
WRC ENGINE (LATERAL) TURBOFAR - LATE CRUISE
ro, -
10
10"
~
z
«
“10°
. = =+ 3
1
a L 4
-
[ -3
10 E
> ¥ -1: -4
° ’ 11
*®a - +1
10"
10" L *Lﬂ.ﬂ#uu* WLJL. LUl LL]] ] u_uuLH'

) FeaCOVENRCY (w1l

: OF © 08 OV = 2.00001 Mg ° 4. 010000
’ L TOM 24-1  19-42-90,00 10 19-42-31.00 LPOFe2100
L FIGURE 71
199
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GENERAL DYNAMICY
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GUIDANCE (LATERAL)
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GUIDANCE (LATERAL)
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GUIDANCE (LATERAL)

Ty0'—I124=1 A4760 1900-17,24 10 , 28 £ WING D00 -
(&)
1
= .
EIO
2 A
&
2] I’
£ Ia
-
Q
w0 J
£ ,/ /
10 yi
£
rd
"
L3 1—
»
L]
10 :
10 10 10 10
i FREANEMEAY [V )
FIGURE 108
GUIDANCE (LONGITUDINAL)
© , T16-2 A4560 161511.96-.01 BOOSTER JETTISON L
L -
o
31 -~r— -
& - s 4+
s duntil (i (xne sing
> F H
-3 3 33
uakaniiaalsar] ey b
a T OHTHLT
= I ] F‘
= -1 -4 ¥4 4+ 14
2 L A T [ N
- I
p=1
<9
Zz |+ - -+ 411 E
= - 8 ~-~<»T L - k
L i1t
4. _{_AA
.... [11] .80 "n ) ]
L TINE IN SECONDS ]

FIGURE 109

218




GUIDANCE (LONGITUDINAL)
M o' 116=2 A4560 {£1511.96-.0 IER _JETTISON ‘"

>
{

S
T T
i
i
|
i
+

ABSOLUTE SPECTRUM - G
1
!
1

S
N

- ) - — -
— 1t L »——1--r- H-— 111111113
SR X I . X -4 HH
10} .
10 10 10 10
[ FREQUENCY - WZ A
FIGURE 110
GUIDANCE (LATERAL)
r T24-1 A4760 1900-14.28 TO .33 BOOSTER JETTISON ‘7
1
. 1
s
|
[} ] 1
O . r I 1
' i ll
.
& - i - B i
o T
5 ]
= ..
I
- 1
5, 2 -e
‘!
—
"‘0.‘ -te.
7!’:‘ -
Ti: -—— e
N
‘..h\" '- i) e -IZ’OI"E 'N .ls\chnan N 1) -0“|

o FIGURE 111

219




GUIDANCE ( LATERAL)

™ o' J24= 760 0-1 IQ .33 BOOSIER JEITISON il
: /
z /
B 10 ya
2
% Va
5] A
[
3
2 /
2
/)
10 4
L]
—
10 0
10 10 10 10
[N FREQUENCY - W2
FIGURE 112

GUIDANCE (LATERAL)

r T24-1 A4760 1943-51.20 TO .30 REL. DRAG CHUTE "7

. .
=
i

h 1
o it i
IR Lkines : ¥ I -..l,-if | e ; iy
-, 1§, o . R 9 the M
= YA IR SR Ty R :
o 1 ‘ iy Ul
[ ) (] '
a Lo !
= e
3 e “‘
= Il
Ll
[
E."'.
=}
Y
=
..
S e
.
) BRI} Il XIl) A1) oy BT e K1) . A
L TINE IN SECONDS '
FIGURE 113

220




GUIDANCE (LATERAL)
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WRC ENGINE (LATERAL)
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WRC ENGINE (LATERAL)
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WRC ENGINE (LATERAL)
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WRC ENGINE (LATERAL)
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TEST PROGRAM TO DEVELOP VIBRONXUSTICS TEST (RITERIA
FOR THE GALILEO BUS

D.L. Kern/C.D. Hayes
JET PROPULSION LABORATORY
CQALIFORNIA INSTITUTE OF TBCHNOLOGY
PASADENA, CALIFORNIA

The Galileo spacecraft, to be launched on Shuttle/Wide
Body Centaur, must be able to withstand random
vibrations induced by the acoustic noise enivronment
inside the Shuttle payload bay during liftoff and
transonic/max Q events. In order to define random
vibration test requirements for Galileo bus-mounted
hardware, an extensive vibroacoustics test program was
conducted on hardware available from the previous
Voyager spacecraft development program. The Galileo
test program consisted of acoustic tests on three
oonfigurations of the Voyager Dynamic Test Model bus and
shaker random vibration tests on two flight-like bus
equipment bay assemblies and one dummy equipment bay
asgembly. The primary goal of the acoustic tests was to
define vibration levels at locations on the bus
structure representative of inputs to bus equipment bay
assemblies and to obtain response data on bus bay
subassemblies for oorrelation with the vibration tests
response data. The primary purpose of the vibration
tests was to determine if the vibration tests excited
subassembly responses at least as severely as the bus

acoustic tests.

BACKGROUND

The Jet Propulsion Laboratory has been assigned
by NASA the task to manage the Galileo program,
an interplanetary spacecraft with a planned
Jupiter orbit and probe deployment mission
scheduled for launch via Shuttle/Wide Body
Centaur in 1985. In support of this program,
vibroacoustic test criteria have been developed
for the spacecraft and assemblies. Due to the
configuration similarities between Galileo and
the Voyager spacecraft and the fact that the
Galileo program is planning to use a significant
amount of eguipment inherited from the Voyager
program, the initial assembly level random
vibration test criteria was taken from the
Voyager spacecraft program. A subsequent
detailed analysis of the Voyager and Viking
acoustic test data indicated that these test
criteria were adequate, for the Shuttle payload
bay liftoff acoustic environment, for all
Galileo hardware except that mounted in the
Galileo bus. For this bus mounted hardware, the
adequacy was not established due to
uncertainties in the test data. Therefore, in
order to adequately define the random vibration
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requirements for Gal ileo bus-mounted hardware,
an extensive vibroacoustics test program was
conducted on hardware which was available from
the previous Voyager spacecraft development
program. The test program consisted of acoustic
tests on three configurations of the Voyager
Dynamic Test Model (DTM) bus and shaker random
vibration tests on two flight-like bus equipment
bay assemblies and one dummy equipment bay
assembly., The Voyager spacecraft DIM is shown
in Figure 1 during Voyager program development
acoustic tests.

ACOUSTIC TESTS DESCRIPTION

The Voyager DTM bus was selected as the test
article for the acoustic tests because of its
similarity to the Galileo bus, The two buses
are nearly identical in configuration, except
that the Galileo bus will have 8 equipment bays,
whereas the Voyager DTM bus contains 10 bays.
The bus outside diameters and the weights are
similar ( 74 inches and 550 pounds for the
Voyager bus and 63 inches and 500 pounds for

ileo)s Fiqure 2 shows the Voyager DI'M bus on




':(; FIGURE 1. VOYAGER DTM SPACECRAFT ACOUSTIC TEST
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its handling ring. Installation of electronic
equipment in the bus bays is identical for the
two spacecrafts, The electronic components are
typically mounted in modules or on individual
boards, which are referred to as subassemblies.
All four edges of the subassemblies are attached
by screws to the four sides of the bus bay. To
install the subassemblies in a bus bay, they are
attached by one edge to a handling fixture and
the bus bay back shear plate is attached to the
opposite edge of the subassemblies. The front
shear plate of a bay is removed and the bay
assembly is inserted in the bay. The back
shear plate and the upper and lower edges of the
subassemblies are then attached to the bus by
screws from the outside of the bay, the handling
fixture is removed, the front shear plate is
replaced, and the front edges of the
subassemblies are screwed down. Figure 3 shows
an assembly mounted on the handling fixture,
with back shear plate attached, ready to be

installed in a bay of the Voyager DIM bus.

The primary goal of the acoustic tests was to
define vibration levels at locations on the bus
structure representative of inputs to bus
equipment bay assemblies and to obtain response
data on bus bay subassemblies for correlation
with the vibration tests response data., In
order to gain confidence that the measured
vibration responses on the test specimen would
actually represent responses measured on a full-
up Galileo spacecraft, additional evaluations
were made. These evaluations were to resolve
apparent discrepancies in previous Voyager
acoustic test data and to define and understand
differences between the Voyager DTM and the
Galileo spacecrafts which could affect the bus
dynamic response characteristics. To resolve
Voyager test data discrepancies, an evaluation
and comparision of DTM and Proof Test Model
(PTM) spacecraft configurations was conducted.
The difference between these configurations is
that the PTM has thermal blankets, flight
equipment, and wire harnesses while the DTM has

FIGURE 2. VOYAGER DTM BUS ON HANDLING RING - ACOUSTIC TEST CONFIGURATION "C
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no blankets, dumny equipment, and no harnesses.
The two major differences between Voyager and
Galileo evaluated in the tests are that the
Voyager DTM bus has a four point attachment to
the supporting truss compared to an eight point
attachment for the Galileo bus and that the
Voyager DTM has a rigid 12 foot diameter epoxy
graphite dish antenna, whereas the Galileo will
have a 15 foot diameter metallic mesh dish
antenna which will be folded up during launch,
Also evaluated was response linearity with
acoustic level since Galileo acoustic test

requirements are 4dB higher overall than Voyager
test levels,

Five acoustic test runs on three confiqurations
of the Voyager DTM bus were conducted in the JPL
10,000 cubic foot reverberant acoustic chamber.
The bus was supported in the chamber at either
four or ten points on a handling ring. All
three bus configurations utilized flight-like
equipment, including wire harnessing, in six
bays and dummy (mass mockup) equipment in the
remaining four bays. Six microphones
surrounding the test article were used to
control the acoustic levels in the chamber and
additional microphones monitered acoustic levels
in the chamber and inside bus bays. Over one
hundred accelerometers were used to moniter the

FIGURE 3. BAY ELECTRONICS ASSEMBLY READY TO BE INSTALLED IN THE VOYAGER DTM BUS
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test article response during the acoustic tests.
Slightly more than one half of these
accelerometers were located internal to the bays
on equipment and were intended primarily for
correlation with the shaker vibration tests.
The remainder of the accelerometers were mounted
on the bus external structure or on the Voyager
high gain antenna.

Aocoustic test levels and durations were kept to
the minimum required to achieve the test
objectives since some of the test hardware was
of flight gquality and could be used by Galileo
or future projects. Three acoustic test
spectrums were run: Voyager gualification
spectrum (143 dB overall), Galileo qualification
spectrum (147 dB overall), and Galileo
qualification spectrum minus 10 dB (137 @B
overall). The Voyager qualification spectrum

Table 1 summarizes the configurations and test
spectrums employed for the acoustic test runs.
Configuration A was intended to simulate the
Voyager spacecraft DTM. The DTM bus was mounted
by a four point attachment to the handling ring
and the Voyager DTM high gain antenna dish and
supporting structure was installed on top of the
bus. Thermal blankets were not included.
Figure 5 shows Configuration A in the acoustic
chamber. Configuration B was intended to
simulate the Galileo spacecraft. The Voyager
DT bus was mounted by a ten point attachment to
the handling ring and mockup thermal blankets
were installed The mockup blankets consisted
of a 2 mil thick outer layer of teflonandal
mil inner layer of teflon, enclosing 21 layers
of 7 mil dacron net and 20 layers of 0.25 mil
mylar in alternating layers. The surface
density weight of the mockup blankets of .129

A& includes a 6 dB margin over maximum expected pounds per square foot matched the expected
N flight levels within the payload shroud of the weight of the Galileo blankets. The blankets
;: Titan-Centaur launch vehicle. The Galileo were tightly sewn together and totally enclosed
(‘,' qualification spectrum includes a 4 dB margin the bus, with only minimum clearance around
\. over maximum expected flight levels within the attachments to the handling ring. Since the
Ny payload bay of the Space Shuttle. The Shuttle Galileo high gain antenna dish is of a metallic
L payload bay maximum expected flight levels mesh construction and thus is expected to have
@ assumed for Galileo are based on model and full little effect on the bus vibration levels
- scale acoustic tests conducted prior to the relative to the effect from the rigid Voyager
> first STS flight and differ from acoustic levels antenna dish, no antenna was installed for
f‘,r specified by Johnson Space Center (JSC). The configuration B. Configuration B is pictured in
b aooustic test spectrums are presented in Figqure Figure 6. Configuration C, shown in Figure 2,
iy 4, was the same as Configuration B, except that the
;,-( thermal blarkets were removed. None of the
Lo acoustic test configurations included the booms
. and trusses (other than the antenna on
™ Configuration A) attached to both the Voyager
. : and the Galileo spacecraft buses.
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FIGURE 6. ACOUSTIC TEST CONFIGURATION "B" - VOYAGER DTM BUS WITH MOCK-UP
THERMAL BLANKETS ON HANDLING RING

VIBRATION TESTS DESCRIPTION

Random vibration tests were conducted on three
of the bus bay assemblies in a special bay
fixture. The primary purpose of the tests were
to determine if the vibration tests excited
subassembly responses at least as severely as
the bus acoustic tests. The special bay
fixture, which was also used for Voyager bus
asismbly level vibration qualification tests, is
necesgary since the bus assemblies are not self-
contained; the bus bay structure provides the
only support for the individual subassemblieg.
The oonfiquration of the special bay fixture is
similar to the bus bays, except that the fixture
walls are stiffer and heavier to avoid excessive
deflections across the fixture due to dynamic
amplifications. The special bay fixture mounts
on a rigid test fixture along the edges of both
the front and back shear plates. Figure 7 shows
a bus bay assembly undergoing vibration testina.
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Two of the bus assemblies vibration tested were
flight-like, including wire harnesses, although
power was not on. One of the flight-like
assemblies, shown in Figure B, oconsisted only of
modules. The modules are of various sizes and
shapes and are machined from solid blocks of
aluminium. The other flight-like assembly,
shown in Figure 9, included both modules and
boards. The boards are made of 0.25 inches thick
honeycomb approximately 7 by 16.5 inches in
dimension with 0.015 inches thick aluminum skin
on either side. The third bus assembly
vibration tested was a dummy (mass mockup).
The dummy subassemblies consisted of flight-like
boards with brass disks attached to simulate the
mass of the components. The dummy assembly is
shown in Figure 10. The special bay fixture was
rigidly attached to an electrodynamic shaker and
random vibration tests were conducted in three
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FIGURE 7. Bus Assembly Undergoing Vibration Testing

axes. The tests were controlled by averaging
four accelerometers located at each of four
corners on the rigid test fixture. The corners
of the fixture are intended to represent the
corners, or hard points, of the bus. The dummy
bus bay assembly was vibrated at the initial
Galileo bus assembly qualification levels and at
10 @B below qualification levels (gqualification
levels contain a 4dB margin over maximum
expected flight environments). The two flight-

like assemblies, which are consigned for use in
the Galileo program, were tested only at 10 dB
below qualification levels to avoid potential
damage. The random vibration test levels are
shown in Table 2. Test times were limited to 30
seconds per run. Responses of the swbassemblies
were monitored with accelerometers at the same
locations recorded during the bus acoustic
tests.
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FIGURE 8.

DATA REDUCTION AND ANALYSIS

Microphone data from the tests were reduced to
1/3 octave band sound pressure levels from 31,5
to 10,000 Hz. The acoustic data were also
reduced to pressure spectral density using 16 Hz
bandwidths from 16 to 2000 Hz, Accelerometer
data were reduced to acceleration spectral
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MICROWAVL

FLIGHT-LIKE BUS ASSEMBLY CONSISTING QOF MODULES

density with 16 Hz bandwidths from 16 to 2000
Hz. The frequency domain vibration and acoustic
data was then converted from analog to digital
for evaluation using a statistical analysis and
data display computer program. Data below 50 Hz
was truncated due to a lack of reverberant
chamber low fregquency test capability.
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FIGURE 9. FLIGHT-LIKE BUS ASSEMBLY CONSISTING OF BOTH MODULES AND BOARDS

Vibration response data from both the acoustic
and vibration tests were normalized to test
input specifications to account for test control
variances. Basically, two types of data
analyses were performed. The first was averages
of various groups of accelerometer data.
Variances were also computed. This analysis
serves to compare the statistical average levels
of a group of response data to another group of
data or to a specification, but does not provide
information on the changes in distribution of
responses from one test run to another. For
comparisions of the responses for two test runs,
an additional data analysis procedure was
employed. The response data from one test run

- ) AT WA VWX X AN LN M
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was divided by the data from another test run on
an accelerometer by accelerometer basis, The
average and variances of the ratios of the two
test runs were then computed for a group of
accelerometers. This method of analysis
provides some statistical information on the
variations in response ratios with respect to
location, but can possibly be misleading where
the peak response frequencies shift between test
runs. Also, knowledge of relative response
magnitudes between frequency regions are lost
with presentation of average response ratios.
Both analysis methods were employed where
considered appropriate,
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AQOUSTIC TESTS RESULTS

The five acoustic test runs allnsred various
comparisions which provide a means of evaluating
apparent discrepancies in past spacecraft
acoustic test programs and which provide
confidence in the validity of applying the test
results to the real Galileo spacecraft.
Evaluations made from the data were response
linearity with acoustic level, effect of thermal
blankets, differences between flight-like and
dummy assemblies, effect of the antenna and the
bus attachment configurations, and adequacy of
the current Galileo bus assembly vibration test
requirements, The results of these evaluations
are discussed below.

FIGURE 10, DUMMY (MASS MOCK-UP) BUS ASSEMBLY CONSISTING OF BOARDS

N X ST N

Response Linearity

Vibration response linearity was evaluated from
acoustic test Runs 3 and 4 (see Table 1l). Since
bus bay assembly shaker vibration tests on
Voyager were controlled at the corners of the
rigid test fixtures, only accelerometers on or
near the corners, or hard points, of the bus
were used for this evaluation. Runs 3 and 4
were identical in configuration, with a 10 dB
difference in acoustic test levels. The
response data for 32 accelerometers from Run 3
were scaled up 10 dB and the average and the
variance were computed. The average and

variance from Run 4 were also computed. The
averages of the two runa are compared in Figure
11. 1In Figure 12 the average and variance of
the ratios of responses for individual
accelerometers are presented for Run 4 relative
to Run 3 scaled up 10 dB, It can be seen from




Prequency Galileo Bus Galileo bus
(Hz) Assambly Qual Assembly Qual
Levels Levals Minus 10 dB

25 - 100 +6 dB/octave +6 db/octave

100 - 250 0.1 G/nz 0.01 G/He

250 - 500 -6 dB/octave -6 dB/octave

500 - 2000 0.025 G2/Hz 0.0025 G2/Hs
OVERALL 8.3 G 2.6 Grms

TABLE 2, RANDOM VIBRATION TEST LEVELS
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Figure '2. Response Linearity - Ratios of Run 4
Responses to Run 3 Responses Plus 10 dB

both Fiyures 11 and 12 that the bus response is
linear with acoustic level within the zange of
the acoustic tests conducted. Structural
nonlinearities would be expected to result in
lower relative responses for the higher acoustic
levels, but the variations in response for the
two runs appear to be random.

Thermal Blankets Effact

The effect of thermal blankets on bus vibration
response was evaluated by comparing Runs 3 and $
(see Table 1). Acoustic test levels for these
two runs vere the same and the only difference
in the configurations was that Run 5 had no
blankets. The same analyses performed for the
response linearity evaluation was also performed
for Runs 3 and 5. Figure 13 shows the average
of the corner accelerometer responses for Run J
and for Run 5. Figure 14 presents the average
and variance of the ratios of responses for
individual accelerometers for Run 5 relative to
Rur 3, Both Figures 13 and 14 show that the
respongses for the two test runs are nearly
identical, with only a very slight tendency for
an increase in response at higher frequencies
without blankets. Figure 15 shows the
difference in the response means of the two runs
computed from Figure 13 and the mean of the
individual ratios fram Figqure 14 compared to the
mass law theoretical effect of removing the
blankets. The actual effect on response is
negligible compared to the theoretical
transmission loss due to the blanket.

Flight-like Verse Dummy Asseshlies

Vibration responses for flight-like assemblies
and for dummy (mass mockup) assemblies during
spacecraft bus acoustic testing were compared
for Run 4. Response data from measurerents on
board type subassemblies were used for this
comparision due to the configuration similarity
of the flight-like and dummy boards., Module
subassemblies varied too greatly in
oconfiguration to allow a meaningful comparision
The construction of the dummy and flight-like
boards are essentially identical, however, brass
disks simulate the mass of components on the
dummy boards, whereas the flight-like boards
have real components, wiring, and wire harnesses
and are coated with epoxy. For this comparision
dummy and flight-like boards were chosen which
have roughly similar mass distribution Only
data for accelerometers mounted perpendicular to
the board surface and located towards the middle
of the boards were used. Acoustic Run 4
vibration response data from 6 accelerometers on
dummy boards were compared with 10
accelerometers on flight-like boards. Figure 16
shows the average of the responses on the dummy
boards and on the flight-like boards. The data
shows a slight trend for the dummy boards to
respond higher than the flight-like boards,
particularily at the peak first resonant
frequencies, indicating more damping for the
flight-like boards.




o

e

AT

- o i
g e s

- e

-
-

<

L e

AR R
oD L. T

o e T

T T

Seytite reasce

(G0

Acceleretion Spactre) Samstty
1’

5
(w/o blankets)

DR B - SRR R R S B~ T s e

ey 1)

Figure 13. Thermal Blankets Effect - Average of
Run 3 and Average of Run 5

L SAyrcue ememct

e A
: /Av! + Sigma {
]
- " Ave
s B fataVaVW i
3 J 3
7 Ave - S{/ f
! -.""‘ [ L]
".:‘".‘. ';:‘E
s v T i LRI BRI R T L)
FREOUENCY tuT
Figure 14. Thermal Blankets Effect ~ Ratios of

Run 5 Responses to Run 3 Responses

Antenna and Bus Attachment Effects

The effect of the antenna and the four or ten
point bus attachment configurations on bus
vibration respongses were not evaluated
separately. However, an indication of the
relative effects can be observed from the data.
Fiqure 17 shows the average of all the respcns s
on the top corners of the bus compared to the
average on the bottom corners of the bus for Run
4. The test article configuration for Run 4 had
no antenna and had a ten point bus attachment to
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the handling ring. It can be seen from the
ocomparision of Fiqure 17 that the attachment to
the handling ring has only a minor impact on the
bus responses. The effect of the antenna mu¥
thus be determined from a comparision of Runs
and 5. Acoustic test Run 1 conf iguration had
the antenna, a four point attachment between the
bus and the handling ring, and no thermal
blankets, while Run 5 configuration had no
antenna, a ten point attachment, and no thermal
blankets. Figure 18 compares the average of all
bus corner responses for Runs 1 and 5. This
comparision shows that the antenna has a very
large effect on bus responses, particularly
below about 200 Hz where responses are more than
20 4B higher with the antenna at some
frequencies. In Figure 19 the average and
variance of the ratios of responses for
individual accelerometers are presented for Run
1 relative to Run 5. This figure shows the same
results as Figure 18.

Yibration Test Reguirements

Current Galileo bus assembly random vibratjion
requirements are based on responses due to
acoustic excitation at bus corners, or hard
points, Figqures 20, 21, and 22 show the average
and average plus two sigma of the responses on
or near the bus corners induced during acoustic
test Run 4 for the Z axis (9 accelerometers), R
axis (15 accelerometers), and T axis (10
accelerometers) respectively. The Z (vertical)
axis is along the spacecraft centerline, the R
axis is radial to the centerline and the T axis
is perpendicular to both the 2 and R axes,
tangent to the bus front and back shear plates.
The data shows that the corner responses are far
below bus assembly test levelr in the T i¢xis and
are generally lower in the 2 and R axes exc:pt
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Figure 16, Flight-Like Verse Dummy Boards
Response to Acoustic Test
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Figure 17. Average of the Responses on the Top
Corners of the Bus Compared to the Average on
the Bottam Corners of the Bus for Acoustic Test
Run 4

for narrow spikes mostly in the 500 to 700 Hz
range which slightly exceed test levels. Review
of individual accelerometer data shows that the
narrow spikes occur only at accelerometers
located just off the corners (about 2 inches
from the hard points).

It is reasomable to assume that the measured bus
responses are generally representative of those

242

S84y 1L s seemcY

ks " e
A » "
scat & 000
aasmm | aand-
- wn ) -
2 s
®
S
i /
¥
& e 9
i
i ;
/\}\us
me ¢ 8 ¥ i 4 DR AL R LT

SREMEAY (u

Figure 18. Voyager Antenna Effects - Average
Response of Run 1 (with Antenna) and Average
Response of Run 5 (w/o Antenna)
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Figure 19, Voyager Antenna Effects - Ratios of
Run 1 Responses to Run 5 Responses

for a full up Galileo configuration spacecraft.
The Voyager DTM bus has a high degree of
structural esimilarity to the Galileo bus.
However, the adequacy of the simulation of the
bus attachments to the spacecraft trusses is
questionable. Although the Galileo trusses
supporting the bus are considerably stiffer than
Voyager they are far more flexible than the
handling ring. It is possible that the more
flexible spacecraft trusses will increase low
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Figure 21. Average and Average Plus Two Sigma
of the Responses On or Near Bus Corners During
Acoustic Test Run 4 - R Axis

frequency responses below perhaps 100 Hz.
However, above 100 Hz, the generally lower
responses obeerved on the bus bottom corners may
be increased when installed on the spacecraft
trusses, The lack of appendages on the bus
acoustic test configuration will also affect bus
responses. The Galileo bus will support two RIG
booms, a science boom, and the folded mesh dish
antenna. None of these appendages will be
nearly as effective an acoustic receptor as is
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Figure 22. Average and Average Plus Two Sigma
of the Responses On or Near Bus Corners During
Acoustic Test Run 4 - T Axis

the Voyager high gain antenna, but they will
probably increase bus levels some in the lower
frequencies. In conclusion, it is believed that
the Run 4 acoustic test results adequately
represent Galileo spacecraft bus responses in
the mid and high frequencies, but probably
somewhat under represent below about 100 Hz,

Since the rigid vibration test fixture holds the
special bay fixture along the edges of both the
front and back shear plates, defining assembly
vibration levels only by responses on or near
bus corners is questionable. Figure 23 shows
the average and average plus two sigma of
responses from six accelerometers (4 in the 2
axis and 2 in the R axis) on the edges of the
shear plates near the bay centers. These
responses exceed assembly test levels by a
considerable amount in the 400 to 1500 Hz range.

Another problem in defining bus assembly random
vibration test criteria is the special bay
fixture required to support the subassemblies
during test. Random vibration will be induced
into the bus subassemblies during launch
primarily by direct acoustic excitation of the
bus shear plates. Yet the shaker vibration
tests attempt to simulate the launch environment
by inducing vibration through the rigidly held
shear plate edges. The vibration levels on the
special bay fixture shear plates induced by the
shaker tests will not necessarily be similar to
the shear plate vibration levels on the real bus
induced by acoustics,
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Figure 23, Average and Average Plus Two Sigma
of the Responses on the Edges of the Shear
Plates Near the Bay Centers During Acoustic Test
Run 4 - Z and R Axes

In addition to the above difficulties in
developing bus assembly vibration test criteria,
the problems normally inherent in specifying
conventional rigid fixture vibration tests are
present. These are rigid fixture/assembly
boundary conditions which do not simulate actual
mounting impedance, coherent vibration input due
to single axis testing with in-phase vibration
at all attachment points as compared to normally
incoherent vibroacoustic environments, and test
control problems due to fixture resonances and
the need for multi-control averaging. The bus
asssembly vibration tests discussed in the
following section were intended to resolve these
vibration criteria specification problems,

VIBRATION TESTS RESULTS

The shaker vibration tests on the three bus
assemblies provided adequate subassembly
response data for comparision with the bus
acoustic tests. The three bays contained 26
accelerometers on subassemblies, 14
accelerometers in the T axis (perpendicular to
the plane of the board-type subassemblies), 6 in
the R axis, and 6 in the Z axis. The objective
of the initial data analysis was to verify that
current Galileo bus assembly vibration
requirements are adeguate. Subassembly
responses from the vibration tests were compared
with responses fram the Run 4 bus acoustic test.
For each accelerometer in the vibration tests,
the response data for the three directions of
shake were enveloped. The means of the three
axes envelopes of the vibration test responses
were then compared with the means of the
responses from the acoustic test. This
comparision, presented in Figure 24, shows that

the mean of the three directions envelope for
the vibration test responses is generally an
order of magnitude or more greater than the
acoustic test responses. In order to further
verify the adequacy of the Galileo test levels,
response data for the acoustic and vibration
tests were compared on an accelerometer by
accelerometer basis. It was found that of the
26 accelerometer locations, the acoustic test
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Figure 24. Subassembly Mean Envelope Response
for the Three Vibration Tests Versus the Mean
Response for the Acoustic Test Run 4

responses exceeded the three axes envelope of
the vibration test responses at any 16 Hz
frequency band at only five locations, The
higher levels for the acoustic tests at these 5
locations were limited to only a few 16 Hz
bandwidthe in the higher frequencies, non of
which corresponded to major subassembly
resonances. It was concluded that the current
vibration test levels are adequate, and in fact
are quite conservative over most of the
frequency range, particularily at major
subassembly resonances.

Of more general interest than the adequacy of
the Galileo test levels is the degree of
conservatism inherent in specifying equipment
rigid fixture vibration tests using input
hmeasurements from system acoustic tests. To
determine this conservatism for Galileo bus
assemblies, average transmissibilities were
calculated for both the acoustic and the
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vibration tests from two of the three bays
vibration tested. The simplying assumption was
made that a subassembly response in a particular
axis was induced by input vibration in that
axis. For the acoustic tests, subassembly
responses from Run 4 were divided by the average
of the measurements on or near the bus corners
(Figures 20, 21, and 22) in the axis of the
particular subassembly response. Similar
calculations were made for the vibration tests,
dividing the subassembly responses by the
average of the control accelerometer data in the
appropriate axis. The acoustic and vibration
tests transmissibilities were then statistically
compared by two different methods. First, the
average of the transmissibilities in each axis
for the acoustic tests were compared with the
average of the transmissibilities for the
vibration tests in corresponding axes. These
comparisions are shown in Figures 25, 26, and 27
for the Z, R, and T axes, respectively. For the
second method, the transmissibilities for the
vibration tests were divided by the
transmissibilities for the acoustic tests on an
accelerometer by accelerometer basis. The
average and standard deviation of these ratios
were then calculated for each axis and are shown
in Figures 28, 29, and 30 for the Z, R, and T
axes respectively. It can be seen in Figures 25
through 30 that in the low frequencies the
transmissibilities are near unity for both the
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Figure 25. 2 Axis Transfer Functions For
Bays 1 & 9: Acoustic Test T.F. and Vibration
Test T.F.
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vibration and the acoustic tests. Alcut 300 He
and abcve, where subassembly 1escrarces exist,
the vibration test tirarsmiseilolaties are
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SUMMARY AND CONCLUSIONS

A number of observations have been made on the
results of the acoustic and vibration tests,
some of which may be useful to others developing
spacecraft vibroacoustic criteria, as well as to
the Galileo Project. These observations are
reviewed below.

1. Bus structural responses were linear
within the range of the acoustic tests (137
dB to 147 @B overall).

2. The effect of thermal blankets on bus
vibration response was negligible.

3. Dummy subassembly electronics boards (mass
simulated components, no wiring or
harnesses, and no epoxy coating) responded
slightly higher to the acoustically induced
vibration environment than did flight-like
boards.

4. Installation of the high gain antenna on the
bus increased bus responses more than 20 dB
for some frequencies below about 200 Hz.

5. Bus responses at the bottom corners attached
to the handling ring were generally slightly
less than bus responses at the top corners.

6. Bus corner responses were generally within
Galileo bus assembly vibration test
requirements except for narrow band
responses in the 500 to 700 Hz range.
Installation of the bus on the spacecraft
trusses instead of the handling ring and the
installation of spacecraft appendages on the
bus may increase bus responses. However,
the effects of these factors are anticipated
to be limited to lower frequencies where
measured bus responses are about 10 dB below
assembly test requirements.

7. Average subassembly responses to shaker
assembly vibration tests were 10 to 20 dB
higher than average subassembly responses to
bus acoustic tests.

8. Transmissibilities for the vibration tests
(subassembly responses to average control
input) were as much as 30 dB higher than
transmissibilities for the acoustic tests
(subassembly responses to average bus corner
responges) at subassembly resonances.
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FURTHER INVESTIGATIONS

There are two areas related to the above
described vibroacoustic test program which may
warrant further investigation. The first is
development of vibration test requirements for
bus assemblies based on a comparison of
subassembly responses during the bus acoustic
and the assembly vibration tests. A
conservative approach would have to be taken
which provided high probability that the
assembly vibration test excited at least as
severe subassembly responses as did the bus
acoustic test. However, the Galileo bus
assembly designs are largely inherited from the
Voyager program and have been proven to be
capable of surviving current bus assembly
vibration qualification test requirements.
Also, current assembly random vibration flight
acceptance test levels (4 dB below qualification
levels) are near those levels commonly accepted
as minimum vibration screening levels. Thus,
little incentive exists at this time for
lowering bus assembly vibration levels.

The other potential area for further
investigation is the development of a
vibroacoustic test fixture which better
reproduces subassembly responses and which is
also cost effective. Current Galileo bus
assembly vibration testing is time consuming due
to the need for three axis testing and the need
to evaluate and mitigate the effects of
unaveoidable fixture resonances. A first
approach would be to use the special bus bay
assembly test fixture, or even the Voyager DTM
bus, with the excitation provided by the
reverberant acoustic chamber. Modifications to
the fixture or bus bay may be necessary to
increase the structure's modal density.
Acoustic test level margins would be required to
insure that the induced subassembly responses
were at least as severe as induced by Galileo
spacecraft acoustic tests.

This study program was carried out at the Jet
Propulsion Laboratory, California Institute of
Technology, under NASA contract NAS 7-100,
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SLV=3 FLIGHT VIBRATION ENVIRONMENT

S.A. Palaniswami, G. Muthuraman, P. Balachandran
Aerospace Structures Division

Vikram Sarabhai

Space Centre

Trivandrum, INDIA

with predicted values,

The vibration test levels for SLVe3 was predicted based on
empherical method. Second experimental flight of SLV~3 was
instrumented at various locations to obtain actual vibration
environment. Measurement scheme and data reduction are des-
cribed., The various causes for the vibration are discussed
in detail. The reduced levels from flight data are compared

INTRODUCTION

Indian Space Research Organisation
designed and developed SLV=3 a four
stage Satellite Launch Vehicle. Its
second experimental flight SLV(E)-02
injected 36 Kg Rohini (RS1) Satellite
in 300/900 KM orbit.

This experimental flight was instru-
mented with vibration packages at vari-
ous locations to study the flight vibra-
tion environment.

The objectives of the study are :

i) to reduce test levels from flight
vibration data and update the pre=
dicted values which were earlier
theoretically estimated using
empherical prediction technique
based on Barett method,

ii) to establish vibration loads for
critical components,

iii) to aid in flight failure analysis.
The vibration environment of SLV=3

from the second experimental flight
is discussed in the following pages.
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VIBRATION ENVIRONMENT

Launch Vehicle Systems undergo vib-
ration during handling, transportation
and flight, Of these flight vibration
is the severest and critical for mis-
sion success, During flight, launch
vehicle experiences vibration and shock
as self imposed environment. Propul-
sion system - motor burning, exhaust
jet noise and aerodynamic boundary
layer noise are major agencies that
create vibration, Vehicle experiences
shocks at lift off, ignition and burn
out of motors, separation of stages,
heat shield ejection etc. To these
shocks the vehicle structure responds
as vibration transients which propagate
from the point of disturbance to fura-
ther end in addition to wave propaga-
tion. The vibration is thus function of
structural characteristics, dynamic
pressure, acoustic field, exhaust velo-
city and thrust perturbations,

PREDICTION OF VIBRATION ENVIRONMENT
The vibration test levels for sube

assemblies and components were earlier
to the flight estimated using Barrett
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method (ref.1). This method involves
scaling acoustic pressure, surface den-
sity of the structure, thrust and ex-
haust velocity of motor in the follo-
wing manner,

2

ALE) =A(F) (ﬂ) (_A_) Pn

n r —

W pr
r n

-1

_ W TV
A(f)n-A(f)r _r  nn
W, TV,

-2

where

A(f) = Acceleration spectral density
at frequency f;

o} - Rms acoustic pressure;

A - Burface density of the structure

W - Weight of the structure
T - Thrust of the motor
s - Exhaust velocity of the motor

Subscripts n and r - new and refere
ence vehicles

The test levels for various loca-
tions were estimated using equations
(1) and (2) with proportionate weight-
age for acoustic and propulsion con=-
tributions depending upon those
locations on the vehicle,

VIBRATION PACKAGE

The vibration pick up used in the
flight is conventional piezoelectric
type of accelerometer whose weight is
28 grams., The capacitive output is con-
ditioned bty airbone charge amplifier.
The package 1s capable of operating in
the stringent flight environments, The
mounted resonance frequency is 19 KHz,
The range of measurement is limited to
2000 Hz as the test requirement is 10=-
2000 Hz only. The package was develo=
ped for the specific purpose of acqui-
ring vibration data on launch vehicles.
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MEASUREMENT SCHEME

With limited telemetry channels
available 8 measurement channels and
6 locations were identified for vib-
ration response study. Out of 8
channels, 5 were located on the vehicle
and 3 were on the satellite, Table i
shows the scheme of measurement,

In the base shroud and in all
interstages the pick-ups were mounted
rigidly on to the longeron close to
fore end/aft end ring to facilitate
easy correlation with laboratory test
response data. Two pickeups wWere
fixed on the separation adaptor of
satellite, One pick-up was screwed
on to the satellite structural frame
very close to solar panel, Figure 1
shows the various locations of pick-ups
P1 to P5 on the vehicle and Figure 2A
the locations of P6 to P8 on the
satellite and figure 2B the typical
mounting of pick-up on to the structu=
ral member,

FLIGHT DATA ANALYSIS

The vibration data in all channels
show considerable vibration levels
during Stage I operation upto 72.8sec
from lift off (Fig.3). The vibration
levels in all channels slowly raise to
maximum around T+40 seconds and fall
down to minimum at around T+65 seconds.
T+40 seconds corresponds to maximum
dynamic pressure region. At forward
end of vehicle the levels are consie
derable at time T+24 seconds which
corresponds to transonic region (refer
Figure 3).

As preprocessing procedure the
signals were cleared by passing them
through 2000 Hz low pass filters.

True Grms values are shown for all
channels in figures 4 to 11. Power
spectral density in 10-2000 Hz is
obtained through real time analyser
fer 1 second sample time length,
Exponential averaging during this 1
second data is adopted in the analysis.
The response in 1 second sample time
in g max region is self stationary
while at other regions it is not
strictly so. However the error intro=-
duced by exponential averaging in
these regions is negligible as the
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TABLE

Measurement Scheme
LOCATIQN Sens.Axis Freq.Response Full Scale
o. Description (Hz) range (g)
P1  Base Shroud Roll (2) 10 - 2000 + 50
p2 IS 172 U Roll (Z) 10 = 2000 + 50
P3 IS 273 U Roll (Z) 10 - 2000 + 30
P4 IS 3/4 L(EB) Roll (2) 10 - 2000 + 20
P5 IS 3/4 L(EB) pjitch (X) 10 - 600 + 10
Pé Sat. Sep. Roll (Z) 10 - 2000 + 50
adaptor
P7 " Pitech (X) 10 - 2000 + 10
P8 Satellite Roll (Z) 10 - 2000 + 10
time length is small. The spectrum for transient events upto Stage II
analysis at lift off, transonic and separation, Filgures 26 to 33 are
SRS for transient responses at Satelas
lite location for damping ratio
TABLE 2 2.5% (Q factor as 20),.
Grms Response at different Locations
DISCUSSION
Flight
Region Py P2 P3 P4 P5 P6 P7PB Rocket engines emit high velocity
exhaust gases which mix with ambient
air causing turbulent shear layers in
the process. The pressure fluctuations
q max 4.6 2.6 1.05 2.4 1.2 0.68 1.2 2.6 of the turbulent shear layers are trans=
mitted to the surroundings including
Transonic 1.0 0.7 0.40 1.1 1.2 0.3 1.3 4.5 the vehicle as acoustic noise. The
distributed acoustic noise field over
the vehicle surface causes structure
to vibrate., This jet noise disturbance
is maximum at lift off due to acoustic
q max regions is presented as psd reflection from the ground and decreae
plots in Figures 12 to 23, The Grms ses as vehicle accelerates
values at q max and transonic regions '
are tabulated in Table 2. Figures 24 A
: s the vehicle moves with increased
??d 25 1ggicateT;he le:?é during stage velocity with time through atmosphere,
1 oger? °“£ € psd gms stvery the boundary layer on the vehicle is
ow during stage I and above stages generally turbulent because of high
operation as the dynamic pressure is Reynolds number. The resulting pres=
very small after Stage I separation. sure fluctuation is applied over the
vehicle surface and causes the struce
The data is edited suitably ture to vibrate. As the vehicle
avoiding steady response for transient cross sectional area changes from fore
signal entry into the memory of shock end to aft end, there may be shock
response spec:rum agaé¥s§r. zhi sgock waves occuring in the aerodynamic flow
response spectrun { s obtaine causing further increase in turbulance
254




LN R R R T T I A VR U T TR YR TR T Y T Lo

Sdb/sm —
S T T T B R B i
- Sl L
T nE :
- . i
[ [ L
R
¥ L : : EE
~ [ 1 . . N .
* : . . . ST BE
M S : : : =t
i e p
4 B S0 B Al S R N :
Py e —
s B REE B 4
‘ i I i fhe :
j mE  } B S
l IS SEE BN O - e | B
o e
e s e = T3 REE= =+ 1 v
== 2SR RERRE S 2 IR BS =
SasjREgiL ] T E
T 4 .
METTITHY . SESER TR s
o1 } =i - Hifti1] = r
L 2000
FREQUENCY (N2} ——am—
BASE SHAOUD (2) T4 sec

Sen/am f

00 k] . i [ Sev-any —3 e -
1 = (3 3or
” = : i N r {
“t g ALE |1
= : |

3
soumn sracTam ORIty Lo¥/ i ga-

o= =1 T T —
= T H : H - =3

PR SIS : . : i

)

o) + + . S B

‘ ! : : -
: : ! : aneb

i - ' . !

-t +-4 L Y P Y < |

- ...
b+ o
e
bt
-

+
f-44

. m - uroi { T 'm J 1 1800 2000

i
SASE SHROVO (2) A 1440 scc !

Figs 12 & 13 - Vibration spectrum for base shroud

255




w80

feesod

T 085iC

serovEnc 101) ——anm

,f-

T

183/40 (1)

s

1

1

cesdube b

s

Fanuna

T

To80 stC

weo
enty ) e

oo
regmEneT tul) ——a

TR

- eI A WIS S bW UL TR LR L]

o

-

T o8 iC

PaOERCY (NE) ——dm

w3eL i)

256

T80 SEC

Figs 14-17 =« Vibration spectrum for IS 1/2 U, IS 2/3 U and IS 3/4 L

.ty vt




vl
voof

- .-

‘-“-4;;

et sracTan panTyigt it
hulty
st fhr
A - —
b=
.
N
|
rowen oo oemnt s iotsmrraset ¥
™

o S ITRBRE T L w
SR JiL VA1 N T
: i : A . i BE : T g e
: T',‘..’.Zi.,'ji._ | 22 SRl UEEH [N 5
THEZHERRARHE R =3 NEI R HAE S ERNE:
“we 000 1860 2000 \ 3 ) e e }
PREGMNCY (NZ: —amm r SEEOBELY INE} -
J { RSt SEP. ADAPTOR (MTCH)
251 SHP. A0APTOR (ROLL) Te26 e i ¥ o 8o 80C @ |
e —r S— — R ——
iR RERRE T2 ST T T
= o1 i T H - T 1 ~E TS H T
B BB D ! ! ! - i : { .
by / — B S e e R 1 :
i Pl P P ! ot { t- S BE i
: T F TTTY T T - FTTTTT T ! ] 1t |
4 5 ; iy ; i % : : ' 3]
' I AT B REEEREE 5
H ; : : : H I A s T
i : : , i S |
t j : : oy :
H ; H : et '
¢ C T i : T :
l 1 l L . IR SEEE
] : IE I %k AR & :
shifiiitiye : : At : il : : B fas
i1 R R R = i : R N LE 3
dhepiditifitils H fe=d . 1Y YT ¥ ME1Y
- r E

o ) -ve -ty e
PRGOUWRCY (N} — PARNERCY (M) -
NS1 SEP ACAPTOR WOLL T4 80sC (D)) W31 SEP. AGAPTOR (PITCH) T o 005 @

Figs 18-21 - Vibration spectrum for RS1 at separation adaptor
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and fluctuating pressure, Possible
flows separation will also add to it.

The structural vibration is also
caused by random mixing of propellant
gases inside the rocket engine combus-
tion chamber, It generates fluctua-
ting pressure on the engine wall. The
vibration of the wall is transmitted
throughout the vehicle but is often
rapidly attenuated with distance from
the source. This phenomenon exists
throughout the flight until burn out,

Lift Off

In SLV(E)-02 flight 1lift off at
T+180m.sec had caused high vibration
level peak corresponding to full scale
(50g) at base shroud. the vibration
decayed very fast and its existence was
less than 2.5 seconds. At all other
locations the vibration level was much
less than q max peak/transonic peak.
The base shroud location being close to
exhaust jet and ground, the acoustic¢ ree
flection imparted high level of vibra-
tion. This jet noise power was
maximum around 1500Hz (Refer Fig.12).

Transonic Region

In the transonic region the shock
waves which have just formed at various
locations are unstable and oscillate in
their locations, During ascent phase,
this transonic disturbance causes heavy
vibration of the structure, Any protrue
sions like antenna will aid to the dis-
turbance as local flow separations are
created.

In SLV(E)=02 flight in the transo=-
nic region (T+24 to T+26 seconds) the
vibration levels noticed were signifi-
cant only at RS1 and Equipment Bay(EB)
locations, Near nose cone expansion
waves would have occured and oscillated

and thus creating excessive aero-
dynamic noise which caused higher level
of vibration at RS1., The noise spectrum
seems to be maximum in 500Hz to 1000Hz
as seen in figures 18, 20 and 22,

576Hz and T728Hz components are distinc-
ly seen in Filgure 22 and they are
identified from lab measurements as
structural resonances,

At EB there were six numbers of
antennas creating local flow separa=-
tions. The vibration level was seen
here also peaking in transonic region
but the severity was less than that in
RS1, No similar growth was in other
locations,.

q Max Region

During supersonic flight the shock
waves are generally.stable as far as
their locations are concerned. The
fluctuating pressure field exhibits
slow variation., The mechanically
transmitted disturbance from the motor
burning is more or less constant upto
burn out., At q max region aero-
dynamic noise is the maximum,

In SLV(E)-02, fore end of vehicle
experienced higher vibration levels
due to increased aerodynamic noise.
Aft end of SLV also experienced higher
vibration levels due to the fact that
a portion of jet noise travelled for-
ward fore end through boundary layer
and also increase in turbulence due
to presence of fins, IS 2/3 location
recorded minimum level as the location
was aerodynamically very clean and
hence less aerodynamic noise contrie
bution to vibration,

In the case of Satellite RS1, the.
vibration regponse in roll axis was
found to be more severe at P8 than that
at P6. The aerodynamic noise contri-
bution at satellite (P8) is larger than
that at Satellite separation adaptor
(P6). Refer Figures 19 and 23. The
mechanically transmitted vibration
generally of low frequency was found to
be more predominant at P6 than at P8.
From the laboratory test the Grms
response at P8 normalised over that of
P6 is 1.29. From the flight data the
normalised Grms response is calculated
as 3.82., The increased figure is due
to larger contribution of aerodynamic
noise on heat shield nose to which
RS1 is close by,

Transient Events

From the transient responses at
fore end of vehicle (P6 and P8), it
is seen that the shock loading due to
1ift off as well as separation are
severe, At lift off the forcing
function being reflected acoustic
field induced high transient response
at satellite locations. The shock
induced by separation mechanism being
pyrotechnique device is very high.
S1 separation effect is less than that
of S2 separation because of shock level
attenuation with distance. The response
induced is due to mechanical trans-
mission as well as wave propagation,
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Figs 26-29 - Shock Response spectrum for RS1 at separation adaptor
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TABLE 3
Comparison of Shock Response Levels due to various Shocks

Events { g peak )
- S S2 S2
Locatio Lift Off Separation Ignition Separation
P6 Max_inst_Acc. ____ I S 3:8 e S, 2:2
Max of SRS 30 1M 6.5 28
P8 Max_inst Acc. ____ 629 e 3ol s 3.4 _____10.4
Max of SRS 34 13.2 14 34

CONCLUSION

The vibration environment of SLV-3
indicates that

i) Vibration is predominant at fore
end as well as aft end. The vib-
ration transmitted through struc-
ture at location away from opera-
ting motor is very less.

ii) Lift off vibration transient is
severe only at base shroud corres=-
ponding to 100% of g max peak.

iii) Transonic region imparts higher
level of vibration only at fore
end of the vehicle and lasts for

very short duration. The pick-
up P8 (full scale range + 10g) was
saturated in transonic region.

iv) Heat shield ejection or RCS acti-
vation does not seem to have
induced any significant shocks.

v) Separation shock responses are
more severe than ignition shocks.
At satellite location transient
response due to lift off is
equally critical.

vi) The vibration level after Stage
I separation is very low,

Feestimation of vibration test
specifications are based on g max
level as well as transonic response
wherever it is applicable., The flight
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vibration level is less than
test levels,

predicted

The 95% envelopes of

flight levels are lower bound to the
earlier predicted values except at
Base shroud. Table 4 illustrates
Grms values of flight responses and

prediction,

TABLE 4
Comparison of Predicted and Flight
Grms values in 10Hz-2000Hz band
Predicted Envelope
Location Level of flight
Grms Respon'se
Grms
Base Shroud 6.4 6.99
IS 172 U 6.4 3.06
IS 2/3 U 4,8 1.26
IS 3/4L (EB) 4,6 3.69
RS1 5.4 2.96

Maximum vibration loads are exper=
ienced at transonic and q max regions
as shown in Table 2, These data forms
design input for critical elements

like RGP, IMU, etc.

The vibration measurement indicates

that throughout the flight,

the health

of the vehicle structure is good. No
failure mode has been noticed,
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