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VIBRATION TESTING

A MATHEMATICAL METHOD FOR DETERMINING A
LABORATORY SIMULATION OF THE
CAPTIVE-FLIGHT VIBRATIONAL ENVIRONMENT

SHARON OGDEN
Pacific Missile Test Center
Point Mugu, California

The captive-flight vibrational environment of a missile can be simulated by labora-
tory induced vibration. The captive-flight vibration levels can be shown to be directly
proportional to the dynamic pressure (q) levels. Typically. the captive-flight conditions,
combinations of mach number and altitude, can be summarized as a discrete function of
time over the entire range of q levels. This paper describes a method for selecting a
small number of discrete q levels and associated test time at each level which represents 1
the given captive-flight conditions. ;

One measurement of how accurately the laboratory test simulates the environment
during captive flight is to measure how closely missile failure rate induced by captive
flight compares with failure rate induced by the simulation. Ideally the failure rates ,
will be equal. In this method they are made mathematically equivalent with missile
failure rate being expressed as a power function of vibration level, and thercfore of q
level. The exponent of this power function is an unknown but can be approximated

by considering a range of numbers of which it is included. ._-':'_-:\

N

o]
The final solution, a smali number of q levels and associated test times. is ob- et
tained through iterative calculations. A set of q levels for the laboratory vibration is _:J':.‘
selected which covers the scope of q levels during captive flight. The time at the P

selected q levels which yields the same failure rate induced by captive flight over the
whole range of levels is calculated for each exponent. The selection of q levels which
has the least dependency on the exponent of the failure rate function is the final
solution.

This method produces a vibration simulation in terms of a small number of q
levels which is based on the whole range of q ievels of captive flight. [t does not re-
quire that the failure rate of a missile nor the exact representation of the failure rate )
. function be known. In tact. the final solution is relatively independent of the i
iL failure rate.

The PHOENIX missile in the all-up-round configura-
tion, figure 1, is vibrated with the use of dual shakers
during the flight test simulation. (reference 1), The shakers
produce vibration levels equivalent to vibration induced by

INTRODUCTION

The captive-flight vibrational environmient of a missile
can be simulated by laboratory induced vibration. There

QT @r>n@ '

are several methods which can be implemented to simulate
this environment: many have been developed as a result of
mechanical or contractual constraints.  The validity o any
inethed depends on the validity of the assumptions. and on
the accuracy with which the captive fiight vibratiopal en-
vironment can be simuiated in the laboratory. This method
is primarily a resultant of a contractual restraint placed on
the PHOENIX Governinent Lot Acceptance Test (GLAT)
program which is currently simulating the Fleet captive-
carry environment with a combined temperature’altitude:
vibration test.

a dynamic pressure (q) of 300 pounds per square foot (pst)
and 1.500 psf during captive tlight. The percentages of
test times at these two g levels are 99,3 and 0.7, respec-
tively. I terms of & typical 72-hour missile test for GLAT
the percentages are equivalent to 71.5 hours at 300 ps and
0.5 hours at 1500 psfo An up-ditte of these g bovels and
times was requested for PHOENIN GEUAT. The purpose of
the tollowing method is to develop a realistic simulation of
the captive -thght vibrational cnvironment with the con-
tractual restnction which allows only o small number of
levels For the representation.
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.- i - - v g \ Function of q Versus Fraction of
N\ I L I l l " e Captive-Flight Time
4 . —— m
. L - - . . 7
. r\ alue of i | q ! F(q) I
v R o
,‘ Fig. 1 = The AIM-34A PHOFNIX Missile 1 ' 100 | 254« 10! .
\ 2 300 312x 107!
. 3 | 500 1.57 x 107!
METHOD ; 4 . 700 Lisx 1ot
1 § 900 6.40 x 1077
. Data Base . 6 1,100 5.20x 107~
' 7 1.300 240 x 107
- Tne captive-flight conditions, combinations of mach ‘ 8 1.500 1.90 x 10~
nmber and alutude, of 0 PHOENIX qwissile on an F-14A 9 1.700 300 x 1073
7 aireraft, can be represented by u function of time over the b : - S
\‘ entire range ot g levels. This relation s represented by the . . . .
AS oar graph in figure 2, reference (2). A function which re- The vibration level 15 directly pr()portfonul towthc dy-
o lates fraction of captive-flight time to a finite and discrete namic pressure x'\i:‘ept through lrans.o.mc flight, reference
: number ot g levels is approximated tfrom figure 2 by re- 3). “‘“}"f_“‘l of lrzmson.nc q condltl(‘)ns‘huv.c been ac-
n ducing the number of  levels to the midpoints of the bar counted for in the dynamic pressure distribution of table 1.
eraph: this is shown in table 1. Table T will represent the i .
L data base intformation for captive-tlight conditions of the G=e H
N PHOENIX missile
P where
- G = Vibration level
k> ! ¢ = A constant, dependent on store position and
‘." weapon mix
J: ; q = Dynamic pressure (psf)
O — 1
N E E Missile failure rate is a power function of vibration
:_ ; i level with an cxponent in the range 1 to 5. reference (4).
R - !
. £ i MG) = GYb ()
z l— - where
A _
- B o MG = Failure rate as a function of vibration level
By - X = An exponent in the range | through §
o - b = A constant
. T B — therefore,
. i
L Mq) = k¥ 3)
™ 1
- ‘T | T T i T i I 1 i where
a o T Con i ~m)
..' PRY SN AMHC PRESSE RE (1 NDS PLE S0 ARE Too ]
.. Mq)y = Fuilure rate as a function of g
:‘. Fie. 2 - PHOENIX Captive-Flight Tune Versus k = A constant, c*/b
N Dynamic Pressuie
] ' The tailure rate induced by captive flight is a summa-
. Derivation tion of the failure rates induced at cach of the g levels in
,':- the captive-flight envelope multiplied by the fraction of
', Captive-1light vibration and the simulation of captive- time at those q levels, equation (4).
-, flight vibration cack induce o certam tolure rate in PHOL-
X NIN misstivs. To measure how acetrately the laboraten Mgt =1 MG ftar dg 4)
;' tost sunulates the captive-fhight environment the Galore
‘ rates induced by both the simudation and the captive hight where
< are compared. The conditton tor cqualits of the tailure
N rates o derived below . m cqaations Ol e 20 ad 13 under Ay = Captive-tlight tailure rate
- the assumption of inissile teilure rate peing related to vibra- ftqy = Probubility density ot g
‘e tor lovel v Pasiure rate mav so bBeorcbiead ot how-
: Acr this v bnon is not considoned
i
2
D
-
.
7,
7,
Cat
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X With the use of table 1 equation (4) is approximated
) by equation (5):
>
3 n
o Might = 22 Mg Flq;) )
n " i=1
t
"~ where
_."- i =1 to n, where n is the number of discrete g
- levels
Mg;) = Failure rate as a function of a specific q;, de-
fined by table |
i F(q;) = A discrete function that relates fraction of
time to q;, defined by table 1
Ny When equation (3) is substituted into equation (5),
e equation (6) results.
X "
8] =
- Might =k 22 o* F(gp ©)
A i=l
" The failure rate induced by a simulation test is equal
. to the summation of the fraction of time at each vibration
:4 level multiplied by the failure rate caused by those levels of
- vibration. Each vibration level represents the vibration
~° produced by a different q. The failure rate is expressed by
equations (7) and (8):
b\ m
".: )‘tesl = 2 7\(Gj) a.(qj) M
- j=i
’ :. where
X m
A 2 alg)=1 8)
..' j’l
. with
w j =1 to m, where m is the number of test levels
2N Ayesy = Captive-flight simulation failure rate
A(G;) = Failure rate as a function of the vibration
o simulation level Gj used in the simulation
::_ a(qj) = Fraction of test time spent at the vibration
-’ simulation levels representing a specific g
LA
:'.' Equation (3) is substituted into equation (7) resulting
P in equation (9).
, q ¢
N m
", h(es( =k 2 qjx a((lj) 9)
=
Q.
.-: Equations (6) and (9) are equated and simplified to
" satisfy the mathemetical relation which requires that the
[ ] failure rate of the simulation test be the same as the failure
rate of captive-flight vibration stress, yielding equation (10).
.:_.
. n m
e Y " Fa)= X q alq) (10)
':. izl =t
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This is to be interpreted as # condition on the aiq))
which is to be satisfied (at least approximately) for 4
certain F(q;) and x.

I_E_xample

To evaluate equation (101 a selection of q levels from
the range of captive-tlight levels is made: in this example
the q levels from the present laboratory test are chosen:
300 psf and 1,500 psf (m = 2). Their corresponding times
are a(300) and a(1.,500). The g levels and associated times
for captive flight are taken directly trom table 1 (n = 9):
hence from equation (10} it follows

9
3o o Fray) = 300° a30m + 1.500" ar1.500)
=]

where

a(300) + a(1.5000 = |

therefore,
9 .
2. q* F(q) = 300" a(300) + 1.500" (1 - a1 3000
=]

hence

9
a(300) =<): q* F() - l.500~‘>///(300" - 1.500%)
=]

The test time is calculated and shown below us a per-
centage with the value of exponent x ranging from 1 to S.

9 Percentage of test time PRSI
Exponent x 3, qX F(g)  a(300) a(1.500) o _:.:,
i=l HAN
1.0 457 x 109 86.9 13.1 Yoo
3 WI-Le
20 332x 10 88.8 1.2 PN
2.5 9.97 x 104 90.2 9.8 o a
30 3.14 x 10° 91.4 8.6 '@~
3.5 1.03 x 108 92.5 75
4.0 336x10° 90 7.0
5.0 4.20 x 10'° 94.5 5.5

Selection Criteria

In designing a captive-flight situlation test, the por-
centage of time, (a(q.)). spent at selected vibration levels
which represent a specific . can be calculated using cqua-
tion (10): however, the value of the exponent X in equation
(10) is only known to be within a range of numbers (1
through 5). Since x varies over this range. the ideal per-
centage of test time to be spent at selected q levels will
vary by some Aa. The Aa is the variation in the caleulated
percentage of test times when a runge of values for the
parameter x is as shown in equation (10, Table 2 displays
the variation in the percentage of test time with the param-
eter x when selected test levels representing 400 psf and
1,200 psf captive flights are used to simulate Fleet vibra-
tion stress. The variation in the test times for this example

.
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is 9.5 percent. If the midpoints were chosen as the test
times for simulation, as follows: 88.15 percent at 400 psf
and 11.85 percent at 1,200 psf, then Aa would be +4.75
percent. To prevent over- or undertesting, it is desirable
for this test time to be independent of the value of x. that
is Aa equal to zero.

TABLE 2

Variation in Calculated Test Time

! Percentage of Test
© Exponentx | <T‘in1e~at_ _
‘ 400 psf | 1,200 psf

1.0 929 | 71

2.0 8.6 ; 134

3.0 85.0 15.0

l 4.0 84.8 15.2

L 5.0 83.4 16.6
— . e = - Y T U —

Trial and error is the process used for selecting the q
test levels such that the test times are very nearly independ-
ent of the exponent x while keeping the number of selec-
ted q levels small. Table 3 summarizes the change in Aa
in relation to the selection of q levels. Trials one through
five use equations (8) and (10) to calculate the time at the
two selected levels. Trials six through fourteen also include
a judicious selection (based on the data points in table 1)
for the time at one of the three selected levels. In the
example (table 3) the selected time was chosen for the
high q in increments of a half hour of a 72-hour test (0.69
percent is equivalent to 0.5 hours of a 72-hour test). The
two q levels of trial three (300 psf and 1,500 psf) are
chosen to be a basis for the three level selections for three
reasons: (1) these q levels are presently used in PHOENIX
GLAT (a contractual reason), (2) they result in a small Aa
and (3) they represent a large percentage of the total cap-
tive-flight time. The Aa was reduced significantly from the
trial three (smallest Aa of two q selections) to trial eleven
(smallest Aa of three g selections). However, increasing the
number of q levels by adding a fourth q is not beneficial
since the Aa would not be reduced a significant amount
due to its already small size in trial eleven. Hence, from
the viewpoint of contractual and mathematical constraints
the three q level sclection is necessary and sufficient.

TABLE 3
Variation of Aa With the Selection of q Levels

. i Given Percentage of
Trial | Selected q Levels ’ Aa Time at High q*

}
|
f
:
I
!
4

[

1 | 200 1,500 7.5
2 | 200 1,600 7.2
3 | 300 1,500 3.8
4 |300 1,600 405
s | 400 1,00 4.75
6 300 800 1,500 41.27 0.69
7 1300 1,000 1500 7.68
8 1300 1000 1,500 5.63
9 300 1,100 1,500, 2.06
10 300 1.100 1,500 : 0.94
1l 300 1,100 1500, 0.82
12 1300 1,100 1,500, 1.69

13 1300 1,200 1,500 : 0.92
LM 1300 1,200 1,500 " 1.52

*For three level calculations only.

CONCLUSIONS

A method has been developed which reproduces the
vibrational stress of the captive-flight experience of a mis-
sile. This method is preferred over current methods for
the following reasons:

(1) It allows for the missile failure rate function to
be known only within a set of bounds on parameters;

(2) It provides for the vibration test to be conducted
at a small number of levels;

€3) It begins with only the range of q levels and
associated times at these q levels experienced by a missile.

This method provides a representation of the full range
of q levels during captive flight which is independent of the
missile failure rate function.
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ACOUSTICS OR SHAKERS FOR SIMULATION OF CAPTIVE FLIGHT VIBRATION

A. M. Spandrio and M, E. Burke
Pacific Missile Test Center
Point Mugu, California

Laboratory simulation of the failure producing vibration loads to which air~launched
missiles are exposed in the captive flight environment has become an important cost
effective test method. For the test to be valid, simulation of the failure rate and
types of failures produced must be the same as those produced in captive flight.
This paper compares two methods that are currently being used to simulate the cap-
tive flight vibration loads the PHOENIX missile experiences on the F-14 aircraft., A
dual shaker vibration facility was developed for captive flight simulation as part of
the PHOENIX GLAT program. Captive flight simulation using acoustical excitation
will be used as part of the PHOENIX Logistics Engineering Improvement Program
(LEIP). PHOENIX captive flight vibration response will be discussed in terms of
direction, spatial and spectral distribution, and then compared to the missile vibra-
tion response achieved in the laboratory by the two aforementioned methods.
Missile captive flight data was obtained from the PHOENIX T-1/F-14A Flight Test
Program and the PHOENIX/F-14 Captive Flight Vibration Measurement Program.
In these programs the PHOENIX T-201 Environmental Measurements Missile was
used. This same missile was subjected to captive flight simulation using the dual
shaker vibration and acoustical vibration. PHOENIX T-201 was assembled in the
same instrumentation configuration during both simulations as it was in the cap-
tive flight programs. Internal accelerometers were used at 36.8, 57.0, 129.1

and 146.9 inches (0.93, 1.45, 3.28, and 3. 73 meters) along the missile length.
They were mounted in the lateral, vertical, and horizontal directions.

The excitation of the missile by acoustics more nearly resembled that seen in cap-
tive flight than the excitation provided by the dual shakers. Since the acoustic
excitation allows the missile to vibrate in three axes simultaneously, the simulation
technique becomes far superior when the single axis constraint of shakers is
considered.

In addition, several test specimens may be placed in the acoustic chamber simul-
taneously (PHOENIX LEIP will have four). As a result, the use of acoustics for
simulation of captive flight vibration has demonstrated itself to be an accurate and
cost effective test method,

INTRODUCTION A

A test method has been developed at the Pacific noise. This method will be used as part of the PHOENIX I
Missile Test Center (PMTC), Point Mugu, Califor- Logistics Engineering Improvement Program (LEIP). '-"—*1
nia whereby the captive flight reliability of an air- @
launched missile is evaluated under laboratory The second method of inducing vibration in the N
conditions, The key to this captive flight simulation PHOENIX missile is accomplished with electrodynamic -“'-‘::-"
is the accurate reproduction in the laboratory of the shakers attached to the missile. This method is used .:'_-.;: ;
environments seen by the missile under actual cap- as part of the PHOENIX Government Lot Acceptance _-;:_.:_.q
tive flight conditions. Test (GLAT) Program that was established several ‘-'.u-f\_-:

years ago and is contractually binding for perform- S a-!J

One environment deemed significant is that of ance of GLAT. e
vibration. Two methods of inducing vibration in the :
PHOENIX missile are being employed at this time. This report will present a comparison of the vi- .
One method is excitation of the missile by acoustic bration response of the PHOENIX missile when ;
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excited by shakers. Both responses w'll be com-
pared to actual captive flight data obtained from two
extensive captive flight vibration measurement pro-

All necessary accelerometer signal conditioners
and tape recorder were mounted in the missile.
Data collection, reduction and plotting were carried

::\:. grams. It will be shown that acoustics provide the out with the same equipment for flight and labora-
e superior stimulation of the missile vibration when tory simulations to minimize inconsistency of data
::{; resemblance to captive flight vibration is used as the due to equipment variations.
" scoring criteria., Furtber, some distinct advantages
(\ N in using the acoustic test will also be presented. Captive Flight Vibration -
4 o
Test Specimen In order to accurately reproduce the vibration G
e conditions encountered by the PHOENIX missile, .'}\."r
e The test specimen used to acquire the data illus- two programs to gather captive flight vibration data o <
e trated in this report was the Environmental Measure- were conducted. Missile captive flight data was ob- ;..-:n
ments Missile PHOENIX T-201. Hughes Aircraft tained from the PHOENIX T-1/F-14A Flight Test st
Company configured the instrumentation in the mis- Program and the PHOENIX/F-14 Captive Flight !' .
. sile and took responsibility for its maintenance and Vibration Measurement Program. In these programs, el
A calibration. the PHOENIX T-201 Environmental Measurements
A Missile was used.

e The missile was configured with internal accel-

erometers on major structural assemblies at posi-
tions located 36.8, 57.0, 129.1, and 146, 9 inches

(0. 93, 1,45, 3.28, and 3.73 meters) from the nose
along the length of the missile. These positions were
identified as 1, 2, 3, and 4 respectively when refer-
enced to vibration data. Axis orientation is illustra-
ted in figure 1 where the longitudinal is identified as
the x direction, lateral is y, and vertical is z. Thus,
the response of an accelerometer at a position 57.0
inches (1. 45 meters) from the nose of the missile in

Over 720 flight data samples were available for
each accelerometer over a wide range of flight speeds
and altitudes. Data was selected and plotted in the
form of Power Spectral Density (g2 /Hertz) versus
Frequency (Hertz). Steady state captive flight condi-
tions varied from Mach numbers of 0.68 to 1.60 and
altitudes from 2,000 to 35,000 feet (609.6 to 10,668
meters) for this analysis. Then, using the relation-
ship that overall "'g" level for each plot is propor-
tional to flight dynamic pressure, q, in pounds per

T the lateral direction would be identified as 2y, square foot (pef), the plots were normalized to a q of ':\,}.\
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Reverberant Acoustic Flight Test Simulation

Facility

140

SOUND PRESSURE LEVEL -db ire 2 X 105 newtans/m?)

NSRS

980 psf 4.69x10"3 dynes per square centimeter, and
combined as a composite, An envelope resulted from
which an average plot was drawn. This plot is the
one presented. Captive flight vibration plots are il-
lustrated in figures at the end of this report.

The simulation of the captive flight vibration of
the PHOENIX missile for LEIP will be conducted in a
reverberant acoustic chamber.
is a rectangular room with 8 inch (20.32 centimeters)
thick reinforced concrete walls, ceiling and floor.
The room dimensions are 16 feetby 13 feet by 10 feet
(3.96 by 3.05 meters). The air modulator, supplying
the acoustic energy, is a LingModel EPT 1094 rated
at 10,000 acoustic watts (10,000 joules per second).
The unit operates on compressed air supplied by a
large reciprocating compressor. The modulator is
coupled to the chamber by a steel and fiberglass ex-
ponential horn with a computed low frequency cut-off
of 100 Hertz and a one square meter mouth, The elec-
trical control signal to the modulator was shaped
from a wide band random noise source to obtain
the optimum response from the missile as seen by
the response of the individual accelerometers.

The acoustic chamber

Procedure

Since the flight test simulation will be a portion
of the PHOENIX LEIP program, it was necessary to
conduct a series of tests in the acoustic chamber with
the instrumented PHOENIX missile T-201, This ser-
ies of tests was to develop a chamber/missile config-
uration that would produce vibration responses in the
missile resembling as closely as possible those
responses geen in captive flight

For all tests, a large rectangular box was placed
over the nose of the missile to simulate an anechoic
chamber. In the LEIP FTS, the anechoic chamber
will have a RF radiating source to check the missile's
tracking ability. In addition, an acoustically trans-
parent shroud was placed around the missile to
simulate the shroud used to channel temperature con-
ditioned air over the outside of the missile.

Results

It was found that a very good resemblance of the
captive flight vibration response of the PHOENIX
missile could be obtained in the acoustic chamber.
An overall sound pressure level of 153 dB (re:2x10-5
newtons/m?) was generated in the chamber. The
average response from three microphones placed in
the chamber is shown in figure 2.
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Figure 2. The Average of Sound Pressure Level from Three Microph in the Reverb A ic Flight

Test Simulstion Facility.
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It was also necessary to acoustically shroud the
front halfof the missile to reduce the acoustic energy
to that area. Captive flight information showed a
reduction of vibration levels in these areas of over 2
to 1 when compared to the rear half. It was also
determined that suspending the missile in a rigid
fashion was as satisfactory as the classical ''soft"
suspension as reflected in missile response for
the frequencies of interest.

Vibration responses of the missile are illus-
trated at the end of this report,

Dual Shaker Flight Test Simulation

Facility

The PHOENIX GLAT Flight Test Simulation is
currently conducted using two electrodynamic shakers

vibrating the missile. One shaker is attached by a
collar fixture atstation 2on the missile and the other
is attached at station 3. Figure 3 illustrates the
installation,

The shakers are Ling Model 310s rated at 10,000
pounds of force (4.45 x 10 dynes). They are con-
trolled via power amplifiers by independent random
noise controllers. As with the acoustic test, the
input to the shakers was shaped to obtain the optimum
response from the missile as seen in the response of
the individual accelerometers.

Procedure

Tests were conducted with this installation and
missile T-201. The test requires that the missile be

Figure 3 Dual Shaker Fiight Test Simulation Instaliation
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vibrated in both the y and z axes and since the shakers
tend to conatrain the vibration to a single axis, two
series of tests had to be run, one in each axis. For
each case, however, plots were made of the responses
in both directions. For instance, two plots will be
shown for 2y, one with excitation in the y direction
and one with excitation in the z direction.

Results

An important point was discovered during attempts
to obtain optimum missile response by this method.

ot

Vibration input to the missile can be controlled at
only two points in one direction at a time, It was soon
discovered that obtaining optimum response at the in-
put point, may drive other locations, say one or four,
above or below what is optimum for those points. In
order to correct for the over test occurring at these
points, the input had to be reduced at those critical
frequencies. Obviously, the attenuation would detract
from the optimization of the vibration response origi-
nally obtained at the input point. Figures 4 throughll
represent the best response possible with dual
shakers under the constraints imposed.
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Figure 4. PHOENIX T-201 Missile Vibration Response st Position 1Y.
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Figure 5. PHOENIX T-201 Missite Vibretion Response at Position 12Z.
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Figure 11. PHOENIX T-201 Missile Vibration Response at Position 42.
CONCLUSIONS Further, the acoustic facilities have illustrated

After examination of figures 4 through 11, itis
concluded that the vibration response of the PHOENIX
missile when excited by acoustic energy morenearly
resembles that seen in captive flight than the re-
sponse occurring when the missile is excited by
electrodynamic shakers.

excellent reliability, allow for simple fixturing and
handling, have the capacity for more than one test
specimen (PHOENIX LEIP will test four missiles
simultaneously), and provide multi-axis excitation.
As a result, the use of acoustics for simulation of
captive flight vibration has demonstrated itself to be
an accurate and cost effective test method,
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Mr. Malgren,(Jet Propulsion Laboratory:) Mr..Criato, (Naval Underwater Systems Center):
You acceptance test or make a reliability test 1 was wondering could this acoustic testing
45 you call it of all the missiles that are in technique be done in a tank of water if we
a production lot? wanted to vibrate some shells or something?
Mr. Spandrieo: No, we sample them. Mr. Spandrio: I imagine the medium would be
> a problem. In one case we are usirg air in
v Mr. Malgren: Do you power the electronics in your case it would be water transmitting the
.h\, some way when you are conducting these tests? energy. I don't know.
L .
wu Mr. Spandrio: Yes, hopefully it is a total Mr. Cristo: You don't know if anyone has tested Lt
N simulation., We are duplicating the environment in these areas? RN
oo we expect it to see and also stimulate the —
migsile with the electronic functions that will Mr. Spandrio: I don't know. | )
o occur in flight, bopefully in synchronization F‘ "
W with one another. Voice: What is the approximate cost of the it
- facility of that size? ?-:‘.r:;-
s Mr. Malgren: Do you have any significant :\3:‘5
S thermal environment associated with the Mr. Spandrio: The chamber itself costs about KLY
:.', captive flight? $30,000 to construct, each exponential horn }.‘—".\
-, I believe i8 around $2,000 now. The modulators gl
Mr. Spandrio: Yes we do. In the acoustic required are about $4,000 to $6,000 a piece, 9
chamber we have acoustically transparent and of course each modulator requires about ..’,r:tr\
;". shroud that goes over each missile. Hot and 450 cubic feet/min (CFM) of low pressure air so '.",'.::'
cold air is conducted across the missile you have to size your compressor to those ot
3 creating the skin temperatures in synchroni- environments. I would imagine for under * -:','
’\' zation with the missile electronics check out $100,000 that you could create quite a vibration > N
SAN and the missile vibration environment. facility. K
Mr. Malgren: You are basically running what
s, might be called a minimal margin sample - ‘,(?'
‘.:P:. vreliability acceptance program. Is that correct? :."._‘_-'_'
oW oy
'-:-:‘ Mr. Spandrio: I don't fully understand the :'::".
:::.' terminology. \.','..‘:'-
AU W
" Mr, Malgren: Lot acceptance. .-
, Mr. Spandrio: Yes. :
\.l
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AUTOMATIC ENVIRONMENTAL CONTROL SYSTEM
FOR
MISSION PROFILE TESTING

ROBERT SCHILKEN
Pacific Missile Test Center
Point Mugu, California

efficiency noise modulator driver.

A simple and inexpensive Automatic Environmental Control System was developed
for controlling realistic mission profile environmental tests. Hardwired logic and repro-
gramable electronic storage were used in the general purpose control system. Coding
techniques and a random number generator for simulating temperature day variations in
the mission are presented. The entire thermoacoustic environmental generation facility
used for missile captive flight simulation is described including a newly developed high

INTRODUCTION

With the advent of a captive-flight mission profile
simulation in laboratory environmental testing, the con-
trols for automatically generating the sequence of en-
vironmental conditions have increased in complexity by
an order of magnitude. Such complexity may cause
hesitation to exist in the industry in implementing mis-
sion profile tests due to the lack of elaborate automatic
systems. This paper describes a simple Automatic
Environmental Control System (AECS) developed at the
Pacific Missile Test Center (PMTC) Point Mugu, California
for totally controlling such mission profile tests.

A brief description is first given of the *“‘thermo-
acoustic™ captive-flight laboratory simulation used in
mission profile testing, and the environmental controls
loops associated with this method. Development of the
AECS from the above requirements is then presented.
Next the incorporation of a Random Temperature Off-
set Generator (RTOG) in the AECS is described which
improves the realism of the simulation by randomly
generating the spread of temperatures that would natu-
rally occur from mission to mission. Finally a description
is given of a specially designed noise modulator drive
used in the noise control loop that produces a more ef-
ficient noise generation system.

AECS DEVELOPMENT

Real-time laboratory reliability testing at PMTC has
been developed around the thermoacoustic testing method
which simulates the temperature and vibration stresses of
captive flight, the two most degrading stresses to modern
missile circuitry. Captive-flight vibration is simulated by

@
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generating high-level random acoustic noise in a reverber-
ant chamber. This noise energy is absorbed by the missile
skin as vibration, in a manner similar to that which occurs
with aerodynamic turbulence in captive flight. Tempera-
ture changes of the missile skin are produced by flowing
hot or cold air by the missile. The volume of thermal
conditioning air is kept small, to effect rapid temperature
changes, by using an acoustically transparent thin fabric
shroud around the section of the missile being tested.

Environmental Control Loops

The control loop for the noise generation is shown ir
figure 1. The amplitude of the noise signal source. derived
from an automatic reversing cassette tape player. is varied
by a Programable Gain Amplifier in the AECS, and is fed
to a Modulator Driver. The Modulator Driver directly drives
the voice coil of the modulator. Both the Modulator and
Driver are described in detail at the end of the report. A
pressure switch senses when there is less than 5 psi air pres-
sure supplying the modulator and shorts the driver to keep
from overheating the voice coil which is normally cooled
by the modulated air flow. The modulated air flow is
regulated from 9 to 45 psi depending on the noise ampli-
tude required. The pressure is regulated by a pressure
balanced diaphram driven regulating valve whosc input is :
9 to 45 psi control pressure. The controlling input is de-
rived from a muitiplicd 3 to 15 psi Current-to-Pressure
transducer which is driven by the AECS current output.

Three microphones (B&K model 4136), a multi-
plexer (B&K model 266), and a sound level meter (B&K
2606) are used to monitor the chamber noise level. The
DC voltage output of the meter is low pass filtered at
0.1 Hz and recorded as Sound Pressure Level (SPL) on a
24-channel print recorder (Esterlinc Angus L1124).
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Figure 1. Thermoacoustic Noise Control Loop

The control loop for the temperature conditioning is
shown in figure 2. A programable temperature controller
(Love model 49) in the AECS senses the temperature of
the missiles with the controlling thermocouple and com-
mands the Thermal Conditioning Unit (TCU) to apply
heat or cold to the air which is constantly circulating by
the missiles. The TCU contains high and low temperature
timit controllers (Love Model 68) which sense with
therinocouples the return air temperature after passing by
the missiles. Over or under temperatures shut down the
TCU.

The temperature of all four missiles under test is
sensed with four thermocouples and recorded on the 24-
channel printing recorder used for noise SPL recording.
The TCU adds heat to the air with either 10 or 20 kW
clectric heaters and cools the air by flowing liquid nitro-
gen at two different rates through a heat exchanger. The
two heating and cooling rates are controlled by the AECS
program (slow command) to present different thermal
shocks to the missiles,

Programing

Il was decided that a minimum of 50 different pro-
gramable stages of cnvironmental control would be neces-
sary to udequately describe the mission profiles that a
missile would experience during its Jife. This made avail-
able five to fifteen stages to describe each mission, as-
suming up to six different missions would be simulated.

QU e @Qr>1@ - ©
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An Intel 1702A erasable Programable Read Only
Memory (PROM) was selected for the program storage.
The PROM was housed in a rugged 44 pin metal cased
plug which screws into the back of the AECS. This
physically protected the PROM and allowed fur quick
program changes, to accommodate different missiles
sharing the same testing facilities.

The format of the binary address used to store con-
trol data used four 8-bit addresses for defining cach stage
as follows:

PROM ADDRESS  INFORMATION STORED

Stage #
i
XXXXXX 00 Time Interval Code
of Stage
XXXXXX 01 Temperature Code and
Slow Command
XXXXXX 10 Noise Controlling Code
XXXXXX 11 Special Functions Code

The 6-bit stage number defined stages O to 63. The
Oth stage instead of containing environmental control
data was programed with an identification number. Each
time the program is reset (started), or recycles from
stage 63 to stage |, the identification number is read,
stored and displayed. This identification is a luxury that
was not necessary, but was included in the prototype
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MONITORING THERMOCOUPLES

ENVIRONMENT

CHART
RECORDER

CONTROLLING THERMOCOUPLE

JUNCTION BOX

HEAT
s vette | oo — i —=
CONDITIONING } :\ k
SLOW UNIT
AE
cs BLOWER
HI LIMIT J
RANDOM ‘/
TEMP OFFSET | LO LIMIT l -— e f f o
THERMAL SHROUD

PRESSURE
GAGE

VOLUME GAGE LN VALVE

208 3¢
60 Hz
POWER

LIMIT THERMOCOUPLES

Figure 2. Thermoacoustic Temperature Control Loop

because severd) different programs were to vse the same
facilitics for testing different missiles.

The codes of the data stored were dictated by the

hardwired logic design and the attempt to make the logic

simple. The resulting data codes are as follows with
binary format and most significant bit first:

Minutes
f-_A-—-\
Time Code -~ MMMMMM SS -- in 15 sec intervals
——e—,
Seconds
Temperature

e e,
Temperature Code --- TTTTTTT S

Slow hceat exchange command

The 7-bit “‘temperature™ word is actually a code it-

self with a nonlinear (thermocouple) function, the limits
being:

Code Temperature

00000000
1

-100°F (-739C)
+2829F (+139°C)

Driving Signal Gain Codg
Noise Code ---- GGG PPPPPP
et e e,
Air Pressure Code

where:

Gain = 0.2 (GGG)
Pressure = 9 psi + (PPPPP) psi

Special Functions Code

BIT  COMMAND

X, Missile Power ON

X, Functional test alarm (sct on transition) :
X5 Noise input #1 OFF '_:
X,  Noise input #2 ON
X Enables Temperature Controller to 'E_:

command heat

Xe Enables Temperature Controller to
command cool

17




X4 Special Function #2
Xg Special Function #1

Two selectable noise inputs were included for the
programable gain amplifier, to allow simulating the dif-
ference spectrally shaped vibration conditions that may
exist at different store locations on the aircraft, or with
different aircraft. The programing code was arranged to
have noise input #1 normally selected with logical zero’s
programed in X3 and X,. The functional test alarm bit
latches an electrical bell (alarm) and a flashing orange
light to indicate to the test operator that it is time to
perform a functional test of the missile. The alarm is
manually reset by a front panel button.

Any stage that has zero minutes programed is auto-
matically skipped, and at the conclusion of stage #63,
the AECS will sequence to stage #1. Becausec the PROM
contains logical zeros in any location not programed, at
the conclusion of the last programed stage, the AECS
will automatically sequence to stage #1 and repeat the
program.

The PROM is electrically programmed outside of
the AECS using any acceptable programmer such as a
PROLOG M-900. A software routine on TYMSHARE

was written to assist the test enginecer in converting
the environmental requirements into a program code.

Hardware Design

The hardwired design used standard TTL logic and a
minimum number of different components. The simplic-
ity of the circuit is made possible by using a presettable
counter (74177) as a counter and/or storage register and
by selecting 22 addresses for the total storage of informa-
tion in each stage. The operation of the logic can be
seen from the partial block diagram of figure 3. The
process for loading the program information (stage #1
to #63) into the temporary storage registers is initiated
by setting the Louad flip-flop. This enables a 2-kHz logic
control clock to increment four counts in the 8-bit ad-
dress counter. At each of the four counts the programed
data (eight bits) from the PROM is loaded into the
proper register by gates G1 through G4. These gates
decode the two least significant bits of the address and
pass a 10-usecond loading pulse that is gencrated by a
one-shot from the logic clock. On the fourth count G4
resets the load flip-flop to halt the loading.

Note that all bits of the time code data are in-
verted before being loaded into the Time register. A

LOAD FF

8-BIT ADDRESS PROGRAM

COUNTER r_ RESET

Ua

G2

LOAD LOAD

TEMP TIME
LOAD

SPECIAL

Mse
STORAGE
REGISTERS

L"LOAD
TEMP

j LOAD

SPECIAL

14§

8-BIT PRESETTABLE
TIME
COUNTER/REGISTER

po— 1LOAD TIME

ZERO TIME

X _q
GS) LOAD IDENT
ZERO STATE ~

Figure 3. Partial Block Diagram of ALCS Logic
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® program clock increments up the Time counter once every not shown is the manual advance which sets the load flip

4 15 seconds to produce all logical ones when the time flop, the manual stage set which presets the six most sig-
<. interval is completed. An example of the process is as nificant bits of the address register, and the address and
i follows: time remaining displays which decode their tespective

LR®

binafy data into BCD seven segment format.
Desired time of stage: 1 minute, 15 seconds
Minutes The temperature and pressure code data are con-

. | te—— verted to analog signals to drive their respective controller
Time code programed: 000001 01 circuits. The remaining data bits are buffered to drive
“Seconds FET switches, latches, and solid state relays, to effect

the desired environmental control.

Time Register data

Physical Design

Osec 11111010 Loaded in register
The AECS was housed in a 19- by 13- by 15-inch

15 sec 11111011 (48.2- by 33- by 38-centimeter) rack-mounted box. The
30sec 11111100 fltont panel as shown in figure 4 included the following
displays:

45 sec 11111101

lmin 11111110 ; ls’::::a;qnu::;z:lﬁcatwn Number
I min 15sec 11111111 All ones - Load next 3. Time remaining in Stage (Minutes only)
stage data 4. Functional Test Alarm Light
5. Power Interrupt Alarm Light (Power Interrupt Alarm
When all time bits are logical ones G6 starts the process latches whenever the 5-volt logic supply dips below
for loading the next stage data. If the time of any stage 4.5 volts. Because low power may cause loss of
loaded is zero, G6 disables G2 through G4 from loading stored data, all of the environmental controls are
their respective registers. disabled until the alarm is manually reset.)
6. Command Temperature (Set Point)
The stage zero address is decoded with a gate (not 7. Controlling Temperature (of Missile) :
shown) to enable G5 to load the identification code. Also 8.  Air Modulator Pressure 5"3" ]
LY . S
sl
‘.‘.'- ) ‘b
RS,

4

R SAN

Figure 4. Front Panel of AECS
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L In addition, LED and neon lights indicate the status of
A\ the TCU (heating, cooling, and slow rate), the programed
noise gain bits, the noise #1 and #2 inputs, missile power,
and special functions #1 and #2.

The front panel controls included the following:

1. Program reset — to read the identification code and
start stage #1.

Manual Program Advance — to advance to the next
stage independent of time.

3. Manual Stage Select — thumbwheel switch and push-
button to force the program to the selected stage.
Functional Test Alarm Reset

Power Interrupt Alarm reset.

200,
]

“w >

Toggle switches select Manual or Automatic modes
for all of the environmental controls including: heat,
cool, slow, pressure increase, pressure decrease, noise
input #1, noise input #2, and missile power. A thumb-
wheel selects the manual noise gain, and a 10 turn pot
sets the manual control temperature.

T/
AP A A ) _'r"r _‘n

The hardware consisting of approximately S0 inte-
grated circuits was contained on one wire wrapped logic
board and one printed circuit analog board. Extreme
care was taken to design high noise immunity into the
logic. Clock speeds were kept very low, extensive buf-
fering and shielding were used, and capacitive filters were
added to slow down critical timing lines. The care in
design has paid off in demonstrated system reliability.
To date with more than 500 operational hours, no con-
trolling errors have occurred.

i ”
PA

~h

A

*

AAAP

It is important to note that none of the displays or
controls, except Reset, are necessary for the operation of
the control system. The large number of displays and
controls of the system described were included in this
prototype for ease of program interrogation when errors
occurred, and for ease of establishing the mission profile
program. To date no such errors have occurred and
establishment of the program has proved to be easier than
expected. Therefore, subsequent models of the AECS,
being built for other missile programs, do not include
Identification or Commanded Temperature displays, or
the Manual Stage Select.
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For a minimum cost and complexity system, it is
suggested that the basic system of figure 3 be used with the
inclusion of a Program Reset (reset address counter), a
Manual Stage Advance (set Load FF), and a stage number
display consisting of six Light Emitting Diodes driven by
7404 buffers from the six most significant address lines.
Such a system using 555 integrated circuit timers for the
Logic Clock, One Shot, and Program Clock could be
implemented with the following major components:

i esd
L)

‘@n

ettt

Quantity Item

10 74177 Counter
5 7404 Hex Inverter
7430 Dual 4 input Nand
§55 Timer
1702 PROM & Socket

- W

“e
E -~
-

20

ISP

. ..
o o

DA AL AR Sl ‘;"“-r_'_’l,*‘r‘]

LED’s Indicators

NO Pushbutton switches

Dual power supply (+5V, -9V)
Board, enclosure, and miscellaneous

—— o

With three multiplying Digital to Analog Converters and a
Quad Op-Amp for the programable gain amplifier, temper-
ature controlling voltage, and the modulator pressure
control current, the cost for all basic materials is less than
$150.00.

Random Temperature Offset Generator (RTOG)

When the AECS was originally designed, it was in-
tended that the variation in mission profile temperature
from a mean standard day temperature would be accounted
for by programming several of the same mission, each with
a different temperature offset for all stages of that mis-
sion. After the AECS was operational, and while one of
these lengthy programs was being written the idea occurred
to let some kind of intelligent hardware do the tempera-
ture offsetting of the missions rather than programing
each mission over and over with different offsets. This
would save programing time, and would free the -available
programing space for other missions. This would also
produce a more realistic temperature history if the offset
were random with a known distribution.

This idea was implemented using an 8-bit psuedo-
random number generator and summing weighted values
of the 8-bits to give a psuedo-random analog signal. The
analog signal (in this case a current) was then summed
with the output current of the Digital to Analog Con-
verter (DAC) which drives the temperature controller.

The psuedo-random number generator consisted of
an 8-bit parallel out static shift register with bit #1 and
#7 exclusive ORed and fed back to the serial input. This
configuration, shown in figure S, resulted in a sequence of
words which repeated itself every 128 shifts.

SHIFT

8-BIT PARALLEL OUT
SHIFT REGISTER

B

WEIGHTING
COEFFICIENTS

o o

1

COEFFICIENT VALUES  SUMMING AMPLIFIER

Ty

A=03
g = g-; ANALOG OUTPUT

= U. -,
D=07
€-09 -
F=08
G=-08 :
H=00 K

Figure 5. Psuedo-Random Level Generator
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A computer program was used to plot the analog
output of the summed bits giving the eight weighting
coetficients, More than 50 different sets of weighting
coctticients were plotted giving outputs that ranged from
smooth, slowly changing signals to erratic rapidly chang-
ing wavetors,

The weighting selected produced an output as shown
in figure 6 that was a compromise between the extremes.
This weighting produced an average output, from any 20
consecutive shifts and was approximately equal to the
meun of the distribution over its 128 shift periodicity.
The weighting coefficients and distribution of this signal
are also plotted. and as expected the distribution is
gaussian in shape. The 2nd bit only (B-coefficient) is
inverted before being weighted and summed.

The final circuit design is as shown in figure 7 where
the summing amplifier is configured to produce a current
output. When the AECS power is off. the shift register,
which is a very low power CMOS device, is powered by
a 3-volt mercury battery to retain its information state.
This insures that the psuedo-random generator will con-
sistently step through its sequence and will not skip to a
new part of the sequency every time the AECS is
powered on.

The generator is advanced to a new temperature off-
setting output at the first stage of each mission by re-
ceiving a negative going (0 volts) signal from the special
function #2 program bit of the AECS. The generator cir-
cuit board (approkimately 4 by 4 inches) (10 by 10 centi-
meters) was mounted in the AECS and is controlled by two
small toggle switches on the front panel. One switch halts
or enables the RTOG from being advanced to a new offset,
and the other switch connects (ON) or disconnects (OFF)
the offsetting current to the temperature controller input.

The mean and spread of the output distribution are
adjustable on the circuit board with trimpots. In a recent
Navy air-to-air missile program the mean offset was set to
+39F (+1.7°C) and the spread to +35°F (+£19.4°C) or

RANDOM OUTPUT

approximately +15°F (+8.3°C) standard deviation. This
temperature range was determined using several sources of
data predicting the likelihood of service over certain land
masses or oceans, and their atmospheric temper:t re
distribution. The temperature distribution for testing
other products will vary with the intended use.

ACOQUSTIC NOISF MODULATOR DRIVER

Laboratory simulated reliability tests of modern mis-
siles are often quite lengthy (1,000 chamber hours or
more). The amount of power consumed in generating the
environmental stimulation is becoming significant and
with the ensuing world wide energy shortage, more ef-
ficient methods of environmental generation are receiving
attention. In 1976 PMTC initiated a low profile program
to develop a safer, more foolproof acoustic noise driver
than was presently being used. The resuit of this develop-
ment was not only a safer driver but also a more efficient
noise generating system, and is presented here as part of
the environmental controls system.

The majority of acoustic air noise modulators are
basically voice coil driven linear slide values that are nor-
mally biased with the valve in a half open position. As
low air pressure is flowed by this variable restriction, the
valve linearly modulates this flow of air producing varia-
tions in pressure which are coupled into the chamber as
acoustic pressure variations. The slots in the slide valve
are designed to provide 100 percent modulation at a
specific voice coil excursion. Over excursion causes the
modulation to “double back” as shown in figure 8, re-
sulting in actually a reduction of energy produced at the
driving frequency. Over excursion also over stresses the
flexible electrical voice coil connection contributing to
carly fatigue and failure.

The response of the modulator to an electrical drive
signal (sinusoidal) indicates an inductive property which
requires increasingly higher voltages to drive a particular
displacement at higher frequencies. The common method
of driving the voice coil with a peak-limited voltage

QUTPUT DISTRIBUTION

Figure 6. Random Offset Temperature Generator Output
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Figure 7. Random Offset Temperature Generator Schematic
amplifier, produces peak excursions at one particular fre-
- quency. However, it allows over excursion at frequencies
:. 77 . below this optimum frequency. and results in under ex-
.. / \ 100 PERCEN . p o
K MODULATION cursion at higher frequeicies.
-~ The situation is resolved by observing that over its
- usable frequency range (50 to 600 Hz), the modulator
P produces the same excursion when driven by a fixed RMS
" current sinewave. For the Ling Model 1094 the optimum
- current for 100 percent modulation is 7 amps RMS, or IO
- 10 amps peak. Therefore a simple voltage clipper followed :-, -,~:.‘ﬂ
- 100 PERCENT by a voltage controlled current driver was prototyped as a e
- /] wmopuLaTioN modulator driver in the Environmental Laboratory at
. S/ PMTC. An additional circuit was added to the prototype S
X NORMAL OVERDRIVE to limit the RMS value of the driving current to 7 amps. 3 :.\- "_:_.:
- This absolute maximum value was clearly specified in the RN
N modulator literature and was confirmed by the manu- ot ﬁ_:‘
- facturer as being a voice coil heating limitation. Because _\:’K:’_‘.\J
~ of skepticism concerning the area of voice coil stresses as -j_-’_*,-f',-]
well as driving techniques, PMTC contacted the manufac- -
\.: ture and established the maximum acceptable voice coil
- Pigare 8. Maodulator Valve Overdrive temperature. A test was then conducted to measure
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the resistivity temperature of the copper voice coil im- simple, stable, and reliable contiguration using commonly
mediately following u sustained drive. From this test it avatlable inexpensive parts The major portion of the
\'-' was determined that the voice coud could casily withstand ciicuitry is contamed on one printed circuit board for
-.'f the peak current continuously. Therefore, the RMS casy assembly.
". limiting circuitry was removed tfrom the protolype driver.
:', As expected, the driver, with its precise modulation
.:- Equally important in the design considerations was limiting, produces 0.5 dB more noise at 7 amps RMS than
o to make the driver stabie. The voltage amplifiers nor- a voltage amplifier driven at the 7 amps RMS maximum
'\‘* mally used for driving modulators were wide frequency, rating of the modulator with a random-noisc signal shaped
.. high fidelity type with large sinounts of feedback, and flat from 150 to 600 Hz and with a low pressure wr
., inherent instability. Because of this instability . claborate supply of 40 pst. Driving with the same source signal at
":- protection circuits were included to shut down the 9.5 amps RMS which s totally safe with the driver re-
:_‘ amplifier apon sensing over voltage, over current, or sults in a 1.0 dB SPL gain over the 7 amp RMS voltuge
,,-'_ over temperature. If the sensing limits were set too driver configuration. Totai distortion was less then 5 por-
o, narrow the amplifier would periodically shut down causing cent. Two drivers have been in use at the kavironmental
a disruption in the testing. If the limits were set too Laboratory since July 1976 and have accumulated over
ot wide, modulator destruction could and did occasionally 2,000 operating hours with no driver tailure or driver in-
. resuit. duced modulator failures.
.- In designing the modulator driver it was determined
. that a tair amount of distortion in the doving current CONCLUSION
':' could be tolerated. This 1s due to the fact that the sig-
- nal being driven is random shaped noise. Harmonic and The total environmental control system as described
A intermodulation distortion in the driver will only tend to has proved to be a functional, economicai. and reliable
3 reshape the spectrum slightly which will automatically be system for thermoaconstic simulation.  Although the
-‘{ compensated for in shaping the signal source. All that is PROM programed hardwired system is by no means the
"_w requried is that the distortion be repeatable. The current only approach to sutomatic controi, it has been presented
y ‘ output drive was therefore designed using no teedback. as a simple and inexpensive tool for developing the con-
- This resulted in a drive which is stable with any Kind of cept of mission profile testing.  As consciousness ot the
o a load from a shorted to open circuit, and capacitive to concept grows, 1t is expected that the control systems
inductive impedance. Because the frequency response of will likewise grow into elaborate microprocessor and
O the driver need only extend to 1-Kilz, low frequency high computer controlled systems.  However, at the present
h second-breakdown power transistors were used in a time the AECS approach will provide total automatic
a parallel configuration to produce a more transient torgiving control with more thun enough flexibility to gencrate
reliable driver. The final design shown in tigure 9 is a the realism desired.
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INTRODUCTION

The mechanical system described in
this paper amplifies vibration inputs
at frequencies above the system isola-
tion frequency (80 Hertz). It utilizes
an imbalanced seesaw having a heavy
mass on one side and relatively light
test item on the other. The pivot
point is vibrated vertically and (in
the frequency range where the heavy
mass is in isolation) the input to the
test item is amplified, due simply to
the mechanical advantage of the seesaw
mechanism. Since this range includes
frequencies between 80 and 2000 Hertz,
the mechanism is truly a broad band
amplifier capable of amplifying either
sinusoidal or broad band random inputs.

This paper describes the laboratory
experiments which demonstrated the
feasibility of this method. The method
effectively amplified input vibration
levels by a factor of 3 g's/g over an
input frequency range of 100 to 2000
Hz, allowing testing at 150 g's while
driving the shaker at only 60 g's,
thereby saving energy and high level
wear-and-tear on the shaker system and
extending the upper limit of feasible
test levels.

REQUIREMENTS

Various vibration testing require-
ments, both sinusoidal and random, and
ranging up to several hundred g's in
the frequency range of 20 to 2000 Hertz

BROAD-BAND MECHANICAL VIBRATION AMPLIFIER

Fandrich
Harris Corporation, Electronic Systems Division

Melbourne, Florida

A test requirement to expose miniature electronic components
to high vibration levels encouraged this investigation of a
mechanical vibration amplifier.
ments are imposed on components and many of these require-
ments are too high to be met using standard laboratory vi-
bration shakers. The solution described in this paper

utilizes a mechanical vibration amplifier which increases

the available shaker output at all frequencies, simultaneously.

Various testing require-

are imposed on miniature electronic
components. Many of these requirements
cannot be met using standard laboratory
vibration shakers designed for i00 g
vibration levels. Figure ] shows a

150 g requirement superimposed over a
typical shaker output rating. The re-
quirement is a modification of MIL-STD-
883 and consists of a constant dis-
placement of 1.5mm (0.06 in. double
amplitude) between 20 and 220 Hertz.
The shaker is rated at 2.54cm (double
amplitude) or 254cm/second or 100 g's,
whichever is smallest. The figure in-
dicates the shaker is incapable of pro-
ducing the desired level from 180 to
2000 Hertz.

Often the component requires random
testing. The required level is typi-
cally established by multiplying a
system level vibration specification by
a transfer function which represents
the system dynamic amplification at the
component mounting point. When system
specifications are conservatively high
and components are mounted on low damp-
ed printed circuit boards, very high
component specifications result. It is
usually advisable to test the compon-
ents in the system and eliminate the
need for high shaker levels. However,
system fragility and availability
usually preclude this solution.

It therefore becomes necessary to
generate both sine and random vibration
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levels of very high amplitudes to ful-
fill these requirements.

INCREASED GAIN

I[f these high level requirements
are to be met using this type shaker,
it is clear that a means of increasing
the available vibration output is re-
quired. A classical approach to this
problem results in the obvious solution
of adding a power amplifier having 20
to 2000 Hz band width and a gain of twe
or three.

Figure Il shows the required gain
as a function of frequency based on the
test requirement in figure I. Envelop-
ing this requirement is a typical power
amplifier gain curve representing a
possible solution to the requirement.
If this power amplifier was used to in-
crease shaker output, the increase
would make it necessary to redesign the
shaker to accept the increased electri-
cal power and to withstand the in-
creased mechanical load. This solution
is costly and difficult. If the ampli-
fier could be added further down the
line, that is, after the shaker and be-
fore the test item, then the shaker de-
sign would be adequate. The shaker
would act as a preamplifier for the new
amplifier.

Figure III shows the control loop
schematics of these two solutions and
demonstrates the advantage of adding
the required gain as close to the test
item as possible. Solution {a) in the
figure uses an electrical power ampli-
fier to increase the gain and there-
fore, requires a larger shaker. Solu-
tion (b) depicts an increase in gain
between the shaker and the test item.
This is the optimum location for the
required gain since no modifications
are required by the existing compon-
ents of the control loop.

MECHANICAL AMPLIFIERS

Many designs of resonant fixtures
have been used in the past, but they
can acquire very high levels over only
a narrow frequency range. High level
vibration requirements have encouraged
a study of methods for mechanically
amplifying vibration Tevels over a
broader frequency range. One of the
methods developed during this study
simultaneously amplifies input vibra-
tion over the entire frequency band,
just as an electrical power amplifier
does. In fact, this mechanical ampli-
fier has a band width, a gain and a
phase shift similar to its electrical
counterpart.
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s DESIGN GOAL
- The basic mechanical amplifier is force available from the long arm is,
the lever. Although levers are usually of course, less than that applied.
considered force amplifiers, we shall Figure IV (a) shows the lever arrange-
use a lever to amplify displacement, ment used. There are two major design
velocity and acceleration. To do this, problems with this lever. The first
we must exert a force on the short arm problem is that the hinge on the right
of the lever over a small displacement. end of the lever must be attached to a
The resulting motion on the long arm is fixed base and must not rattle, even
a large displacement. The available while being cycle-loaded at 2000 cycles
TEST ITEM
€ TEST ITEM
CONTROLLER CONTROLLER
ADDED AMPLIFICATION @
&s -
B1G SHAKER a5
SMALL SHAKER SN
AN
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ADCED AMPLIFICATION \\\\J
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per second. The second problem is that
the input force must be applied in an
arc around the hinge to eliminate
stretching the lever and must be ap-
plied through a hinge with the same
characteristics as the first hinge.

Yo solve these design problems, we
transcend normal design techniques and
utilize the principle of inertia to
establish a center of rotation or, in
other words, a hinge, and find this
hinge to be a very cooperative one.

Figure IV (b) shows how a center of
rotation is established using a rela-
tively large mass on the right end of
the lever. Not only does this mass act
as an inertial hinge, it also will move
in a horizontal line to eliminate the
induced lever arm stretch discussed
above. The only problem this inertial
hinge does not solve is rotation at
the driving member. The angle of ro-
tation of the lever is twice the arc-
tangent of the maximum single ampli-
tude vibration required, divided by
the long lever arm.

Double Amplitude/?2
Angle = 2 Arctan fgng Lever Arm

.762 mm
130 mm

2 Arctan

.006 Radians

Using the requirement described in
Figure I and assuming a long lever arm
of 130 mm results in a lever angle of
.006 radian. Since transltation pre-
sents no problem to the inertial hinge,
and the rotation required is small, a
reed hinge can be used to drive the
lever. The tangent of the lever angle
represents an induced vibration cross
talk resulting from this design. Cross
talk of up to 50% typically results
from other sources so an induced cross
talk of 0.6% deserves little concern.
The system described works as a lever
when the center of gravity is not mov-
ing, that is, when it is in vibrational
isolation. At very low frequencies,
the system is not in isolation and so
it will not work as an amplifier. The
system was designed to isolate at 50 to
90 Hertz and amplify vibration above
its isolation frequency.

It has been mentioned that a great-
er force is required to drive the am-
plifier, than is effective at the test
item. However, it is important to
understand that the available vibration
is greater than without the amplifier.
The vibration acceleration level avail-
able from a shaker is the shaker force
rating divided by the moving weight.

Vibration Level Available =

Shaker Force Rating =
Moving Weight

Shaker Force Ratin
Armature Weight (A
Fixture Weight (F)
Test Item Weight (

g

) +
+
TI)

Since dead weight is used to shift the
center of gravity, the mechanical am-
plifier will weigh approximately ten
times as much as a conventional fixture
designed for the same application. At
frequencies below amplifier resonance,
the available output of the amplifier
system is lower than the conventional

system because of its greater mass.
For this frequency range:

Available Level (Conventional) =

FR
FFFATT

Available Level (Amplifier) =

IR ___
R+T0F+TI

Above amplifier resonance, the vibra-
tion level is amplified by the factor
of amplification (X) and since the dead
weight is in isolation (and therefore

PN
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not part of the moving weight) only a
fraction of the amplifier weight need
be considered. If we assume this
fraction is 1/5 or twice the conven-
tional fixture weight, the available
output is:

Amplified Output
= (Force Rating) (X)

A+2F+T1
Assuming X = 2 Yields
Amplified Qutput = Force Rating
E+F+ Il
2 2

This equation shows the amplifier ef-
fectively reduces the armature and test
item weight by 50%. The assumptions of
weights and amplification are easily
obtainable through intelligent design
of the amplifier, so an effective re-
duction of 50% of the armature weight
is a reasonable goeal.

AMPLIFIER DESIGN

A mechanical amplifier was propor-
tioned to produce a 2:1 gain in vibra-
tion amplitude. (If displacement is
amplified by 2, velocity and accelera-
tion will also be amplified by 2 at all
frequencies and assuming sinusoidal vi-
bration.) Instead of the spherical
mass depicted in Figure IV, a 7.6 cm
square bar 35 cm long was used to pro-
duce the required inertia and was lo-
cated 5.5 cm off the pivot. The lever
is aluminum and measures 5 cm thick
and extends 12 cm beyond the pivot.

It has been lightened with several
4 c¢m diameter holes. The system is

+2 +1 0 -1

[ — :«'\/, - —
Qﬁ Actual
angle less
AMPLIFILR than .006
INPUT radians
FINHRE V

MECHAN] CAL
OF
VIBRATION AMPLIFIER

CONCEPT
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expected to rotate about its center of
gravity (approximate). The test item
is attached to the lever along its
edge.

Figure V shows this mechanical am-
plifier and the vibration profile along
its length. The reed driver is de-
picted as a hinge. Due to the rota-
tional moment of inertia, the actual
center of rotation of the plate is
shifted to the right of the center of
gravity. This is a direct result of
coupling of the linear and rotational
modes of the plate. For this reason,
the center of gravity was not assumed
as the center of rotation for the fix-
ture, but rather a point to the right
of the center of gravity was used. The
plate was attached to a shaker through
a reed hinge and stabilized by a soft
rubber snubber. Figure VI is a photo-

FIGURE VI
MECHANICAL AMPLIFIER

graph of this amplifier. The reed
driver is to the left of the mass and a
rubber snubber restricts the maximum
deflection possible to eliminate a loss
of control at the plate's rotational
resonant frequency. The test item is
mounted on the left edge of the plate.

AMPLIFIER PERFORMANCE

The mechanical amplifier described
was evaluated to establish its perfor-
mance characteristics. [If we consider
the amplifier as an unknown and evalu-
ate its transfer functior, we obtain
Figure VII. The desired gain from
Figure II is included on this figure to
provide a comparison of desired verses
actual gain. The notch and peak at 80
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low 20 Hertz the plate and shaker move

Hertz is due to the rotational reson-
together, thus, the 1:1 transfer.

ance of the plate on its mounting.
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Both sinusoi-
vibrations can be am-

The concept of a broad band mechani-

cal amplifier was verified with a phy-
sical model which performed as predic-

ted with no exceptions.

cluding the use of a tunable resonance
dal and random

or narrow band amplifier.
plified, facilitating tests at levels

heretofore unobtainable.

CONCLUSTIONS
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STABILITY AND FREQUENCY RESPONSE OF HYDRO-MECHANICAL SHAKERS IN VIBRATION RIGS

Seshadri Sankar
Department of Mechanical Engineering
Concordia University, Montreal, Canada

A hydro-mechanical shaker is an effective alternate to an electro-
hydraulic shaker for providing low frequency, large displacement
and force. This paper presents an analytical study on the stabil-
ity and frequency response of hydro-mechanical shakers used for
generating vibrationl signals to drive a vibration rig. The analy-
tical expression for stability are derived based on linearized
flow characteristic equations and taking into account the effect

of fluid inertance and resistance in the connecting pipes. The
results indicate that the size of the connecting pipes and their
elasticity influence the stability of the shaker. Simple expres-
sions are derived for the amplitude ratio and phase angle against
frequency for both open and closed loop frequency response of the
hydro-mechanical shaker based on buffing's linearization scheme.
The analytical expressions derived for stability and frequency
response can be directly used for selecting and/or specifying

the hydro-mechanical shaker which best meets a given set of require-

ments.

INTRODUCTION

Electro-hydraulic shaker systems
permit vibration testing at force levels,
displacements and frequencies outside
the capabilities of electro-dynamic
shaker systems. As a result, electro-
hydraulic shakers are rapidly becoming
accepted as effective complement to
electro-dynamic exciters in a wide vari-
ety of applications such as in testing
very large payloads of missiles, trans-
port machineries, shipboard engines and
instruments, and other products which
are subject to vibration environments.

Table 1 shows the comparison of the
capacity of electro~hydraulic and elec-~
tro-dynamic mechanisms used as a drive
for vibration rigs. The comparison out-
lined in Table 1 reflects that for the
size and flexibility (force and dis-
placement ratings), the cost of an elec-
tro-hydraulic shaker system is consider-
ably lesser than for the electro-dynamic
shaker. Howvever, for industrial appli-
cations that require relatively lowcost
shaker systems, a hydro-mechanical
shaker is an effective alternate to an
electro-hydraulic shaker. The hydro-
mechanical shaker can provide all signi-
ficant features of an electro-hydraulic

33

shaker, like low frequency and high dis-
placement and force capabilities. This
paper is concerned in the systematic
study of stability and frequency res-
ponse of hydro-mechanical shakers in
vibration rigs.

Figure 1 shows a typical hydro-
mechanical shaker system used for gene-
rating vibratory angular motion. When
designing a hydro-mechanical shaker for
vibration testing, the size of hydrau-
lic cylinder, valve, connecting pipes
between valve and cylinder, and the
dynamic behaviour of the mechanism must
be known. In addition, the frequency
response characteristics of the mecha-
nism is also needed to determine its
speed of response and natural frequency.
Another important factor that should be
known in the design of hydro-mechanical
shakers is its stability characterislic:,
Instability is an inherent problem faced
by designers of hydro-mechanical svstuus
f2,3,4]. 1t is known that alterations
in the design stage or selection of comn-
pletely new parameters based on experi-
ence, often lead to dynamic instabilityv
in hydro-mechanical systems [5]. This
paper presents the results of an analy-
tical study on the stability and fre-
quency response of hydro-mechanical
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shakers used for generating vibrational

SN signals to drive a vibration rig.

N

,{- MATHEMATICAL MODELLING OF THE HYDRO-
»;' MECHANICAL SHAKER SYSTEM

IR

N The mechanism shown in Figure 1

consists of a platform which supports
the test unit to be tested for vibratory
input. The platform is suptorted by a
stand and hinged at centre so that it
can oscillate about a vertical axis from
the force generated by the hydro-mecha-
nical shaker. Any vibrational input
signal given to the lever moves the spool
valve, which allows hydraulic fluid to
flow into the cylinder through the valve
ports and thus actuate the piston accor-
ding to the command signal. A displace-
ment feedback is provided in the mecha-
nism by rigidly connecting the valve
body to the platform.

-

TN T el

The system of equations that charac-
terize the behaviour of the mechanism
should take into account the followiny
features:

(a) oil flow characteristics in the
cylinder, connecting pipes and
across the valve orifices;

(b) dynamic behaviour of the control
valve and the action of the flow
forces; and

(c) dynamic behaviour of the platform.

Considering a four-edge controlled,
critical centered spool vaive for con-
trolling the flow into the hydraulic cyl-
inder, the flow characteristic equations
can be written as

r= H

Q =Cy ke;%-;Ps-Pl ] sgn (Pg-F ) 1
- :14 for e>0

Q =Cywel2p -P ;| sgn (§ -P_) )

-4

and
) —}

Q, =CyWe|ZP P | sgn (P -P ) 3)
N . for e 0

Q, :deq%gl‘s—l" J sgn (P -P ) 4)

where Q, and 1 are the flow rates as
showp in Figure |, and

€ = X - X, 5)

Normaily, in a hydro-mechanical
shaker system the control valve is situ-
ated at a distance from the cylinder.
This reoults in longer connecting pipes
betweeu the valve and cylinder. Such
long pipes intreduce pressure drops in
the flow due to fluid resistance and
inertance in the pipe. Assuming a cir-
cular cross-section for the pipes. the

QO rQr>1@ ' @ -0 o @ o

equations relating the pressure drop in
the pipes can be written as

A N = ®)
(P,,-P;) = g Q, +1I %%% @)

where R is the coefficient of resistance
in the pipes and I is the fluid inerrame
in the pipes.

The set of equations governing the
continuity characteristics in the hydrasr
lic cylinder are given by

dp
Q, =ASL+ TG +ay) —g+c, (B -P.,) ()

1 22

dp
Q, =A§’€’%<‘§’Ay) (PR )

where in equations (8) and (9) a laminar
leakage coefficieant, C; is assumed for
the leakage flow past the cylinder pis-
ton. The equivalent volume V includes
the total volume of the cylinder and the
connecting pipes; V = V. + Vp.B/Bp.

Assuming a resilient coupling
between the lever and the spool valve,
the equation of motion of the spool
valve can be written from the schematic
diagram in Figure 2.

d?x, dx, dx,
Mg de? +Cs(_d—tL— ) +Ks(x2—x3) +Fg=F,
(10)
where

2

F, o= K (x, - x,) 1)

and F_, the flow force which always acts
in a girection to close the valve ports
can be written as

Fg = 0.43 We[(P,-P)) - (P, -P,)]  (12)

From the kinematic equation of the lever,
the displacement x, can be expressed as

x, = (fo)x 13)

The equation characterizing the
dynamic behaviour of the hydraulic piston
is

M g_t_hc P4k, (g-z) =A@, -P,,)  (14)

where M - M5 + Mg; Mp is the mass of
moving piston, and Mf = 4pfA?/3a, is the
equivalent mass of liquid in the pipe
referred to the cylinder.

The equation of motion for the angu
lar displacement of the platform together
with the load is given by

d2g, ,, du_

L. g7t 3E-K]r‘(y-z)+-Ksrz(x,-x,)(15)
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where r,
%, = -z (16)

For mechanisms with large values of r,
and r, (approx. l-2m) and with small
displacement z (approx. 3-4 cm), the
kinematic relationship between z and 6
can be expressed as

z =19 (17)

The foregoing set of equations (1)-
(17) completely describes the mathemati-
cal representation of the hydro-mechani-
cal shaker system.

STABILITY OF THE MECHANISM

An important constraint in hydro-
mechanical shakers used as a drive for
generating vibrational signals is to
have a stable operation without any un-
bounded oscillations. It has been shown
that design alterations made in hydro-
mechanical systems has led into the
sphere of dynamic instability [3,4,5].
Hence it is essential to establish the
stability limits for the hydro-mechani-
cal shaker so that the choice of mecha-
nism parameters could be made without
any fear of instability problem.

The non-linearities in the flow
characteristics equations make the study
of stability complex and hence in this
paper these non-linear equations are
linearized using Taylor's series for two
variables and retaining terms up to the
first order. Using this linearization
the flow characteristic equations can be
simplified as

Q =Coe-C, P (18)

Q, =C, e+ Cp P, (19)
where Co and C, are the flow gain and
flow-pressure Boefficients. In the
steady-state condition the flows into
and out of the hydraulic cylinder will
be equal and in general therefore with
symmetric valve porting

c =% |3
e Je Je
and c = 3Q, _ 3Q;

P aP, 3P,

In writing equations (18) and (19),
it is assumed that there is no reverse
flow in the valve ports and the opera-
ting point satisfies the condition e>0.
Now the rest of the equations (5-17)
remain unchanged for the stability anal-
ysis except that the equations are con-
sidered to be the perturbed equations
about the operating point with the cor-
responding perturbed parameters.

Now, adding equations (18) and (19)

al Lol i S
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gives
Q= Ce e - Cp P (20)
Combining equations (8) and (9), it
can be written as

Ag%+2‘—l§ §§+zcl p=Q (21)
where
26 = Py, - Py,

Adding equations (6) and (7) and combi-
ning with equation (20) gives

c
1 @B+ Eebra-Betp-0 @2)
PP

The steady-state flow forces in
the spool valve given by the equation
(12) can be simplified by using the
tangents to the flow characteristic
curve at the point of system equilibrium
and can be expressed as

Fe=H.Q 23)

where
H

0.43 W72P [k

Equations (5), (10), (11), (13) and
(23) can be combined and after simplifi-
cation can be expressed as
d?e dix de
My SN TG Tt (RgtRyde rHQ
(24)

K,a
+ K!'x3 ( a )x
where x = - (Ei)z
rl

Substituting 2 = (P,,~P,,) in
equation (14) gives

d’y, .~ d - = 2AB
mEt+c a—':--#l(ly Kz = 24p 5)

Substituting equations (16) and
(17) in (15) and rearranging gives

d*z dz _
I, —=+C, a?+l(lrlzz = Kr ?’y+Kr r,e

m 4 2
¢ (26)

Hence for stability analysis, equa-
tions (21) to (26) completely describe
the linearized mathematical model of the
mechanism. For zero-input stability,
substitute the input lever displacement
X = 0 and assume that the solution of
this system of homogeneous linear equa-
tions will be in the form [X] = [t]ert,
where [X] is a vector of variables;[X]T=
[z,y.,e,Q,p,X;] and [1] is a vector of
constants. Now the characteristic equa-
tion will take the form of a determinant
equation as given below:
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K
@ (021 +AC_+K. 1r? K, r? ]
- A m+ Cm K1r1 =K, r} -Ksrlrz 0 0 0
:-: -Ki AZMHACHK 0 0 -2A 0
X 2
N 0 0 MM +AC HK K H 0 )\ZMS+KR
det 0 0 -c_/C AL+R/a+1/C 0 =0
e/ p /atl/ p 1
0 AA 0 -1 \V/2B+2C, 0 27)
i rzlr1 0 0 0 0 +1 ]

Evaluating the determinant and
arranging the terms according to the
powers of A, the characteristic equation
can be expressed as a sixth-order poly-
nomial with the coefficients as func-
tions of design parameters.

When the mechanism has rigid con-
nections, the stiffnesses K; and K
becomes infinity and the characteristic
equation (27) reduces to the form

o A+ azka + a3A2 +a,A +a;, =0 (28)

where the coefficients a's are defined
as

w, = I, 1 V/2B
o, = (I_ &+ Cy I)V/2B
a, = L+ (C & +K ri)V/2B+2r2A%1
a, =C + (Ksri V/2B+ 2r?A?)a
o, = Ksri-FZrlrzA Ce/Cp
and & = (R/a + 1/C)

P

Using the Routh-Hurwitz stability
criterion [6] in equation (28), the
absolute stability is given by the con-
dition

L2 [as - aras/oz] > os 29)

@?

Substituting the coefficients of
equation (28) into equation (29) gives

V. + Ry
t v E
e>_.__2_.:—2 (30)
2 BA 1

The above inequality relationship
gives the stability condition for the
hydro-mechanical shaker system consi-
dered in this paper. Since this stabil-
ity condition gives the limiting value
of the valve characteristic, C,/C,, as a
function of the mechanism parameters and
the geometry of the connecting pipes, it
aids to a great extent in the selection
of a valve or in the design of the mecha-
nism. It can be seen that the fluid
inertance and the flow resistance due to

the connecting pipes have no influence
on the stability of the mechanism. How-
ever, the size of the connecting pipes
and their elasticity influence the sta-
bility of the mechanism. For a hydro-
mechanical shaker used in vibration tes-
ting (7,8} and having parameters as in
Table 2, the stability regions for vari-
ations in the geometry of the connecting
pipes are calculated and are shown in
Figure 3.

FREQUENCY RESPONSE OF THE HYDRO-
MECHANICAL SHAKER SYSTEM

In analyzing the frequency response,
the first step is to find the open loop
frequency response of the mechanism when
the housing of the control valve is dis-
connected from the platform. 1In the pre-
sence of a harmonic input displacement
of the lever, the set of equations (1)
to (17) describing the motion of the
hydro-mechanical drive can be used for
the frequency response analysis. The
non-linear flow characteristic equations
raise the major problem in determining
the frequency characteristics. To over-
come this difficulty, the linearized
model of the flow characteristic equa-
tions in the stability analysis can be
used. However, this linearized model
has a major disadvantage when used for
frequency analysis because of the fact
that the coefficients of the linearized
equation changes all the time during a
cycle of events, and to evaluate a reali-
stic mathematical model is very diffi-
cult. Hence in this paper, instead of
linearizing the non-linear flow equa-
tions, they are expressed as a power
series and the procedure is as follows:

Combining equations (1-4) and rear-
ranging, the average flow Q can bLe
expressed as

o=kep5[1-§. (31)

e
The above equation can be expanded
binomially and the flow Q which includes
the first two terms in the expansion is
shown in Figure 4. However, for large
values of p, which occur in vibration
rigs with heavy loads, the mechanism
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b operates in a region as shown in Figure d = I M/2K,rA
S 4. For this operating state, the flow .
"y equation can be written as d, = (€, M+ 1 C)/K A
P = ) | 3
ix Q=keP* -k |e| p/P (32) d, = (MK, r? + C,C + Imxl)/lerfA
o Since the fluid resonance due to the
N valve dynamics is only secondary in com- and
{, parison with the resonance associated )
\ with the hydraulic cylinder, the control d, = (Cx? + Cm)/2r1A
valve dynamics and the influence of the
connecting pipes are considered to be The non-linear differential equa-
negligible. Also, in this analysis the tion (37) expresses the open-loop
stiffness K; of the contact spring of characteristics of the hydro-mechanical
;he 1everbis assumedpto bepinf%nite.P drive. In 2rde€hto obtain anfanalytical
ence, substituting =P,, , = expression for e open-loop frequency
and x; = x, and negleééing equa%ions 16) characteristics, a linearization of the
and (7), the following set of equations non-linearities are carried out basedon
e can be formulated for the open loop Duffing's linearization method [9].
o system: Appendix 1 describes the procedure in
. predicting approximate open loop res-
b -~ By combining equations (8) and (9) ponse using Duffing's method. The open-
s and substituting equation (32) gives loop amplitude ratio and phase angle for
7 sinusoidal input, derived in Appendix 1,
914.EL d +2 _ Pg ke P% are given by
% AGEtosartae ke Py 2. BELIL (39
. a - FC,x ¥FC.% ¥ Z
:: where o = Eﬁi < (34) x C, +C, C.%sinZ¢ + C kcoszd
: R i ation 214) ives and
:?’ earranging equati g ) ‘e tan [Cl +(C, +CyHxX . (40) T
N 2 ¢ =a a - - T
M :—§-+c Y4k, (y-2) = 28 p (35) C. -, - "; )
t IS .
> z
X i . ' - : where § = open-loop amplitude ratio, At e
- Combining equations (15) and (i7) gives (outpu§ amplitude/input amplitude) ;\?\’\
N d?z dz _ 2 k)
= L SETHFCm gtk riz = Krly (36) C, = a,u% - a,0 + a,w f:f;i{
‘.‘ .. "\1..
N By combining equations (33-36) and rear- C, = % lagn - a5m31 2\1\{\
ranging, gives b
\ 3 C, =-a
dsz I .diz 3 10
o a ———=+{a +a, x|l +[(a, + a5 (x|l 7
et e ixilger (e, e xiige C, = 4= law' - a,u’] (61)
" 2 ., dz -
:{. +-[a6-+a7;xi]%E% [ae+awx1]EE = a,,x C, = I (a,w’ - ayw]
.: 37) c, = azu.\" - asmz
\_) where C7 = 3C,.
- = vd /2B '
- & v/ The term n is added in equation (40) to ",
. a =Vd /2B + 2C.d reflect that z and x are measured in 2
“ 2 2 ) L1 opposite directions. .
g a, = ikd, /P -
> s = kdy/ For a closed-loop hydro-mechanical o
¥ a =AI /K r® +Vd, /2B + 2C,.d drive having a rigid connection between -
L . mo k £o2 the spool valve and platform, the initial L_.,
F— a. = ikd. /p? system of equations (32) - (36) remains e
f:' ® 2 the same except for changes in the equa- -ik;ti‘
L = AC_/K r< + Vd /28 + «C d tion of the spool displacement. For a AR
- a, = AGy/K, 7] * G closed-loop dirve, the spool valve dis- e
g a, = ikd /p5 placement equation (34) becomes :;}::;
3 - e
. a r: Tolss
E‘j a, = A+ 2C.d, e=gtx-Fe >
. 7. , ;
X3 a, = ikd /P Hence using the above equation and
- o the open-loop transfer function, the
o a, =ik P closed-loop transfer function can be
e written as
o
L2 37
o
22
p>
A
p.or
o
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v Go (jw) straightforward in calculating the fre-
. G.U% =17 G0 . 1 (42) quency characteristics of hydro-mechani-
- o ! cal shakers. Further, the linearization
o where i =r_/r method avoids any repeated, time-consu-
o ! 2t ming digital computer solution of non-
0N and G, (jw) is the open-loop transfer linear system of differential equations
L function given by for every value of w, ® and B,. Based
N . on the above facts, the formuYae deduced
, G, (Ju) = 2 e3¢ from the Duffing's linearization method
e ¢ ) can be recommended for the calculation
o of frequency characteristics of hydro-
R From equation (42), the frequency mechanical shaker systems.
S characteristics of a closed-loop hydro-
S mechanical drive can be determined by CONCLUS1ONS
o the known frequency characteristics of :
an open-loop hydro-mechanical drive. An analytical study on the stabili- 2
— L ty and frequency response of hydro-mech- e,
g Rewriting the equation (42), the anical shakers used for generating RNy
s amplitude ratio and the phase angle vibrational signals to drive a vibration nlnd
gy against frequency for the closed-loop rig is presented. The system of equa- e
e mechanism can be written as tions that characterize the behaviour of %
e . n the shaker takes into account: a) oil ST
> 1G_(jw) = iz/X flow characteristics in the cylinder, .
¢ [i24 2211 cos¢(w)/ﬂ+-(2il/2)ﬁi connecting pipes and across the valve !lﬁ'
. 1 5 1 sing(w)/& 1 orifices; b) dynamic behavinur of the ey
- G (ju) ==¢ (W) +arc tan |rsrdSindtw) /X control valve and the action of flow AN
S c N i+2 ilcos¢(w)/xJ forces; and c¢) dynamic behaviour of A
e the vibrating platform. Based on the o
-4 where 2/R and ¢(x) are as given in equa- above features, the analytical expres- SRS
o tions (39) and (40) sion for stability are derived using s
e 4 . the linearized flow characteristic equa-
RESULTS AND DISCUSSION tions. The stability condition gives i
A . the limiting value of the valve charac- AT
-~ Using the expressions derived for teristic, C,/Ce, a8 a function of the LA
e open- and closed-loop frequency response shaker paraheters and the geometry of S
A characteristics, the plots of the ampli- the connecting pipes. The results indi- Lo
) tude ratio and phase angle against fre- cate that the fluid inertance and the DEAEN
- quency, are arawn for values of By flow resistance due to the connecting AR,
- 145 and 1450 N/cm? and are as shown™in pipes have no influence on the stability A
Figures 5 to 8. It can be seen from the of the shaker system. However, the size R
- amplitude plots that the natural fre- of the connecting pipes and their elas- IR
0N quency of the hydro-mechanical system ticity influence the stability of the L5
N increases as the values of Bp increases. shaker . “;ﬁ"
R Further, the closed-loop amplitude ratio e
- remains almost a constant over the fre- This paper also presents an analy- ‘{H:,_
- quency range from D.C. to a frequency tical expression for calculating the L
3 - below the natural frequency. This fre- amplitude ratio (output/input) and phase yenetn.
quency range is the actual operating angle against frequency for both open- ?!.3
- range of the hydro-mechanical vibration and closed-loop response of hydro-mecha- ,},i}
AN rig. nical shaker systems. The formulae for AL
oy . the frequency response characteristics };5-.
- . In order to estimate the error are derived based on the Duffing's line- ool
e involved in using the Duffing's lineari- arization method. Major advantages of i
s zation methqd, the non-l}near equations this method are its simplicity and its Ranhs
- characterizing tbe dynamic behaviour of use in avoiding any tedious time-consu-
[ ] the hydro-'-mechan}cgl shaker system were ming digital computer solution of non-
S solved using a digital computer. These linear system of differential equations.
RN results were superposed on the closed-
A loop amplitude ratio against frequency The frequency response character-
~ plots (Figures 6 and 8) for the input istics of the hydro-mechanical shaker
- - amplitudes of & = 0.05 and 0.2 cm. From system calculated using the method out-
T these results, it can be seen that good lined in this paper are found to have
"a correlation exists in obtaining frequen- good agreement with the results obtained
® cy r?sp?nse,ChamCt_—'erlstlcs using the using direct digital computer solution
AN Duffing's linearation method. of differential equations. The formulae
A . for the frequency response and stability
yal The expressions derived for the criterion derived respectively can be
. frequency response characteristics based directly used by personnel in vibration

orn the Duffing’'s method are simple and testing to select and/or specify the
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hydro-mechanical shaker which best
meets a given set of requirements.
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APPENDIX I

The first approximation required
for solving the non-linear differentiual
equation (37) using Duffing's method is
to assume that the output response is

2inusoida1 for harmonic inputs. That is
or X = X sin (ot + ¢) (A1)
The output is given by

z = z sin (wt) (A 2)

By Fourier analysis,
written as

|x| can be

[x] = |% sin (ut +¢)|= %ﬁ {1- %—cos 2(ut +4)

(A.3)

Substituting equations (A.1 - A.3)
in equation (37) and rearranging gives

A A

[C,z+C,% 2+C % sing +C % 2 sin2¢
+C X Z cos2¢lcos wt +[C Z+C,% 2
+C X cosp+C % 2 cos2¢ - C .k & sin2g
sinwt + terms associated with

sin (3wt +2¢) and cos(But +2¢) = 0

(A.4)

The coefficient C; , .. ., are

defined in equation 1)’

In equation (A.4) the coefficients
associated with cos wt and sin wt must
be equal to zero. Hence

C,2+C,x 2+C3x sing +C,% z sin2¢y +

+C,Xx Z cos2¢ = 0 (A.5)
CeZ+C,% 2+C,% coss +C,R 2 cos2¢
- C,x2zsin2¢ = 0 (A.6)

From equations (A.5) and A.6) the
unknowns z and ¢ can be solved to give

2 - 'Ca sing
g C + C,X + C X sinZ¢ + C,R cos?{

(A.7)
and

;; (A.8)

The equations (A.7) and (A.8) give
the analytical expressions for the open-
loop amplitude ratio and phase shift of
the hydro-mechanical drive.

N
YA
N

a
LIPS

-‘ﬁ..'
Cat s
o 4
" l' -

'y
..'..
.

A

’
«
»

A A
,
»
r 7




NOMENCLATURE

A

a

a .
11,22

m

K

effective cross-sectional area
of piston; cm?

effective cross-sectional area
of connecting pipes; cm?

linear dimensions of the lever;
cm

bulk modulus of elasticity of
fluid; N/cm?

bulk modulus of elasticity of
the connecting pipes and fluid
inside; N/cm?

viscous damping coefficient
between piston and cylinder;
N.sec/cm

coefficient of discharge, dimen-
sionless

slope of valve flow - valve
opening curve; cm’/sec.cm

laminar leakage coefficient;
em®/N.sec.

damping coefficient at the pivot
in vibration rig; N.sec./cm

slope of valve flow - pressure
drop curve; cm®/sec.N

viscous damping coefficient in
spool valve; N.sec./cm

diameter of the connectingpipes;
cm

valve error; cm
flow force on valve; N

restoring force of lever contact
spring; N

fluid inertance in the pipes;
N.sec.?/cm®

mass moment of inertia of the
platform and the load; N.cm.sec?

a. /a ,; dimensionless
r)/rl; dimensionless
vl

stiffness of spring between cyl-
inder and platform; N/cm?

stiffness of spring between
lever and valve; N/cm?

stiffness of spring between
valve spool and body; N/cm®

cit2/ot cn/sec.nt
total stroke of piston; cm

total length of connecting
pipes; cm

Mp + Mg; total moving mass
referred to the cylinder; Kg

mass of fluid in the pipe refer-
red to the cylinder; Kg

Mass of piston; Kg
mass of spool valve; Kg

Pressures in the valve ports;
N/ cm?

pressures in the cylinder cham-
bers; N/cm?

P, - P

—5—2—9 ; N/cm?

supply and exhaust pressures;

N/cm?

P, - P

—1—2——2- H N/Cl’ﬂz

Pll 12 2
) ;N/em

flow into and out of cylinder

chambers; cm’/sec.

Q +Q

-

; cm’®/sec.

fluid resistance in pipes;
N.sec./cm?

linear dimensions of the plat-
form; cm

time; sec.

Ve + VpB/By; equivalent volume
referred tb the cylinder; cm®

total volume of cylinder; cm’

to;al volume of connecting pipes;
cm

width of valve port; cm
ipput displacement; cm

displacements referred in Figure
2; cm

amplitude of harmonic input dis-
placement; cm

absolute displacement of piston;
cm
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z absolute displacement of plat- p
form; cm
¢
2 amplitude of harmonic output
displacement; cm
W
0 angular displacement of plat-
form; rad.
TABLE 1

Comparison of Electro-iiyaraulic and Electro-Dynamic Drives for Vibration Rigs (1]

Load = 3400 N

Acceleration = 20 g

TR

mass density of fluid; kg/cm’

phase angle between input and
open-loop output; rad.

frequency; rad./sec.

Frequency = 25-250 Hz

Description

Electro-hydraulic Drive

Electro-Dynamic Drive

HYDRAULIC POWER SUPPLY

gof
) ety
‘S ]

size 1.5 x 2.1m x 1.2m (high)
weight 4.45 x 10N N
i. ’~\-l
input power 1.30 kva AN
R '-:'R\.'\ J
POWER AMPLIFIER {e'ﬁi
(servo valve) 5* %
size 164 cm? 1.8m x 2.4m x 2.1lm
(high)
weight 890 N 6.25 x 10"N
input power hydraulic power supply 200 kva

ACTUATOR
size 0.3m x 0.3m x 0.3m 1.5m x 2.7m x 1.5m
(high) (high)
weight 1335 N 13.4 x 10° N
APPROXIMATE COST $75,000. $120,000.
o
o
o TABLE 2
:; System Parameters of a Hydro-Mechanical Shaker
N
= = 2 =
A 80 cm? Im 1176 N.m.s P, 0 .
= 1.5 x 10° N/cm? K, = 9.6 x10° N/em r, = 100 cm -
B, = 14.5x 10% N/em® £ = 100 cm r, = 100 cm '
d = l.5em L = 10 cm W = 4.4 cm S
i = a,/a 0.34 cm P, = 294 N/cm?
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Schematic Diagram of Spool Valve-Lever Svstem

Schematic Diagram of a Hydro
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MIL-STD-781C RANDOM RELIABILITY TESTING
PERFORMED BY USING ACOUSTIC COUPLING

S.M. Landre

Harris Corporation, Electronic Systems Division
Melbourne,

Florida

This paper describes an approach for performing random vibra-
tion during reliability testing by using an acoustic coupled
shaker system. The new Revision C to MIL-STD-781 is requiring
either random or sine vibration during temperature cycling,
depending on the equipment specification. The requirement to
subject some test items to random vibration instead of sine
vibration creates demands for inexpensive replacement equip-
ment capable of performing the new tests.

INTRODUCTION

Currently available replacement
shaker systems such as electrodynamic
and mechanical, capable of performing
random vibration, are costly and/or in-
accurate. Electrodynamic shaker sys~-
tems can easily meet both random or
sine vibration test requirements, ex-
cept their great cost generally pro-
hibits their application. Although
mechanical shaker systems are less ex-
pensive than eiectrodynamic systems,
they are quite inaccurate and are un-
able to produce the desired response at
all frequencies. The development of an
inexpensive and accurate random motion
shaker system would greatly simplify
the performance of MIL-STD-781C relia-
bility testing, requiring random vibra-
tion.

The acoustic coupled shaker system,
described in this paper, employs four
(4) basic components; a speaker, a flat
plate fixture, a hi-fi amplifier and a
hi-fi tape recorder capable of playing
a tape loop. A digital random vibra-
tion control system is initially used
to generate the desired random noise
signal which is amplified and repro-
duced through the speaker as sound
energy. This sound energy is trans-
mitted to the fixture through a coup-
ling medium, producing random motion
on the fixture. When the random noise
from the digital random vibration con-
trol system is equalized and the fix-
ture response is within the desired

tolerance, the amplified signal is re-
corded on a tape loop. This recorded
signal can then be played back at any
time to run its particular random vi-
bration profile on the acoustic coupled
shaker, without further need of a ran-
dom vibration control system.

This paper also describes the labor-
atory experiments performed on an
acoustic coupled shaker model to eval-
uate its performance and potential.

NEW REVISION C TO MIL-STD-781

The C revision to MIL-STD-781 has a
much more demanding vibration require-
ment than did the previous B revision.
Where applicable, the B revision only

required sine vibration at a 2.2 g = A
10% peak acceleration level at a non- Nty
resonant frequency between 20 and 60 Hz. :uf:;uﬂ
For every hour of operating time, the R
equipment is vibrated for 10 minutes. AN
The vibration requirement of Revision C wie s a3
is dependant on equipment usage and its - @

expected environment. The purpose of ORI

this requirement is to subject the
equipment to a vibration exposure simi-
lar in all respects to what the equip-
ment will see in the field. Vibration
will consist of either sine or random
over a bandwidth from 4 to 2000 Hz for
a short to continuous time period.




ACOUSTIC COUPLED (a/c) SHAKER SYSTEM
OPERATION

The a/c shaker system was designed
to be simple and inexpensive. Figure 1
shows a block diagram of the basic
equipment comprising the a/c shaker
system.

FIXTURE
————

SPEAKER

HI-FI HI-F1
TAPE AMPLIFIER
RECORDER

Figure 1
Acoustic Coupled Shaker System,

A pre-recorded tape loop of a random
noise signal is played on the hi-fi
tape recorder, amplified through the
hi-fi amplifier and reproduced as sound
energy through the speaker. The fix-
ture is excited by the sound energy,
consequently producing random motion.
Initially, however, the taped random
signal must be recorded while the a/c
shaker is running at the desired vi-
bration level under a simulated test
item load condition. This is accom-
plished by using a digital random vi-
bration control system, an analog fil-
ter bank or a peak and notch system to
generate the random noise signal capa-
bte of producing the desired spectrum
on the a/c shaker. Once recorded, the
random signal can be played back any
time to run its particular random vi-
bration profile on the individual a/c
shaker setup. This means that the
taped random signal is only good for
the conditions it was recorded under,
i.e., the test item's weight and the
fixture/speaker assembly. To run
higher levels on the same test item or
to run vibration on a different test
item would require the recording of a
new tape for the new requirements.

Companies who do not have the equip-
ment required to generate a tape loop
can subcontract the recording portion
of the tape loop to a company with the
appropriate facilities.

MODEL DESCRIPTION

A 30.5 cm (12 in.) Utah speaker,
power capability of 60 watts RMS, was
used to produce random noise which was
then coupled to the fixture. The fix-
ture was suspended over the top of the
speaker by four springs, each.of which
had one end attached to a movable
bracket. Threaded rods, attached at
the speaker's mounting holes, were used
to hold each of the four movable brack-
ets in place by securing each with two
nuts. See Figures 2 and 3. With this
configuration, the fixture's height
could easily be adjusted to meet with
a given test requirement and/or load
condition.

MOVABLE THREADED
BRACKET ROD

SPEAKER

Figure 2
Schematic Diagram of a/c Shaker.

Afr was used as the coupling medium
between the speaker and fixture for the
experiments described in this paper. A
1iquid coupling medium was considered
but no experimental data was obtained
because it would require a more compli-
cated shaker configuration.

One possible way of using a liquid
coupling medium, is illustrated in
Figure 4. This system employs an
under water speaker submerged in a
1iquid filled cylinder. The fixture is
suspended on top of the liquid by
springs and is attached to the cylinder
walls by a thin elastic membrane, al-
lowing the fixture to vibrate freely in
the vertical plane.
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Figure 3
Photograph of a/c Shaker Model,

DATA ACQUISITION AND ANALYSIS

A 1923 Time Series System (Time/
Data PDP 11/15) mini computer was used
to run random vibration on the a/c¢
shaker. Figure 5 shows a block dia-
gram of the a/c shaker test setup.

A piezoelectric accelerometer was
mounted to the fixture, next to the
simulated loads, to control and monito
vibration levels during the testing.

c

r

FIXTURE = =

SPEAKER

YLINDER

SOOURARNCARNN
MAAANNNSNSNY

N

A
rrrrrrrrrrmn

FIGURE 3
Schematic Diagram of an a/c
Shaker using a Liquid Coupling
Medium.

The amplifier used to amplify the
random noise signal between the com-
puter and a/c shaker, was a McIntosh
Model MC75 with a power rating of 75
watts. Almost full gain was required,
at all times, to run the a/c shaker
at the test levels.

The monitor accelerometer signal was
analyzed from 20 to 2000 Hz using a
bandwidth resolution of 20 Hz. Toler-
ance limits for the monitor response
were set at #6 dB. DNata in this paper
is presented as X-Y_plots of power
spectral density (g“/Hz) versus fre-
quency (Hz).

DIGITAL
RANDOM
VégRATION TAPE HI-F1
NTROL RECORDER AMPLI
SYSTEM FIER
L J
a/c
SHAKER
X-Y ACCELEROMETER
PLOTTER AMPLIFIER
Figure 5

Acoustic Coupled Shaker Test Setup.
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Various tests were performed on the
a/c shaker model to evaluate its per-
formance and potential. These tests
include vibrating the a/c shaker at
different levels, running vibration on
different loads and evaluating the re-
cording of a random noise signal of a
particular spectrum. Unless otherwise
stated, all of Ehe tests were run to
meet the 0.01 g¢/Hz power spectrum den-
sity level.

Different fixture materials were
evaluated to determine which one would
provide the stiffest structure for its
shape and size. Fixture materials used
were plywood, epoxy coated plywood,
aluminum and plexigtass. All of the
fixtures were cut to the same octagonal
shape, and were tested with a 454 gram
load. The uncoated 6.3 mm (.25 in.)
plywood fixture, weighing 300 grams
(.66 1bs), had a better response than
the other three fixtures. As a result,
the plywood fixture was used in the per- FREQUENC + te
formance of all the other tests.

POWER SPECTRAL DENSITY GZ/Hz

FIGURE 6

To determine the optimum coupling
gap (the distance between the fixture Fixture vibration level at a gap
and the speaker) a series of three vi- of 0.0mm and 454 gram load.
bration tests were run at different
gaps, keeping all other variables con-
stant. Steel springs, having an aver-
age spring constant of 263 grams/cm
(1.47 1b/in.) were used to support the 0.1 o ot e o
fixture which had a 454 gram (1.0 1b) Hrift RS — it
load mounted to it. Figures 6, 7, and LI : e
8 show the vibration level on the fix- i
ture at gaps of 0.0, 3.2 and 6.4 mm L
(0.0, 0.125 and 0.25 in.), respectively.
The figures indicate that as the gap is
increased, the low frequency from 20 to
200 Hz gradually drops out of spec, yet
the high frequency response seems to
flaten above 300 Hz.

o
=4

One series of tests was conducted
to find out what vibration levels the
a/c shaker model was capable of run-
ning. These tests were run at a gap of
0.0 mm and fixture loading of 1000 grams T i
(2.2 1b). The springs used in the pre- rrb ittt
vious test were also used for this A : SEinn:
test. Once assembled, the only change EUSHITTN BN F 7 R O3 o B M
made to the a/c shaker system while e ?,-» -t

o
8

POWER SPECTRAL DENSITY GZ/Hz

performing the tests, was to reprogram i
the digital random vibration control g;ywr;lf TH
system to run higher vibration levels. 0.0001 Lo ool 1 ' R e i i
Figures 9, 10 and 11 show the a/c k % ! &]"m“ Y l%g e
) shakers response, while Sontrolling at EREAUENC -

a 0.005, 0.01 and 0.02 g%/Hz 1level, AR
respectively. The figures indicate

that the highest attainable vibration FIGURE 7

level of the a/c shaker model which

comes close to meetiEg the t6 dB tol- Fixture vibration level at a gap
erance is the 0.01 g¢/Hz level. of 3.2 mm and 454 gram load.
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The a/c shaker model was tested
under different load conditions to
what it was capable of vibrating.
Figures 12, 13, 14 and 15 show the
bration levels of the shaker under
conditions of 0.18, 0.82, 1.54 and

see

vi-
load

4.63 Kg (0.4, 1.8, 3.4 and 10.2 1b),

0.1

0.001

POWER SPECTRAL DENSITY G2/Mz

RE

Lo ey
0 22 56 100 500 1000
FREGUENCY Hz

FIGURE 12
Shaker vibration leve! under a 0.18 Kg load

00

POWER SPECTRAL DENSITY G2/Hz

..1 3
23si
0.0001 Lt R Siahi
I | INEENH (R
10 20 50 100 500 1000 2000
FREQUENCY Hz
FIGURE 13

Shaker vibration level under a 0.82 Kg load.
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respectively. The figures indicate
that the a/c shaker is capable of vi-
brating the various test loads above
150 Hz, but is unable to keep the low
frequency in spec, for 3 of the .
heavier lToads below 150 Hz.

0.1

0.01

0.001

POWER SPECTRAL DENSITY G’/Hz

Lol |
50 100
FREQUENCY Hz

FIGURE 14
Shaker vibration level under a 1.54 Kg load.

0.1

POWER SPECTRAL DENSITY G2/Hz

O
10 20 50 100

FREQUENCY Hz
FIGURE 15

Shaker vibration level under a 4.63 Kg load.
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While the a/c shaker was being vi- signal and the recorded control signal,
brated under a 454 gram (1.0 1b) load, respectively. The figures indicate
and after being equalized, the random that the low frequency was not able to
vibration control signal was directly be successfully reproduced from the
recorded for 4 minutes. The recorded recorded tape, from 20 to 80 Hz. This
signal was then played back to run the is typical of most direct recording
a/c shaker. The a/c shaker's vibra- tape recorders., The higher frequency
tion level, while being controlled live seems to be accurately reproduced, ex-
and from the recording, was then com- cept for some minor level fluctuations.
pared. Figures 16 and 17 show the
shaker's response to the live contro) 0 LTt RS
o el nae &
0. 2y u - 'r-q";‘ s YV i -+ 1 3 - . ;‘,*.;,
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FREQUENC Y Hz FIGURE 17
. Shakers response to a recorded control signal
Flgur? 16 . under a 454 gram load.
Shakers response to a live control signal under
a 454 gram load. 2. The 60 watt model was only ,
capable of running a 0.01 /Hz
FIXTURE DESIGN CONSIDERATIONS Sorey. within s 18 38 tolevance.
Obviously, the resonant frequency 3. The a/c shaker model was capa-
of the fixture/spring assembly must be ble of vibrating up to a 4.63
T well below 20 Hz, preferably around Kg load, quite successfully
£ 1.0 Hz. The fixture should be resonant above 150 Hz.
o free to 2000 Hz and be as light as
= possible to handle heavy loads. Also, 4. A taped control signal was
_~:'_ the standing wave phenomenon must be capable of accurately reproduc-
-3 considered in setting the speaker/ ing the original spectrum, from
M fixture spacing. 80 to 2000 Hz.
CONCLUSTIONS Spectrum flatness was excellent and
far surpassed mechanical shaker sys-
The a/c shaker system offers a great tems. The major advantages to this
- potential as inexpensive rep]acement system are low cost, excellent spectrum
. aquipment capable of running random reproducticn, and utilization aof an in-
. vibration for MIL-STD-781C. exvensive Hi-fi tape recnrder to drive
the shaboery rother then an egualization
The experiments performed on the a/c system. iso. since the acSustic
shaker model showed that: coupled shaker systew is mostly com-

. posed of hi-fi equipment. replacement
1. The fixture/speaker gap must be parts would bte read:ly available at any
as small as possible. hi-fi dealer.
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As a result, there

A1l testing was done under standard
ambient conditions.
is no information, at this time, about
the effect of temperature variations on
the a/c shaker systems operation.
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CONSERVATISM IN RANDOM VIBRATION
ANALYSIS AND TESTING

Thomas L, Paez
Applied Mechanics Division III 1284
Sandia Laboratories
Albuquerque, NM 87115

This study investigates conservatism in random vibration testing.

It shows that some common spectral density estimators have an
approximately normal sampling probability distribution. Based on

this fact, the study proposes some measures of confidence in specified
test levels. The study describes a technique for finding the proba-
bility that a test is more severe than the field environment from which
it was derived. A mean square structural response criterion is used.

The results of this study show that a laboratory random vibration test
is most likely to fail when the structure being tested has lightly
damped, low frequency modes, and when the test duration is short.

INTRODUCTION associated with the inherent randomness of the
situation. Yet we do not want to specify a
In structural analysis and testing it is test spectral density which is so high that we
common to measure physical inputs, such as base grossly overtest the structure or component of
motions in the field, and then simulate these interest. The problem is that since the field
inputs in a laboratory experiment in order to environment is random, the spectral density
test the adequacy of structural systems and estimate is a realization of a random variable.
their components. When tke field inputs are Since the test environment is random, the
deterministic, they can be approximately repro- “apparent spectral density' which is realized
duced in the laboratory. In this case, during the short period of a test is also a
uncertainties arise in measurement of the sig- realization of a random variable. In order to
nal, control of the test, structural make it unlikely that the actual field environ-
configuration differences between the labora- ment is higher than the actual test environment,
tory and the field, and other sources. In we would like to determine how much greater
order to assure conservatism of a deterministic than the estimated field spectral density the
test, the input is usually increased by a fac- test spectral density must be.
tor above the measured input. When the field L
input is a stationary random process, we do not The objective of this analysis is to deter-
reproduce the measured signal since it is simply mine how great an envelope spectral d§n51ty
one realization drawn from an infinite family should be used in a test. The analysis des-
of possible inputs. Instead, we characterize cribes some indices of the conservatism of a
the input by estimating some of its parameters, random vibration test and pays particular
most commonly, its mean and spectral density. attention to spectral density levels at the
(Spectral density is a measure of the mean- modal frequencies of a complex‘structurg. The
squarc characteristics of a random process in analysis also describes a confidence criterion
the frequency domain,) Then we test our struc- and a mean-square factor-of-conservatism cri-
ture in the laboratory by subjecting it to a terion. Finally it Jdescribes a method for
random environment with a spectral density finding the probability of an undertest.
whicii 15 derived from that spectral density
N estimated from the fieid signal. Usually, the Several factors bear on the exactness and
- test spectral density is an envelope of the completeness of the analysis performed here.
g J ficld-cstimated spectral density. This is First, all thc.)se.factors v.vhxch cause uncertainty
S where the problem of test conservatism arises. in a deterministic analysis also affect a
-0 We wiant to specify a test spectral density which probabilistic analysis in addition to the in-
o is hipgher than that based on the ficld measure- herent signal randomness. We treat only that
:-' ment n order to avoid undertest problems uncertainty arising from inherent randomness.
s,
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Second, the assumption is made that the signals
of interest have a normal (Gaussian) proba-
bility distribution. Though this is usually
the case for field signals, the assumption is
not always exactly correct. The laboratory
test input generally has an approximately nor-
mal distribution.. Third, the spectral density
estimators analyzed here are only valid for
ergodic random processes. We assume that all
processes considered are ergodic.

At the end of this analysis a numerical
cxample applies some of the proposed measures
of conservatism to an actual case. Specifi-
cally, these measures are applied to a test
which has been specified for the Global
Positioning System-Y Sensor. This is a satel-
lite component which will be subjected to a
random vibration environment during liftoff on
an Atlas F booster rocket. The study discusses
the effects caused by modification and refine-
ment of the input spectral density.

ESTIMATION OF SPECTRAL DENSITY

[n the analysis of stationary random sig-
nals it is usually assumed that the signal under
consideration is one of many possible reali-
zations of a random process, and that the signal
comes from a source with a constant spectral
density.  One purpose of signal analysis is to
estimate the underlying spectral density.

Since the source is random, the portion of sig-
nal we measure is random, and any function of
the signal is random. Therefore, any estimate
we make of the spectral density which is based
on a measurement of the signal is a reilization
of a random variable; an estimate of the under-
lying spectral density which is made from a
finite duration measured signal might be called
the "appirent spectral density" of the measured
stpnal.  ‘there are various metihods of spectral
density estimation; two of these are summarized
below.

The spectral density, S(f), is a measure of
the mean-square characteristics of a signal as
1 function of frequency. Therefore, one method
of spectral density estimation is based on an

estimate of the mean-square value of a random
process in intervals of its frequency range.
This is the analog approach to spectral density
estimation; the estimate is obtained as follows.
The analog signal of duration T, x(t), (or a

. digitized form of it) is band pass filtered

with a fiiter of unit height, center frequency,
fc, and pass band, B, to obtain xp (t, fc. B).

This is done using analog equipment in the case
of an analog signal or on a digital computer
when the signal is digitized. The operation is
represented as follows:

X, (t, £, B) = X (£, T) H(f)} (1)
where
‘1,f -.5B <« f<f + ,S5B
H(E) = c c

0 elsewhere

X (f, T) is the finite Fourier transform of

x(t) on the interval (0, T), and F 'L (.) repre-
sents the operation of inverse Fourier
transformation. This filtered signal is then
squared, integrated on (0, T) and multiplied by

'l“1 to obtain an estimate of the mean square of
that component of the random signal with power
in the frequency range (fc - .5B, fc + .5B).

Denoting the mean-square estimate by
02 (fc’ B, T) we have

T
2 S | 2
0" (f,B,T)=T / xP (t, £, B) dt. (2)
0

The spectral density estimate is obtained by
dividing the mean-square estimate by B.

s = 8707 (£, B, D) ®

The analog spectral density estimator depends
on the filter bandwidth, B, and measurement

duration, T. Figure 1 shows in block diagram
how the spectral density estimate is obtained.
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Figure 1. Block Diagram for Computation of Analog Spectral Density Estimate ':
‘.\
A
. @ @ @ ] @ ]
N O IS AS S IMERATA N ORI
. RSN . sf s’ R ’\;\fx' oo
~J‘.1'4’1‘4'\ ST CAS

e oty N AN

N AT

RN CSCR LN TR TN .\’\'u. .-.":\ \_\{-. R ..\"\.L\.'Ls‘ \‘A'_s‘ﬂh.‘kfa. ALK

el




R
A<". 'l.

.
',

L

)
['.‘l l)l .' .
. .

LA R S

k4L
l. l’ l' l' l' l”\
LA RN IR St

‘ay fy
L

1)
4

This estimate of the spectral density has
been ihown to be consistent in the statistical
sense (i.e., The estimate converges to the
underlying value as Te®.) and to hive normal-
ized mean-square error, €? = (BT)"". The
quantity € is an index of the magnitude of ran-
dom variation of the estimate from the under-
lying value. When € is small, the probability
distribution of the estimate is closely concen-
trated about the underlying spectral density
value. This estimate improves, in one sense,
as B and/or T are increased; however, it has
been shown that the bias error (systematic
error) in the estimate increases approximately

as Bz. This estimate provides the average spec-
tral density in the frequency band B, centered

at fc‘ Newland2 states that empirical studies

have shown that this estimator has a chi-square
distribution. Particularly,

ké(fcj S'l(fc) is chi-squarc with k degrees of
freedom, denoted)(i, where k = 2BT, and S(f )
is the underlying (unknown) spectral density at
frequency, fc. Here )(k is known as the sam-
pling distribution of the estimator. Note that
§(fc) should be thought of as a random variable

as long as we consider x(t) to be a random pro-
cess. When a particular realization of the
random process is used in the above equations,
then the numerical estimate of spectral density
can be thought of as a realization of the spec-
tral density estimate random variable.

Another method of spectral density estima-
tion is based on a definition of spectral
density. Spectral density can be written as

lim 2 2 4
= —~—
sp= 1 2 E[lX(f,T)] ] @)
i.e., spectral density is the limit of a func-
tion of the finite Fourier transform of the
random signal as the signal duration becomes
infinite. This equation is used in the follow-
ing way to form a spectral density estimate. A
digitized form of the signal is used,

X3 i =1, ...n, where 4t is the digitization

interval and T = nAt is the signal duration.
The periodogram of this signal is formed

C(£)= _%.‘x(fk,'r)lz’ k=0, ,% . (5)
where B
fk = kaf
f = ,]_‘_ = _1_
T nat

and X (fk, T) is the discrete finite Fourier

transform of x.. This periodogram is an un-
smoothed estimdte of spectral density; i.e., it
is an estimate which is not consistent in the
statistical sense. To smooth this estimate and
make it consistent, we can average disjoint
collections of adjacent periodogram estimates

in groups of j. We obtain

8¢ )= 57t > Clfy) .
£ €(E - 5B, £+ .5B) (e

where B = jaf = j'I’—1 is the frequency interval
of the smoothed estimate. Another way to
arrive at a spectral density estimatc which is
nearly the same as that in Equation 6 is as
follows. Divide the time signal into j equal
segments and form a periodogram from each
segment.

n

2
C (£)= ~1, 2
w07 T O E T T ) o
i M

3

k = kAfi m=1,

Af. = 1 =..l_
j 7T natjol
The subscript "m" refers to a particular segmemt
of signal. Each point on each periodogram is
an unsmoothed spectral density estimate. To
obtain a smoothed spectral density estimator,
we average the "j" periodograms.

q
8= 3 ) k=c-2-:l
m=1 ®)

Here again, S(f) should be thought of as a ran-
dom variable when x. is considered as a random
process; when particular values of x; are used,
the numerical value of S(f) is a redlization
of the spectral density estimate random
variable.

The two approaches shown here are nearly
equivalent (Ref. 1). In both cases, the
averaging causes the estimates to be consistent
in a statistical sense. This general technique
is known as the digital approach to spectral
density estimation. The normalized mean-square

error is 62 = (BT)_1 as it was in the analog
case, where B = jAf and j is the averaging con-
stant used above. It can be shown (Ref. 1)
that this estimate has a chi-square distribu-

tion; in particular, 2j§(f) S'l(f) istZJ

This is an exact parallel to the analog case
since 2j = 2BT = k.

The central limit theorem in probability
states that the distribution of a sum of a
large number '"n" of independent random variables
approaches the normal distribution as_n becomes
large. Since the distribution of ‘X; is the

distribution of the sum of the squarcs of n
independent normal random variables, this distri-
bution approaches the normal distribution as n
becomes large. In fact, the distribution of

)(i is practically indistinguishable from a nor-
mal distribution, with mean K= n and variance

02 = 2n, when n 230. From above, we know that
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the sampling distribution for the analog spec-
tral density estimator is.Xi, with k = 2BT.
(This is also true in the discrete case.) We

also know that 62 = (BT)'I. Therefore, k 2 30
implies € £,26. Thus, when the spectral
density estimate is formed in one of the above
described ways and the measured data and esti-
mate are such that €<.26, the probability
distribution of the quantity kS(f) S'l(f) is
normal with mean k and variance 2k. Since k

and S(f) are constants and since k = 26-2, the

sampling distribution of the spectral density
estimator, S(f), is normal with mean S(f) and

variance Ezsz(f). Recal]l that € is a normal-
ized measure of the possible error in an
estimate. In order to keep the error low, data
is collected and the frequency bands are chosen
so that € is usually lower than 0.15. There-
fore, the sampling distributions of our spectral
density estimates are usually normal. Figure

2 is a graph of €= (BT)'I/2 vs. B for various

values of T. This shows the value of BT re-
quired to keep € at or below an arbitrary
level.
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Figure 2. Normalized rms Error

As mentioned earlier gtfc) is a random
variable and S(f) is a constant; however, we do
not know S(f} and we can form an estimate
§(fc) which is a realization of the random

variable S(fc). Further, we have the preba-
bility distribution of k5(f) s'l(fc). In fact,
this describes the random behavior of 3(fc),

but in confidence analysis we turn this around.
We say that our knowledge of the probability

distribution of kg(fc) S'l(fc) can be uscd as a
measure of our confidence that the underlying

spectral density S(fc) is within some range of
the estimated spectral density s(fc). We

usually speak in terms of confidence intervals,
and when € < .26, we can write

(8 (£)s57Me ) <) =c (st ) 2 xaEee ) A=

\/27) ©)

where C(a<b) can be read as our confidence that
a is equal to or less than b, and ¢ (.) is

the cumulative probability distribution function
of a standardized normal random variable. If
we could refer to S(fc) as a random variable

(it is actually a constant by our initial
assumption) we would say that S-l(fc) has a nor-

mal distribution. We are interested in ex-
pressing our confidence that S(fc) exceeds §(fc)

by some number of multiples of the normalized
root mean-squarg error, € ; i.e., we want to
find C(S(fc) > s(fc) (1 + N¢)). Using Equation
9 we set kq-1 = 1 + Ne and note that k = 2€ "2
to obtain

¢(sie) 2 3¢ a - Ne)) “of- ) 0
+ N€

This equation is plotted for various values of €

in Figure 3. This relation can be altered to
show that

¢ sce) < 3¢50 v o)) = o) an

> s{f) (1+N€))

c{s(f)

Figure 3. Confidence Levels for Exceedance of
Sample Spectral Density of Normal

Random Process
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In all cases where € is reasonably small, the
confidence of Equation 10 approaches zero very
rapidly as N increases.

APPARENT SPECTRAL DENSITY OF GENERATED SIGNALS,
DISTRIBUTION OF SPECTRAL DENSITY ESTIMATOR NEAR
NATURAL FREQUENCY OF STRUCTURE

In the same sense that a spectral density
estimated from field data is random, the
apparent spectral density estimated from data
measured over the duration of a random vibra-
tion test is also random; specifically, the
estimated spectral density is the realization
of a random variable. In the case of a test,
however, we know the underlying spectral density
value. It is simply the specified test spec-
tral density value. If we denote this quantity
St(f) and if we denote the apparent spectral

density based on the realized test signal §t(f),
then we can say that §t(f) has a normal distri-

bution with mean St(f), and variance ezsi(f).

Here ez = B’]‘-1 where T is test duration and B

is the frequency interval at which spectral
density is estimated.

Since the apparent field and test spectral
densities are random, so are the apparent
spectral densities and variances of the
responses excited by the field and test environ-
ments. The response of a single-degree-of-
freedom (SDF) system, or a mode in a complex
system, depends on the spectral density of the
input in the frequency range near the natural
frequency of the system. Particularly, the
mean-square characteristics of the response of a
SDF system depend on the average input spectral
density in the frequency band ntfn which is

centered at f , where ¢ is the damping factor
and fn is the natural frequency of the SDF sys-

tem. (Note that 7TCfn is the frequency band-

width which, when multiplied by the peak height
of the spectral density curve for the response

of a SDF system, ylelds the correct mean-square
response value.) Because of this dependence of
the response-mean-square characteristics on the
input spectral density near £ in the band nffn,

we choose, in this study, to look at input spec-
tral density variation over the band of
frequencies B = ﬂ'fn. The normalized mean-

square error becomes 52 = (ﬂffnT)‘l. Thevefore,

the mean-square variability of apparent spectral
density in the frequency range of interest is an
inverse function of natural frequency, damping
factor, and test dJuration. The probability dis-
tribution of the average spectral density
estimate, §(fn), over the frequency band szfn

is still normally distributed; it has mean S(fn)
and variance Sz(f") (ﬂffnT)'l. T is the duration

of the field cnvironment. The apparent spectral

density of a test, §t(fn). is also normally
distributed with mean Sc(fn) and variance
Si(fn) Cn{fnffl. T is the test duration.

Figure 4 is a graph of ¢ = lﬁwc)'l/z vs. V
for various values of c¢. When we take Y to be
either f or ¢ or T, and we take ¢ to be the

product of the remaining two variables, Figure
4 shows how much normalized variation in appar-
ent spectral density can be expected as a
function of the variable represented by V, when
the product of the remaining two variables is
specified as ¢. For example, the normalized
rms error, € , varies with p = fn according to

the curved marked C=10 when {T=10. Thisshows
that the sample variability tends to increase
as fndecreases. The results prescnted here

assume ffnT>>l.

¢ is small, we actually require that fn1‘>>l.)

(Since we later assume that

.
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Figure 4. Normalized rms Error

CONSERVATISM OF STRUCTURAL RANDOM VIBRATION
TESTS

The structural response of a lightly damped
system can be expressed using a modal approach.
When this is done, and the system has modal
frequencies in the frequency range where the
input has power, the average input spectral
densities at the modal frequencies of the struc-
ture are the most important factors in deter-
mining the stationary response of the structure.
In connection with the modal representation of
structural response we can discuss the conserva-
tism of a random vibration test in two ways.
First, we can consider the conservatism involved
in setting spectral density envelope levels
based on estimated spectral density levels. In
this casc, we usc a confidence analysis approach
and corcentrate on the test envelope lecvels at

A
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the modal frequencies. Second, once we have
defined a test level, we can consider the con-
servatism of a test in light of the random
variability involved in running a test and the
random variability involved in the realization
of an cctual environment. Particularly, we can
compute the probability that a field environ-
ment excites a more severe response than a test

Consider all modes cf the response jointly.
If the bandwidths associated with the individual
modes do not overlap, then the average input
spectral density estimators in those bandwidths
are independent. In this case, the product of
the confidences that the underlying spectral
density levels do not exceed the test levels is
a measure of our confidence in the overall test.

% environment. Here we use information on the Call this product Cs; we have
g sampling probability distribution of the spec- 75 "
- : - - o
){_ tral density estimators. Cs i1 C(S(fi) < St(fi)) . (14) ol
}“; Let us define a system as follows. It is A geometric mean confidence that no individual .
‘:’ elastic, lightly damped, and has m modes of underlying spectral density exceeds its corre- e
O vibration in the frequency range of interest. sponding test spectral density level is defined IR
.- Its natural frequencies are f., i =1, ... m; as ——
its modal damping factors arelt.. i=1, ... m “.,
\J i c =cli/m RN
SN the elements of its diagonalstructural mass g s ° (15) };\ci.
- matrix are m;, i =1, ... m. It has normal R
N . The arithmetic average confidence for all modes RO
> modal vectors u, , i 1, ... m. Test conser- is nx]rs&'
- . . . . oy
ALY vatism at a given mode with regard to specifi- -1 - f:;:‘
S cation of the input can be measured in the Ca =m E C(S(fi) < St(fi)) . (16) [ Y
following ways. First, our confidence that the i=1 9
underlying spectral density is lower than the R
. : .I .
test spectral density atweach mode is The average overtest for all modes is ::5}'{
C(S(fi) < st(fi))=¢(1+_;_€_) ,i=1, ...m, 4 m '\.;:.r\.
iy (12) Q =m E Q) - a7 AN
WA
i=1 P ol
where =t S
' € = (nt.f T)-I/Z In the above formulas no particular impor- .
i T3ty tance is attached to any specific response mode. ISRy
However, the expression for response at a point :}‘\(:
N, = efl s, (£.) (g(f‘) )-1_1 on a structu?e, in terms of modal Tesponses, :‘;* o,
N i i ti i shows that different modes usually predominate e
- R . R : in contributing to the response at different RSN
:J: ze;: t:eddgzit;on 2f zh: e:xxronmental ?easure- points on the structure. The matrix of modal .\,\ff
A”" » an i} reters to the average ol a vectors quantitatively describes the participa-
A specific numerical estimate of spectral density tion of the various modes in the response at a h
- over the band of frequencies (fi(l- .57r{i), point. To reflect the degree of participation

in the point response by the modes, in-a normal-
ized sense, we define normalized participation
factors.

. with the above relations to help in choosing a u

fi 1+ .Sﬂg‘i)). This equation is based on

Equation 11. Figure 3 can be used in connection

” u: suitable value for St(f.). Another measure of Vi' = —irll——-
. test conservatism at eath mode is obtained as J
2 follows.
e 5 (18)
:;: Let the expected factor of conservatism at jel
N i—t-}—1 mode, Q(f.), denote the ratio of the test th th
G i . : X
. . where u.. is the i— row j— column element of
.. spectral density level, St(f.), to the average ij
. . : ' the modal matrix u which is formed by assem-
LS input spectral density level, § (fi)’ where the bling normal mode vectors. Thev, 'gare normal-
[ J average is taken over the frequency band ﬂ{'ifi. ized in the sense that Ejvij = 1.7 It has been
o This is approximated as follows: assumed that there are m measurement points on
e the structure where output may be observed.
.t . Q(f.) = S, (f.) (g(f.)) -1, i=1, ... m The weighted average confidence that no under-
. 1 th . (13) lying spectral density at any modal frequency
=$' surpasses a corresponding test spectral density
”ii This is an average factor of overtest at mode i at a point i on the structure is
[ ) in a mean-square sense. A root-mean-square
—— (rms) factor of overtest is obtained from KRN
'...'.: Ql/z(f ) m ;A—':.'.:-'
g i Coati) = z vijC(S(fj)gst(fj)) i=1,...m. __,:\.-_.‘.
o =1 (19) DTN
5 (e
& Y% A Y
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The weighted average factor of conservatism of
the test at point i on the structure is

51

m
AN .

~ Q) T2, ViR =L " 20)
:w' j=1

Ry

This is an approximate mean-square test factor

of conservatism where those moades contributing

most heavily to the response at point i are

given the greatest weight. An rms factor of
servatism i iy

conservatism is Qwa(l)

Once a test input spectral density has
been specified, a test can be run, and even
though any measure of the expected factor of
conservatism should be greater than unity, a
particular test response can always turn out to
be unconservative with respect to the field
input, in one sense or another, because of the
fact that both inputs are random. We are well
prepared to assess the probability that a par-
ticular test is unconservative, in a mean
square sense, since we know the sampling distri-
bution for apparent spectral density and further,
since it is normal. Denote the vector of
structural responses at the m points on the
structure by {y} and let {77} be the m component
vector of modal responses. The modal matrix
relates these two vectors as follows

{vh=[ulin} @b

The j-t-—11 element of {y} can be expressed

yj= E ujini j=1, ... m (22)
i
Based on this expression the autocorrelation
function of the response yj is found to be

B, @ - By, () 5, 0 v}
= .u R 3 3=l ..
ZZ RESTL AN @3)
ik

where R (r) is the crosscorrelation between

AN
the modal responses ni(t) and ﬂk (t +T). When
the structural response modes are widely sepa-

rated, the modal responses have little cross-
correlation and we can write approximately

= :E : 2 s :
Ryj () = u jiRﬂ T j=1, ...m
i i (24)

el

S

o where R,7 (T) is the autocorrclation of the
i

modal responsc, ni(t). Fourier transforming

this cxpression yields an approximate relation
between the spectral densities of the modal re-

sponses and the structural response, yj.

~ 2 P
S (£) 2 u,.S £ 1=1, ...m
i Z 3y (25)

But the spectral density of each modal response
is that of an SDF system, .f modes are widely
separated, and the approximate mean-square re-
sponse in each mode is easily computed.2 (The
mean structural response is assumed zero.) The
mean-square response of the structure at point
j is the integral of the spectral density at
point j over all frequencies and, in modal terms
can be written approximately

0.2. - u%‘"f.GS(f) j=1, ...m
; it (26)

where Yj is the acceleration response at point

. = [z i
j on the structure, and ai [k uikmk] is a

quantity obtained in the modal analysis of a
base excited structure which indicates how
strongly mode i is excited by the base input.
Using this formula, the apparent, or estimated,
mean-square response at point j on the structure
excited by the field and test inputs, respec-
tively, can be written

S TS
o QWi 3 i=1,.m
yj 'f Jl 2 i ’ (27)

and
. nf.o.S (£.) j=1,..m
0; c " E ul, _12_]?3_# ’ (28)
j 7 i
where the subscript f refers to ''field" and t
refers to ''test,'" and T is the duration of the

field or test input. CThe;e are assgyed equal
in this analysis.) Since S(fi) and St(fi) are

normally distributed random variables,
0; and o;
i* it
random variables. An undertest occurs at point
j on the structure, in one sense, if the field-
mean-square structural response Oy : is
J»

greater thag the test-mean-square structural
respounse, oy Since these are normal random
s

are normally distributeu

t.

variables a linear combination of them is a

normal random variable. Let A. = a% c%

j .t -Y§y. £,
), iy

The random variable Aj has mean ”Ai and variance

ai The chance of an undertest is

-”A
P(A;SO) =@ j j=1, ...m  (29)

%,
j




where @ (.) is the cumulative probability dis-
tribution function of a standardized normal
random variable and

2 wfo
l‘nja E“ ji—t 2t (St(fi)-é‘(fi)), 3=1,...m
i 24,

and 4 2
Tru..f.o
2 . Z—J‘;—i—(sz(f e N . 6o
= ti i
b T 4 Ci'r

(Recall that §(fi) is normally distributed with
mean S(fi) and variance ezsz(fi), and §£(fi)
is normally distributed with mean st(fi) and
variance GZSt(fi), where 62 = (n{lfiT)'l.)

These equations are approximate since it has
been assumed that S(fi) can be represented by
§(£i) in the frequency band (f; (1 - .517&1),

fi(l + .Sntg). We assume that St(fi) will

always be chosen greater than §(fi), i.e., ”A
is greater than zero. j

We can draw several conclusions regarding
the chance of an undertest from Equations 29
and 30. When ﬂA /OA is large, the chance of
3]
an undertest is small, and as ”A /OA decreases,
;T

the chance of an undertest increases. There-
fore, those variations in Ci’ fi’ and T which

tend to cause the ratio Hy /OA to increase will

) J
cause the probability of conservatism of a test
to increase. Let the ratio MA /QA be denoted

] J

R. We can examine the variation of R with
respect to its individual parameters, T, :i’

and f., by taking the partial derivative of R
with respect to these parameters. When this
derivative is positive, R increases with respect
to the parameter, thus increasing the probabil-
ity of conservatism of a test. The di's are

always taken as constants. For the purpose of
analyzing the variation of R with respect to T,
note that My does not vary with T, and g\
1/2 J

varies as T~ Therefore, we can write

R = c1V/? (1)

where C is taken to be a positive constant.
The derivative of R with respect to T is

‘%R =% crr /2 32)

This is positive for all positive T, indicating
that the probability of test conservatism, in a
mean-square sense, increases with increasing T.

Jak Lk B

Next let us analyze the vari,

ﬂtion of R
with respect to damping in the k%

mode, :k'

Note that the component terms of U, vary as
-1 . -3
¢, and the terms of af\ vary as{;. We can

write J

Z a;/4;
1

/2
o, 3]1
[J JltJ (33)
where all terms in g, amd g, which do not
j j
depend on the damping terms are accounted for

in the positive constants a, and bj' To deter-
th

R =

mine the variation of R with respect to the k
mode damping term, we differentiate R with
respect to {k.

3 R= & ‘:12( 5 Pk [f ailti] )
14 ~172 273~ /2
" B: bj/%é] 2 [)33 bj/c;?]sm)

The change in R is positive when { is increased

k
if the following inequality is satisfied
2
z
a0 Tl (35)
37, © 3
k > b. /¢
j J )

This was obtained by setting the right side of
Equation 34 greater than zero. This can be re-
written

-1
m~ ¥ a./t.
i'ei
2 %/l i
3 3
bk/gk m

. (36)

-1 K
E vyt

Ignoring the two-thirds factor on the left side,
we see that the numerator of the left side is

the kth term of My and the denominator is the

J
kth term of oi The numerator of the right
side is the average or mean of the individual

component terms which constituteﬁk and the
)

denominator is the mean of the terms which con-

stitute 02

A In practice, only direct

i’ :i: i=1,
...m, will tell us whether Inequality 36 holds
and 6R/6<:k > 0. When it does not, then

computations with the terms a;, b
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6RAB€k < 0. In fact, we could construct an

example in which the inequality does not hold
at m-1 modes., However, because of the two-
thirds factor, the inequality will tend to hold
most of the time if the factors are not chosen
to specifically prevent this. This assumes
that the terms ak/:k and bk/Ci are approximately

as likely to be above their means as below.
When the distributions of the components aiA;

and hﬁ/&? tighten about their means, the

Inequality 36 will tend to hold more often be-
cause any given term in the sum, for example,
ak/Ck, will tend to be close to the mean,

m-1 { ai/{‘i. A strong positive correlation

3
- ,- H
between the factors ai/gi and bj/’j will also

tend to make Inequality 36 hold more often
because a positive correlation will tend to
diminish the random variation of the left side
of Inequality 36. It is clear that when there
is only one mode, the Inequality 36 is always
correct because of the two-thirds factor. The
result of this part of the analysis shows that
R, and the probability of test conservatism,
tend to increase with increases in modal
damping. In other words, the probability of
mean-square test conservatism tends to increase
with modal damping.

- The analysis of the variation of R with
RS respect to f, closely follows that given above.
- Initially, let us assume that St(fi) and s(f,)
j* are approximately constants in the neighborhood
N of f£.. Then we can write
~ i
zaifi
R = i 37)
r b.£]Y?
; J ]
)
where the a, and b. account for ail the factors
in Equation” 30 besides the modal frequencies.
Thﬁ change in R with respect to a change in the
k*? modal frequency is determined by taking the
partial derivative of R with respect to fk'
‘za.f
a b D
L k k i .
G e Y - -,‘ _— <79
o g t. 1 reb.f P Gs)
: ) ) J )
J i
This is greater than cero when
a Ja.t
Z—E 5 “iii}' 139
bk 2 voJ
J
This inequality can bc rewritten
il Lokl B
P,
SRS
sf,\fsf.s;s’ﬂ."
PR Y

-1 .
. m- Fra.f.
dkfk R
by fy

(40)

2 >

nlE . £,
%50

When this inequality holds, OR/@f, > 0. When
it does not, GR/Bfk < @. Disregdrding the

factor of two on the left side, the numerator

of the left side is the kth component of ”A v
)
s
and the denominator is the kth component of ., .
ai The numerator of the right side is the Zﬁ}:::
. D,
ERSLIA
average of all the components of Ha ., and the ol

denominator is the average of all tﬂecomponents

of g, Only specific values of a,, b, and f,

j i’ 71 i
can be used to determine whether or not the
inequality holds. And, as before, an example
can be constructed in which Inequality 40 does
not hold at all modes but one. However, be-
cause of the factor of two, the inequality
should tend to hold most of the time if the
factors are not chosen to specifically prevent
this. When the factors aifi and bjf. are

closely concentrated about their means and when
they are positively correlated with one another,
the Inequality 40 will tend to hold a greater
percentage of the time. When there is only one
mode, the inequality is always true. This

part of the analysis shows that R and the
probability of test conservatism usually tend to
increase with modal frequency when Sr(fi) and

?(fi) dre constant near fi' This assumption of
constancy is usually quite accurate in the case
St(fi) since it is often specified to be a
constant, or at most, varies gradually (compared
to s(fi)) in the neighborhood of fi. However,
E(fi) may vary rapidly in the neighborhood of
fi' In particular, since the structure or
component which we are testing has a mode at fi,

motion of the structure or component in the field
may influence the shape of the input or attach-
ment point spectral density. We would usually
expect to find a trough in s(f,) when this
occurs, Therefore, let us condider the case
where §'(f1) =0, E'Wfﬁ # 0. Now we express

R as

saf. (C, -S(f)
R S (€ i ) . (41)
= 72

[f%%(%+g%%n]

Iahing the partial derivative of R with respect
to fk results in



{1

“

s
A.
.

S0

OR _

ot
k a2
[]g: byE, (c,* 8 (fj))]

1/2

b I af, (c, - &¢£,) -
—:‘ 2: : (C ; gé(f ))]3/2(C2+ s (fk)) .
[j 355120 = 0

(42)

where advantage has been taken of the fact that
S'(fi) = 0. But this expression is the same as

Equation 38 if we identify a in Equation 38
with A (Ll - s(fk)) trom»ibove, and bk in
Equation 38 with bk(Cz + s‘(fk)) from above.

Therefore, the conclusions drawn above apply
also to the case where st(fi) is a constant and

§'(fl) =0, §"(t‘.1) # 0. That is, R and the

probability of a conservative test increase as
the modal frequencies of the structure we are
testing increase.

It should be emphasized here that Equation
29 provides only an approximation of the prob-
ability of an undertest since the estimated
spectral density s(f.) is used in place of the
underlying field speétral density S(fi)' When

s(ti) . s(fi), then S:(fi) - iéfi) > Stgfi) -
S(fil and SE(fi) + 5 (fi) < St(fi) +
Sz(fi). As seen from Equation 30, this condi-

tion makes our estimate of ;IA / o, greater
j i

than it should be. This is what we would expect,
since when we estimate a value of S(fi) in the

field which is "lower than average," and then
specify a test spectral density at that frequen-
cy, the test appears to be more conservative
than it really is. We cannot avoid this since
the only information availablc is the cstimated
spectral density values, A corresponding set of
comments apply when S(f.) » $(f.). One factor
which tends to make Equation 297a good approxi-
mation is that voughly half the spectral density
estimates wiil be low and half will be high, on
the average, since the probability distribution
of apparent spectral density is normal. In fact,
the number of estimates lower than average is
random and is gouverned by a binomial probability
distribution. Roughly speuking, the cffects on
' and g, of thosc estimates, §(fi)’ which are
i i

hich will tend to cancel the etfects of those
cstimates, S$(f.), which arc low; this can be
scen from Fquu%ion 0.

NUMERTCAL EXAMPLE

The Global Positioning System (GP'S) will be

lifted into earth orbit on an Atlas '"F'" booster
rocket. The system will be subjected to shock,
quasi-static acceleration and random vibration.
We assume, conservatively, that the random vi-
bration will have a duration of three minutes.
The random vibration is induced by acoustic
noise, and the noise spectrum has been measured
on previous flights. The input noise spectrum
is smooth. To determine random vibration
qualification levels, a mass mockup of the GPS
was subjected to the acoustic noise in a labora-
tory test, and attachment point accelerations
were measured on components. Attachment point
spectral densities were estimated, and these
were enveloped and specified as random vibration
qualification levels. One particular component,
the GPS Y Sensor, will be analyzed in this
example. The attachment point acceleration
spectral density of the GPS Y Sensor is shown in
Figure 5. It reflects mean-square contributions
to the input motion over a broad band of fre-
quencies. This spectral density was estimated
at frequency intervals of 6.4 Hz with a BT con-
stant of 180. Therefore, the measurement
duration was approximately 28 seconds. The

/2

normalized root-mean-square error is (180)-1 =
.0745. The rapid variation in the spectral
density estimate and changes in the estimate by
factors greater than two, in light of the smooth
ness of the acoustic input, lead to the con-
clusion that most of the peaks reflect

vibration modes of the overall GPS system rather
than random error. The heavy black line shown
in Figure 5 is the envelope of the attachment
point spectral density which was initially sug-
gested as a test input qualification level
spectral density. The conservatism of this test
level with respect to the estimated spectral
density level is estimated below.

T
1

2

Spectral Density, g /hz

AWANANTRL R R A

i 1
20 100

freaquency, Hz

1000 2000

Figure 5. Field, Test, and Alternate
Test Spectral Demsities.
Frequency Bands of First Five
Modes are Shown
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A sketch of the Y sensor is shown at the
bottom of Table I. It consists of a sunshade
which is attached to a lens housing via a
flexible fiberglass sunshade spacer. The lens
housing is attached to the electronics package
at two points with stiff elements. An experi-
mental modal analysis was performed on the Y
sensor. Table I summarizes the results of the
modal analysis. Modal frequencies, dampings,
and shapes are included. The effective band-
widths of the first five modes are shown as
shaded bars in Figure 5.

TABLE I

the formula following Equation 12 and are given
in Table II. Finally, the confidences that the
underlying spectral density values at the modes
are listed in Table II. The product of the
modal confidences was taken, and it is approxi-
mately

15

C5 =1-2.29 x 10° .

Its geometric mean is

c =c5-1- 46x107 .
g s

Global Positioning System Y Sensor Modal Characteristics

Mode Number

Frequency (Hz)

Damping Factor (%)

1 37.8 4.67
2 505.0 1.81
3 1040.5 3.24
4 1247.7 3.55
5 1534.2 7.39
6 2195.2 4.76
Mode Shapes (Not Normalized)
Mode Number 1 2 3 4 5 6
u 1 7.88 1.49 2.98 9.72 0.22 0.19
%: 2 0.51 1.79 6.69 6.58 0.36 0.30
$93 3 1.41 9.62 11.06 5.74 1.14 4.22
g3 4 5.13 17.15 1.16 2.01 0.31 0.85
%g § 5 19.11 8.01 0.55 1.30 0.09 0.48
852 6 19.06 21.60 5.88 2.64 0.15 0.63

Accelerometer Locations on GPS Y Sensor

1

L]

4

The measurcs of test conservation defined
in Equations 12 through 20 were computed for
the system under consideration for the test
specified in Figure 5. Table II lists modal
frequency bands, the average cstimated spectral
density levels, and the test spectral density
levels at each mode. The normalized root-mean-
square errors, € , arc computed using the for-
mula following Equation 12 at each moda)
frequency, and these are listed in Table II.
Next, the approximate cxpected fuctors of
conservatism, Q(f;), arc computed at each mode
from Equation 13, and the rms values are also
computed. These are listed in Table 1L, The
values of N at each mode are calculated from

67

The arithmetic average confidence for all modes
is .15
Ca =1 - .46 x 10

The average factor of conservatism for all modes
is

Qa = 3.45

A measure of rms factor of conservatism is the
square root of this

/2 _
Qa = 1.86
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@ Table II lists the normalized participation fac- These results show that, according to this cri-
A tors at three points on the structure. Specific terion, the structure is most greatly overtested
“tj structure locations are shown in the figure at at point 2 on the structure; the reason for this
L the bottom of Table I. The weighted average is that the response at point 2 is dominated by
o, modal confidences at structural locations 2, 5, the modes at whose frequency the test conserva-
}f and 6 were computed using Equation 19 and are tism is greatest. All our measures of
VA confidence that the underlying spectral density
LS C =1 - .07 x 10-15 is lower than the test spectral density are
% wa (2) * ’ practically unity. This implies that expected
A -1 factors of conservatism on the order of 3.0,
- Cwa(S) =1 -1.51 x 10 . which are associated with normalized rms errors
:;. on the order of .02, result in practical cer-
:\; -15 tainty of conservative tests.
o Cwa(s) =] - .88 x 10 .
e In order to see how test conservatism varies
' numerically with test level, consider the
The weighted average factors of conservatism of specified test spectral density given by the
N the test at the same three points on the struc- dashed line in Figure 5. The measures of con-
=S ture were also computed and are given below. servatism of this test were computed and are
- summarized in Table III and below. In Table III
— Qwa(Z) = 4.24 the average estimated spectral density levels
. are repeated, and the test spectral density
. = 2.90 levels at the modal frequencies are given. The
Qwa(S) * normalized rms errors are repeated, and the
N average factors of conservatism and rms factors
Qwa(6) - = 3,21 of conservatism are given. The modal valuecs of
oy N; were computed and are listed in Table III
>
Lt
~ TABLE I1
- Mode Number 1 2 3 4 5
. (Mode number six deleted since input not characterized at that frequency)
" Modal frequency
'-:. bands (Hz) 5.55 28.65 105.84 139.22 357.29
: Average Estimated 2
X. Spectral Density (g /Hz) .013 .065 .040 .050 .080
o,

Test Spectral
Density (g°/Hz) .035 .200 .200 .200 .200

e il o

Normalized rms

R error €= (nf,£,1)}/* .080 .035 .018 016 .010
A% Average factor of
;: conservatism Q(fi) 2.69 3.08 5.00 4.00 2.50
§ Ql/z(fi) 1.64 1.74 2.24 2.0 1.58
¥
-1 St(fi)
, N = = -1 21.1 59.4 222.2 187.5 150.0
. s(f.) “
e 1 -
-15 .
N * (——N—) 1-229x10°7 4 5075108 1 1 1 \
v 1 + Ne o
u2j .032 112 .420 413 023 =3
u, . .658 .276 .019 . 045 .003 E‘Tq—q1
e 5 e
., U(,j . 386 .438 .119 054 .003 J':::‘:'-J
. *Numbers closer than t - 1 x 10°9° to unity are given as 1. Cg*f*f'f
4 ' t N
- . .
" 68 ».\';{_i\'..‘.j
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From these, the modal confidence levels were

found. The product of modal confidences is
approximately
C.o=1-4.05x10 % .

S

The geometric and arithmetic means are approxi-
mately equal and are

C =C =1-.81x107° .
g a
The average factor of conservatism for all modes
is

= -

Qa 1.67 .
The rms of the average factor of conservatism
is
172 _
Qa =1.29 .
Using the normalized participation factors of
Table [f, we find the weighted average confi-
dences at structural locations 2, 5, and 6.

_ -5
Cha(zy = 1 - 13 x10

C =1 -2.68 x 1077
wa (5) :

C =1-1.57x107°
wa (6) e

The weighted average factors of conservatism
are formed as before.

Qagzy = 1-76
Qas) = 1-51
Qa(6) = 1.54

Again, the high measures of confidence and
weighted average factor of conservatism show
that structure point 2 is most greatly over-
tested, though the factor is not as great as
before. The facts that the weighted average
confidence levels arc so near unity and the
dashed line spectral density in Figure 5 is
such a "close" envelope of the field data imply
that it would be very difficult to reasonably
specify a test which does not result in very
nearly unit confidence in test conservatism.
The reason for this is that in specifying a
test the analyst must allow for slight shifts
in modal frequency, nonlinear variation of
damping with response level, and the presence
of very lightly damped narrow bandwidth modes;
and, thercfore, he cannot reasonably specify a
test which is a smoothed average of the field
spectral denvity,

Pt "b SRR « -1',.'1
AR AN G L e

69

The test conservatism criterion of Equation
29 was not applied in this problem since the
mode shapes provided by the modal test are not

normal modes. Moreover, the test considered here
has a duration 6.4 times as long as the measure-
ment duration. Therefore, rms variability in

. L -1/2
running the test is (0.4) 1/
measurement rms variability.

= 0.40 times the

Test inputs for the y sensor in other
dircctions are available, but they are not as
severe as that shown in Figure 4; therefore, they
were omitted from this analysis. The realism of
using a base¢ input to qualify a component which
is part of a structure which is acoustically
excited was not examined. 7o the extent that
the component motion is forced by base input,
the test is realistic. Input which the component
receives other than through the base will tend to
augment or diminish the base cxcited response.
The response of flexible structural components
will tend to have lower high frequency response
components when excited by base input.

The results of this numerical example show
that the GPS y sensor is conservatively tested
when it is subjected to a random vibration test
with spectral density given by the solid line
cnvelope of Figure 5.

CONCLUSION AND SUMMARY

[n this study we show that the probability
distributions of threec common spectral density
estimators are usually normal. We used this
fact to simplify calculations on several esti-
mators of the conservatism of randem vibration
tests.

We measured random vibration test conserva-
tism in several ways for lightly damped
structural systems. Both confidence that field
spectral density levels are lower than test
spectral density levels and expected factor of
conservatism were estimated at the individual
structural modes. We averaged these modal con-
fidences and factors of conservatism and also
computed weighted averages to reflect varying
degreces of modal participation at various
structural locations. Through a typical numeri-
cal example we found that the normalized rms
error of a spectral density estimate should
usually be quite small over the frequency band-
width of a structural mode. Therefore, any
measure of confidence in a particutar test
should usually be quite near unity for any
specified test spectral “'ensity which is an
cnvelope of the estimatea field spectral density,
cven when the envelope is a ¢lose one. For a
given structure and test, thosc influences

-1/2

wiich tend to cause € = UT{ifLr) to be large

tend to dimish our contidence in the conserva-
tism of a test; i.c., lightly damped, low
frequency modes, and short duration tests tend
to be associated with dimished confidence in
test conservatism.
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@ TABLE I11
Lo
. Mode Number 1 2 3 4 5
‘:. Average Estimated
- Speetral Density (g°/Hz) .013 .065 .040 .050 05U
oo
i Test Spectral
% Density (g2/Hz) .019 .100 .060 .105 130
:<':' Normalized rms 172
- error = ifi'l‘) .080 .035 .018 .016 010
LR
T Average factor of
'.f_: conservatism, Q(fi) 1.46 .154 1.50 2.1 1.75
= 1/2,, . n .
Q) 1.2 1.24 1.22 1.45 1.32
.r.:':‘ £
N _ S (f.)
v N e A 5.75 15.43 27.78 68.75 75.000
o s(f.)
,0 i
<0 -5 24
L o(-N ) 1-4.07x10 1-6.29 x 10 1 1 1
A 1 + Ne€
~
CALs
I
'_'-s.‘_ We also approximated the probability of REFERENCES
Fr test failure based on a criterion of mean
.-:.' square structural response as a function of 1. J. S. Bendat and S. G. Piersol, Random Data:
o structural modal parameters, apparent field Analysis and Measurement Procedure, Wiley
spectral density and specified test spectral Interscience, New York.
R - density. Though no numerical example was
_‘\-}" worked, we expect that for typical tests the 2. D. E. Newland, An Introduction to Random
> _ probabilities of test failure estimated using Vibration and Spectral Analysis, Langman,
\-_ Cquations 29 and 30 should be very small, London and New York, 197S.
, particularly for systems containing several
Y high frequency modes. The probability of
v failure of a test at a single mode can be
A higher, particularly when a lightly damped, low
N frequency mode tested over a short time dura-
IS tion is considered. This agrees with the
R previous results.
oCRy The various measures of test conserva-
T tism given in this study require different
amounts of structural information. When modal
) frequencies and bandwidths are known, we can
_~.:_ use Equations 12 through 17 to specify test
f.‘-}' spectral density levels such that the test
o) confidence and mean-square factor of overtest
v arc acceptable. If, in addition, we know the
.-:.- structural mode shapes, Equations 18 through
< 20, can be used to find our weighted average
.’"' confidence in a test and weighted average fac-
Sl tor of conservatism of a test at a point on
o the structure. Finally, if all modal informa-
= tion is known, then the probability of test
e conservatism in a mean-square structural
s response sensc can be computed.
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. INCANDESCENT LAMP LIFE N
{s UNDER RANDOM VIBRATION
\ﬁ
-)"
- Clark J. Beck, Jr.
-{} Boeing Aerospace Company
= Seattle, Washington
{
- Y
N Several sets of incandescent lamps were subjected to random % jsf;
. vibration in order to generate a curve of lamp life versus A
. vibratjon level. The vibration levels were varied from R
0.02 G2/Hz to 1.6 G2/Hz. Each set of lamps was vibrated until PO O
~ all lamps failed or for a maximum time of 2-1/2 hours. The "
A tests were conducted with lamps energized and not energized. .~
T The test results show that average operational 1ife of a lamp N
~ under random vibration differs significantly from lamp rated :¢ Jﬁé
::.. life. \-:‘: \::
~ NG
_-.’, “. .'-.*—.
¥ INTRODUCTION ;
1 @
-~ Subminiature incandescent lamps are Information relative to subminiature : A
A used extensively in aircraft avionics. lamp characteristics, vibration design 5%\$3
1? The lamps illuminate function switches guides and test methods are presented nf ‘

and provide digital readouts for the
crew. High reliability and long life
are important lamp characteristics
since lamp failures impair the crews
ability to operate and receive informa-

to provide the reader with background to
better understand the test results.
Conclusions relative to lamp life under
random vibration and the design of
avionics to enhance lamp life are pre-

IR tion from the avionics. Vibration is sented. WLy
N known to shorten lamp life. Therefore, RO
jﬁ' the vibration environment is an impor- AN
oy tant consideration when designing LAMP DESCRIPTION 3{¢*h\
N avionics which contain incandescent d&¢\f\
:: lamps. However, quantitative data on The lamp assemblies used during the Sl
lamp life under vibration is limited. vibration tests are described in gy gug
2 What data exists is usually based on Figure 1. Note that the lamp assembly ncyinzns
o sinusoidal vibration. Lamp life under contains two single filament bulbs. AT AT
N random vibration is needed for design The lamp assemblies had been qualified RN SAN
e evaluation since random vibration is to the MIL-STD-202 vibration and shock St
o characteristic of jet aircraft. This tests described in Table 1. NI
" paper presents an evaluation of lamp *:::c{
o life under random vibration. Pt
~: AVIONICS PANEL TEST @
.' The paper was written as the result SN
SRS of lTamp failures observed during random The avionics panel shown in Q}‘c:¢
- vibration testing on an avionics con- Figure 2 was subjected to the vibration "{%f\
. trol panel designed for use on the B-1 test described in Table 2. The square Bvva
:: aircraft. Extensive testing was accom- pushbuttons on the panel face contain pv\;\f
- plished following the failures to 29 of the twin filament lamps described e
- define the failure mode, develop a in Figure 1. The lamps illuminate the NN
." design modification and determine lamp pushbutton legends. The lamps were o
' life as a function of random vibration iltuminated during the vibration test. ey
{: level. A description of the test The test progressed through the ¥ axis S
o3 procedures and test results are sine test, and Y axis sine test without TR
jn discussed in the following paragraphs. any lamp failures. During the Y axis :zbr;{
. T
% N
b .‘:\i\




0.094" DIA

FILAMENTS
0.62"

INDIVIDUAL LAMP LAMP ASSEMBLY
MS90452-7133 * VOLTS 5.0
VOLTS 5.0 AMPS 0.16
AMPS 0.075 MSCP 0.18
MSCp** 0.09 “ AVERAGE LIFE 16,000 HRS

. 0.25

MINIMUM LIFE 4000 HRS DIA BURN - IN 24 HRS

BURN-IN 16 HRS

* MILITARY STANDARD, INCANDESCENT LAMP, T% BULB
** MEAN SPHERICAL CANDLEPOWER

Fig. 1 - Lamp Description
Z SIZE: 4 IN. HIGH

23 IN. WIDE
v 10 IN. DEEP

WEIGHT: 20L8BS

47
.l'l
£l
?’

y 5

P
»
a

y's
%

v _a
o

PANEL FACE

ILLUMINATED
PUSHBUTTONS

Fig. 2 - Avionics Panel
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o TABLE 1 TABLE 2
i~: Lamp Qualification Tests Avionics Panel Test
MIL - STD - 202 VIBRATION SINE VIBRATION
10 TO 55 HZ @ 0.06 IN DOUBLE AMPLITUDE 570 10 HZ @ 0.2 IN DOUBLE AMPLITUDE
L“ MTO100HZ@+-1G
- SINE SWEEP @ 5 OCTAVES/MINUTE SINE SWEEP @ 1 OCTAVE/MINUTE
DA 3 AXES 3 AXES
w0 2 HOURS/AXIS 90 MINUTES/AXIS
b~
" MIL - STD - 202 SHOCK RANDOM VIBRATION
100 G TERMINAL PEAK SAWTOOTH 20 TO 300 HZ @ + 3 DB/OCTAVE
o 6 MILLISECONDS 300 TO 1000 HZ @ 0.02 G2/HZ
';::: 3 AXES. 1000 TO 2000 HZ @ -6 DB/OCTAVE
e HOCKS/AXIS 3 AXES
o 8 SHOCKS/AX 30 MINUTES/AXIS
A\
u\"
A .“.".
s
;&
*:t random vibration test 6 of the 29 lamp test results are tabulated in Table 3.
ﬂ$\ assemblies failed*, 2 additional fila- Resonant frequencies with hot filaments
: ments failed and temporary loss of were difficult to detect because of
. ilTumination was observed at 4 loca- small response amplitudes.
. tions. Figure 3 indicates the loca-
- tions of the failures and anomalies and Random vibration tests were con-
o the time at which they occurred. The ducted on ten lamp assemblies to deter-
. failed lamps were replaced and testing mine the damage potential associated
. was completed in the Z axis without any with random vibration level and fila-
. Tamp failures. As a result of the lamp ment condition (hot and cold). Vibra-
failures a series of tests were con- tion was applied_in two axes af maximum
A ducted to investigate the cause of the Tevels of 0.02 glez and 0.2 g¢/Hz.
e failure and to establish a design The random vibration spectra shape is
Y modification to preclude the failures. described in Table 2. Testing was A
R conducted for 30 minutes in each axis. -
Iy For the first hour of testing the lamps AR
\{f PRELIMINARY LAMP TESTS were on (hot filaments). The last hour ™
- of testing was conducted with cold fila- iy
Following the avionics panel test, ments (lamps off). The test results .
2 sine and random vibration tests were are shown in Table 4. O
- conducted to determine the resonant 'r:
o frequencies of the lamp filaments and The lamp test results indicate that }5;
~ to obtain an evaluation of lamp life filament resonances occur over a broad o
SN under random vibration. The sine tests frequency range (300 to 1600 Hz) and e
> were run on 3 lamp assemblies to deter- that lamp failures can be expected at h}\'
o mine the filament resonant frequencies. vibrat;on levels somswhere between a2
° Resonant frequencies were noted visu- 0.02 g¢/Hz and 0.2 g¢/Hz. These find- )
Dot ally during a sinusoidal sweep from ings prompted the establishment of 5
W 5 to 2000 Hz. The applied vibration additional testing on the avionics
AN input varied from 2g to 10g as required panel to determine panel resonant fre-
- to observe resonant response. Vibra- quencies and panel vibration levels.
. tion was applied along 3 axes. Tests
e a” were conducted with cold lamp fila- An interesting phenomena observed
- ments and with hot filaments. The during testing was that of reheal. A
.”' lamp would increase in brightness, go
out and then come back on. This phe-
S *Lamp assembly failure or filament nomena is the result of adjacent coils
et failure is defined as inability of of the filament shorting, breaking and
-:- the lamp or filament to illuminate. then "rehooking" or "rehealing" during




o
J TABLE 3
,\ Filament Resonances
o X
g MS 90452-7133 LAMP
- Y
(+ ; RESPONSE/INPUT > 26 (COLD)
. RESPONSE/INPUT ~ § (HOT)
<,
o MEAN RESONANT FREQUENCY = 880HZ (COLD)
o RESONANT FREQUENCY ~ Hz
- LAMP ASSY |FILAMENT
X AXIS Y AXIS Z AXIS
~ ; 1 910, 1605 545,910, 1600 | 300, 900, 1600
Ny 2 950, 1605 540, 950, 1600 | 315, 910, 1600
~ ) 1 {a| 640, 1040 650, 1075 640, 1075
N 2 |3 860 . 860, 1450
o 3 1 - 745, 1325 745
Py 2 - 640, 1200 640
N 1 . - 800
- 1
2 - . 875, 1535
‘:-. = . .
R 115 660
.. 2 | T - - 840
v 3 1 - - 680, 1200
- 2 . 998 540
L, -,
TABLE 4
“::', Filament Failures - Random Vibration
L ’ MS 90452-7133 LAMP o
@ @ Y 10 LAMP ASSEMBLIES: ‘ ',-.-:;-‘,
- N (20 FILAMENTS) :
TEST SEQUENCE /CONDITIONS FILAMENT
- LEVEL TIME FAILURES
- AXIE 1 (a2ma) miny | FILAMENT
s v 0.02 30 HOT NONE
.~' 2 30 HOT NONE
. \ 30 coLo NONE
X 2 J 30 coLo NONE
- Y 0.2 30 HOT NONE
o 2 30 HOT 2
Y 30 coLD o
- 2 30 COLD
“ YOTALS | 4HRS 10 FAILURES
Y,
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(S F, 30 L 16 F, 30 L 7 T, 17
. AN \
3 55 dgb  bdng  oF
oB0o OoMd
poo_ pOog @
T, 17 L 17 L L 17 \_L, 17 \ T.17
z

'-:i-i? - -

g
2

- L - LAMP ASSY FAILED (2 FILAMENTS) MINUTES AFTER START OF e
L F - LAMP FAILED (1 FILAMENT) ¥ AXIS RANDOM VIBRATION 9.
o T - TEMPORARY LOSS OF ILLUMINATION KRR
jb Fig. 3 - Avionics Panel Lamp Failures NSRS
‘Q-t_ .::\}:\,
i KA

"

v vibratory motion. Reference [1] also was used to develop a panel face modifi-

O describes this phenomena occurring on 31 cation, The modification which was

X out of 46 test lamps. developed consisted of reducing the
- panel thickness, eliminating panel
X8 stiffeners near the switches, modifying
O AVIONICS PANEL EXPLORATORY TESTS switch cutouts in the panel and lower-

- ing the torque requirements for the

A series of exploratory vibration switeh wounting screws. The modifica-
& tests were conducted on the avionics tions resulted in reduced panel resonant
;ﬂ. panel to determine panel resonant fre- frequencies and Q values as shown on
o quencies and the vibration levels near Figure 6.
SR the lamp assemblies. The first test

=i used the avionics panel as a test speci-

" men. The test specimen was instru-

e mented as shown in Figure 4. The panel

) was subjected to random vibration in 3
-l axes at the levels descrived in Table 2.

Sy The vibration response of the push-
o button switches was recorded during the
b test and analyzed to produce accelera-

. - tion power spectral density curves.
et The frequency and magnitude of the three
- highest peaks from each curve were noted.

® The response magnitude was divided by

g the magnitude of the vibration input to

the avionics panel at the frequency of

the response peak. The square root of

this ratio provided an estimate of the

panel resonance quality factor (Q). A

piot of Q versus resonant frequency for TYPICAL SWITCH

the avionics panel is shown in Figure 5. INSTRUMENTATION -

® {4 ACCELEROMETERS) o

-~ Several tests were run using a test

oy specimen which simulated the panel face

- . in the vicinity of the 12 pushbuttons

o array (see Figure 4). The simulator Fig. 4 - Instrumentation

e
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QUALITY FACTOR ~Q

20 1
ORIGINAL PANEL
0.075 IN THICK
RIB STIFFENED
] y .
10
d QSTATISTICS
° °
pos MEAN 4.0
. STD DEV 3.1
51 *® e “ MAX 224
[ ]
1 4 O L] o @
® ¢ o - FREQUENCY STATISTICS
® o ®
o e MEAN 850 HZ
o © ®po%8o STODEV ~ 410HZ
° i ° A MAX 1700 HZ
21 . °8 0 MIN 140 HZ
[ J [ ® @
850
1 + + L
100 200 500 1000 2000
PANEL/SWITCH RESONANCES ~ HZ
Fig. 5 - Avionics Panel Vibration Response
20
MODIFIED PANEL
0.055 IN THICK
STIFFENERS REMOVED
10+
° ! 4
° QSTATISTICS
MEAN 3.2
STD. DEV. 18
% MAX 9.2
°® FREQUENCY STATISTICS
° MEAN S40HZ
° ° STD. DEV. 290HZ
MAX 1700 HZ
° MIN 140 HZ
®
100 200 500 1000 2000

PANEL/SWITCH RESONANCES HZ

Fig. 6 - Modified Panel Vibration Response
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'! The modified panel dynamics are an of the in-axis response data revealed
F\ improvement over the original panel that this was the case as evidenced by
“~ characteristics for two reasons. First, a comparison of the data in Table 5.
- the mean frequency of the modified
S panel is less than the original panel
o resulting in a larger separation
> between panel resonances and lamp fila- TABLE 5
ment resonances (980 Hz). Second, the In-Axis Vibration Response
L mean Q for the modified panel is less
D than the Q for the original panel. AXIS QUALITY FACTOR - Q
X These differences can be seen by com- MEAN + STD
A paring the mean values of Figures 5 and MEAN DEVIATION' MAX IMUM
.: 6. Figure 7 co?tains a comparison of
- measured vibration spectra which also
. illustrates differences in panel Y 6.0 12.8 22.4
1 dynamic characteristics. z 4.6 6.8 7.7
N X 3.8 4.9 5.4
KN 10
s, T~ M ORIGINAL PANEL
o “"i il |/ RESPONSE
- Eﬂg@’ Hi /1 ADDITIONAL LAMP TESTS
A . {| | /MODIEIED RANEL The avionics panel tests demonstra- NEACRE
- ' i ted that lamp filament failures can be Ry
b ~ i/// significantly reduced by modifying the RELSRAST
> a2mz H dynamic characteristics of the panel. - A\
- 3 However, neither the panel tests nor A
f } the preliminary lamp tests provided r?iﬁ}%f
L 0.1 f sufficient data to determine lamp fila- N
( ment life as a function of random vibra- ]
tion level. Therefore, 50 lamp assem- By
.~ / \l /'“’“"70"”‘“ blies were subjected to a range of ran- ]
~ - dom vibration levels to determine the RSN
~ life/level relationship. ALY
. 0 100 30 2000 RO
. FREQUENCY ~H2 The 50 lamps were subjected to the '.':-'%.".
. vibration tests described in Table 6. :
k The lamp assemblies were testeg in
. . . . groups of 10 thereby exposing 20 fila-
> Fig. 7 - Vibration Comparison ments to each test level. All lamps
.é were new at the start of each test
) except for test number 6. Each lamp
- The effectiveness of the modifica- was assigned a serial number and photo-
,2 tion was demonstrated by subjecting the graphed prior to the test.

modified panel to the randuom vibration
test described in Table 2. Twenty-four

A lamp assemblies (48 filaments) were TABLE 6

_ installed in the panel. Only 6 of the Lamp Random Vibration Tests

N 48 filaments (12.5%) had failed at the

A completion of the 1-1/2 hour test.

. There were no lamp assembly failures

:. (both filaments failed). Comparing the VIBRATION

p - modified panel filament failures with DIRECTION

L the failures noted during the original

. panel test (13 filament failures out of Test | LAMP ASSY |TEST LEVEL WEEFT{ON FILAMENT

-, 28 filaments or 46.4%), a 34% decrease SN (G2/H2) MIN) | CONDITION

- in failures is evident, ; %001 - 0010 8 150 coLD

,i' During the first avionics panel test 2 0011 - 0020 08 150 coLD
- all of the lamp filament failures

d occurred in the Y axis (see Figure 3). 3 9021 - 0630 02 1% cowo
[ These test results indicated that the . 0031 - 0040 0.06 150 coLD

D panel vibration response in the Y direc-

. tion was greater than the response in 5 0041 - 0050 o8 180 Hor

ia the X and Z directions. A comparison o 0031 - 0040 02 [ 05
Y 77
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TABLE 7
Lamp Life Data Sheet

(]}
VIBRATION LEVEL - 1.8 G2/HZ 4 VIBRATION , -—
FILAMENTS . COLD DIRECTION 6A
FILAMENT CONDITION ® OK X FAILED O VERY BRIGHT
LAMP 0 INSPECTION TIME ~ MINUTES
S/N 1 2 4 8 10 15 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0001 Aj4as|®@ ¢ O O O O O O 0 0 O 0 0 0 0 0 0 0 0 o
Blaoj]e ¢ ¢ X ©® @ X X X X X X X X X X X X X X
0002 AJ70{® ¢ ¢ ® X e X X X X X X X X X X X X X X
Bl|70| e © © e o ¢ o © & © & o o & & & o X X X
Al2s5i® & © O o o @& X X X X X X X X X X X X X
B| 5|l ¢ ¢ ¢ ® o o & ¢ & & ©& & & O & O X X X
Ajfé6o]i® ©® @ ® © O & X X X X X X X X X X X X X
Bl|4a5| ©® @ 6 @& © o o & o6 o © & & & O & O° O X X
Also[ X @€ O €€ X X X X X X X X X X X X X X X X
B| s6|le ¢ o © ¢ o © © ¢ & ¢ O 0 O o © o O o o
0006 AJ45| X X X X X X X X X X X X X X X X X X X X
Bljégj x X X X X ® X X X X X X X X X X X X X X
0007 Aj45 | €6 6 ® X X X X X X X X X X X X X X X X X
Bjas) X X X X X X X X X X X X X X X X X X X X
0008 Aj20] @ © © O O 6 & ¢ O & O X X X X X X X X X
pi7ie® & © & O & O X X X X X X X X X X X X X
0008 Al OjJ® © @ O @ & o @& o © & 0 O O o ©° o o O o
Bl oj@®@ @ & @& & &6 & @ o & O & & X X X X X o o
0010 A| 5| ¢ ¢ @ ¢ @ ® X X X X X X X X X X X X X
Bl30{® ¢ ¢ & & X X X X X X X X X X X X X X X
The ten lamp assemblies were hard that some of the filaments fail and
mounted to the vibration test fixture subsequently are capable of illumina-
and the alignment of each filament was tion. This is probably the result of
noted relative to the direction of reheal.
vibration excitation. No attempt was
made to maintain a specified angle The results of the vibration tests
between the filament and the direction were used to determine the average lamp
of vibration. Vibration excitation was life and the average filament life.
applied perpendicular to the long axis Average life as commonly defined in the
of the assembly as shown in Table 6. Tamp industry is the time required for
During the test the lamps were checked 50% of the lamps to fail. The average
periodically for failed filaments. life results are tabulated n Table 8.
When the filaments were tested cold the The lamp filament failure time is
test was stopped and the lamps were plotted versus vibration level in
energized to check for failures. The Figure 9 to indicate the time spread
inspection periods were the following: of the failures. Note that the data
1 minute, 2 minutes, 4 minutes, 8 min- trend shown in Figure 9 is similar to
utes, 10 minutes, 15 minutes, 20 min- the trend exhibited by a metal fatigue
utes, and 10 minute intervals there- curve (S-N curve).
after until the end of the test. The
test was terminated after 150 minutes. Observation of filament resonant
{g- The condition of each filament was response during the preliminary lamp
b recorded after each inspection period. tests indicated that filament response
[ One of the data recording sheets is amplitude is a function of filament
E}, shown in Table 7. Note in Table 7 orientation relative to vibration
78
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| TABLE 8 shown in Figure 10 indicates that time-

2 Average Life to-failure decreases as the angle

e between the fitament longitudinal axis

. and vibration direction approaches 900,

MS 90452 - 7133 LAMP

- m’u FILAMENT SAVERAGE LIFE (MINUTES)

a2mz) |CONOITION FILAMENT LAMP ASSEMBLY APPLICATION OF LAMP LIFE/VIBRATION CURVE

A 1. coLo » b Using the failure trend curve shown

° 0e coLo ] >180 in Figure 9 an estimate of the time for RCAC AN
~ 50% filament failure was made for the e
- os Hor » o original avionics panel. The estimate A
- oz coLp 180 150 was made as follows: RRGLOE
- YRS LREY
- 02 HOT >180 >180 1. The Q value of panel respon?e in the ti:}s:.:
|~ Y axis was selected as 6.0 (see N

0.08 coLD >150 >150 Table §). ®
*TIME FOR 50% FAILURE RIS
N 2. The vibration level on the panel was RIS
. determined. AN
. Lo
direction. Maximum response appeared Q% x input_vibration Rttt
oy to occur when the direction of vibra- = {(6.0)2 x 0.02 g2/Hz R ATONE
tion was perpendicular to the long axis = 0.72 gz/Hz 2o

N of the filament. The results from the

y 50 lamp test are presented in Figure 10 3. The Figure 9 trend curve was used to

AN to show the variation of filament time determine that the estimated time

| to failure as a function of filament for 50% of the filaments to fail at

. orientation. A power curve was fitted 0.72 gz/Hz js about 50 minutes.

o to the data to determine the time/

» orientation reiationship. The curve

N

o

o 10 MS 90452 - 7133

N LAMP COLD

FILAMENTS

"

{ S, ®  NUMBER OF

. 2 h 1N e vl 213 ILAMENT FAILURES

h-." o NUMBER OF GOOD

28 1 Y FILAMENTS AT

N . MAX TEST TIME

. 2 2 3 1 2V ®

N @ ] O  averace ure

¥4 3
- M Voo was DATA TREND

[:

- 0.1
" 2
[ ] (o)
- MAX TEST TIME
- 0.0t
= 1 10 100 1000
@ TIME TO FAILURE - MINUTES
vy Fig. 9 - Failure Time vs. Vibration Level
ll
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150% x x
|
x . x
=100 0272
100 CORRELATION
COEFFICIENT - R2 = 0.17
FILAMENT
FAILURE 1}
TIME x *MS 90452.7133 LAMP
1.6 G2/HZ
T 50 *COLD FILAMENTS
{MINUTES)
°
y &0
—® ©- FILAMENT ORIENTATION @

Fig. 10 - Filament Orientation

During the original panel test 13 out
of 28 filaments (46.4%) failed during
30 minutes of testing in the Y axis.

LAMP LIFE COMPARISONS

Lamp life ratings as stated in lamp
catalogs are generally determined
mathematically as the point at which
the filament wire weight has been
reduced by ten percent, reference [2).
The T1ife rating is confirmed thru
laboratory testing. However, lamp life
is substantially shortened when a lamp
is subjected to vibration and shock
environments. The effect of sine
vibration and shock on lamp 1ife is
illustrated by the comparisons shown in
Table 9. The lamps used to generate
the data in Table 9 were chosen because
of their general usage and due to their
vulnerability to shock and vibration.

LAMP DESIGN GUIDES

Lamp manufacturers suggest the
following guidelines for use of sub-
miniature lamps in shock and vibration
environments £2, 4 and 5].

¢ Use lower voltage (5 to 6 volt) non-
anchored filament lamps rather than
high voltage anchored types.

oA
LY

P, L

s
A

LI .
R

TABLE 9
Vibration and Shock Effects
LAMP NO. 327 LAMP NO. 387
LIFE TEST CONDITIONS
LIFE (HRS)| % RATED |LIFE (HRS)| % RATED
LIFE RATING
{90% FILAMENT WEIGHT) 7,000 100 25,000 100
INTERMITTENT VIBRATION (1)
125 HRS AC AGING 1,250(1) 18 1,350 5
MIL-STD-202 VIBRATION(2)
- INTERMITTENT VIBRATION 1
N0 500 HRS DC AGING 1,500(1) 21 3,000 12
o MIL-STD-202 VIBRATION
e
'y INTERMITTENT SHOCK (1)
Y 500 HRS AC AGING 2,250(1) 32 , 12
- MIL-STD-202 SHOCK3)
" (1) 60% OF TEST SPECIMENS FAILED
o (2) 10 TO 55 HZ @ 0.06 IN DA, 3 AXES, 2 HRS/AXIS
s (3) 100 G @ 6 MS, 3 AXES, 6 SHOCKS/AXIS
“- (4) DATA FROM CHICAGO MINIATURE LAMP REPORT, REF.[3]
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Derate lamps to the lowest practical
filament temperatures.

Maintain current through the fila-
ment to keep it from becoming
brittle when the lamp is not provid-
ing illumination.

Provide shock and vibration isola-
tion whenever possible.

SUMMARY

The lamp 1ife test results dis-
cussed in this paper apply to sub-
miniature tungsten filament lamps
designated as MS90452-7133. The 7133
lamp is considered to be a relatively
rugged lamp suitable for use in shock
and vibration environments. Conclusions
resulting from these tests are the
following:

e Average lamp filament life (time
required for 50% of filaments to
fail) is about 30 minutes at random
vibration levels in the order of
1.0 g2/Hz. Average lamp life (2
filaments) is greater than 60 min-
utes.

Average filament life is similar for
hot or cold filaments.

The range of filament life is large,
i.e., 1 minute to more than 150 min-
utes at random vibration levels in
the order of 1.0 gZ/Hz.

When filament failure time is
plotted versus vibration level the
resulting curve has the characteris-
tics of a metal S-N curve.

MIL-STD-202 shock and sine vibration
are commonly used to qualify lamps
for shock and vibration. Qualifica-
tion of a lamp to the MIL-STD-202
tests indicates that a lamp is suit-
able for use in dynamic environments.
The tests do not reveal information
regarding the Tamp life under random
vibration commonly encountered in
service.

Ltamp filament resonant frequencies
occur over a wide frequency range,
300 to 1600 Hz for #7133 Tamps. Q
factors associated with resonance

are in the order of 25 and 5 for

ccld and hot filaments, respectively.
The wide resonant frequency range
and high Q values make the lamps
vulnerable to damage by structural
resonances.

Significant numbers of lamp failures
can occur in avionics panels with
input v1brat1on levels as low as
0.02 gZ/Hz.

Avionics panels can be designed to
minimize coincidence between lamp
and panel resonances and to increase
panel damping thereby minimizing
lamp failures.

The design of avionics panels which
contain incandescent lamps should
consider the adverse affect of ran-
dom vibration on lamp life. The
vibration effects can be evaluated
using test techniques described in
this paper.
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INSTRUMENTATION

ANGULAR VIBRATION MEASUREMENT TECHNIOUES

P. Wayne Whaley and Michael W. Obal

Air Force Flight

cs Laboratory

Wright-Patterson AFB, Ohio 45433

measurements.

The angular and linear vibratory response of aircraft structures affects
airborme electro-optical packages. In order to design these systems with
table pointing accuracies and sufficient subsystem mirror aligmments,
f the angular responses of aircraft structures is important.
gary to be able to measure angular vibrations of aircraft
structures in order to describe optical package disturbances. Six angu-
lar vibration sensors were encountered in a literature surwey and are
evaluated in light of the above requirements. In addition, experience
with differential angular vibration measurement using conventional accel-
erometers is presented and evaluated. These results indicate a strong
need to develop a good, reliable, miniature angular vibration sensor for

INTRODUCTION

The design and operation of airborme

tica% systems requires a knowledge
of the angular vibration response characteris-
tics of aircraft structures. Previous efforts
in analyzing aircraft vibration have
been based on the idea that the angular vibra-
tion may be predicted, or estimated from the
lnown linear vibration envirornment [1].

this concept avoids the requirement
collecting a broad base of aircraft angular
tion data for prediction purposes, data
are still required to provide validation of
such an analytical prediction scheme. The
axrent lack of suitable vibration
transducers mekes even this task difficult to
attain at present. The purpose of this paper
is to survey existing angular vibration sensors
or measurement techniques and discuss their
applicability to airborme angular vibration
measurements from 0-1000 Hz and from
1-20 x 10-6 rad.

The primary design goal in airborme
electro-optical systems is to provide accepta-
ble pointing accuracies and subsystem mirror

:rl:gnmts. The respons
structure ly impedes these goals.

The characteristics of an angular sensor should
therefore enable the measurement of that re-
sponse and also swrvive the airborme measure-
ment enviromment. The sensor should be small
enoygh so that the local response of the struc-
ture is not affected by its presence, and still

o

be capable of measuring angles in the 1076 rad
range. The transducer must be capable of
measuring broadband signals (0-1000 Hz) and it
must be an inertial sensing device. Six
devices which can measure angular vibrations
were encountered during a literature survey.
These are: rate gyroscopes, an angular differ-
entiating accelerometer, magnetohydrodynamic
angular rate sensor, a rotary variable differ-
ential transformer, a seismic angular vibration
transducer, and an angular velocity vibrometer.
Their applications will be discussed in light
of the above requirements. A technique for
measuring vibration using conventional
accelerometers will also be discussed. This
technique provides a reliable and effective way
to measure angular vibration until a suitable
angular sensor can be developed.

Rate Gyroscopes

One of the most common angular sensors is
the rate gyroscope. Fig. 1 shows a schematic of
a rate gyroscope and demonstrates the principle
of its operation (2]. The momentum of a wheel
spimning about the x-axis requires torque in
order to rotate about the y-axis. The elec~
trical output of the sensor is proportional to
the torque about the z-axis.

The transfer function of the rate gyro-
scope indicates that the sensor is useful below
the natural frequency of the system. Most
comercially available rate gyroscopes have
natural frequencies of 20 Hz to 50 Hz and are
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@ able to measure angles of about 10-3 rad. Mapnetohydrodynamic (MD) Angular Rate Sensor
Angular Differentiating Accelerometer (ADM) The MID rate sensor operates on the prin-
ciple of a toroid of liquid metal in a magnetic
The operating principle of this ADA is a field rather than depending on the momentum of
small torsional pendulum which transmits in- a spiming wheel [4]. The magnetchydrodynamic
ertial motion to a tachometer. A schematic of principle used here refers to the process of
an ADA and its transfer function is shown in wltage induced by an angular acceleration
Fig. 2 [3]. The transfer function indicates about an axis normal to the plane of a toroid
that the ADA must operate above its natural of liquid metal moving in a magnetic field.
frequency where its output is proportional to . Fig. 3 shows a schematic of the angular accel-
angular velocity. Thus, most ADA designs at- erameter component of the MID and the theory of
tempt to force the natural frequency as low as its operation.
possible for maxdmum bandwidth. then the case
of the ADA moves relative to the flywheel, the The basic design of the MHD sensor con-
tachometer will sense the relative motion be- sists of a ring of liquid metal sandwiched be-
tween flywheel and case and provide an output tween a magnet and case. The liquid metal is
electrical signal proportional to that velo- in contact with a spool of conducting material
city. which surrounds a toroidal tape wound core.
When an angular rate is applied to the uf
As shown by the transfer fumction in axis, the motion produces an oscillation of the
Fig. 2, compared to a rate gyroscope, the ADA magnetic field with respect to the liquid metal.
is a high frequency device. A typical commer- This relative motion generates a woltage be-
cially available ADA has a bandwidth of 2-20 tween the liquid metal and conductive spool. A
kHz, but requires an elevated operating tem- cutaway drawing of a typical MHD sensor is
perature of 48.8°C(120°F) to maintain the shown in Fig. 4.
damping fluid at its prescribed viscosity.
This requires a heat sink in the ADA design The frequency range of this MD is ap-
which makes most ADAs quite bulky., The size proximately 0-100 Hz, and recent laboratory and
of the ADA causes the structural response char- flight tests indicate that it is capable of
acteristics to be affected by its mass. There- measuring angular vibration as low as 10-5 rad.
fore, data collected with ADAs should be used However, the MHD failed during the flight tests
with caution and they should be attached to and should be evaluated further before being
major structural members. used on additional flight tests [5].
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Fig. 1 - Schematic and theory of operation of the rate gyroscope.
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Fig. 3 - Schematic and theory of operation of the angular accelerometer
component of the magnetohydrodynamic angular rate sensor.
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Fig. 4 - Schematic of the magnetohydrodynamic angular rate sensor.
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Fig. 5 « Schematic and theory of operation of the rotary variable
differential transformer
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Rotary Variable Differential Transformer netic material inside a symmetrically wound
coil as shown in Fig. 5 [6]. The rotor shape
s a highly linear output within a

The operating principle of the variable specified range of rotation. The linear range
differential transformer is the electrically of the RVDT is +.696 rad and it can operate in
sensed position of an iron core relative to a a contimously rotating mode. There are no
set of electrical windings. The shape of the known commercially available RVDT sensors that
iron core in its relation to this set of elec- can measur? microradian angular displacements
trical windings dictates whether linear or over the desired frequency range.
angular measurements are to be made. The RVDT
is basically a cardioid shaped rotor of mag-
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'.» Seismic Gas Rotor Angular Vibration Transducer to the angular axis. Supporting piezoelectric

- crystals at the ends of the vibrating bars

) The seismic gas transducer uses a heli- sense the coriolis accelerations. For constant

e

l'..n .l’ :‘ .\
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'

cal colum of gas as a seismic rotary mass
{71. Fig. 6 shows a schematic of the seismic
gas transducer which consists of a helical
tube of gas comnected at the ends to a chamber
and separated by a thin membrane. When the
tube is displaced, the gas presses against a
thin membrane which is located between two
capacative plates. This displacement causes a
differential capacative charge which is con-
verted to a woltage.

Fig. 7 shows a cross-section of a typi-
cal seismic transducer. This device oper-
ates at +.174 rad and from 2-20 Hz. The na-
tural frequency of this device depends on the
mass of the gas colum, stiffness of the mem-
brane, and colum resonances in the gas. This
device could utilize liquid to increase its
frequency range, but would then be very tem-
perature sensitive. This transducer fails to
satisfy the 10-6 rad sensitivity requirement.

rectilinear periodic motions the output is pro-
portional only to angular motion.

Fig. 8 is a drawing based on the Soviet
patent statement. Al no performance
specifications were found for this device, re-
peated use of the word resonance in the patent
indicates that it operates only within a speci-
fied frequency range. In addition, the forces
required to drive the half-wave bars limit the

upper frequency.

None of the devices reviewed here satisfy
all the requirements for an acceptable angular
sensor. The device which comes closest is the
ADA, and it is anticipated that continued use
of the ADA will be required, especially if the
ADA can be miniaturized. In order to measure
aircraft angular vibrations until such devices
become available, a technique using convention-
al accelerometers has been developed. Experi-

ence gained by applying this technique to col-
lect flipht data will be and discus-~
sions concerning assessments of reliability of
the angular vibration data will be given.

Angular Velocity Vibrometex

An angular velocity vibrometer is based
on the coriolis effect of cambined transla-
tional and rotational masses [8]. The corio-
lis effect is generated by rectilinear motion
of two half-wave bars which is perpendicular

PIEZOELECTRIC CRYSTALS

VIBRATOR
(HAGNETOSTRICTION
OSCILLATOR)

Y HALF-WAVE BAR WITH QUARTER-WAVE
SECTIONS ON THE ENDS

Fig. 8 - Schematic of an angular velocity vibrometer based on
coriolis accelerations.
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USE OF CONVENTIONAL ACCELEROMETIERS

Background

Angular vibration may be measured using
linear accelerometers by placing them some
distance apart, subtracting the outputs and
dividing the difference by the separation dis-
tonce between the two accelerometers as shown
in Fig. 9. The separation distance is a pri-
mary consideration when using this technique
and it inherently has an upper limit and a
lower limit. The theory suggests that the
accelerometers should be placed as close to-
gether as possible to approach the true angu-
lar response of the structure. However, when
the accelerometers are too close to each other
the difference signal will become contaminated
with noise at low frequencies {9]. Therefore,
the lower limit on separation distance between
the acceleroneters depends primarily on their
noise floor.

Since the angle approximated by the ac-
ctlerometer differencing technique is propor-
tional to the inverse of the separation dis-
tance, the greater the separation distance,
the better the low frequency sensitivity.
However, the upper limit for separation dis-
tance is affected by the flexural error between
the accelerometers. This flexural error is de-
pendent upon the upper frequency desired and is
defined in terms of the vibratory wavelength of
the structure [9]. By considering the speed of
a bending traveling wave it is possible to de-
fine a wavelength, which is a function of fre-
quency and structural properties. In this
wrarmer it is possible to establish an upper
limit of separation distance consistent with
the desired upper frequency ranpe to be mea-
sured.

The low frequency measurement capa-
bilities of differential accelerometers have
been studied in detail and are based on the
fcllowing equation {9].

o= (¢
4% = desired anpgular vibration magnitude
iy = differential displacement
4tx = separation distance

Vor accelerometers, Fq.(l) may be rewritten as

v m is Crequencey in radians/second. Ml -
S YT 2N by v, one pets

W e ©)
From Eq. (3) the derendence of % on o, i,
amd ¢y be seer At a plhven v ond decived
©oas o decroazes, A8 falls bedlor the naise

P A S

floor of the accelerometers. The frequency
where that happens depends on 4x and 6. For
measurement of large € the frequency where Ay
disappears into accelerometer noise will be
low. The inmportant idea which Eq.(3) indicates,
however, is that the larger the Ax, the lower
the frequency where Ay disappears into the in-
strument noise. Therefore Ax should be chosen
as large as possible, subject to flexural error
constraints in order to give good low frequency
measurements.

Conversely, the separation distance
should be chosen as small as possible in order
to have acceptable flexural error at higher
frequencies. This idea can best be visualized
by considering an analogy fram acoustics. For
acoustical systems, lumped parameter models
give acceptable results whenever the system
physical dimensions are less than 1/4 of the
wavelength at the upper frequency end. Con-
verting this analogy to the problem at hand,
one mipht say that whenever the separation dis-
tance is less than 1/4 of the wavelength of the
traveling wave of the structure, the differen-
tia% angle is a close approximation to the true
angle.

To sumarize, measurements of angular
vibration can be made using conventional ac-
celerometers by carefully choosing separation
distance. The lower limit for separation dis-
tance is chosen based on acceptable low fre-
quency signal-to-noise ratio and the upper
limit is chosen based on acceptable high fre-
quency flexural error.

Experience With Differential Angular Vibration
Measurements

vibration was measured on two
different types of aircraft, a fighter and a
helicopter, using differential accelerometers.
Fvaluation of those results are difficult be-
cause there are no accurate angular sensors
with which to compare. Evaluation of differen-
tial angular measurements can proceed, however,
by comparing the measurements one gets with dif-
ferent separation distances.

Anpular vibration was measured on a
fighter, using two separation distances as
shown in Fig. 10. Preliminary calculations on
the structural components of transducer loca-
tions according to Ref. [9] showed that fre-
quencies from 40 Hz to 4000 Hz could be meas-
ured with acceptable accuracy. If the upper
frequency flexural error is low, halving the
separation distance should change the upper
frequencv response shape very little and the
lowest frequency which can be successfully meas-
ured should be increased only slightly. How-
over, the twx separation distances were not
abvert e vedvt e the aircraft,  The meas-
aremid . e taber £ three oolinear accel-
ercceters and the two differential mgles are
{or the outer tun accelerameters in one case,
and one ¢ the outer accelorcometers with the
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Fip. 9 - Linear accelerometer differential method
angular vibration measurement.
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Fip. 10 - Anpular vibration data obtained using Fig. 11 - Angular vibration data obtained using
differential acceleroreters, tvo differential accelerometers, two
different separation distances, different separation distances,
ARy, E%, - fighter aircraft. Axy 8%, - helicopter.
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Fig. 12 - Coherence functions between two
accelerometers attached to an experi-
mental beam for two different separa-
tion distances.

center accelerometer in the other case.

Fig. 10 shows good agreement between the two
signals at frequencies greater than 100 Hz.
Below 40 Hz the signal is essentially instru-
ment noise.

vibration was also measured on a
helicopter using differential accelerameters
with results for two separation distances given
in Fig. 11. Preliminary calculations on the
local structure around the transducer locat:ion
indicated that vibrations at frequencies fram
07Hzt0200Hzeou1dbea;‘c1£ate1ymaswed
However, the two angular si 11
had the same problem as those of Fig. 10 in
that they were not at the same point on the
structure due to the colinear orientation of
three accelerameters. Good agreement between
the two spectrum shapes is indicated wp to
250 Hz, but above this cy the shapes
&viat:e indicating flexaral error (See
Fig. 11) These results compare well with the
preliminary calculations which yielded an upper
frequency limit of 200 Hz.

Figs. 9 and 10 show that measure-
ments using differential accelerometers can be
successful. The two levels for both
cases agree well in spectrum shape and the fre-
quency limits indicated by the preliminary cal-
culations were supported by the data. This
apparent success does not imply that there is
no longer any need for good, miniature angular
vibration sensors, however. The efforts re-
quired to collect detailed structural informa-
tion used in computing the separation distances
frequently involves getting information from
the Air Logistics Center servicing the aircraft

.
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and is usually quite time consuming. There is
still a very distinct need for acceptable angu-
lar vibration sensors.

COHERENCE FUNCTIONS AND DIFFERENTIAL ANGULAR
VIBRATION MEASUREMENTS

In using differential accelerometers to
measure angular vibration, there must be a con-
tinuing search for methods which can be used to
evaluate the results. It has been ested
that the coherence function could be used for
this purpose. The idea is that when there is
flexure between two accelerometers used in
measuring vibration, such flexure can be
determined from the coherence. If that is true
then one can always tell over which frequency
range differential angular vibration data is
acceptable without having to compute the upper
separation distance limit from structural

properties.

The coherence function may be used to:
(1) detect linear relationships between ex-
citations at two different locations, (2) de-
tect structural transmission paths, and (3)

ct errors in y response function
estimates [10]. In addition, when the coher-
ence is computed between two accelerometers it
can be used to determine global and local modes.
Coherence was calculated for two accelerometers
attached to a simply supported beam excited with
broad band random noise at mid span.

The coherence function for two random
processes x and y is defined as [l1].

Is, . @)2
ny= Sxxzm; sywas “)

S (w) is the Cross-Power Spectral Densi-
ty (PSD) between x and y

Sxx(w) is the PSD at x
Syy(m) is the PSD at y

For the simply supported beam, the output PSD is
*
Sxy(m) = H(x,w) H (y,w) Si

H(x,w) 1is the beam frequency response
function at x

Si is the forcing function PSD

Therefore the coherence is
Hx,0) H (y,0) H(y,w) H G,u)]

Y= =1. (5)
Mx,w) H (x,0) Hly,w) H (y,0)]
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‘5‘. Eq.(5) reveals that the displacements are 4. Honeywell, GG2500 % gi_l-_lDl
fully correlated, independent of separation Two-Axis Rate Sensor, A Ie ca crip-
F'- distance. tion, April 1974.
NS As verification of this, the coherence 5. Uhaley, P. W., and P, G. Bolds, "‘Test
N for an experimental simply supported beam Report on Vibration Survey of the CH-3E
-~ under broadband excitation was measured and is Helicopter For the SAR-Retran Guidance Test
At shown in Fig. 12. The coherence of Fig. 12 Program,' AFFDL/FBG 77-1, May 1977.
§ shows deviations from the theoretical value of
one only at the resonant frequencies, inde- 6. Van der Linden, J. C., and H. A. Mensink,
L pendent of separation distance. In fact, "Linear and Angular Position Measurement
Fig. 12 reveals no distinct relationship be- of Aircraft Components,'' AGARD-AG-160,
le tween coherence and separation distance. The Vol 8.
et coherence function is identically one, devia-
o ting at resonance in Fig. 12 perhaps because 7. MacDonald, W. R., and D. W. Cole, "A Seis~
., of the finite bandwidth used in computing the mic Angular Vibration Transducer Employing
! Fast Fourier Transform. a Gas Rotor," Royal Aircraft Establishment,
e RAE-TM-IR-128.
F:- 8. Dubrovin, G. N., S. P., Krasilnikov, "Angu-
> CONCLUSIONS lar Velocity Vibrometer,' FID-HT-23-2113-71
~ (June 1972). Edited translation of USSR
N Good alrcraft angular vibration data are Patent. 250475 P1-2, by Rene E. Convelle.
oy essential to the effective design and opera-
tion of aircraft optical packages. Of the 9. thaley, P. W., and M. W. Obal "Measurement
. six angular vibration sensors encountered of Angular Vibration Using Conmventional
0 during literature survey, only the ADA meets Accelerometers' Shock & Vibration Bulletin,
y the requirements for angular vibration meas- No 47, pt 3, Sept 1977.
urement. The ADA still has a serious limita-
tion, however, in that its size renders its 10. Gray, C. L., and A. G. Piersol, Methods for
use on stiffened panels or other secondary %ﬁi‘?& Measured Data to VibratIon and
structure questionable. The fact that the ADA tic Problems, AFFDL-TR-55-60, June
is so bulky means that it can only be used with 1965,
confidence on major structural components.
11. Bendat, J. S., and A. G. Piersol, Random
Differential accelerometers for measuring Data Analysis and Measurement Procedures,
angular vibrations were used on two aircraft. m{?ﬂ'.
The analysis consisted of measuring angular
vibrations using two different separation dis-
tances and comparing the results. Agreement
was sufficiently close to support the validity
of differential angular vibration measurement.
The coherence function was evaluated as a
potential check for differential angular vi-
bration measurement. There is still a distinct
need for a miniature, sensitive, broadband an-
gular vibration sensor.
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Discussion

Voice: You seem to have the biggest difference
between G, and 6& . What is the significance
of that?

Mr. Obal: We measured the angular motion on a
cargo deck and we have to assume the moment

of inertia for a cargo deck on an aircraft,
That is the hardest thing in this technique;
you have to figure an average cross-sectional
moment of inertia bending to get the travel-
ing wave of the structure and I would primarily
consider this difference to be the fact that

we are measuring two different points on the
structure,

Mr, Silver (Westinghouse): We are curious as

to your experience with the use of coherence
on the acceleration measurements, It looks
like it would be a pretty powerful device

to eliminate noise floor content.

Mr. Obal: That is a very good question., We
are also looking at the angular coherence be-
tween two different points on a structure,

That has really lead us to a dead end street,
We talked to Julius Bendat about that since

he is big on partial coherence theory; but
given a frequency response function of
structure, computing the coherence by dividing
the cross PSD by the auto PSD squared hasn't
shown us much, We have looked at separation
distances on a simply supported beam between
four inches and forty two inches and the co-
herence plots came out to be the same. The
theory and the experimental data don't seem

to show that that is a good approach, but we
are doing it and we will continue to do it
until we find a better way. We don't say this
is the best technique; but since we don't

have a small angular sensor we will have to
use something else until industry develops one
because we need an angular vibration data base,
We need this data base to solve these problems
and to check out our analytical prediction
capabilities., We are considering finite
elements for the low frequencies and statistial
energy analysis for the high frequencies. I
guess this is almost a plea to industry to give
us a good angular broadband sensor capable

of measuring down to less than 20 micoradians.,

Voice: Why does the sensor have to have the
capability of measuring such small angles?

Mr. Obal: That is because of the accuracies
that they would like in their electro-optical
systems,
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HIGH FREQUENCY GROUND VIBRATION MEASUREMENT

v

H. Nolle
Monash University
Clayton, Victoria, Australia

Recently interest has focused on ground transmitted vibration and noise from
sources related to human activity such as mining and tunnelling work, as well
as traffic and industrial plant operations. The disturbance thus generated
contains low and high frequency Fourier components, and accurate measurement
of the vibration requires recording of the signal free from harmonic
distortion in the frequency range of interest.

This paper reviews the basic requirements for vibration transducer~-to-ground
coupling to ensure linear measuring 8y8tem response. Results are presented
of field tests of a range of different designs for ground attachments, and
recommendations are made for procedures of ground attachment installation in
different type soils and rock formations.

The techniques described are demonstrated with reference to some of the
results of vibration surveys of three different railway track installations.

suffered less from limitations in transducer
design than from unexpected - and often unknown ~
transducer to ground coupling effects. Current
vibration transducer technology has virtually
eliminated the problems associated with poor
frequency response, sensitivity and linearity.
On the other hand, the lack of definition of the
impedance of the ground mass immediately
surrounding the transducer in a field

INTRODUCTION

The earliest application of ground
vibration measurement appears to have occurred
in the investigation of seismological and
geophysical phenomena. These phenomena
manifest themselves as low frequency
displacements, mainly below 10 Hz, which can be
recorded on instruments resting on a smooth

surface that is connected to the ground mass.
More recently, growing interest has focused on
ground transmitted vibration and noise from
sources related to human activity such as
mining, quarrying and tunnelling work, as well
as traffic and industrial plant operations.
Measurements of such sources are made with the
objective of establishing local vibration
levels and ground transmission characteristics.
The latter type disturbances usually - but not
always - are of a transient or impactive (shock

installation may render the measuring syetem
frequency response characteristics unknown,
which in turn has an equally debilitating effect
on the measured data and any results of a
subsequent data analysis.

This paper reviews the basic requirements
for ground coupling to ensure linear measuring
system response. Results are presented of
field tests of a range of designs for ground
attachments, and recommendations are made for

wave) character and contain low and high procedures of ground attachment installatjon in
frequency Fourier components®. Accurate different type soils and rock formations. DeDs
measurement of such signals requires recording ARSELLY
i free from harmonic distortion in the frequency -‘,-.‘ ‘.':>
) range of interest. In this regard high THE COUPLING PROBLEM RS
T, frequency ground vibration measurements have '.-:.—:.-::
Lo The evolution of ground surface vibration AT
] A
' * The dividing line betwecn "low" and "high" measuring instruments dates back to the
s . . ; beginning of the 19th century ([1]. The [ ]
» frequency is quite arbitrary, but, for . X
Vs ical b N bout 30 H earliest technologically significant devices -
(SR Y practica reas?"?' may be pu ‘at adbou 2 were of the pendulum type, which recorded - ’
) zntze lower limit of the audio-frequency relative movement between the ground and a ; )
‘-: ae- seismic mass of the instrument. These were o
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Fig. 1 {a) - Transducer and base installation
(b) - Dynamical model of (a)

complex fragile mechanical assemblages,
sensitive to the enviromment, and little
reliable information is on hand of their
dynamic performance characteristics. Over a
number of years these instruments have been
supplanted by the compact, portable and simpler
to use electro-mechanical transducer.

For proper operation the transducer and
its casing should move in phase with and at the
same amplitude of the ground particles
immediately surrounding the transducer base.
Fig. 1 (a) shows schematically a typical
surface installation where the transducer
casing is fixed to a rigid base which provides
the mechanical coupling member to the ground.
The base may take the form of a steel spike
which is driven into the ground; however, use
of such a device is not always possible and
alternative techniques are then used. Point B,
Fig. 1 (a), designates a particle of the
undisturbed ground mass, whereas A is the
origin of a coordinate system (x, z, @)
defining the motion of the base. Since A' ,
the centre of sensitivity of the transducer, is
usually above ground level, points A and A’
do not coincide. The shaded area of ground
shown between A and B reprasents a thin
layer of the disturbed ground medium whose
motion may be different from that at point B .

Assuming that the mass and stiffness
properties are axi-symmetrical with respect to
the z axis, the dynamic behaviour of the
transducer-base assembly may be modelled as a
rigid mass on elastic support, as shown in
Fig. 1 (b). The model parameters are defined
as follows:-

m = mass of transducer, base and
equivalent mass of the surrounding

96

ground; centre of gravity at C ;

J = mass moment of inertia of m about an
axis through A , normal to the xz
plane;

k. = effective linear translational spring
constants of disturbed ground layer
(k_ =k} ;

X y

k6 = effective linear torsional spring
constant of disturbed ground layer.

Whereas reasonably accurate estimates are
possible for m and J , the stiffness
parameters are affected by base geometry, soil
properties and the technique of installatijon
and it would hardly be possible to calculate

reliable values for kx y and ke The base

has three significant degrees of freedom and
hence three natural frequencies of interest:
two of these correspond to translational-
rocking modes and one to an uncoupled mode in
the vertical direction. Of these the lower of
the rocking mode frequencies and the vertical
mode frequency determine the frequency limits
of linear system response.

For all practical purposes the typical
dimension of the installation, 4 , is much
smaller than the wave length of the ground
vibration, A , and the motion of the
undisturbed ground at points A and B is in
phase and of the same amplitude. Ideally,
with the measuring system installed, points A
and B should respond similarly, which is

possible only when kx v and ke are both
*

infinite. As a result of intrusion through
the ground surface layer the elastic properties
of the ground around the base are modified, and
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k and k
X,y 8

assune unknown finite values,

The need to reduce signal harmonic
distortion resultirg from inadequate gronnd
coupling has been recognized previously,
Warburton [4] reported an apparent transducer
sensitivity to variations in mass m .

Johnsen [2] and Awojobi and Sobayo (3} suggest
the method of "density matching” in which the
average density of m is matched to that of the
soil, and the transducer and protective casi.g
is buried below ground level:; the latter method
has alco been used by Xamperman [6], Balachandra
and Malthan [7] and probably others. However,
there is no documented evidence of the benefits
derived by this technique. Moreover, the model
of Fig. 1 (b) suggests, for best frequercy
response, the following base design criteria:

(i) least values for m and J ;
(ii} centre of gravity of m at A ; and
(iii) a base-soil interface geometry and method
of installation that give the highest
k and k, .
X,y 9

of which (i) and {iii) are in conflict with the
density matching idea.

A factor that has not been taken into
account in the model, but one that exerts a
marked influence on the base frequency response,
is the damping of the system. In a real
installation the total damping is the resultant
of material damping, frictional effects =~
largely at the interface - and geometrical
damping. The latter constitutes a frequency
dependent energy loss due to mcmentum transfer
in the form of elastic waves radiatea from the
base into the ground mass. It has been shown
theoretically [5] that for an infinite half-
space this damping varies with the mode of
oscillation and the mass ratio of the svstem.
The mass ratio is a non-dimensional parameter,
defined as m/0f> , where ¢ is the density of
the ground and £ 1is a characteristic dimension
of the base. Quite generally, the smaller this
ratio, the greater the damping effect; thus for
lightly constructed bases the theory predicts a
higher damping ratio which may approach, and in
some cases exceed, critical damping. This has
in fact bteen confimmed in sume of the tests
reported helow.

DASE DESIGN AND PROCEDURES FOR INSTALLATION

The major difficulty of determining
analytical ratural frequencies of the base
installation is the uncertainty of the values

k and k. . Ground installations are
X,y ;

affected by scil irnhomogeneities, layering and
nonlincarity effects for which the upper ground
surface layers are notcoricus. Frequently
access is rossible only to areas where the
ground has been previously disturbed or filled.
In such cases and in cases where base
installation causes fracture or crumbling of
the medium no meaningful values can be assigned

to the elastic parameters and the system dynamic
behaviour c¢an be predicted by empirical methods
only. To this end a series of base designs was
tested for their ability to give undistorted
signal transmission to as high an exciting
frequency as possible, Relevant design data
are shewn in.Fig. 2. The bases are all of
steel, morolithic or welded; bolted or screwed
joints not being recommerded. Derigns No.l to
7 shown are bases of the "spike" type, having
different effective densities, lengths and cross
sections. Designs 8 and 9 are welded steel
constructions having several prongs joined to a
rigid base plate, whereas No.l0 is a capped
steel tube construction bonded to the ground
mass by non=-shrink grout. This latter
principle has been applied successfully in mine
blast vibration measurements [8]. In those
tests a 4" Plexiglas cylinder was epoxied into
the rock mass, forming the accelerometer base.
Investigation of the base response showed that
resonance was encountered, though at a quite
high frequency (possibly at 10 kHz). This
could possibly have been avoided had the plastic
material been replaced by a steel base. While
minimun mass is one of the design criteria, the
bases have to possess the rigidity and the
structural integrity to resist, without
distortion, the rigours of being driven into the
ground. In this regard particular caution
should be exercised to protect and preserve the
trueness of the mounting surface for the
transducer.

The suitability of the different design
bases has been assessed in conjunction with the
type of ground surface layer in which the base
is installed. This may be categorized in the
following five classes:-

(a) sand, silt, cohesionless soil;

(b) fine sand/clay mixtures, cohesive soils,
loamy sand, stiff clay;

(c) soft weathered rock, mudstone, soft
sandstone;

(d) fine particle soils with dispersions of
rocks and coarse gravel or aggregates
(fills or natural mixes);

(e) hard rock.

Testing experience with the various designs
of Fig. 2 has shown that each class represents
its own installation problems which have to be
dealt with in different ways. hccordingly, a
summary of the findings and recommendations
relating to installation procedure are given in
Table 1. ’

FREQUENCY RESPONSE TESTS

Dynamic testy were porformed under field
conditions to measure the natural frequencies of
the base in the lower of the rocking modes and
in the vertical mode. The base was excited
using an eclectrodynamic exciter coupled to a
point 10 mm above the top surface of the base.
The total mass of the transducer, adapters and
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TABLE 1
Recommended Procedures for Transducer Base Installation

Ground Class Likely Problems Recommended Method for Installation
(a) Method of soil excavation and burial| Use lightweight, maximum taper peg, No. 6
of transducer box unreliable. base. 1f cohesion insufficient (e.g. as
Impact of hammer-driven peg shatters| in dry sand), use No. 8 base. Where no
bond. Cohesion of soil foothold can be established, cast slab of
insufficient to support "spike" type] sand and epoxy mixture on formed depression
base. in ground surface; glue on 6 mm steel
base.
(b) Hard (dry, cracked) clay subject to In soft (wet) clay use parallel or slightly
fracture and loss of bond; peg tapered peg of 230 mm maximum length. In
"bounce" damages bond. hard clay use tapered peg of length not
greater than depth cof penetration. If

formation too hard to penetrate, use method
(c).

(c) Too hard for driving peg; damage to] Use masonry drill, brush clean walls of
peqg; fissuring of rock; peg hole and vacuum clean, grout steel peg with
"bounce" damages bond. Too soft non-shrink grout {(design No. 10).

for expanding bolt anchorage.

(d) As for (a). Impact of point of peg{ If rocks cannot be avoided, carefully
on rock/gravel shatters bond. excavate betweer. rocks and use method (c),
Damage to peg. without drilling. Alternatively, use

last of methods (a).

(e) Formation too hard for penetration Use masonry drill and fit base plate with
other than by rock drilling. expanding bolt anchor, or use method (c}.
If rock face is dry and smooth, use epoxy
glued 6 mm steel base.

force link was approximately 0.35 kg. Vertical

or rocking mode excitation was applied in slow

sine-sweep tests using a constant force

amplitude. The line of action of the force was &
directed through point A' (Fig. 1), either e’
vertically or horizontally.

For a second order linear system the
acceleration response curve follows, starting at
the low frequency end, an asymptote sloping at
40 dB/decade, then rises steeply to reach
resonance (if damping ratio is low), and
thereafter falls to approach a second asymptote

which is a constant level line. An idealized ‘[M

low dampin
( typical rocgnggmode)

response curve of this kind is shown in Fig. 3.
The lower curve in the Figure shows the
corresponding response of a highly damped
system.

high damping

(typical vertical mode)

b For comparison, a selection of response .
:.*::. curves from the field tests is given in Fig. 4. l!mt for S[Stem
AN From the shape of some of these it is apparent 10 linear response
e that in some tests damping ratios of the order 1
S of 1 , or greater, were obtained. wWhen the
. damping is high, deviation from the 40 dB/decade 14 )
42: line is seen to be negative, i.e. v
transmissibility never rises above 1 but 0.1 1 "D
aae simply diminishes with increasing applied RAT'O |
“ia frequency. | ‘ o NATL UNDAMPED FREQ.
S Tﬁe frequencics AF which deviation from Fig. 3 - Response of linear 2nd order
.8 true linear response first reaches * 3 dB arc X
LS X . . . i e ae s system to harmonic force
- given in Fig. 2, the % signs indicating whether excitation
}J: the response rises above or falls below that
)

expected.
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DISCUSSION OF RESULTS

For almost all of the base-ground
combinations tested the system transmissibility
was found to be most sensitive to frequency
under horizontal forcing. The first rocking
mode natural frequency could, in most cases, be
identified from the peak in the response curve.
This was not the case with vertical mode
oscillation which appeared to be heavily damped,
there being no clearly defined maximum.
Similarly, the combination of the effect of
damping and the apparently high value of the
second rocking mode frequency precluded
identification of the latter.

The frequencies given in Fig. 2 show the
limits of linearity, within ¢ 3 dB, of the
system response. These freguencies provide a
fair basis for comparative assessment of the
various designs; but the final choice of base
design for a critical application would need to
be made taking into account ground conditions
and the desired degree of damping (i.e. whether
error of measurement is preferred to be + ve
or - ve ). The general trend observed from
the ests in all soils was that damping in the
vertical mode is significantly greater than in
the rocking mode. In the former case the

deviation from linear response was always - ve,

whereas in the rocking mode the damping varied
depending on the base design and condition of
installation. Thus the multi-pronged designs
(Nos. 8 and 9) have a characteristically high
damping whereas the shorter pegs and pegs
rising above ground surface have the lowest
system damping. The high damping of the
vertical mode is believed to be due to slip at
the peg-soil interface. On theoretical
grounds, there is also supportive evidence that
the vertical mode oscillation is subject to
greatest geometrical damping [5, p.199].

Of particular importance to good frequency
response were found to be two parameters. One
is the taper of the peg; the tapers used in
the test series are zero for design No. 7, 1:22
in the case of the 300 mm circular cross-
section pegs (Nos. 4 and 6), and 1:10 for the
150 mm circular cross-section pegs (Nos. 3 and
5). For cohesionless and dry, brittle soils
the taper used should be a maximum that still
permits driving the peg without bounce or deep
cracking of the soil. In heavy wet, shrinking
(drying) clay increasing the taper does not
seem to have the same beneficial effect.

The other garameter is the depth of the
driven peg. The cantilever effect of the
unsupported mass above ground level of an
incompletely driven peg is most detrimental to
good frequency response. This is visible from
the results of Fig. 2 for some of the pegs in
sandy loam. It follows that the length of the
reg should be made no greater than the depth to
which the peg can be driven.

However, the principle of using maximum
caper and maximum depth drive was found to have

its limits in that too much taper and/or too
forceful driving will cause loss of bond or
fracture of the ground, particularly around the
upper part of the peq. The effect of this is
shown in the data for the 150 mm peg in a dry,
hard sand and loam mix. The fully driven peg
in slightly cracked sand gives linear response
to 400 Hz. wWith slightly damaged and badly
damaged bond the corresponding fregquency for
this peqg reduces to 170 Hz and 110 Hz,
respectively (see alsc Fig. 4). In general,
the effect con the limiting frequency of loss of
bond around the upper part of the peg is similar
to that of the cantilevered part of an
incomgpletely driven peg.

The purpose of the taper is, of course, to
generate a higher contact pressure at the peg-
soil interface, hence increase the values of the
parameters K and kb . By comparison, the

’
rocle of the effective density of the base
(defined by parameter m ) appeared to be a
relatively minor one, to the extent that it
became obscured by the random, unavoidable
variations in bond effectiveness in the series
of field installations tested.

These findings are in general agreement
with the conclusions of Balachandra et al.[7],
drawn from their experimental and analytical
work on ground mction measurement in vertical
boreholes. Though different to this work - in
respect of mode of excitation of the system
(detonation above ground surface, hence
impulsive) and positioning of the accelerometer
(subterranean) - Balachandra's experiments
revealed that good interface bond between the
borehole grout and the free-field medium is the
primary requirement for ensuring the fidelity
of acceleration measurement. Moreover, it was
observed that mismatch in the impedances of the
borehole grout and the free-field material
could be tolerated if a non-slip interface can
be maintained between them.

APPLICATION TO TRAFFIC-INDUCED VIBRATION
MEASUREMENT

The techriques described in this parer are
now demonstrated with reference to some of the
results of vibration surveys of three different
railway track installations. The main source
of ground vibration from transit train
operations is the rolling impact at the wheel-
rail interface. In the frequency spectrum so
generated identification of the various
frequency components is based on accurate data
of vibration at the rail, the supporting track
and the subgrade in the vicinity of the track
centre line. From this a picture may be built
up of the vibration near field, and the
effectiveness of the various structural
components of a track system may be assessed
for their ability to limit vibration at the
source and to control transmission of vibration
to the surroundings. However, the highest
demands in fidelity of signal reproduction
arise in ground-borne noise studies. Thus
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sound radiated from free surfaces excited by
ground-transmitted vibration may have a
sigynificant spectrum extending to 800 Hz and
above.

The major features of the three different
desiyn concepts for the tracks are depicted in
|35 K T Design (a) is a conventional ballasted
track on subgrade, with spiked rails on timber
sleepers; (b) incorporates resiliently
supported concrete sleepers set in a continuous
reinforced concrete slab cast on subgrade. The
rails are secured to the sleepers by a resilient
direct fixation fastener system. The design
(¢) is based on the 'floating slab' concept and
features heavy concrete slabs on natural rubber
isvlators. The rails are elastically mounted
on the slabs by means of direct fixation
fasteners.

A quantitative evaluation of the vibration
performance of these systems necessitates
accurate measurements of vibration of the ground
mass surrounding the track. Following an
assessment of the ground conditions and the
requirements in respect of frequency response of
the measuring system, design No. 10, Fig. 2, was
chosen for all ground vibration measurements.
Additional accelerometers were installed on the
rail support system to monitor track component
vibration levels.

As the train passes a point on or near the
track a vibration pulse is generated at that
point, The instantaneous strength of the pulse
varies with the approach and departure of each
car bogie,. Such a pulse, measured at the rail
head, sleeper, concrete slab and the ground at
some distance from the track centre is shown in
Fig. 5. These records refer to design (b),
Fig. 6, but substantially similar pulse profiles
are obtained from the other two track designs.

The vibration levels are total signal
strength (RMS), shown on a dB scale,
unreferenced. The 14 bogies of the seven cars
of the train may be seen to generate 14 major
peaks of differing intensity which is
characteristic of the particular bogie of the
train. Reproducibility of the results is
demonstrated in graph (C) where the records for
tests 15 and 27 refer to different runs of the
same train in the same direction. The quality
cf reproducibility further suggests the
pussibility of vibration "signature" analysis as
a technique for monitoring some aspects of bogie
performance and soundness of mechanical
condition of the wheels.

The spectral content of the ground
vibration at points 5 m from the respective
track centre lines is shown in Fig. 6. These
spectra confirm the existence of significant
ground vibration components up to at least the
500 Hz octave band, and have been used in a
vibration performance evaluation of the three
track designs.
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Fig. 5 ~ Acceleration pulse from train
pass measured on resiliently
supported track. Tests 15 and
27 refer to the same train
travelling in the same direction.
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Fig. 6 - l/3-octave spectrum of ground
acceleration in the range 8 Hz
to 800 Hz centre frequencies.
Measurements refer to a position
5 m from the track centre line.
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CONCLUSIONS

It has been shown that high frequency
ground vibration measurements may be subject to
.. errors caused by inadequate dynamic coupling of
. the transducer to the ground. A range of
designs for transducer bases has been field
tested in different soils and their performance
f is evaluated. The results of these tests
A suggest that the base response is
satisfactorily modelled by a linear 2nd oxder
spring-mass system.

Reconmendations based on the writer's
experience are given for base installation in
different soils and rock. The final choice
for method rests with the field engineer,
however, in view of the wide fluctuation of
N soil properties and site conditions which may
affect the vibration measurement.
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‘. The results of tests in cohesionless soils
have indicated a need for further development
of the technique to improve both quality and
reliability of the measured data.
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:; Discussion
"o Mr. Ramboz (National Bureau of Standards): The
- material from which these were made appear to
e be a cast iron or steel, is that correct?
LN Mr., Nolle: All installations were made of
[~ . steel, We used welded machined installations.
.;' We do not recommend bolted or screwed joints.
:f They always lead to problems.
. Mr. Ramboz: Are there any advantages to using
NS a lighter material such as the harder aluminum
iy alloys or perhaps berylium?
-, Mr. Nolle: I suppose you can go to extremes,
R but I don't think it is necessary. We found
e in tests with the solid and hollow spikes of
: circular cross section that there wasn't very
™ much difference between the two. Yes, you are
" quite right, in theory we should make the mass
o as small as possible. But once you have de-

[y

singed what might be termed a light weight
construction you should concentrate on
installation and this is where the problem
lies,
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Mr. Ramboz: Has any thought been given to the
possible use of impedance techniques to try
to optimize these?
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Mr. Nolle: Again, I would say that in theory
you could use this, The problem is that we
know very little if anything about the proper-
ties of the ground, especially the thin layer
surrounding the spike, and 1 feel from exper-
ience that it is very hard to establish this
data, The only thing you can do is to instru-~
ment the system and test it because there is
no way to get the mechanical impedance data
and use it to calculate the system response.

Mr. Ramboz: Either for optimization of your
pads or for computing transmissibility across
the soil through your interface?

Mr. Nolle: Well the optimum conditions that
I have stated in my summary are that you should
minimize the mass and the moment of inertia and

you should lower the center of gravity to the AN
point "A", which was the elastic center of o
support so that you in effect remove the rock- AR
ing or the rotational motion from the system, A
But you can appreciate the problem, you can't . '\,\;_
go below ground level, it is very difficult to ol
g0 below ground level so you always have an ':k:#\:\
extended structure which is usually canti- * ?~f >
levered. ’_:V\.‘r:}"
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THE RECIPROCITY CALIBRATION OF VIBRATION STANDARDS
OVER AN EXTENDED FREQUENCY RANGE

R. R. Bouche

Bouche Laboratories
Sun Valley, California

J

-. ; Y‘
Ny INTRODUCTION frequencies to 10,000 Hz. This is an
- - bsolute calibration method. Its'

- Early reciprocity calibrations a
ey were perfgrmed on individual velocity traceabllity to the National Bureau of
- pickups by Trent (1) and London (2). Standards is accomplished through

» This was followed by the Levy and measurements of mass, frequency, trans- ;

) Bouche (3) paper on the reciprocity fer admittance and voltage ratio. The . @
calibration of a velocity pickup built reciprocity calibration eliminates the :xgi;ﬂ
into a shaker., This paper included the need to perform comparison calibrations ,;;};'<
development of the reciprocity theory. to demonstrate the accuracy and tracet a\¢{;5
Later Bouche (4) developed a weighted ability of primary vibration standards. :*igrq
least squares theory for processing the PRI,
data to improve the calibration accu- The comparison calibration method ")‘J*E

Reciprocity calibrations are performed at various frequencies
up to 10,000 Hz using an air-bearing shaker with a built-in

primary standard accelerometer,

tivity and frequency response calibrations on other acceler-
ometers and velocity pickups in the range of 10 Hz to 10,000 Hz
and up to 50,000 Hz for resonance frequency calibrations.

The shaker is used for sensi-

racy.

Bouche and Cnsor (5, 6) converted
the theory of the reciprocity calibra-
tion from velocity pickups to acceler-~
ometers attached to an electrodynamic
shaker. This theory was a simplifica-
tion of the previously published
papers (3, 4), because these reciprocity
calibrations were limited to the single
frequency of 100 Hz,

Most reciprocity calibrations have
been performed on  an acceleromecter
attached externally to the armature of
a shaker, Improved accuracy of the
reciprocity calibrations is achieved
by using an accelerometer built perma-
nently into the shaker. This improve-
ment actually comes from the design of
the primary accelerometer standard
built into the shaker to achieve very
high resonance frequencies both in the
standard accelerometer and also in the
armature of the shaker., The character-
istics of this high frequency shaker
are described in reference (7). The
purpose of this paper is to describe
the reciprocity calibration at

(8) is used extensively to calibrate -
~=t accelerometers, velocity pickups
1~ ' other vibration instruments in
oy syday use in various testing and
saiibration laboratories. The reci-
procity calibrations are intended
mostly for the primary vibration stan-
dard prior to using it for performing
the comparison calibrations. The reci-
procity calibration on the primary
vibration .tandard should be performed
about once each yecar. This practice
enables each calibration laboratory to
maintain a history on its standard to
demonstrate that no significant changes
occur in the acceleration sensitivity,

.
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PRIMARY STANDARD AND SHAKER

The primary vibration standard
consists of a plezoelectric acceler-~
ometer built into a beryllium alloy
shaker armature,

The resonance frequency of the
beryllium alloy armature including the
driver colil is approximately 50,000 Hz.
Experience in using this shaker indi-
cates the presence of another resonance
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frequency at approximately 80,000 Hz,

It 1is expected that this is the reso-
nance frequency of the accelerometer
built into the armature. The shaker
armmature is guided in an air-bearing
based upon a shaker designed with a
ceramic armaturc, Dimoff (9). The mass
of the armature is supported by three
rubber O-rings. The purpose of the air-
bearing is to virtually eliminate trans-
verse motion and acceleration waveform
distortion when using the shaker at
frequencies from 10 Hz to 10,000 Hz.

The absence of acceleration waveform
distortion is also due to the high reso-
nance frequencies of the beryllium alloy
armature. Another characteristic of
this armature is that it provides a
shaker capability for measuring the
resonance frequencies of test acceler-
ometers up to 50,000 Hz (10). These
performance characteristics and design
features of the shaker provide a pri-
mary vibration standard which makes it
practical to perform accurate recipro-
city calibrations at virtually any fre-
quency of interest to 12,000 Hz,

RECIPROCITY CALIBRATION u}UATIONS

The sensitivity of a velocity
standard is derived in reference (3).
Simply by making usc of the relation-
ships for sinusoidal velocity and
acceleration and the acceleration of
gravity results in the following equa-
tion for the sensitivity of an acceler-
omcter standard.

26335 \iJR + W \l'R

sensitivity of the primary
accclerometer standard, mv/g

transfer admittance intercept
(the intercept of the plot of
mass/transfer admittance ratio,
1bf/mho (N/mho) where transfer
admittancce ratio is the driver
coil current/primary acceler-
ometer voltage output, and mass
~of ». to ten 20 to 200 gram
values used for the reciprocity
calibration.

Sy (1)

it

where

Sa =

J =

slope of the plot of the mass/
transfer admittance ratio, mho.

& - voltage ratio, voltage output
of asccleurometer standard divide-
ed by the veltage output of the
shaker coii when the shaker is
ariven by a socond boryllium
alloy shaker armature and the
first driver coil is open cir-
cuit,

106

the 90° vector,

\l-l
fregyuency at which the transfer
admittance and voltage ratio
are measured, Hz.

mass of test accelerometer sub-
sequently attached to the pri-
mary vibration standard shaker
during comparison calibrations,
lbm(kg).

At most of the calibration fre-
wuencles the phase angle for the trans-
fer admittance ratio is 0° and, for the
voltage ratio it is 90°, A phase meter
is used to measure the angles and veri-
fy these values., Variation from these
values occurs at the higher calibration
freyuencies above 5,000 Hz and also be-
low 50 Hz due to the effects of the
resonances. Particularly at frequen-
cies near and above 5,000 Hz it is
necessary to separate the transfer ad-
mittance ratio into its real and
imaginary parts. Both the intercept
and slope of the real and imaginary
parts of J are determined from the fol-
lowing evguations based upon the weigh-
ted least syuares procedure developed
in reference (4). At lower frequencies
it is only noecessary to determine the
real part of J since the imaginary part
of J and slope ) have negligibly small
values.

Jr = 0.0420408 > n2¥pyr
- 0.1138536>_n2W,Ypr 2)
Ji = -0,0420408 > n2Ypj
+ 0.1138536>_ n2WnYni (3)
Gr = -0.1138536 D n2Ypy
+ 0.32863872 n2WpYnr 4)
G4 = 0.1138536 2>_n2¥pj
- 0.3286387) n2W,Yni (5)
where
n = integers from 1 to 10 corres-
ponding to the number of masses
used during the transfer admit-
tance measurements
Wp = mass values expressed in English
units, lbm corresponding to
mass values ranging from 20 to ,
200 grams
Ynr= real part of the mass divided by

the difference of the transfer
admittance measured with the
mass attached minus the transfer
admittance measured with the mass
not attached to the shaker

Yni = imaginary part of the mass divi-
ded by the difference of the
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transfer admittance measured
with the mass attached minus
the transfer admittance measur-
ed with the mass not attached
to the shaker.

The equations described above use
English units of pounds for mass be-
cause these are based upon previously
published papers (3, 4) using English
units. However the final reciprocity
calibration results are given in units
of grams for the mass of test acceler-
ometers attached to the shaker when
performing comparison calibrations,

RECIPROCITY CALIBRATION PROCEDURL

The reciprocity calibration pro-
cedure consists of making the transfer
admittance and voltage ratio measure-
ments using the instruments illustrated
in Fig. 1(a) and (b). These instruments
include an cudio oscillator, power am-
plifier, air-bearing primary vibration
standard - shaker, voltage ratio trans-
former, phasc meter, vacuum tube volt-
meter, frequency meter and oscilloscope.
During the transfer admittance ratio
measurements a precision l-ohm resistor
is put in series with the driver coil of
the shaker. Prior to performing the
reciprocity calibration, the ten masses
in equal increments from 20 to 200 grams
are sealed on a scale balance. The
calibration is performed with the charge
amplifier used as a system with the
primary standard accelerometer. The
frequency meter is used to measure and
maintain the frequency at the desired
values when making hoth the transfer
admittance and voltage ratio measure-
ments.

Consider the calibration at
1,000 Hz for example. It is performedby
connecting the ratio transformer across
the output of the accelerometer ampli-
fier and adjusting the transformer until
its output exactly equals the output
across the l-ohm precision resistor as
indicated by a reading on the vacuum
tube voltmeter, This measurement is re-
peated with each of the 10 masses
attached to the armature of the shaker
and also with no mass attached. These
transfer admittance measurements are re-
peated at cach of 10 different calibra-
tion frequencies from »bout 30 Hz to
10,000 Hz.

The calibration setup is changed
to measure the voltage ratio. Care is
taken to make usc of the frequency
meter to measure the voltage ratio at
the same frequency at which the trans-
fer admittance measurements are made.
A special fixture is used to align the
armature of two air-bearing shakers.
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ig. 1 (a) Photograph and block dia-
gram used for making the trans-
fer admittance measurements,
(b) block diagram used for
making the voltage ratio meas-
urements.




The stator of one of the shakers is set

aside so that the two avmatures, rigid-

ly connccted together, are guided by Lo o
the air-bearing stator of the othcr
shaker, The driver coil of the shaker
on which the transfer admittance meas-
urcments are made is now virtually open
circuit., Both the outputs of this
driver coil and the output of the ratio
transformer connccted to the acceler-
ometer amplifier are scouentiolly con-
nected to the vacuum tube voltmeter
until both of the outputs are caual.
The output of the¢ ratio transformer is
made ecual to the output of the driver
coil by making adjustments to the dial .
settings on the transformer.
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MASE  TRANSFAR ADNITTANLA, |./mho

At 1,000 Hz and most other calibra-
tion frequencies it is necessary only
to dctermine the real part of the trans-
fer admittance intercoept as descrioed
by eouation (2), It is necessary to
determine the difference betweon the Fig. 2 Results of ratio of weight to
transfer admittance measured with cach transfer admittance difference
mass and with no mass altached to the at 1,000 Hz.
armature and to multiply the inverse of
this differerce by the mass used, by
the square of the mass usced and by the
square of the integoer as indicat.d by
the terms in equation (2)., At higher
freguencies such as 5,000 Hy, 8,000 ila
and 10,009 Jlz it is nccessary to scpuar- 1.0
ate the transfer admittance measure-
ments into the real and imaginary parts
and perform the computations as indica- 0.9
ted in equations (2, ‘3, 4. .. (3). ~-

‘ -
RECIPAOCITY CALIBRATION ind LTS e \
i .

In addition to performing the com-
putations in cccordance with these
eyuations it is uscful to plot the re-
sults at some of the freouencies as
indicated in rigs. 2 and 3.

uASS, (2

Fig. 2 shows that the mass/transfer
admittance ratio is virtually constant
for all masses usca when performing the
calibrations at most fregucncies in-

MASS, TRANSFER ADMITTANCE, l./mho

ciuding 1,000 Hs, At ithe higher fre- 0

guencies such as 10,000 Hz Fig. o, b e—2
there 1s a slope for the plot of ! s e
mass/transfer admittance ratio for beth N S . L
the real and imaginary parts of thesc e, u 2 “ s
measurements. Both the real and imagine n. |

ary parts of the mass/transtoer admit-

tance differonce are used to detormine )
the rval and imaginary parts of the

intercept J and slope ., as irndicated by

cquations (2), (3, (4) and (3). <he

real and imaginary patts of J und | arc

combined and then used in cquation (1).

The veltage ratio measurements are Fig. 3 (a) Real and (b) imaginary
given in Fige 4, It is important that parts of ratio of weight to
the phasc angle be close to 99° transfer admittance diffcerence
throughout the calibration frequency at 10,000 Hz,
108
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Fig. 5 Sensitivity of a primary
vibration standard determined

o0 by the reciprocity method at
frequencies to 10,000 Hz,

YOLTAGE 8ATIO, volts/velt

attached. This variation of sensitivity
is one of the important results of the
reciprocity calibration. Other tech-
niques for determining the changce in

L0 sensitivity as a function of test
} .{ ’)’“,_,,of" accelerometer mass are difficult to
JU perform with reasonable accuracy. The
; " ‘Tf“i:r“' ;t:’“—'—‘;ji sensitivities indicated in Fig. 5 show
a decrease of somewhat less than 1

0,008 - - ! te o e

FREGUERCY, percent for each octave increase in
frequency. This decrease in sensitivity
Fig. 4 Magnitude and phasc angle is characteristic of acclerometers made
results of voltage ratio with lead zirconate titanate ceramics.
measurements. Other ceramic materials, also used in
the air-bearing vibration standard
shakers, have a smaller change in
range to 10,000 Hz. Using a shaker sensitivity with frequency. Although
designed so this phase angle is closc to the frequency characteristics is improv-
90° makes it possible to maintain small ed with these other materials, the
calibration errcrs. This is accomplish- sensitivity has a much smaller value.
ed by using the calibration shaker Good calibration results are obtained
having a resonanc. frequency near when using different piezoelectric
50,000 Hz. materials to build the acceclerometer

into the armature of the primary vibra-

tion standard shaker.
PRIMARY STANDARD S:ENSITIVITY

The use of the reciprocity cali-

The sensitivity of the primary bration method is limited at frequen-

r vibration accelerometer standard is cies below 30 Hz depending upon the
a5 plotted in Fig. 5. ELach sensitivity stiffness of the suspension used to

:; plotted is obtained by performing the support the dead weight of the shaker
N reciprocity calibration. There are armature. Accordingly, it is desirable
2N differcnt values for the sensitivity at to use the absolute optical method (8)
o~ frequencies of 5,000 Hz and above at thesc low frequencies. However, if
ANt depending upon the ma s.; of the test it proves desirable to perform recipro-
[ ] accelerometers to be attached subse- city calibrations at these very low

— quently when performing comparison frequencies it would merely be necessary
-t calibrations. These different sensi- to install rubber O-rings having a
.:} tivities vary by only about 1 to 4 per- smaller stiffness.

cent depending upon frequency and mass
of the test accelerometer, It is ex~

pected that the decrease in sensitivity
with mass of the test accelerometer is

PN
..
.
PO

RECIPROCITY CALIBRATION ACCURACY

.i the result of relative motion betwecn The analysis of calibration

L the accelerometer built into the arma- errors in the Table is similar to that
e ture and the motion of the mounting glven previously (5, 6). The root sum
. surface to which test accelerometers are of the squares of the individual
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109

COGAO/RS I’..d'.'-"i:.‘
2 AT T NI MG
A A D S

AR o)
sivafes :

3 7 1 NI SI IV IR



Table - Beciprocity Calibration Errors ia Detersiniag the
BSenettivity of Primary Vitratios Staadards with
aa Alr-Uearing Shaker

Krrors at Srrore at
Hessurement 100 B - 2,000l <100 &
>»2,000 n
percent perceat
Nass 0.0% 0.08
Trassfer Admittance
Iatercept 0.2 1,0
Yoltage Ratio 0.2 1.0
Distortion 0.1 0.3
Prequency 0.08 0.08
Accelerometer Effects,
Transveras Sensitivity,
Strain, Temperature, etc. 0.2 0.3
Amplifier Eftects,
Gain, 3tanility,
Source Capacitaace, etc. 0.3 0.3
Estimated Errore 0.5 1.8

oDeternined from the squasre root of the sum of the squares of
the iadividual errors.

m.asurement errors is 0.5 percent at
calibration frcruencies in the range
from 100 Hz to 2,000 Hz. The uncertain-
ty increases at other frequencies with
a RSS errcr of 1.5 percent. These
small reciprocity calibration errors
are¢ due primarily to the performance
charactceristics of the primary vibra-
tion standard shaker. The high reso-
nance frecuenclies of the shaker account
for the accuracy during the transfer
admittance and voltage ratio measure~
ments at high frecuencies. Other
factors contributing to the accuracy
include the absence of transverse mo-
tion and waveform distortion. It is
necessary to have these shaker perform-
ance charactceristics in order to
achieve reciprocity calibration errors
comparable to the ¢rrors in the primary
standard accelerometer and charge
amplifier.

SUMMARY

The work on performing reciprocity
calibrations on primary vibration stan-
dards cover alucst an uninterrupted
period of twenty-five years. During
that time the improvements made were
primarily in changing from a velocity
pickup standard tec a picrocicetric
accelerometer standard and, most im-
portantly, by improving the performance
characteristics of the calibration
shakers, These improvements have ex-
tended the frequency range for perform-
ing reciprocity calibrations with

reasonably small errors. "he air-h .oving

primary standard-shaker is suitable for
performing accurate reciprocity

calibrations to 10,000 Hz. These
calibrations should be performed prior
to using the vibration standard-shaker
to perform comparison calibrations on
various test accelerometers, velocity
pickups and other vibration mcasuring
instruments. In addition to performing
these comparison calibrations, the
standard shaker is used to determine
resonance frequencies up to 50,000 Hz
on test accelerometers,
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Mr, Ramboz (National Bureau of Standards):
Reciprocity remains one of two common ways of

o5

::‘ calibrating pickups particularly at the higher
- frequencies. The other method is an optical
N method using an optical interferometer. Those

b are the basically two accepted ways of doing
[+ this work so I think it is important that this

\ ! work is carried on and extended to higher

:. frequencies. I would like to criticize one

- statement that was made. It says other

'.‘ published papers describe the reciprocity
':\' calibration of piezoelectric standards only at
N 100 hz. Ray, 1 assume you are talking about

. other papers that you have published, The

literature is full of National Bureau of
. Standards papers and of course your work on
,-: reciprocity at many other frequencies, I would

like to emphasize that calibration at the
higher frequencies by reciprocity is extremely
difficult and great care has to be taken;
those of you who have delved into reciprocity
know it i3 full of gremlins and many pitfalls,
We have developed other reciprocity methods

S

B
s b

‘ besides this and as a result of that it has
R become necessary to distinguish one method
" from another, In honor of the developers of
Y this particular method that Ray has discussed,
“\: we call it the Bouche-lettie method and this
'S, has been identified in the literature. Other
-, methods are the par balanced and the three mass
methods., There are two more being discussed.
il I think the area of reciprocity is indeed alive
N and is moving very slowly forward.
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A NON-CONTACTING BETA BACKSCATTER

GAGE FOR EXPLOSIVE QUANTITY MEASUREMENT

., B, Higgins, F, H. Mathews, R. A. Benahm
Sandla Laboratories

Albugquerque, New Mexico

A norn-contacting method of mcasuring the quantity of light-

initiable explosive previously applied to a surface is des-

cribed., Design parameters, calibration procedures and field
results are given for a beta backscatter gage which measures
the areal density of a layer of the primary explosive, sil-

ver acetylide-silver nitrate {SASN), on a carbon or asluminum
sub-surface. The "radiation patterns" produced by the gage

using three different beta source geometries were determined
and their relative merits are discussed.

INTRODUCTION

Impulse loading delivered %o a
structure as a result of radiation-in-
duced blowoff can te simulated by spray
painting arees of interest on the struc-
ture's surface with a light-initiable
explosive, then detonating th? ?xplosive
with a flash of intense light 1), since
impulse is a function of aseal density
of the explosive coating(2 , a desired
impulse profile can be produced by vary-
ing the amount of explosive applied to
different portions of the structure.
Because this application employs silver
acetylide-silver nitrate (SASN), a sen-
sitive primary explosive, all operations
involving significant quantities of ex-
rlosive are performed by remote control.
we have measured

For several years

deals directly with the physical param-
eters involved--mass arnd area--and has
provided a means of predicting impulse
generally within + 10% in the case of a
single coupon measurement,

The folliowing ccnsiderations have
made the development of a supplementary
method of measuring areal density worth-
while:

1. The coupon weighing approach is
a limited sampling technique. The prog-
ress of a spray operation that may in-
clude several hundred passes of the
spray head must be Jjudged by weighing
coupons from a limited number of prede-~
termined locations which cannot be al-
tered after the spray operation begins.

2. A good deal of operator skill

areal density of the deposited SASN with is presently required to grasp a short
the aid of small Kovar coupons of known coupon stem of 20 gage wire eight feet
weight., As illustrated in Fig. 1, the away with heavy-~duty manipulators, pull
coupons are mounted on thin magnets the explosive-laden coupon cleanly from -

which in turn are glued to the test sur-
face prior to application of the explo-
sive. At any time during or after the
spray operation, the areal density of
the explosive deposited on a coupon may
be measured by temporarily removing the
coupon freom its magnetic holder and
welighing This is done with master-
slave manipulators using a remote read-
out balance located in the spray booth.
After subtracting th= weight of the
coupsn, the net weight of explosive is
divided by *the kncown area of the coupon
face to determine *he areal density of
the applied explosive., This measurement

it.

its magnetic holder, move the coupon
several feet through a maze of rubber
hoses loaded with circulating explosive
to the weighing platform, release it for
weighing, pick it up again and return it
to the exact spot on the structure from
which it came. All of this must be done
without disturbing the fragile coating
on the sprayed surface while viewing the
proceedings through a hazy, foot-thick
protective window. When multiplied by
as many as 30 coupons and seversal mea-
surements, this technique adds signifi-
cantly to operator stress and the possi-
bility of a mishap.
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TYPICAL
COUPON

IN PLACE

ON STRUCTURE

MOUNTING DETAIL

HOLDING MAGNET GLUED TO

SKIN OF STRUCTURE

EXPLOSIVE-COATED COUPON

WIRE HANDLING STEM

EXPLOSIVE-COATED SURFACE

FIG. 1 TYPICAL COUPON APPLICATION

3. Another limitation of the cou-
pon sampling method is the edge effect
exhibited by the explosive on the per-
iphery of the circular coupon. The mag-
net which hoids each coupon in place
also elevates it above the adjacent sur-
face, leading to a non-uniform coating
of explosive at the discontinuity, as
shown in Fig. 2. A rather elaborate op-
tical measurement is required to correct
for this effect when the areal density
of the explosive exceeds 50 mg/cm2,

BETA BACKSCATTER GAGE

Several non-contacting methods of
measuring areal density of the SASN vere
considered as a means of overcoming the
limitations of the coupon weighing meth-
od; the beta backscatter technique out-
lined in Fig. 3 was chosen.

Beta particles from the radioactive
source radiate in all directions dut are
blocked from entering the detector
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directly by the indicated shield. Rad-
iation reaching the coated surface will
either pass through, be absorbed, or be
backscattered. Backscatter measurements
of the coating depend upon the coating
being thin enough to pass a fraction of
the beta particles and the substrate
being of at least "critical"™ thickness,
which prevents any signitficant amount

of beta transmission. Under these con-
ditions the particles backscattered to
the detector will contain contributions
from both the substrate and the coating.
If the ccating and the substrate compo-
sitions do not change and the geometry
of the measurement remains fixed, then

a change in the areesl density of the
coating will affect the amount of back-
scatter received by the detector and
provide a measurement of areal density.
These were sufficient conditions for

our purpose, since impulse is predicted
in terms of areal density; however, the
more common use of the backscatter tech-
nique to measure thickness requires

that the coating have a constant, or at
least kncwn, volumetric density.

A further requirement for success-
ful backscatter measurements is that
there be a significant difference in
the atomic numbers of the substrate and
coating materials, A difference of at
least 15% is considered minimal and the
attainable accuracy of the measurement
increases as the difference becomes
greater . The relationship »f atomic
numbers of the materials used and the
relative counts expected is shown in
Fig. 4.

SYSTEM DESCRIPTION

The equipment layout used to spray
and measure the guantity of sprayed ex-
plosive applied toc a typical structure
is shown in Fig., 5. The equipment is
located in a spray booth isolated from
the operating position by a laminated
window of Lexan and Lucite,

The beta backscatter system (BBS)
is diagrammed in Fig. 6. For clarity,
the manually controlled vertical posi-
tioning equipment is not illustrated.

The Sensor Head is a motor-driven
assembly consistin6 of a Strontium-
Yttrium (Sr90 + v99) beta source, s
"pancake" Geiger-iueller (GM) detector,
and an eddy-~-current sensing coil togeth-
er with its asscciated electronics.
Cables conduct control and data signals
between the Sensor Head, Fig. 7, in the
spray booth and the equipment rack in
the control room.

The beta source is contained in the
bottom of a 3.7 mm deep lead cup having

walls epproximately 1.26 mm thick. The
walls of the cup collimate the beta ra-
diation to about a 90° solid angle.

This arrangement provides adequate at-
tenuation of direct radiation from source
to detector when the cup is normal to
the surface under measurement, as in the
90° source indicated in Fig. 3. Such is
not the case for the 45° offset source
shown in Fig., 6 and an extended "scoop”
of lead foil was added to reduce the
background count resulting from direct
leakage into the detector.

The GM tube, an Eberline Model HP-
210, receives particles backscattered
from the sprayed surface being irradiated
by the beta source. Each particle which
penetrates the thin "windovw" of the GM
tube ionizes the gas in the tube and
causes current from the high voltage sup-
ply to flow. The resulting voltage spike
causes the counter to register one count.

The eddy current c<il is the heart
of the horizontal positizr control sys-
tem designed to hold the ;i tube at a
tixed distance from the sprayed surface
being measured, Electrically, the coil
is one arm of a rectifying resistance
bridge powered by an RF source of approx-
imately 6.5 mHz. The bridge is initially
balanced with the outer edge of the beta
source about 6.3 mm from tre sprayed sur-
face. Any movement of the surface which
changes this so-called "lift-off" dis-
tance will unbalance the bridge by chang-
ing the effective impedance of the eddy
current loop induced in the substrate
(which must be conductive). The unbal-
ance signal is amplified and drives the
Sensor Head motor in the appropriate di-
rection to correct the original change
in lift-off distance. Response time of
the position servo is not critical be-
cause of the relatively long time re-
quired to complete & backscatter mea-
surement after the servo settles.

In addition to amplifying the bipo-
lar signal from the position-sensing
bridge, the electronics associated with
the horizontal positioning system con-
verts the control signal into a 3-phase
drive current for the horizontal posi-
tioning pulse motor. A pulse motor was
selected for Sensor Head positioning in
anticipation of possible future computer
control of the BBS.

BETA SOURCE DESIGN

The radiation from a decaying is?-
tope follows the Poisson statistics(? R
Consequently, the standard deviation,
SD, of the number of counts N logged on
the counter in a fixed interval of time
closely approximates the square root

of N
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sp = nt/2 (1) 2 factor of 0.53 for the SASN coat-
ing(6),
and the true count will lie within N+2SD
approximately 95% of the time. From the bottom row of the tabular
data it is seen that _an acceptable error
Based on this statistical relation- of about + 1.0 mg/cm® for the 2SD points
ship, the probable error in areal den- at 30 mg/cm2 requires a total detector
sity measurements due to the random beta count of about 25,000 counts.
radiation from a Sr90 + Y90 source was
calculated for a family of nominal coat- The GM detector selected for our
ing/substrate values and tabulated in application has a specified "dead time",
Table 1. A backscatter return factor of Tp, of 50 microseconds following such
C.1 was used for the carbon substrate, ionization of the tube by a beta
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FIG. 5 SPRAY GUN & SENSOR HEAD SETUP X
particle. During dead time, another to the detector output, Ip, by the prod- ;
particle entering the detector tube will uct of six multipliers, A; through Ag, -~
not be detected. A calculated correc- which represent absorption, reflection ?
tion is made for this effect but, be- and divergence factors experienced by o
cause the adjustment is based on a nomi- beta particles traveling from source to ;
nal recovery time subject to error, it detector: e
is desirable to limit the dead time to -
no more than 10% of the total count in- Iy = ID(Al X Ay oo A6) (3)
tervel, T. Solving All multipliers exceed one except the
0.1T = TON one which represents "reflection" from
the bottom of the source holding cup.
and T = SOus/count X 25,000 counts/0.1 The factor representing geometrical di-
vergence is an order of magnitude great-
T = 12.5 s er than any other factor and dominates

the equation. A detailed solution of
Eq. 3 is beyond the scope of this paper,
but the solution for the specified value

The permissible count rate of the detec-
tor, Ip, becomes

I, =18/ 0.aT of Ip is
= 25,000/ 12.5 (2) Is = 85Sucurie .

= 2000 counts/s AN
With an idea of the source require- ROV
The required activity of the source, Ig, ments, Sr90 + Y30 yas selected for three STREAG
to produce this count rate may be related reasons: : :
' 5
: "
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1. The penetration range of the
beta particles from this isotope
covered our anticipated usage.

2. The long half-life (28 years)
of this source made the need for
replacement unlikely.

3. The selected source was avail-
able in-house in a wide range of
specific activities.

The actual source was fabricated at
one of Sandia's radiation laboratories.
Using the expected gage/source geometry,
source activity was adjusted to provide
the approximate count rate desired.

CALIBRATION

Calibration of the system began
with the preparation of two sets of
"standards". One set was produced by
spraying 50 mm diameter patches of SASN
on carbon substrate of greater than
critical thickness (6.5 mm). The areal
density of the deposited explosive was
determined by carefully weighing coupons
of known area sprayed at the same time,
Because of their fragile and hazardous
nature, these stendards could not be
used directly for long-term calibration
of the BBS.

To provide long-term calibration of
the system, another set of standards
consisting of silver foils of different
thicknesses thinly cemented to a 6.5 mm
carbon substrate was built. When mea-
sured with the BBS under the same condi-
tions as the SASN samples, the silver
foil standards provide a set of correla-
tion points which are expected to reveal
any deterioration of gage performance
over its useful life.

Before actual calibration of the
gage with the standards, the optimum
liftoff distance was established. For
this purpose, the SASN standards were
mounted in front of the beta source on a
micrometer drive which permitted accu-
rate variation of the liftoff distance.
With the servo inoperative, the back-
scatter count for each of the SASN stan-
dards was recorded over a range of lift-
off distances. The data is plotted in
Fig. 8.

The peak of any one curve repve-
sents the optimum operating lift-off for
a particular areal density because the
measurement accuracy is maximum at that
point and also because the counting er-
ror due to any small liftoff error will
be least in the vicinity of the peak. A
liftoff of 6.3 mm was selected for the
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FIG. 6 SYSTEM BLOCK DIAGRAM
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NOMINAL 2 x STANDARD DEVIATION
SUBSTRATE
(CARBON) COATING (SASN)
COUNTS COUNTS AREAL COUNTS AREAL
DENSITY DENSITY
MG/CcME MG/ CM?
1000 2340 30.0 + 97 +2.5
-2.8
2000 4680 + 137 +1.8
2.0
Looo 9360 + 194 +1.2
-1.h4
8300 18720 30.0 + 27k + .8
-1.0
TABLE I: PREDICTED PERFORMANCE OF sr20 4+ y9° -
AS A BETA BACKSCATTER SOURCE ~
R
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9¢? scurce as a compromise distance
whirh set the operating point at peak
cinats or near peak on the low sliope
sile of the ~oun*ts-vs-1iftoff curve over
the range of areal density covered by
+ne sprayed standards.

Detector counts versus computed
areal density of both SASN and silver
foil standards are shown in Fig. 9. The
excellent fit of straight lines through
both sets of data plotted on semilog ps-
per indicates the exponontial relation
of areal density to number of counts.

FIG. 8 VARIATION OF MAXIMUM BACKSCATTER WITH OFFSET AS
A FUNCTION OF AREAL DENSITY (90° SOURCE).

The corrected counts shown in Fig. 9 dif-
fer from the raw detector counts because
of adjustments for decay of the $90 +

Y90 source, deai time of the detector,
and backgrcund count. The latter is re-
corded when no significant backscatter
target is in front of the source.

APPLICATION
Initially, the BBS was used to sup-~
plement coupon measurements during de-

velopment tests of a cerbon-carbon re-
entry vehicle (RV), The RV was 1.6 n




Lo2nk

long and 0,46 m in diameter at the base
and approximately conical in shape. A
total of 30 coupons were mounted on the
surface of the vehicle in a modified
Cross of Lorraine configuration shown in
Fig. 10.
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The center of a "viewing area" for
the BBS was defined by a vertical line

.{\ through a coupon at a distance of 50 mm

et below the coupon. This procedure as-

DA sured the same areal density of explo-

r oS N . .

. sive on the viewing area and on the

»i. coupon, since the spray process was per-

Wi formed vertically and weight measure-
ments of the vertical group of coupons

> verified that no significant variation

L of areal density existed along the

Y length of the RV, This test utilized

Y the 90° beta source, which mounts Jjust

about the entrance "window"”" in the cen-
ter of the GM detector.

The 17 coupons at 10° intervals
neay the base were weighed periodically
during the spray operation to assure
the formation of the desired cosine im-
pulse distribution over one-half the
surface of the RV. Upon completion of
the spraying, BBS measurements were made
in the "viewing areas" and the two sets
of data--explosive weight on the coupons
and BBS count measurements--were entered
into our computer for reduction to areal
density. Both data sets are plotted in
Fig. 11.

A maximum difference of about 5% of
full scale is seen near position zero,
with a considerably better average error
at other positions,.

Analysis of the rigid body data re-
sulting from detonation of the explosive
deposited on the RV led to an investiga=-
tion of the response of the 90° beta
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} - source to abrupt variations in areal additional collimation of the source and
N density, a phenomena which occasionally an offset distance of 3.2 mm, the some-
- occurs due to small misalignment of what "sharper" response shown in Fig. Lk
:3% sprayer components. The experiment is was recorded, at a considerable price in
.}‘ diagrammed in Fig. 12, number of counts. For accuracies con-
AN sistent with the uncollimated source, it
- A narrow 5.0 mm strip of silver will be necessary to double either the
c- foil 0.025 mm thick and 0.1 m long was measurement time or the source activity.
: glued to a 0.15 m by 0.2 m carbon flat,

) 13 mm thick. The beta source was cen- CONCLUSION

I tered over the foil and swept 20 mm

'I: either side of the foil in a direction A self-positioning, non-contacting
TN normal to the length of the foil. gage for remotely measuring the gquantity
o of SASN explosive on a conductive carbon
e To eliminate the "cinder cone"” re- surface has been proven feasible, Based
$u sponse of the 90° mounting plotted in on calibration against weighed coupons
.‘ Fig. 12, the source was moved to the from a flat sprayed sample, the accuracy
Bl side of the detector and tilted 45°, as of backscatter measurements on a surface
v shown in Fig. 13. In order to reduce having a 20 cm radius of curvature com-
iy the resulting large increase in back- pared favorably to weighed coupon data
- ground count, a lead shield in the form when using a beta source centered over
';ﬁ of a scoop was added in front of the the detector and normal to the surface
"o source on the detector side. The indi- (90° source). Using a modified (45°)

L cated response shows the double peak source, the ability of the gage to de-
‘i‘ structure to be absent. tect & common spray process anomaly--

strip discontinuities in the explosive

N A "final" modification consisted of coating--was established experimentally.

adding a 4.3 mm diameter lead aperture
in front of the L5° source., With this
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DATA ACQUISITION SYSTEMS FOR THE
IMMEDIATE FUTURE

Josef F. Schneider
Civil Engineering Research Division
Air Force Weapons Laboratory
Kirtland AFB, NM

merit parameters for -

systems.

in an extremely hostile environment.
become attractive due to rapid progress in semiconductor technology.
However, FM systems cannot be ruled out.
digital systems is the reduction of data uncertainties by an order of
magnitude. Two digital systems are considered. One is the analog
multiplex system that transmits data in real time. Analog-type record-
ing is necessary. The other is a system that multiplexes on the digital
side. Each channel has an A to D converter and memory, while transmission
takes place after the test. The data is stored digitally and plotted for
quick-look analysis without the need for precomputer data reduction.

The presently used time-of-arrival data acquisition system is slow,
ambiguous, and needs analog recording.
timing resolution by at least one order of magnitude and print the
results on site. Application guides and formulae are given for all
systems, and a comparisen is presented which 1ists respective system
wilar data hand)ling requirements. Recommenda-
tions favor the digital system but still leave room for improved FM

This paper addresses the acquisition problems with transient data
Digital techniques have recently

The most important feature of

A digital system will improve

1. INTRODUCTION

When choosing a data acquisition system in
the not too distant past, the probability was
very high that an FM multiplex would be
selected. Today, with the advent of the micro-
computer and the progress in A to D converter
technology, the designer has a choice between
an analog and a digital system. The criteria
for the selection of a particular system have
to be developed from the test instrumentation
requirements. Although no simple rule can be
provided for a selection, it is nevertheless
possible to develop selection guidelines for
general classes of acquisition systems.
Although they are not restricted to special
requirements, the systems discussed have
evolved from the instrumentation of tests with
several hundred sensors in an extremely hostile
environment of short duration.

2. DESCRIPTION OF DATA ACQUISITION SYSTEMS
2.1 General

The systems described herein are of the
state-of-the-art technology and constitute the

arsenal to choose from for future instrumenta-
tion of large-scale, short-duration tests. The

127

requirement for the development of new systems
is not new, only the technology to implement
the solutions is new. Therefore, the venerated
FM system has not become obsolete by the new
technology of large-scale integration; on the
contrary, it can be revived with this new tech-
nology by new component design and packaging.

The following 1ist shows basic require-
ments for improving quality and cost-effective-
ness of present data acquisition:

a. Reduction in cable performance require-
ments

b. Reduction in number of cables

¢. Reduction in noise and interference
susceptibility

d. Reduction in transmission bandwidth
e. Increase in channel bandwidth

f. Increase in dynamic range of the
channel
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g. Simplification of operation and main-
tenance

h. Standardization of sensor voltage out-
put

The item under h is not a system feature but
an interface requirement. The intention is to

standardize all transducer outputs between 0 and

10V for unipolar transducers and between -5 and

+5V for bipolar units. This can be accomplished

by placing signal conditioners, including band-
limiting filters, close to the transducer, pre-
ferably downhole.

Therefore, with the interface between the
transducer and the acquisition system standar-
ized, no special allowance has to be made for
different sensors except, of course, for the
consideration of channel bandwidth which deter-
mines largely what type of system will be used.

It is obvious that no one system exists
that could satisfy all the requirements for
improving the present systems. Therefore, one
has to select for optimal performance. Cost-
effectiveness should equally play a major role
in the selection of a system.

A data acquisition system, for the purpose
of this discussion, is defined as beginning at
the transducer (signal conditioner) interface
and containing the forward equipment, the cable,
the receiver and/or controller (computer) and
the recording device in the van, includin
optional quick-look equipment (see Fig. ll);.

A
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Signal conditioners are not included in
this discussion because they are mostly trans-
ducer-oriented or even an integral part of the
transducer system.

2.2 FM Systems
2.2.1 Present Systems

An example of an FM system, as presently
used, is shown in Fig. 2. The low-level trans-
ducer output is transmitted through individual
lines (several per transducer) to the van where
the signal is conditioned, frequency-modulated,

mixed with the other channels of the same system

and recorded. A total system bandwidth of
approximately 1 MHz is available in the record-
ing system, which allows 10 to 20 channels with
a bandwidth in the range of several kHz, depend-
ing on selection of system parameters.

2.2.2 Forward Systems

Improvement of the present systems is
possible by putting the signal conditioner close
to the transducer, which assures a high-level
signal on the connecting cable; and putting the
VCO's plux mixer in a forward location (e.g.,
splice bunker), which reduces the number of
transmission cables to one wideband line and a
telephone line for control (e.g., system cali-
bration). This system is shown in Fig. 3.
Whether the signal conditioner is in the trans-
ducer or in the splice bunker depends on the
transducer requirement and the state-of-tech-
nology. Filters (F) have been added to the

TRANS~- SPLICE BUNKER CABLES VAN
DUCER
—
]
FORWARD RECEIVER QUICK
A RECORDING
O e HaH eauevent —f—(1+ anoror ' [~ Look
L IF ANY CONTROLLER EQUIPMENT
E
S
P
L
|
C jo— DATA ACQUISITION SYSTEM >
E
S
-

*) THESE ARE THE VARIOUS PLACES WHERE SIGNAL CONDITIONING
CAN BE PERFORMED ACCORDING TO THE SYSTEM USED.

FIGURE 1. ODEFINITION OF A SYSTEM
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¢ signal conditioner in order to 1imit the signal that of an analog signal. Therefore, the
" bandwidth to the bandwidth of the FM channel proper place of the digitization is in a forward

and thereby to avoid interchannel crosstalk in
the telemetry link (in the past, these filters
would have been far too costly and bulky).
There is, however, one stringent requirement
for this system; that is, the frequency stabil-
ity of the VCO. It might not be possible, with
the explosives in place, to go out to the for-
ward Tocation and adjust the VCO a few hours
befcre the test. Therefore, a higher stability
is necessary for this forward VCO than for con-
ventional VCO's.

location in order to make use of this advantage.
Two different versions of a PCM system are con-
sidered. Their outward difference is in the
location of the multiplexer. Their application
difference is in cost and signal bandwidth. For
both versions a word (sampleg length of 8 bits
is considered adequate for two reasons: (1)

the microprocessors that most likely will be
used to control the operation have a standar-
jzed 8-bit word size, and (2) transducers
usually are not better than 1% (if they are that
good) and therefore a .2% digitization error
does not materially add to the uncertainty of
the data (the geometric total would be 1.02%).

Lt
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2.2.3 Accuracy

M T |
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o
'

! The data accuracy (amplitude uncertainty),

given a perfect signal at the input to the
system, is about 2% of full scale overall (i.e.,
including recording and reproducing on different
machines) for a modulation index of 4 to 5, and
deterjorates to approximately 57 for a modula-
tion index of 2. Data reduction selects and
demodulates channels from the composite FM
signal and digitizes the data for subsequent
computer use and quick-Took display.

2.3 PCM Systems
2.3.1 General Features

In a PCM system, the data are trans-
ferred from the analog to the digital domain
bv the analog-to-digital conversion as a func-
tion of the acquisition system. This has the
advantage of increasing the ncise immunity of
the resulting (PCM) signal almost 30 times over

Transducers with a higher dynamic range
than 40 db would require more bits per word and
a more complicated computer system (8-bit double
precision, or 12- or 16-bit word size).

2.3.2 Analog Muitiplex PCM

This system is depicted in Fig. 4. The
multiplex function is performed in the analog
domain, ahead of the digitization. A high band-
width cable is necessary for transmission of the
digitized (PCM) signal to the recording van. A
wide bandwidth instrumentation recorder is nec-
essary to record the PCM signal for further use.

The bandwidth available for one channel
decreases as the number of channels to be accom-
modated in a given system increases because of
the fixed sample rate and, therefore, fixed
bandwidth of the multiplexed output.
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Taking a 1 MHz cable bandwidth, 8-bit data
words (plus some transmission format overhead),
the maximum sampling frequency can almost be
200,000 samples per second. About 40 channels
can be accommodated in a system, with a channel
bandwidth of 1000 Hz. Only a handful of chan-
nels would be available for high frequency data
(e.g., 10 kHz bandwidth for blast pressure mea-
surements). On the other hand, this system
provides continuous acquisition over a long
period of time (as does an FM system). The
control line can be a low bandwidth cable.

Signal amplitude uncertainty is typi-
cally a few tenths of a percent. The +1/2 LS8
(least significant bit) error of the digitiza-
tion for an 8-bit system is +.2%, and the ana-
log components of the system (the multiplexer,
and the sample and hold circuit) typically have
a .1% error. Data reduction has to select and
demodulate channels from the composite PCM
signal for further computer use and also for
the production of quick-look records.

2.3.3 Digital Multiplex PCM

As can be seen from Fig. 5, each chan-
nel now has its own A/D converter and adjacent

TRANS- FORWARD LOCATION
DUCER

mro»o |

—1 A/D |1 MEMORY —

Iy

— A/D = MEMORY |—

| omo-ron

rFP=-—-0-0

XMFrO9-=-=rc

% DATA| RECEIVER | | DIGITAL
CONTROLLER

memory. Therefore, each channel can have the
same high bandwidth regardless of the number
of channels in the system. Using the sample
rate of 200,000 for comparison, its bandwidth
can be up to 50,000 Hz. The important feature,
however, is that data transmission can take
place after the event at a rate dictated by the
quality of the cable. The control line can be
of equal lTow quality. This system, however,
works only when data with a definite trigger
(e.g., fiducial at time zero) and rather short
duration have to be acquired.

Amplitude uncertainty is even closer to
+.2% because the only analog component left in
the acquisition system is the sample and hold
circuit, ahead of the analog-to-digital conver-
ter. The data window (duration of data to be
acquired) is the number of samples the memory
can hold divided by the sampling rate. Data
reduction is not required for obtaining scaled
and calibrated plots because they can be made
at the test site directly.

2.4 Time-of-Arrival Systems

2.4.1 Event Data

CABLE VAN

RECORDER

QUICK LOOK
PLOTS

CONTROL

§ CONTROL

FIGURE 5. DIGITAL MULTIPLEX PCM
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‘@ The systems described so far handle con-
. tinuous or transient analog functions of time,
o as opposed to discrete functions of time. These
K are events whose arrival at certain stations is
N to be measured. Because of timing resolution
e, requirements in the order of tenths of micro-

seconds, long 1ines have to be avoided, analog
magnetic tape recording is highly suspect, and
the transmission cable has to have a high band-
width.

2.4.2 An Analog System

The existing method uses magnetic tape
for recording. Each measurement produces a
pulse at the time of occurrence of an event
whose amplitude identifies the measurement loca-
tion. The pulses from eight measurements are
multiplexed into one signal which is trans-
mitted to the instrumentation van and recorded
there, either direct or FM, one 8-station
signal per track. Transmission bandwidth is 1
MHz (see Fig. 6) because recorders are usually
run with 60 ips tape speed.

TRANS- FORWARD
DUCER LOCATION

ANALOG
MULTIPLEX

mro»o |

CABLE

___“_ FM

Data reduction consists of sampling these
signals with 500,000 samples per second; i.e.,
with a 2 microsecond resolution, and reading the
time difference between some point on the event
pulse and the fiducial at T = 0. Timing accuracy
is several microseconds at best.

2.4.3 A Digital System

Many of the shortcomings of the present
system can be avoided if the time measurement is
performed at a forward location, as shown in
Fig. 7. Each channel has its own event counter
that is started at the origin of test time (time
zero) and stopped when the event arrives at the
sensor. The accumulated time is read out after
the test over the cable and printed. Data trans-
mission time depends on cable quality rather
than any other requirements. A control cable is
not necessary when transceivers are used at the
cable ends, as indicated in Fig. 7. Data
reduction is not normally necessary because the
printer output is the desired result. Timing
resolutions of .1 microseconds can easily be

VAN
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OR DIRECT TAPE RECORDER
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FIGURE 6. TIME-OF-ARRIVAL SYSTEM (ANALOG)
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FIGURE 7.

provided with a 100 millisecond total time cap-
Longer total times can be achieved

at the expense of reduced resolution (e.g.,

1 sec total with 1 microsecond resolution) or
with the addition of more hardware.

Basis for Comparison

Befare the respective systems can be com-
pared to each other, the relationship between
number of channels, channel bandwidth, and
recording (or transmission) bandwidth of each
system has to be defined.
comparison can be found.
system for high bandwidth data usually covers
about 1 MHz in the frequency spectrum.
figure will be used as the recording bandwidth,
and therefore is also the transmission band-
width that the cable has to be able to handle.
An extrapolation to the often 2 MHz recording
bandwidth for PCM systems can easily be made.
Further, 8 bits per channel is considered
standard for PCM systems, and 8 channels are
presumed as the minimum number in any system.
in derives from convenient

system.

TIME OF ARRIVAL SYSTEM (DIGITAL)

Then, a basis for
A conventional FM

3.2 FM Systems

For the FM systems, the minimum recording
bandwidths for a given number of channels is
approximately:

Recording B.W. = No. of Ch's x Ch B.W. x
Dev. Rat. x 4 x 1.1

Channel B.W. is the signal bandwidth; Dev. Rat.
= deviation ratio = deviation from center fre-
quency over signal bandwidth; the factor 4
includes + deviation and a guardband of a devia-
tion width on each side; and the factor 1.1
stands for a 10% overhead (e.g., in FM a refer-
ence frequency is usually required to be added
to the composite signal f]]). A second require-
ment is laid on the number of channels figure

as follows:

Deviation > .01 x Center Frequency

In the now usual case of constant bandwidth FM
systems, given a 1 MHz (arbitrary) recording
bandwidth, the number of channels for 10 KHz
data could maximal be:




LA |

S 1000 _ 1000
No. of Ch's = Jox7xaxTT" 88 - U

This (theoretial) maximum assumes the 1% devia-
tion limit (calculated at 1 MHz) and a devia-
tion ratio of 2 (the minimum ratio advisable
for multiplexed FM systems). Data uncertain-
ties in such a system are about 5%, especially
in the higher frequency subcarriers. A good
system should not deviate less than 4% and use
a deviation ratio of 3 to 4 in order to
approach data uncertainties of 2%. This would
result in (again for 10 kHz data):

1000 - 1000
T 176

No. of Ch's = . S

= 5

This seems low. Therefore, compromises are
being struck; e.g., the guardband factor is
reduced to 3.5, and a deviation ratio of 3 is
used. A 10 kHz data bandwidth will then result
in 3% deviation at the top of the spectrum.

1000 _ 1000

No. of Ch's = {5x 3 x35xT.T Ti5.5° 8

This is a realistic figure which allows 10 kHz
data B.W. and should result in approximately
3% data uncertainties overall.

The data uncertainties can only be
given approximately because they depend on the
deviation ratio which, in turn, depends on the
data amplitude and frequency. Included in it
is the degradation of the FM signal that is
experienced in tape recording. (Measured
uncertainties for existing FM systems are hard
to come by and therefore unfortunately not
available for this comparison.)

3.3 PCM Systems
3.3.1 Analog Multiplex

The recording (transmission) bandwidth
for serial PCM systems with analog multiplex
computes approximately as follows:

Recording B.W. = No. of Ch's x Ch B.W. x
No. of Bits x 4 x 1/2 x
1.1

The number of bits determines the resolution
of the data signal and is normally 8 or 10,

The factor 4 guards against aliasing errors
(this assumes prefiltering because the effec-
tiveness of antialiasing results from the com-
bination of this factor with the filter roll-
of f characteristic (see also Ref. [21; e.q.,
for a 1% system, a 6-pole filter would keep the
foldover error of a full-scale component within
the uncertainty range, using a factor of 5).
The factor 1/2 results from the recording mode
{NRZ); for other modes, 1ike Biphase, this
factor would be 1; and the factor 1.1 again
allows for transmission format overhead in the
serial PCM signal which consists mostly of
synchronization bits and parity bits.
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In order to compare with the FM systems,
we use 8 channels and a recording bandwidth of
1 MHz. Using 8 bits a channel bandwidth of 7
kHz results for the same recording bandwidth.
Frequently though, 10 bits are used; a guard
factor of at least 5 is assumed; and a record-
ing B.W. of 2 MHz (maximum) can be used on nonral,
nonmodified instrumentation recorders. The
resulting channel B.W. would then be 9 kHz for
an 8-channel complement.

Data uncertainty is a combination of the
analog multiplex errors plus the digitization
error. The former can be estimated to max .2%,
and an 8-bit conversion results in +.2% = +1/2
LSB (least significant bit) error. This com-
bines to less than .3% overall. Putting the
multiplexer on the digital side for this real
time PCM system would not change these relation-
ships and therefore would be nonsense because
now a separate A/D converter will be necessary
for every channel.

3.3.2 Digital Multiplex

When, however, in addition to the A/D
converter, a separate memory is attached to each
channel and when the multiplexer is now moved to
the digital side, an entirely new situation
arises [3]. Transmission bandwidth is of no
concern any more. Memory size determines how
much data can be taken at any one time. There-
fore, no real time transmission requirement
exists. Transmission can take place any time
after acquisition at any rate, but only data of
limited duration can be acquired. The formula
for channel 8.W. is very simply:

Ch B.W. = Memory Recording Rate /., 4

The factor 4 is the guard against aliasing.
Recording rate is measured in samples per second
(= sample rate). The data duration computes as:

Data Time = Memory Size °/. Sample Rate

The number of channels in the system is deter-
mined by system design. Theoretically, there is
no limit, but number and location of transducers
will provide a limit and so will addressability:
e.g., an 8-bit address can only reach 256 chan-
nels. Practical systems might have 30 to 60
channels.

Data uncertainty results mainly from the
analog-to-digital conversion. The analog input
can be held to .1%. The conversion contributes
+1/2 the least significant bit (LSB) which is
approximately .2% for an 8-bit converter. This
results in an uncertainty better than .25 oaver-
all.

3.4 Time-of-Arrival Systems
3.4.1 FM System

The measurement is not expressed jn the
amplitude of the signal (except for station
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identification) but in the occurrence of the
signal. This produces a pulse with an ampli-
tude from zero volt to a predetermined level.
Accurate absolute measurements are difficult
because the pulses suffer various delays in the
recording and/or telemetry channels before they
can be detected. In addition, random jitter is
contributed by the tape motion in the instru-
mentation recorder. Basic timing resolution

is determined by data reduction capabilities
which presently amount to 2 microseconds (for
this system). A1l in all, absolute timing
uncertainty better than several microseconds
should be difficult to achieve.

The FM requirements are: The channel
bandwidth should be as high as possible. Trans-
mission bandwidth is 1imited by the recorder
capability which is 500 kHz bandwidth in FM
mode. Direct recording (2 MHz max) is also
being used. The amplitude detection (station
identification) is difficult and at times
impossible. Because the pulses from some trans-
ducers are very narrow, the 2 microsecond
sampling resolution is often not enough to
reliably determine the amplitude of the pulse.

Stations can be triggered by all sorts
of transients before the test and are then
used up when the test comes along. The system
cannot flag this condition.

3.4:2 Digital System

The transmission bandwidth is not of
concern because it can be as low as the avail-
able cable dictates. This system has the same
properties as the digital multiplex PCM system;
i.e., short-duration measurements and forward
resident memory for each channel. Resolution
is typically .1 microsecond and accuracy should
be several tenths of a microsecond. Total mea-
surement capacity is 100 milliseconds, derived
from specific test requirements.

Although the digital system is equally
susceptible to noise interference on the mea-
surement lines, it allows last-minute (count-
down generated) reset of all channels. If a
transient should still trigger a station before
the arrival of the event, this measurement is
flagged and the specific error is printed in
line with the (false) results.

4. COMPARISON
4.1 Present FM Versus Forward FM

There is no question, considering cable
cost, that the forward FM system is superior.
The price to pay for the cable cost saved,
however, is the need for higher stability of
the forward VCO because it will not be as easy
as with the present FM system to re-adjust the
VCO's shortly before a test. Drift performance
of the forward VCO's has not been obtained as
yet. Another obvious consideration is that if
the cable breaks, all channels of the forward
system are lost; whereas, only specific

135

channels are lost due to cable breaks in the
present configuration. Comparison of pertinent
parameters is consolidated in Table 1. Signal-
to-noise figure requirements are substantially
different. Although these figures seem some-
what arbitrary, they are in the ball park and
easy to remember. One very important column

in terms of cost is the requirement for pre-
computer data reduction; i.e., playback from
analog tape, demodulation, analog-to-digital
conversion, and system calibration.

4.2 FM Versus PCM (Digital Multipiex)

Again, the cable is a major factor in the
comparison. Even though the forward FM system
needs only one cable for transmission, it can
handle only about a handful of channels and
needs a wide bandwidth cable. Further, it is a
real time system that is lost when the cable
breaks.

The PCM system of the digital multiplex
configuration can handle any number of channels,
can use a low-grade cable (telephone quality),
and is not out of commission when the cable
breaks because the cable can be repaired before
the transmission takes place. Another advantage
is the wide bandwidth that every channel can
have regardless of the number of channels (the
FM spectrum range is limited, and the bandwidth
per channel is inversely proportional to the
number of channels in the system). Further,
the permanent data record is in digital form,
whereas the FM data are recorded on an analog
instrumentation recorder. Pre-computer data
reduction is not needed because digitization
and system calibration are done in the field,
thereby saving funds and time, especially when
one considers that quick-look plots, scaled and
calibrated, are available at the test site in a
few hours after the test. Besides all these
points, the system accuracy is by an order of
magnitude higher than that of an FM system.
Transmission line S/N requirements are very low
due to the nature of the digital signal.

4.3 FM Versus PCM {Analog Multiplex)

System accuracy has the PCM advantage of
low interference susceptibility, but every-
thing else is 1ike FM: A wide bandwidth cable
is necessary and the channel bandwidth is
inversely proportional to the number of channels
in the system; also, costly and time-consuming
pre-computer data reduction is necessary.

4.4 PCM (Analog Multiplex) Versus PCM
(Digital Multiplex)

Main differences are the need for pre-
computer data reduction and a wideband cable
for the analog multiplex system, and its number
of channels times data bandwidth limitation.
With the digital multiplex system, data cover-
age is limited to the size of the channel mem-
ory.
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TABLE 1}

Comparison of System Parameters

No. of Data Cable No. of
Ch's B.W. B.W. Cables

Trans- Pre- Result Per
System mission Comp. Avail- Channel
Uncer- S/N Data able Cost
Recording tainty Require. Reduc. in ($)

Pres FM 10 kHz 10 kHz

ew FM 14 kHz 1 MHz

CM Analog
ultipiex 7 kHz 1 MHz

PCM Digital
ultiplex Any 20 kHz 100 Hz

Pres TOAS 8 500 kHz 500 kHz
New TOAS Any 10 MHz 100 Hz

Analog > 2% 40 db Yes > 2 days 1000
Analog > 2% 20 db Yes > 2 days 600

Analog < ,3% 10 db Yes > 2 days 600
Digital < .2% 10 db Needed 5 hrs 1000

Analog ~3 usec 20 db Yes > 2 days 500

Printer

Not

~ Not
.3usec 10 db Needed 1 hr 350

4.5 Analog and Digital TOA System

The digital system eliminates the need for
the wideband cable of the present system due to
the farward location of the acquisition opera-
tion and the memory-storage feature which is
similar to the PCM system with digital multi-
plexing. Timing accuracy is improved by more
than one order of magnitude. Also, station
identification is completely assured because
the channel number is automatically printed
with the results. Again, the digital system
does not need pre-computer data reduction. Its
S/N transmission requirements are typically PCM,
while the analog system which has to distinguish
between two times four amplitudes in one multi-
plexed signal is more critical by at least a
factor of 3.

4.6 Reliability

Without going into MTBF calculations, it
is safe to say that analog circuits are gen-
erally more susceptible to deterioration than
digital circuits due to drift that makes a
system marginal Tong before fatal damage occurs.
In terms of fatal damage, digital circuits may
be only slightly better than their analog
counterparts.

The need for analog instrumentation tape
recorders in some systems decreases their
reliability, while digital transmission over
inexpensive lines should increase the reli-
ability of these systems.

However, digital systems are generally
more sophisticated than analog systems which
tends to tilt the balance back in favor of
the latter., Therefore, overall, it is diffi-
cult to find order of magnitude differences in
relisbility of the two types of systems.

Keep in mind that the reliability require-
ments on forward-placed or even transducer-
integrated components are higher than for those
with easy access for replacement.

4.7 Operability

The operation of a digital system is easier,
simpler, and less cumbersome than that of an
analog system. Analog systems need more setup,
more rechecks, and usually cannot afford ela-
borate system exercises shurtly before a test,
whereas such operations can easily be automated
in digital systems.

A digital system is set up once, and a
complete system checkout can be performed any
time without any more effort than initiating the
procedure.

A complete checkout of an analog system
involves the tape recorder and, therefore,
pre-computer data reduction to obtain the
results of a "dry run."

Other procedures, 1ike system calibration,
can also be automatically performed in digital
systems during the execution of the test program.

5. PLACEMENT CONSIDERATIONS

Unless system accuracy is the overriding
factor, there is a place for FM systems in the
future. Based on cost-effectiveness, a for-
ward FM system has merits in a location where
only a few channels are clustered. When many
more channels are clustered, but such that no
unreasonably long transducer cables result, a
PCM system is superior. However, for low data
bandwidth, an FM system might still be more cost-
effective than a PCM system with digital multi-
plex; but now competition comes from the PCM
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system with analog multiplex which provides
higher system accuracy than FM and is similarly
cost-effective.

Similar considerations would seem to deter-
mine the use of the present or new time-of
arrival systems. However, the present system
is so cumbersome to operate, so prone to system
failures because of design shortcomings, and so
time and cost consuming in pre-computer data
reduction that it cannot be considered adequate
any more.

6. SYSTEM COST

Excluding sensors and such labor-intensive
costs as laying of cables, but including the
cable themselves, the system cost is given on
a per-channel basis for 1500 meters (5000 ft)
of cable as a very rough estimate, just to pro-
vide an idea of the relative proportions. Keep
in mind that the analog instrumentation recorder
adds about $200-300 per channel to the cost
which is included. The cost of pre-computer
data reduction however is not included, neither
is the cost of waiting for the results of pre-
computer operation (quick-look plots and digital
tape). The times given in this column seem
optimistic by the loudness of the complaints
about this operation.

7. COST-EFFECTIVENESS

In choosing a system for a particular
application, the cost per channel should not be
the sole criterion. A system to be cost-
effective should be chosen:

a. First, to meet and not overly exceed
the performance specifications, and then

b. Has to have as low a cost figure as
possible.

In evaluating the first requirement, one has
also to investigate the value of certain per-
formance features to the job at hand; e.qg.,

what value does increased system automation have
for an installation that has only a handful of
channels. Without going into operations
research and linear programming methods, it
seems obvious that a system that best meets

the requirements at the lowest price is a cost-
effective system.

8. RECOMMENDATIONS

The present FM systems that use partially
obsolescent equipment should gradually be phased
out and replaced with forward FM systems {for
which the feasibility of forward placement has
to be established for a particular application)
and/or with PCM systems with digital multiplex,
and (for certain tests with lower frequency
data) also with analog multiplex PCM systems.

-~ ISR

The analog time-of-arrival system does
not meet today's requirements and should be
replaced by the digital system as soon as pos-
sible because of the increased system accuracy
and the immediate availability of the results,
without engaging precomputer data reduction.
Detailed information on FM and PCM telemetry per-
farmance can be found in References[l, 2, and
4],

9. TECHNOLOGY TREND

The technology of large-scale integration
of digital, as well as analog circuits and
functions, leads to the prospect that all
signal conditioning, fiitering, analog-to-
digital conversion, FM modulation, and line
matching will eventually be integral with the
transducer or as close to it as the environ-
ment allows. The first steps in this direction
have been taken. Further steps depend on the
availability of components, but Tow power con-
sumption and reliability requirements will play
a major role in how soon fully integrated trans-
ducers will be operable under field conditions.
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o LOADS AND ENVIRONMENTS
T THE VIBRATION RESPONSE OF THE PHOENIX MISSILE IN THE
- F-14 AIRCRAFT CAPTIVE-FLIGHT ENVIRONMINT
-
. MARSHA E. BURKE
" Pacific Missile Test Center
W Point Mugu, California
- - Vibration loads are an important cause of failures of airdaunched missiles in the ]
> captive-flight environment. In order to reproduce these loads in testing it is first usetul |
. to understand the relationship between the induced vibration and the captive-flight !
- : parameters. .
- I
) This paper investigates the vibration response characteristics of the PHOENIX mis- £
sile on the F-14 aircraft in the captive-flight environment. Variations in vibration re- :
. sponse with flight condition, mounting configuration, direction. and location along the ‘
- length of the missile are examined. The conclusions drawn in this report add confor- !
. mation to previous captive-flight vibration studies in establishing general correlations i
':\ between captive-flight parameters and captive-flight vibration. The conclusions ure. ’
:;‘- (1) vibration response in externally carried stores is directly proportional to dynamic !
.‘-:’. pressure except in the transonic region where an increase in vibration occurs, (23 '
N vibration response varies with platform configuration with an increase with additional
— externally carried stores in the flow field, (3) vibration responsc is most severe in the
- after section and in the vertical and lateral direction of the externally carried stores.
W The results of this paper are being used in the design of a laboratory captive-flight
‘: simulation. This simulation will be used to monitor the captive-flight reliability of
a:, new production and repaired PHOENIX missiles.
1
A INTRODUCTION PHOENIX missile is carried on two aft fusclage stations. 4
-' and 5. two forward fusclage stations. 3 and 6, and two py-
‘._'J; Vibration of a PHOENIX missile was measured during lon stations, 1 and 8, as shown in figure 2. During these
3 the PHOENIX T-201/F-14 Flight Test Program conducted captive-flight programs, vibration was measured with T-201
:'_.,v during January 1973 through July 1973 (reference 1), and carried on stations S, 6, and 8. This report analyzes only
.z during the PHOENIX/F-14 Captive-Flight Vibration Meas- data recorded at steady state mach-altitude conditions.
= urement Program conducted from Septeinber 1976 through Transient conditions were neglected because (with the ex-
2 July 1977. ception of guntirc), they do not significantly affect vibra-
tion above 100 Hz and this combined with their small
- Vibration was measured by means of a T-201 instru- duration makes them an unimportant influence on missile
. mented missile. The T-201 missile consists of a PHOENIX mean-time-to-failure. Below is a list of the captive-flight
. missile structure, with dummy internal units, which is variables studied:
dynamically representative of an actual missile. The war-
- head was replaced by a self-contained instrumentation sys- Aircraft Configuration 1 Configuration 2
. tem. This system was used to condition and record the Configurations: consisting of’: consisting of:
@ A outputs of the 10 accelerometers studied in this report. & PHOENIX
. :.:, Figure.l is a sketch of the missile showing the locations 3 SIDEWINDER 6 PHOFNIX
:5 and orientations of the accelerometers. Accelerometers 2 fuel tanks
: .‘,;_ were mounted on major bulkheads. At missile positions 2 . . ) §
- and 4, longitudinal vibration was not recorded. Aircraft stution: S.6.and 8
:.:: Mach number: 04710 1.73
' An infinite number of flight conditions were available Altitude: 2,000 feet to
- for analysis. The captive flights included steady state 45.000 fect
L mach-altitude conditions with wing sweep varying from 0 "
" degree to 68 degrees, accelerations, decelerations, left pedal Pos“!m.‘ along lenth
> R . L . f missile: 1,2.3.and 4
. sideslips, and right pedal sideslips. On the F-14 aircraft the 0 v
e Direction: vertical, lateral, longitudinat
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Figure 2. PHOENIX Missile Captive-Carry Stations
on the F-14 Aircraft {As Sven From Above)

RESULTS
VP”Q“‘?T"‘?,W@,‘“, Flight Conditions

The major source of vibration in the captive-fiight
environment is aerodynamic boundary layer turbulence over
the missile exterior surface (reference 2 and 3). Previous
studies (reference 3 and 4) indicate that the rms value of
the aerodynamic-noise-induced pressure tields and thus. the
missile vibration produced by these pressure fields are
approximately proportional to the flight dynamic pressure
(q) for Mach numbers below 2. Earlicr studies (reference
2), also suggest that increased vibration occurs in the tran-
sonic region. In the following section the captive-flight
data will be analyzed to determine if the above described
variations occur in the PHOENIX missile’s vibration re-

‘.I .

DA
A

.~-: sponse.

<o

) In determining if PHOENIX vibration is proportional
U] to q, the overall vibration level, over the frequency range
A 10 to 2560 hertz, for cach flight condition was divided by
RS the q for that condition. The “g-normalized™ vibration

levels were then plotted versus q. Data for each of the ten
accelerometers was plotted scparately for aircraft stations
S, 6. and 8. This was done to separate variations caused

reP?

Figure 1. PHOENIX T-201 Environmental Measurements Missile
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by configuration, physical location and direction, which
will be discussed later. The general trend of the “q-nor-

malized” vibration level versus q plots was a horizontal = .
band varying in width trom approximately 15 to 60 per- e
cent depending on aircraft configuration and accelerometer
location. This agrees with the theory that vibration re- RN

sponse is linearly proportional to . An example is shown
in figure 3. The pylon station at the after portion of the

missile showed an increase in the “‘q-normalized™ vibration
fevel for gs below 0.70 Mach number. This can be noted

i figure 4. A less pronounced increase also was exhibited
by tlights on the forward fuselage station in the after por-
tion of the missile.

The phenomenon of increased vibration in the tran-
sonic region wis investigated by plotting “‘q-normalized”
overall vibration levels versus Mach number. The results
confirmed that there is an increase in the overall vibration
fevel on all aircraft stations and for almost every measured
position. An example is shown in figure 5. Note that the
increased vibration occurs at Mach 0.88 and not at Mach
0.9 to 1.0. This is typical and is probably associated with
local transonic flow in the neighborhood of the missile.
This suggests that in the transonic region the linear rela-
tionship between vibration level and q has a higher propor-
tionality constant than in the subsonic and supersonic
regions. Table 1 shows the average "‘q-normalized” vibra-
tion levels tor each station. The subsonic, transonic, and
supersonic regions were defined as Mach numbers from
0.0 (0 0.84. from 0.85 to 1.0, and from 1.0 to 1.7, re-
spectively. The pylon station showed a decrease in “'q-
normalized™ vibration level for Mach numbers higher than
1.3 by approximately a factor of 2. The forward fuselage
station tended to show an increasc in “q-normalized™ vibra-
tion level for Mach numbers higher than 1.3 by a factor of
approximately 1.4, Positions 2Z, 4Z, and 4Y when flown
on the after fusclage station exhibited a constant decrease
in “q-normalized™ vibration level from Mach number 0.45
to 0.87 then a leveling off. Figure 6 shows an example of
this phenomenon.

Up to this point, the overall vibration level has been
analvzed for its relationship to q and Mach number with
no mention of how the vibration spectrum varies with q
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“q-NORMALIZED" VIBRATION LEVEL

feet for this analysis. Power spectral density plots from 10
to 2560 hertz were made for cach aircraft station and cach
accelerometer position. These were normalized with q and
then plotted together to form an envelope. The envelopes
varied from $2 to £S5 db in width. Two examples are
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Figure 3. PHNOENIX T-201 Missile “q-Normalized™ Vibration
Response Versus Dynamic Pressure () on Aircraft Station 6,
a Missile Position 2 in the Z Direction
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-;.: Figure 4. PHOENIX T-201 Missile “q-Normalized' Vibration
A Response Versus Mach Number on Aircraft Station 8,
® Missile Position 4 in the Y Direction
2,
o and Mach number. Fifteen captive-flight conditions were shown 1n figures 7 and 8. The results revealed that the
:' chosen for spectral analysis for each of the three stations S, vibration spectrum does not vary with dynamic pressurc or
‘ 6. and 8. Captive-flight conditions varicd from Mach num- Mach number. However, there was an exception when the
"2, bers of 0.68 to 1.60 and altitudes from 2,000 to 35,000 missile was carried on the after fuselage station, the front

section of the missile, (positions 1 and 2), exhibited an in-
crease in vibration cnergy in the 1200 to 2500 hertz range

during transonic flights. Figure 9 is a comparison of a sub-
sonic and a transonic power spectral density at missile po-

sition 2Y on the after fusetage station.
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1 f' Table 1. PHOENIX T-201 Average *‘q-Normalized™ Vibration Level for F-14 Aircraft Stations 5, 6, and 8
o Aircraft Station 5 Station 6 Station 8 ’
K4 Position Subsonic | Transonic |Supersonic | Subsonic | Transonic {Supersonic [ Subsonic | Transonic |Supersonic
1Z 1.07 112 1.03 0.58 0.67 0.58 0.63 0.79 0.50
1Y 0.93 1.03 0.96 0.85 1.04 1.40 0.71 0.79 0.54
1X 0.65 0.55 0.49 0.52 0.56 0.37
; 4 2Z 1.86 1.97 1.56 1.19 1.28 141 1.29 1.59 1.21
\ 2Y 1.92 294 2.60 1.44 1.58 1.79 1.44 1.83 1.36
3z 5.60 5.52 5.70 3.18 364 3.73 4.04 533 3.08
< 3Y 3.7 3.91 3.71 2.26 2.58 2.30 234 2.75 1.94
- 3X 1.43 1.60 1.52 1.34 2.06 1.18
" 4Z 3.65 3.80 3.56 4.09 4.16 3.70 442 5.64 296
3 4Y 1.90 1.47 1.78 2.17 2.10 1.95 225 2.66 2.36
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Figure 6. PHOENIX T-201 Missile “q-Normalized™ Vibration
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Response Versus Mach Number on Aircraft Station S,
Missile Position 2 in the Z Direction
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Variations With Configuration

As stated carlier, the PHOENIX missile is captive
carried on F-14 aircraft on six different aircraft stations.
In addition to these possible configurations there are a
variety of other externally carried stores that can be carried
in conjunction with the PHOENIX missile. Figure 10 shows
the two configurations used in collecting PHOENIX captive-
carry data. Configuration Onc was realized by six PHOE-
NIX missiles, two SIDEWINDER missiles and two 300
gallon tanks. This configuration was used in the PHOENIX
T-201/F-14A Flight Test Program. Configuration Two,
used in the PHOENIX/F-14 Captive-Flight Vibration Meas-
urement Program. was that of six PHOENIX missiles. Vi-
bration data from both programs was used in analyzing the
after fuselage vibration. Analysis of the forward fuselage
and the pylon stations was accomplished using data only
from the first program. Data from the second program for
these stations is not yet available.

In analyzing vibration on the after fuselage station, it
was noted that data from the first captive-flight program
tended to have a higher overall vibration level for the same
flight conditions. This suggests that the configuration in
the first captive-flight program produced increased vibration
due to the increased aerodynamic boundary layer turbulence
caused by the two 300 gallon (1135.6 liter) tanks. An ex-
ample of this is shown in figure 11.

Ratios of the “‘g-normalized™ vibration level averages
for comparing the overall vibration levels produced on the
different stations were calculated for each accelerometer
position. These ratios are shown in table 2. Data for
positions 1X and 3X were not available on the after fuse-
lage station. Data was analyzed separately for subsonic,
transonic, and supersonic regions to minimize variations
caused by Mach number. The results show that the vibra-
tion on the after station is significantly more severe in most
cases than vibration on the forward fusclage or pylon station.
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:l Toble 2 Comparison of the Averaged Vibration tests generally specify the application of excita- :-(
'\’, - Normalized™ Vibration Levels on tion to the missile along these same orthogonal axes: there- -~
-: F-14 Ajrcrait Stattons S, 6, and 8 fore, it is of interest to determine variation in vibration -:.
« . level with location and direction. Overall vibration levels Y X
Airgml‘t Subsonic ; T ransonic Supersonic wcre found to be significantly more severe in the after “”—&i‘ﬁ
- Position |~ ] ' ) region of the missile for each aircraft station. This holds v
- 518 68 SR 68 <R 68 irue in eagh dnil:ec_uon.' Flgu.res 12, 13, and 14 show the :.-t.-:_h::
: I q-normalized™ vibration level averages (taken from table FIC AL
. 1Z 1.69 092 | 142 0R8S | 206 1.16 ! 1) plotted v tion alone the missile’s length f P AR
- 1y 131 1.20 [ 1.29 136 | 177 2359 plotted versus position along the missile s length for R
» X C1s 098 o132 subsonic flight conditions. This variation with position ‘_‘-:_.:_n.'.
’ - ’ T probably reflects the build up of boundary layer turbulence :-“,\.'_' X
y hY/ 1.44 092 .25 0.7 128 117 ¢ along the missile and the greater coupling to this turbulence =
Y 1.33 100 ' 1ol 0.86 191 1.32 provided by the wings and control surfaces at the rear of .
- . the missile. Variation in vibration level versus direction I_‘ Ty
- 3z 139079 § 1.04 0.68 185 1.21 were small in the forward region of the missile. The vibra- :.
"_- 3y 159097 » 142 094 | 1.91 119 ¢ tion level was higher in the after part of the missiles and e
N X - o7 -- 078 -- L9 the level varied with direction. The Z axis showed the :-'
_-'_ a7 083 092 | 067 0.74 | 1.0 1.25 | highest level, followed by Y and X. This is shown in fig- ,"_
4y | 084 096 | 053 0.7 | 0.75 083 ures 12, 13, and 14.
Vibration occurring on the forward fuselage or pylon sta- DISCUSSION
-."_ tion during subsonic and transonic are indistinguishable in
:, overal) level. b supersonic flight there is an increase in Variations With Flight Condition
S vibration level on the pylon station relative to forward -
o fuselage station vibration. The PHOENIX missiles overall vibration response level
suggests that vibration response is linearly proportional to q
Looking at power spectrum density (PSD) variations over the entire mach number - altitude regime. The only
T with configuration it was found that the PSD envelopes exception being the transonic region in which the overall
.-: produced by all three stations coincided with the exception vibration level was higher for the same q than for non-tran-
. of the after fuselage station forward part of the missile sonic flight. This indicates that a higher proportionality
':- transonic data as noted in the previous section. constant than in the subsonic and supersonic region is
}. characteristic of the transonic region. While the overall
Variations With Physical [ ocation and Direction vibration level was proportional to q, the spectral distribu-

tion of the vibration response produced in the missile was
found to be independent of q and constant throughout
the PHOENIX envelope. This was found to be true for
cach of the measured positions and directions on each of

@

JNCREY

Vibration measurements were made in the forward and
after region of the missile along cach of the orthogonal axes
(vertical, lateral, and longitudinal) as shown in figure 2.
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the measured aircraft stations. This phenomenon along
with the q proportional to vibration level greatly simplifies
the design of captive-flight simulation tests. In testing,

ence of other externally carried stores increased vibration
response of the adjacent PHOENIX missile. The vibration
response of missiles not adjacent to the additional stores

once a vibrational input that reproduces the missiles captive
flight response is determined, all that is necessary to simu-
late the entire mach number altitude regime is to vary the
level of the vibration input such that the overall vibration
response increases proportionally to q and the response
spectrum remains constant.

In general. the captive-flight measurements suggested
that vibration response is linearly proportional to q. How-
ever, at some positions, there was a high degree of scatter;
as much as +60 percent in one case. The cause of this
scatter is not known. Pcrhaps there is another captive-
flight variable that affected these accelerometers that is not
yet recognized.

Variations With Configuration

In determining the dependence of vibration response
on captive carry station, the forward fusclage and the pylon
station data were found to be indistinguishable in terms of
power spectral distribution and overall vibration level. Cap-
tive carry on the after fusclage station produced a higher
overall vibration level and also displaycd a more pronounced
transonic effect. The transonic ¢ffect was in the form of
an equal increase in energy over the entire range of fre-
quency plus a pronounced increase in the 1200 to 2560
hertz range. The other two stations also exhibited the
equal increase in energy over the entire range. The pres-

1

showed no noticeable increase.

Variations With Physical Location and Direction

Concerning the distribution of vibration levels from
one point to another along the missiles length, it was found
that vibration in the after section was more severe than the
forward section Yy a factor of 2.4. The vibration in the
vertical direction is more severe than the lateral or longitu-
dinal directions with vibration in the lateral more severe
than the longitudinal.

CONCLUSIONS

This report studied the causes of variation in vibration
response for externally carried stores. With the support of
previous studies (reference(s) 2, 3, and 4) concerning ex-
ternally carried stores, the following conclusions may be
drawn concerning all externally carried stores:

1. Vibration responses in externally carried stores is
directly proportional to dynamic pressure (except as modi-
fied by 2 below).

2. Vibration response in externally carried stores in-
creases in the transonic region.
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[ ] 3. Vibration responsc varies with platform configura- REFERENCES ®
' tion with an increase occurring with additional externally r'..-;‘.-\;(:{
£~ carried stores in the flow field. 1. Hughes Aircraft Company. “PHOENIX T-1/F-14A ._\:.r-_‘._—:._j
g Flight Test Status Report.” Aerospace Systems -.:_-.-:;,:_
-\' 4. Vibration response tends to be more severe in the Division, Canoga Park, California, DM-73-232, Decem- : ~,_."‘.‘-‘:\‘1
. after section of externally captive carried stores. ber 1973. \,;\-: N A
- , KRS
L 5. Vibration response is more severe in the vertical 2. Piersol, A. G. and J. C. Calkins. “SPARROW Missile )
. and lateral directions than in the longitudinal direction in Captive-Flight Simulation of Dynamic Loads.” Naval - 7.
~ externally carried stores. Missile Center, Point Mugu, California, TP-73-35, 1973, :,
:’. 6. The relationship between the induced vibration and 3. Piersol, A. G. *‘Vibration and Acoustic Test Criteria -
x captive-flight parameters is not adequately understood. for Captive Flight of Externally Carried Aircraft ‘
'-' Stores.” Digitek Corporation, Marina Del Ray, Cali-
- With further analysis of this and other captive-flight fornia, R1D-4-FDL-1/B004, AFFDL-TR-71-158, AD
data, the relationship between induced vibration and the 893-005L, December 1971,
" captive-flight parameters will be more fully understood.
- Variations such as (1) the large scatter in vibration level 4. Coe, Charles F. “Surface-Pressure Fluctuations Asso-
L~ that occurs at certain positions along the missile in certain ciated With Aerodynamic Noise.” NASA Ames Re-
h - directions, (2) the changes in vibration level at certain mach search Center, Moffett Field, California, NASA SP-
. numbers and aircraft station, and (3) the changes in the 207, July 1969.
- frequency spectrum that occur during transonic flight only
N on specific aircraft stations and only in the forward part
o of the tnissile need to be explained. Understanding of
o these relationships will facilitate the improvement of cap-
o tive-flight vibration predictions and simulation of the cap-
" tive-flight environment for externally carried stores. The
'-: improvement will be accomplished because assumptions
. and compromises for the purpose of simplification will no
3 longer have to be blindly made.
<
: Discussion
't Mr. Christo (Naval Underwater Systems Center): been very important concept, There is another
:~. Why did the vibration level increase due to paper that I co-authored with Angelo Spandrio
s the presence of other external stores? where we performed an acoustic test and we
o compared our test levels to those in MIL-STD
Miss Burke: Because there was more turbulence 810C and we wound up actually reproducing the
when there were other external carried stores captive flight level for the Phoenix missile.
- in its vicinity.
S Mr, Silver: The stresses in the trans-sonic
"L, Mr. Silver (Westinghouse): We are concerned region are pretty high compared to the other
:.. about this: 1 think we need a lot more stress periods of time, If your high stresses act
LY distribution type statements, We are con- on a body it may be that you are only really
cerned about the requirement for testing for concerned with testing between the 2 sigma and
_ long periods of time at insignificant stress the 3 sigma 1level, 1t is inevitable that you
levels., You have defined the very probable will have to test at those high stress distri-
stress for a very large population. How does butions, but do you really have to test all
: your work compare with the requirements of that time below the 2 sigma level?
- Method 514 in MIL-STD-810C for external store
- vibration tests? Do you think higher levels Miss Burke: You may have to test at all of the
N -at the rear of the external store is largely different levels and it depends on the purpose
- the function of whether fins are present? of the test, If you are trying to reproduce
,. MIL-STD-810C calls out factors for a smooth the different types of failures that you get
body at the rear of the vehicle versus a finned in captive flight then you need to reproduce
. vehicle, the whole vibration distribution because at
L high level you will not gette numbers of
- Miss Burke: T would imagine the vibration the same types of failures unless you do. You
'_’, response in the rear is caused by the boundary can probably cut out some levels and that de-
s layer build-up along the length of the missile pends on the type of test. That is a question
and the fins are another surface on which the we are asking at the Pacific Missile Test
boundary layer acts., Yes I imagine that the Center and we would like to do more work on it,
o fins do have a significant effect, In regard
O to your question about MIL-STD-810C, when we Mr, Wayman (McDonnell Douglas): What are the .
" have actual captive flight measurement data factors that you put into your data? ,'
"o we do not rely on MIL-STD-810C and that has .
2 A
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L= Miss Burke: This would be a overall increase
@ in the vibration level.

g

:\ Mr. Wayman: When you talk about testing the
N missile are you talking about testing the

<o complete missile and using this as response
. data?

s,
v
.

Fd

Miss Burke: There were different transducers
at different points in the missile,

o

‘e

Mr. Wayman: Wwhich one would you use?

iy

rEL

Miss Burke: We used all of them., We tried
to reproduce the vibration level at each of
these positions in the laboratory.

L
@ e

Mr, Wayman: You didn't find any variation in
your frequency response regardless of the
flight parameter that you monitored. Did you
actually investigate angle of attack variations
where you got into buffet conditions?

Miss Burke: No, all of the data were steady
state., Some of it was very slow acceleration
or deceleration,

) Mr, Wayman: I think you will find that there
is a significant variation in the frequency
spectrum as you pull maneuvers as you get into
buffet onset and so forth. You would have to
or you should consider these environments when
you evaluate the missile,




A 14
[}
e

o o

* »
el e

P A

e g e gu 3

lel2

e e,

" v
R
8 oa A s 4

‘e

-9 @

RS2 g dtdug
e P I

~0 SFﬂ/:ﬁQ}F\J\_ 0

e p '¢ 3 ﬁ'

SOME DYNAMIC RESPONSE ENVIRONMENTAL MEASUREMENTS

OF VARIOUS TACTICAL WEAPONS

W. W. Parmenter*
Naval Weapons Center
China Lake, California

deployment is briefly discussed.

This paper reports on pertinent results of several envirommental dynamic
measurement programs for widely diverse types of tactical weapons. In-
cluded are spectra for the SLUFAE weapon mounted on a tracked vehicle,
the ASROC missile mounted within launcher cells and magazines of various
classes of ships, the FAE-II and GATOR free-fall weapons captive-flown
on A-7 and AV-8 aircraft, the Condor weapon captive-flown on an A-6 air-
craft, and the MAD-FAF weapon dispenser system suspended beneath a CH-53
helicopter. The character of the dynamic environments during weapon

BACKGROUND

An integral and vital part of verifying
system reliability is to simulate realistically
the significant environments and thus provide
better correlation with possible service fail-
ures. The methodology of developing environmen-
tal criteria for a weapons program is given in
MIL-STD-1670A (Reference 1). (The philosophy
and guidelines reflected in Reference 1 are gen-
eral in nature and therefore the use of "AIR
LAUNCHED"” in that document’s title does not
necessarily limit its content to that category
of weaponry.) Reference 1 addresses, in a
logical manner, the development of the environ-~
mental design criteria which should then be pre~
gsented in living traceable documents for a
weapons program during its anticipated use dur-
ing the factory-to-target sequences. In many
instances when a new weapon program is being
planned, certain environmental areas are ques-
tionable and there have been no prior similar
operational experiences. FEven when such areas
have been previously probed there are no known
qualitative retrievable data in many cases.
These areas must then be given special atten-
tion. If these ambiguities are of enough sig-
nificance to impact a program, formal plans for
environmental data acquisition should be sub-
mitted early in the program development time
scale, so that if design changes are required,
the time and cost due to these changes will be
diminished. Most of the environmental measure-
ments presented in this paper were taken for the
purpose of providing data where none existed or
where there were questicnable areas.

Many instances can be cited where, in the
past, engineers or specification writers in-~
volved in a new program have been unaware of
the existence of environmental data pertinent
to their project or the magnitude thereof. A
search for such information should be made in
many cases and there are a number of places to
begin. To name just a few there are the Sandia
Environmental Data Bank (Reference 2), individ-
uals at the Shock and Vibration Information
Center, Wright-Patterson Air Force Base, Dayton,
OH, and the Naval Weapons Center, China Lake,
CA. These data thus located may not apply ex-
actly but may often be tailored to fit or in-
formation can be perceived that is applicable
to the general nature of the environment for
the particular program. Inr the dynamic envi-
ronments, problems sometimes do arise as to
the applicability of the data, as mentioned in
the Introduction of Reference 3. Also, in the
light of this discussion, a recent report on
specifications and standards has been published
(Reference 4). The discussion and conclusions
of Reference 4 should be thoroughly reviewed
and understood by those concerned with the
weapons acquisition process. The methodology
of Reference 1 should then be reconsidered,
keeping in mind the results of Reference 4.

In the following three data presentations,
instrumentation, test acquisition, and methods
of analyses are not stressed, These details
are fully defined in the respective referenced
documents. In general, however, the environ-
mental measurements were made with standard
accelerometers whose signals were recorded on

#American Society for Quality Control Certified Reliability Engineer, P,.E.
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.’ magnetic tape, then digital spectral analyses 01
~ were performed. FUTER BW /3 e
’-‘__ ~ HMS g 11
_‘ (1) TRACKED VEHICLE CARRIAGE , o
:-‘: Shock and vibration measurements were made ? 0 01
c:- with an M-548 6-ton tracked cargo carrier con- z
i figured as shown in Figure 1., Loaded with 30 =
g SLUFAE weapons in the launcher pod assembly, s o000
W limited road tests were perfomed in conjunction ot
o with the U. S. Army Missile Command at Redstone 7]
- Arsenal, AL, The effect of the vehicle speed & 00000
>~ with the tread-laying frequency was very evident
~r in both the time and frequency domains. Typical 0.000001 1 1 1
o acceleration power spectral density (PSD) plots ’ 1 10 1o T AELYE
b/ for the aft end of the SLUFAE weapon in the FREQUENCY, H/

launcher pod are shown in Figures 2 and 3.
These plots are for an asphalt paved road at 15
and 20 mph, respectively, and contain the high-
est measured discrete vibration levels; the

FIGURE 2. PSD Plot for 15 MPH, Vertical Axis,
Aft Motor Sensor, SLUFAE Launcher
Vehicle Test.

spectra show the data to be complex periodic. 0 FILTER BW 73 1
Compared to a paved road, travel over other road AMSgy 087 ’
conditions such as imbedded rock and wooden N -
ramps provided higher overall RMS-g vibration I oo
levels. This is because the background random “ot
noise level is increased. The background gaxi- g 0001
mum observed noise level was about 0.001-g"/Hz ;
over the 2-kHz data response. Figure 4 results [}
from removing the vibration g-values for the < 0000
discrete vehicular tread-laying frequencies from z ’
the respective acceleration spectra, converting 8’
these to peak values, and replotting as a func- ¢ 0.00001
tiop of the tracked vehicle speed.
Transient responses were measured for a 0.000001 | 1 |
number of vehicle speeds (3, 6, 9, and 12 mph) 1 10 100 1000
and varying size bumps (6-, 8-, and 12~inch FREQUENCY. H/
radius). The maximum observed transient level FIGURE 3. PSD Plot for 30 MPH, Vertical Axis,
at the aft end of the weapon was 18.2 g (O-peak) Aft Motor Sensor, SLUFAE Launcher
for less than 50 milliseconds. Vehicle Test.
2.0
A complete documentation of the work summa- LEGEND
rized above is contained in Reference 5. vo O MOTOR, AFT END
"1~ O - moToR, FWD END
A BOMB FUZE
3 05—
& 04—
e o034~
ol
a 02—
>
w
-
2
o 0.1
& o1~
<
c
: !
S | VERTICAL
0.05 AXIS_I
0.04 |—
0.03 p—
0.02 p—
0.01 Lt 11 N
1 2 3 45 10 15 20 30 405060 BO100
VEHICLE SPEED, MPH
FIGURE 1. Launcher Vehicle M-548 with SLUFAE FIGURE 4. Replot of Vibration g Values for
Round Launcher Mounted in Aft End Discrete Vehicular Track-Laying
Cargo Compartment. Frequencfes, Vertical Axis.
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(2) SHIPBOARD CARRIAGE

The shipboard vibration test measurement
subjects were instrumented ASROC missiles lo-
cated in the storage magazines and launcher
cells of five classes of U. S. Navy ships. The
forcing function inputs were measured by accel-
erometers mounted near the structural support
pedestal of the launcher and a chock support in
the magazine situation. The ships included in
the survey were:

1. USS Elliot (DD-967), Spruance class,
five-bladed propellers, twin screw,
controllable pitch

2. USS Hepburn (FF-1055), Knox class,
five-bladed propeller, single screw,
constant pitch

3. USS Hollister (DD-788), Gearing class
(FRAM I), five~bladed propellers, twin
screw, constant pitch

4. USS Preble (DDG-46), Coontz class,
four-bladed propellers, twin screw,
constant pitch

5. USS Blandy (DD~943), Sherman class,
four-bladed propellers, twin screw,
constant pitch.

The data were recorded on straight rums at
various speeds, turns at various rudder angles,
and crashback maneuvers. The tests were con-
ducted during operations under calm sea condi-
tions. Figure 5 shows a typical ASROC launcher
installation. Figure 6 1s a PSD plot typical
of the newest class ship. Vibration responses
were very benign in both the launcher and the
magazine. Maneuver effects produced only negli-
gible vibration.

Figures 7 and 8 show the effect on an older
class design (Knox) ship. These spectra show
the data to be complex periodic. Figure 9 is
the result of performing narrow-band sweep anal-
ysis on the worst recorded conditions. These
were obtained from test measurements on the USS
Hollister (Gearing class). Also plotted in
Figure 9 is the specified variable frequency
curve from MIL-STD-167-1(SHIPS). Comparison is
made to show the wide variation in energy be-
tween the maximum measured vibration during the
five-ship ASROC test program and the shipboard
vibration test standard, Reference 6.

1t was cbvious in all tests that the vibra-
torv forcing functions to the stationary weapon
vere transmitted *hrough the ship structure from
tte envines, rearing, and rotating shafts. Al-
0, it was generally apparent that turn maneu-
vars produced the hipghest vibration levels to
the launcher or magazine area.

FIGURE 5. Typical Shipboard Installation of
the ASROC Launcher.
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G 0000001}~ (3) AIRCRAFT CARRIAGE
- v
A a
"> P4 Captive flight vibration measurements were
]
[ performed on several aircraft and store config-
% : urations. The most recent test programs cover
. 2 0.0000001 the following aircraft and weapons:
) [#3
K Q
- < 1. A-6 jet aircraft with the Condor
" migsile
ey 0. 1 1 2. A-7 jet aircraft with the FAE-II free-
v ' o ‘0o fall weapon
P FREQUENCY, H2
.
. FIGURE 7. Deck/Pedestal Base Location, Vertical 2 :vig Jet aircraft with the GATOR free-
:'_. Axis, ASROC Launcher, USS Hepburn all weapon
FF-10 H P .
00008 e 105305 23 Knots, Port Turn 4. CH-53 helicopter with the MAD-FAE wea-
& ’ pon dispenser system suspended beneath.
2
M o 2&;?‘0&‘{‘5“ a Vibration data for the Condor missile were
b NE - obtained during captive flights on the A-6 air-~
".' o craft. The spatial distance between the adja-
Y 2 cent pylons is apparently great enough so that
) ; adjacent store effects are not observed. Typi-~
- g 00000t = cal spectra for different free-stream dynamic
: % pressures (350, 450, 550, and 650 psf) are shown .
. & in Figure 10. These are for the vertical axis - @

,. g accelerometer in the forward lug. Generally, T
- g they are seen to be more wide-band random with '_-.'{ !
. 0.000001 - some sinusoides superimposed upon the spectra. RS
- Spectra for other missile body stations are :-_.*_.\_.
. presented in Reference 7. During another sepa- "‘.-:‘.-'_‘.'-
.. rate study effort, an interesting series of LY
£ Y tests determined the vibration responses of the -::-_-_\,_ _
A 0.0000001 s Y00 four actuators for the Condor missile aft con- e
q trol surfaces. Again, these were captive flown N
- FREQUENCY, Hz on an A-6 aircraft under varying flight condi- -.'{\_,;-:.'»
.}’ FIGURE 8., !fapazine Location, Transverse Accel- tions and store configurations. What was in- SN
- erometer on the Forward End of the tuitively apparent was measured and observed: '\_-;-_-:'E:.‘

7 ASROC Missile, USS Hepburn (FF- the inboard actuators closest to the undersur- :. Aot
? 1035); 23 Knots, Port Turn. face of the aircraft wing had the highest vi- \::.::-.."-c
K sl
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bration responses. A typical maximum PSD from
the summary report of Reference 8 is presented
in Figure 11.

. I\“‘."

1
Y

The FAE~II free-fall weapon, shown in Fig-
ure 12, was captive flown on the A-7 afrcraft.
The effect of dynamic pressure with measured
overall RMS-g for the vertical axis accelerom-
eter at the forward lug during straight and
level flight is shown in Figure 13. During
rolling maneuvers, the spectra exhibited a 20-Hz
resonance (Figure 1l4). Since this was not a
weapon mode found during ground vibration tests,
it is most likely a wing-pylon-store mode. The
remaining higher frequency of the spectrum is
typical of broad-band random noise due to turbu-
lent boundary layer excitation along the surface
of the weapon. More test particulars and spec-
tra may be found in Reference 9.

T e

An unusual store respcuse vibration situa-
tion was reported in Reference 10. The GATOR
weapon, a 500-pound class free-fall device, was
mounted at the inboard pylon of the AV-8 air-
craft as shown in Figure 15. On the aircraft
fuselage, at nearly the same plane as the store
and adjacent to the inboard store pylon, is
located one of the engine exhaust ducts for the
thrust vector control of the aircraft. During
high-speed flight, the duct is swept rearward
and the weapon response was shown to te the re-
sult of turbulent boundary layer flowing over
the surface of the weapon. However, during the
relatively slow speed hover flight condition,
the weapon responds to the flow effects and
acoustic field of the exhaust duct when it is
pointed down. The result is that the vectoring
low-speed flight produces weapon vibration
responses of the same magnitude as found dur-
ing non-vectored high-speed flight. Acoustic
levels and PSD plots are presented extensively
in Reference 10.

Vibrations were monitored of a large pack-
age suspended beneath a helicopter as depicted
in Figure 16, The 4,000-pound MAD-FAL weapon
dispenser was hung 20 feet below the CH-53
helicopter. Figures 17 and 18 show the PSD
plots during a hover and a 140-knot flight con-
dition, respectively. The vertical axis accel-
erometer was located near a forward structural
suspension point. Obviously, the data are com-
plex periodic and at the 140-knot speed little
energy was imparted from the forward air flow-
ing over the dispenser. Other accelerometer
data are presented in Reference 11.
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FIGURE 12, Overall View of the 500-Pound FAE-
11 Weapon Mounted on A-7 Aircraft.
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STRANDED STFEL CABLE

24 STURE DISPENSER
APPRUXIMATELY 4,000 LBS

FIGURE 16. MAD-FAE Weapon Dispenser Suspended
Below the CH-53 Helicopter.

[SXE I}

OO0

CELESATION 703

AT

b ooom

[FN1.0.319 97}
t

Pite OUENG v 1y

FIGURE 17. Typical PSD Plot at a Forward Sus-
pension Point on the MAD-FAE Dis-
penser Suspended Below the CH-53
Helicopter. Hover Flight Condition
at 100 Ft (AGL).
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FIGURE 18. Typical PSD Plot at a Forward Sus-
pension Point on the MAN-FAE Dis-
penser Suspended Below the CH-513
Helicopter. Straight Ahead Flizht
at 140 Knots.

SUMMARY

Typical results for several environmental
measurement programs have been presented. This
18 the beginning of developing realistic dynamic
tests for simulating the use environment for an
all-up tactical weapon within the guidelines of
MIL-STD-1670A. The next step should be the de-
termination of the optimum inputs and fixturing
which will result in the closest reproduction of
the weapon response to its service forcing func-
tions. A necessary part of these methods is
the careful documentation of all measurements,
fixturing, and test and analysis procedures.

The tests reported herein are typical of
many such investigations conducted at NWC, China
Lake, CA. These test results have been of con-
siderable value in formulating test parameters
for use with several weapon programs at this
facility. It is the view of this author that
such data as that presented herein may well be
of practical value to other Government and con-
tractor activities, It is the further opinion
that open presentation of the results of efforts
such as those reported herein may help to pre-
vent many costly duplications of effort.
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Discussion

Mr, Luke (Los Alamos Scientific lab): Was the
dynamic response of the ASROC measured when the
launcher was in the inclined position or
rotated during any kind of maneuver or did you
measure the general response of the weapon?

Mr, Parmenter: It was in a stored position all
the time,

Mr, Pearson (Air Force Flight Dynamics Lab):
It seems to me from looking at your PSD charts
that the most severe environment was the
tracked vehicle.

Mr. Parmenter: I wouldn't want to answer that
yes or no. It depends upon the purpose of the
test that you are using to simulate the
enviromment, If you are performing a structural
test the sinugoidal vibration of test will have
more structural effect on your item, If you

are after a subcomponent or a subassembly
perhaps one of the more random type environments
would be more severe so that ¢an be answered
both ways,
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TURBULENT=-BOUNDARY=-LAYER EXCITATION AND
RESPONSE THERETO FOR A HIGH=PERFORMANCE CONICAL VEHICLE

C. M. Ailman
McDonnell Douglas Astro. Corp. Employee for this work.

Currently an independent researcher in Los Angeles, Calif.

Ground and flight test data from a high-performance ma-
neuverable vehicle called ACE suggest several revisions
to the empiricisms used to develop dynamic environmental
criteria for RV's. Part I of this paper includes 1. a
compiled data bank for describing the fluctuating pres-
sures that force the shell of a non-maneuvering RV to
vibrate during reeantry, and a discussion on the use of
local aerodynamic parameter values for the cone when
predicting these pressures, and 2. a description of the
characteristics of shell-mode vibration peculiar to a
conical structure with a multilayered skin. Part Il
reports flight data from such a structure when maneuver-
ing as a result of flow disturbance at the aft end. The
data suggest some angle of attack dependencies not pre-

viously detected, and indicate low frequency response
of the vehicle as a beam. The beam response is analy-
tically examined as to its probable cause.

INTRODUCTION PART I (NON-MANEUVERING)

This first part, of a two-part pa-
per examines the prediction techniques
for dynamic environments of a non-=maneu-
vering conical shell re-entering the
earth!s atmosphere. The need for such
an investigation became obvious when ex=
amining the results from a flight vehicle
called ACE. ACE was a conical reentry
vehicle with a composite shell that em=-
ployed flaps to produce maneuver.

Ground tests and flight data from ACLE re-
vealed characteristics that differed

from those predicted by conventional cy=-
lindrical-vehicle techniques applied to
sections of the cone. AS a consequence,
some engineering effort was performed to
verify and explain these differences.

1t is this effort which is detailed in
the following pages. In particular, use
of local aerodynamic parameters is dis-
cussed as a method to normalize boun-
dary~-layer~induced, and base, fluctuating
pressure data to permit extrapolation to
various geometries. Also, differences
between pressure/vibration transfer func=-
tions for aluminum cylindrical sections
and for laminated cones are explained.
Part 11 of this paper examines two par=
ticular data trends from fluctuating
pressure and vibration sensors located

159

on the primary shell of ACE vehicles
which were maneuvering part of the time.
These two trends deviate markedly from
conclusions reached for non-maneuvering
reentry vehicles in Part 1.

FORCING FUNCTION

This section deals with fluctuating
pressures induced by undisturbed aero-
dynamic flow over the surface of a re-
enty vehicle, and the equivalence of
ground-test acoustic fields (idealized
for the purposes c¢f analysis). The in-
tent is to provide pressure magnitude
estimates, and to establish the validity
of simulating the flight forcing func-
tion with a ground-test pressure field
which will induce comparable respons=.

Turbulent-Boundary=-layer-loduced Pres-

sure Fluctuations

Figure 1 is a fairly comprehensive
compilation of data for Mach numbers
greater than 1 (the historically inter=-
esting work at subsonic speeds by the
experimental pioneers having been omit-
ted for brevity) describing the fluctua-
ting pressures beneath a turbulent boun-
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FIGURE 1 SUMMARY OF FLUCTUATING PRESSURE DATA
LEGEND FOR FIGURE 1 dary layer. The data suggest that simi-

lar dependencies exist for the nonmaneu-
vering, high-velocity cone as for flat

g Belcher plates and long cylinders if momentum

. thickness @, local Mach number M;and

1 Chaump, et, al. (GE) local dynamic pressure gy are utilized

: as the normalizing parameters. The mo-~

. CHYU & Hanly (Freq. Extended) mentum thickness © is used in preference
to other boundary layer thickness para-

T meters for two reasonsi namely, the col-

i (Coe s CHVY lapse of normalized data is superior and

it has physical interpretation even when
v Coe (B70) dealing with disturbed flows (e.g. separ-
ated flow). Figure 1 includes data from
high velocity cones by normalizing to

Harvey the local parameters. By this means,
these reentry vehicle data are comparable
v lieller to the other data. If free stream values
had been used, most of the data points
4 Kistler & Laufer would have been off the graph. Use of
local parameters is physically plausible.
For long cylinders or flat plates (the
o) : Haestrello source of much of the data on Figure 1),
- ‘ the local and freee stream Mach numbers
A | Raman are essentially the same. For cones, the
'~ characteristics behind the strong, oblique
Ry Speaker & Adlma bow shock determine the pressures at the
o peaker n wall (as opposed to the free stream values).
e
L Wallace Each datum on Figure 1 has been cor=~
- rected for frequency limitations. That
X s BC2 Fl4oht Data (65,000 ft.) is, for flight measurements or for those
. ‘ ground tests in which the whole spectrum
1S to cut-off has not been measured, the data
P a PVTN-38-02 Flight Data

are compared on the basis of the limited
frequency range. For example, the ABC2
- Soltd Line Curve - Modified Lowson and RVTO-3B-02 data as well as the Chyu
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and Hanly measurements have been raised
to account for the unmeasured portion of
the spectrum to cut-off. Cut-off is
here meant to be that frequency beyond
which the turbulent-boundary~layer-in-
duced pressure spectrum rapidly decrea-
ses., Figure 2 indicates such a cut-off
frequency for wall pressure spectra be=
neath turbulent boundary layers with lo-
cal Mach numbers greater than 1.0,

The solid line on Figure 1 is the
empiricism of Ref., 1 with the coeffici-
ents modified to better reflect the data.
The analytical expression for the solid
line is:

0.0063
S
q, 1+ 0.04 M

where p is the overall fluctuating pres-
sure in the same units as « There are
large discrepancies in the Mach range of
2=-7, but the modified Lowson curve seems
to conservatively represent the majority
of the data. Most of the measured spec-
tra agree with the trend of Figure 2.

In general then, Figures 1 and 2 depict
the wall fluctuating-pressure-data trends
exhibited by the well-behaved, slowlv-
growing, attached, turhulent, supersonic/
hypersonic boundary layer.

e . l . . ' '
.2 " . a1 a " 1'.’,‘5 »

-

XN
FIGURE 2 NORMALLIZED POWER SPECTRUM BE-
NEATH UNDISTURBED, TURBULENT, SUPERSONIC/
HYPERSONIC BOUNDARY LAYLERS
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Fluctuating Pressure Levels Compared o
Acoustic Fields

Fluctuating Pressure Levels (FPLs)
at the vehicle surfaces due to the flow
of turbulent boundary layers were dise
cussed above., However, nothing was said
about the spatial and temporal charace
teristics which influence the transfer
of energy from the air flow to the struc=-
ture. Modal analysis of steady-state re=
sponse using the concept of "joint ac-
ceptance" from Ref, 2, indicates a de=
pendence of the response on the matching
of correlated (in-phase) spatial areas
of the forcing function with the corres=-
ponding spatial extent of the in-phase
modal response. This means that when
the FFLs of the forcing field are in
phase over the response in-phase surface
area and oscillating at the same frequen=
¢y, they will be optimally efficient in
driving continued resonance response of
that mode; in contrast, an out-of-phase
pressure over part of that same surface
area will tend to cancel the response
{(and be proportionately less efficient).
Mathematically, the joint acceptance
function is a measure of this coupling
efficiency between the forcing pressure
field and the mode of vibration in ques=-
tion. A qualitative comparison was made
to determine the relative efficiency of
the pressure field under a high-speed
turbulent boundary layer as compared to
a ground-test-facility azoustic field
(e.g., reverberant field cr the field in
a progressive wave tube).

The analysis ignored coincidence ef-
fects which occur at higher frequencies
than were of interest here. The intent
was to determine the best acoustical fa-
cility to use for simulating the reentry
vehicle environment, and thus measure
valid responses,
ideal acoustic fields in each of the
facilities, and had the restriction no-
ted above. Thus, the most desirable ground
test approach was identified, but spe-
cific pressure levels required to simu-
late response from specific FPLs were
net analytically defined., Experimental
data were used for this latter task.

A reverberant acoustic field was
calculated to be the best match to a re=-
entry environment for the measured range
of rrequencies. This is not surprising
since the mathematical form for the nar-
row-band cross-correlation {(Ref. 3) of
ths boundary layer FPLs (damped cosine)
is very similar to a reverberant room
description (sin kx/ kx) and considerably
different {rom say a progressive wave
tube (undamped cosine). Using a compi-
lation of experimental data and the above
analysis, the reverberant field was pre-
dicted to produce equal responses to that
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e the turbulent boundary laver Fils over

noUrequency range of 180U-20800 iz within
A kDol curacy {yreater accuracy being
achieved ar 2 odB was added to the middle
twooctave band FPLs when estimating e-
auivaient SPLs).  The progressive wave

tube was calculated to be 10-15 dB less
elriicient than elther of the above for

the «ame frequency range, Hence, mea-
surement of anergy transfer functions in
a reverberant acoustic Yield is deemed

representative of flight data.  sSuch
transfer tunctions were determined for
the rveentry vehicle ACE and are discussed
in & later sectisn.,

Base Pressure Fluctuations

An AlAa paper (Ref. 4) provides a
valuable dara contribution to the limited
information on base pressure fluctuations.
In the paper, the data were for a range
of iree-stream dach numbers from 0.67 to
2. The limited data that were presented
collapsed to & single curve reasonably
well when free stream values of dynamic
pressure (q_) and Mach number (Me) were
used. The expression for this curve,
given in the reference, js UABPL=
20L0y, ) Qe =20 Loy | "o =1l $93  if qu

is in psf., and OABFL = maximum overall
fluctuating-pressure-~level on the base
in dB8. Octave band BPLs (in dB)} were

as follows: the band whose geometrical
mean frequency {(gmf) was Q.16 Ue/D
(where Usg 1s the free stream velocity
and D is the base diameter) had a level
of OABPL - 5.4. Below this band, the
slepe was ~1.5 di/octave while above it,
the slope was -4. dB/octave. Unfortu-
nately, the whole computation is based
on f:eg stream variables, and is derived
from 8~ half-angle cones with flat bases.

when a large angle of attack is in effect,

or the geometry is different from that
Studled, data are not extant to guide
the user. The writer, therefore, devel=-
oped similar equations from the above
data using the local values for the
normalizing pacameters. since flat sure=
faces or long cvlinders have free stream
and local parameters that are essentially
the same, these new equations mayv also
Le applied to them interchangeably. A
maximum overall BPL which depends on the
iocat values of ggand Mpat the end of a
cone 1s as {ollows {(with a + 4 dB accur-
acy):  OABPL = 20 LoglU qy Py BOLoglO Mp

+ 114. The peak octave band level is
found in the frequency band whose gmf =
0,16 UI/U {where Uy is the local boundary
layer velocity just before the base) with
a similar octave-band-spectrum shape as
doscribed for the oriyinal free stream
equation.  ibis local parameter equation
should now permit variations in cone ge-
ometyy [tfrom that on which the data were
taken)}, and may permit an angle of attack
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prediction even if there is an asymnet-
ric pressure distribution on the base.
Naturally, data should be acquired to
substantiate the supposition that the
equation holds for local base-pressure
fluctuations in the presence of an attack
angle.

These new, local-parameter depen-
were generated by 1. calculating the lo=-
cal aero-parameters for the geometries
and flow conditions given in the refer-
ence using an aero-thermo computer pro=
gram for cones, and 2. plotting the BPL
data against these new parameters to de-
termine, and assess the accuracy for,
the constants in the above equation.

S S 02T
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REENTRY-VEHICLE TRANSFER FUNCTION

This section presents the conical
transfer function (CTF) for the ACE pri-
mary shell. The CTF is developed by ex=
amining the structural response of the
shell when exposed to a reverberant
acoustic field. The CTF is compared to
the Franken Transfer Function (FTF) for
aluminum cylinders of large- diameter in
Ref. 5. Differences between the two
transfer functions are analyzed.

T

0 had
« 1

R

=

e

Test Data

The complete ACE vehicle, suspended
by bungee, was exposed to a high-level,
reverberant, acoustic field. Accelero-
meters were mounted inside the specimen
at various positions of interest as well
as on the primary shell itself, The lat-
ter locations permit development of a
CTIF in a fashion first suggested by Ref.
5. Since the ACE structure is conical,
the normalizing diameter was taken to be
that of the shell at the measurement lo-
cation. The primary shell locations had
various diameters so the ACE data do not
all fall at the same normalized frequen-
cies even though the data analysis was
perrormed using standard frequency bands.

Considerable attention to detail
was introduced to maintain test validity.
For example, 1. extensive calibration
ensured good data from all instrumenta-
tion, 2. acoustic sealing of the specie-
men negated response cancellation due
to back pressures, 3. air conditioning,
for the internal operational electronics,
was turned off during the actual test,
and 4. a reverberant field was verified
over the frequency range of interest.

As a result, the CTF for ACE is consie
dered representative of a boundary-layer=
induced CTF, and indicates the shell re-
sponsiveness versus frequency.

Figure 3 presents the octave band

data obtained from two stations during
the ACE test, and compares these data

BEST AVAILASLE COPY
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with Franken's TF. The obvious differ-
ences prompted comparison of ACE data
with other reentry-type vehicles., Again,
considerable discrepancy exists between
these data and FIF mean curve as shown
on Figure 4, The difference between cone
and cylinder data is seen to have two
distinct characteristics, First, the
slope of the data in the low frequencies
is much steeper than the FIF. Second, a
C1F mean curve would peak at a lower fre-
quency than the FIF. Since Statistical
Energy Analysis (SEA) validates (gives a
theoretical basis for) the empirically-
derived curve of Franken, it seems only
logical to examine the cone data from
that point of view. This assumes that
the CTF is dominated by high modal den-
sity response of the shell, and that the
peak of the response occurs at the ring
frequency (fr). The next two sections

of this paper examine these aspects.

Iransfer Function Shape Below Er

Employing SEA to develop an energy
transfer function reveals that the shape
of the curve is predominantly controlled
by the modal density of the geometry at
frequencies below fy, and the modal den-
sity of a small flat plate above fy. A
discontinuity in the modal density curves
at fy indicates the inadequacy of the
theory in the region of f, itself, Ex-
amining the frequency region below fr,
Kel.6 provides one analytical expression
for a =-ylinder's modal density. The ra-
tio of the modal density of a cone to
that of a "similar" cylinder was calcula-
ted using that expression. The cone was
modeled as an infinite series of short
cylinders or rings with varying radii
(integration). For each ring, fr is dif=

ferent. The normalized modal density for
the cone "ring" is:
dag ., 2/3° T 2/3 _ 2/3
. = =S W 40 h a
cone K QT%LR
S - r2+r1

where a = mean diameter of ring =

K = a material constant = 47,

1/2

and dAS =29y x tan & (1 + tanZO)

§ ————
— |

2/3 oL
Aone® 2n{avhw (xtan0)5/3sec9 dx
one 131 KS/3 o

- w(4~nhur5/2)2/31
12 K L

the comparable cylindricaln is given by

neyy » —2ELL' (4vhor! 2/3
k>’ 12

where r' and L' are the base radius and
length respectively. When the shell
properties are the same and L =L' and

r = r', the ratio of n /in.,; is equal

cone’ ¢y
to (L2 + r2)1/2/ 2L5/3. Since this ra=-

tio is much smaller than 1, the slope

of the transfer function must be steeper
than that of the cylinder in the region

immediately below fy to allow the CIF to
have lower values than the FIF.

Ring Frequency, fr

The peak of the high-modal=density
shell response occurs at the ring fre-
quency. By definition, f,., thc ring
frequency, is that frequency whose wave-
length just equals the circumf.-rence of
the *"cylinder". It is calculated by di-
viding the speed of sound in the material
by the circumference. Now all of the
curves and data shown on Figures 3 and
4 were a result of measurements taken
on aluminum shells. The cone data, how-
ever, peak at lower frequencies than the
cylinder data. Superficially, this
would seem to be a contradiction to SEA
when applied to cones. However, when t:e
effects of adhesives and heat shield la-
yers are included, such as in the methnd
given in Ref. 7, f, is lowered. That is,
the complex nature of the shell structure
results in a reduction, on the average,
in the speed of sound in the shell. As
a typical example, the ring frequency -f
ACE,ABC, and Mark XII vehicle's primary
shell is calculated to be 70% or less of
a pure aluminum shell with equivalent
dimensions. Also, the 70% figure does
not account for the diversity of sound
speeds in a complex heat=-shield-material
such as is used on most reentry vehicles,
1f this additional complication were also [ ]
(somehow) included, it is presumed that
the resultant f, would be even lower,
Hence, a reasonable explanation exists
for both of the obvious differences bo-
tween the CTF and FTF curves.

INTRCDUCTION PART 11 (MANEUVERING)

This second part of the paper ex-
amines the dynamic data acquired on two
ACiE fliohts, and describes 1ndicated
trends for such a inaneuverable reentry
vehicle which ditier, in soumme respects,




from the conclusions reached in Part 1
. for a non-maneuvering vehicle.

An attempt is made to explain the
discrepancies between maneuvering and
P~ non=-maneuvering vehicle results. How=

& ever, the third and last ACE flight, on
Lk which instrumentation had been relocated

to specifically address the questions

N raised by the data from flights 1 and 2,
b did not provide any usable data for re=
IO view. Therefore, even though plausible
i\; and quantitatively encouraging, the ex- LEGLT
N planations contained in this paper must

4 remain conjecture until more flight data
have been gathered.

e . ~—=  ‘feasured, Sts 43
~ ‘Memured, Sta 6y
2 Pradicted, Sta 43

. »

N

N e
P

Each flight vehicle was instrumented Predicted, Sta v &

with two pairs of dynamic sensors. Each
pair consisted of a probe microphone de-
signed to measure the local fluctuating
pressure and an accelerometer mounted
nearby but internally to measure the pri=-
mary shell vibration. The output of all
four of these sensors were processed on
board to provide filtered, mean-squared
{ histories. The pressure data spanned , .
ot ’ seven octave bands from 89 to 11,300 Hz. % . o * \
|
[

Y BRIV

|
i
r
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The vibration data spanned the frequency i
range of 50 to 2830 Hz in twelve bands, .
the lower four of which were 100 liz wide , l . {
while the top eight were one-third oc- yos e e 1ee 1o .
tave-band widths. Additional information IR TN

as to sensor descriptions, calibrations, FIGURE 5 COMPARISON OF PREDICTED AND

and corrections applied as well as a des- MEA ' _
cription of the on-board processing sys= SURED OVERALL FPL'S FOR FIV-1

tem are contained in the Appendix.
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FLUCTUATING PRESSURES MEASURED ON ACE

The first ACE flight vehicle (called
FIV-1) had a sequence of severe maneuvers
after which the on=board fluctuating
pressure sensors failed to provide use- " "
ful data. Figure 5 shows the predicted ‘
versus measured FPLs during the period -
of rapid maneuvers. The levels at station
43 are over-predicted while those at sta-
tion 60 have reasonably close agreement
between theory and experiment. (Pre-
dicted is based on the modified Lowson
curve given earlier, an assumed octave
band spectrum of #2 dB/octave up to fc,
and the values of local aerodynamic para-
meters determined from flight data and
sophisticated computer programs.) Nei-
3 ther of these measurement histories can
be discussed with confidence since the
rapidity of vehicle maneuvers did not
permit quasi-steady-state conditions to : | Lo
exist. The second ACE vehicle (FTV-2) " "
g was more successful in acquiring data .
throughout reentry from the sensor at
station 43, The station 60 sensor did b L .- . WL
not function during the flight. The - ’ ' N oo
history from station 43 is shown on Fig~ FIGURE 6 COMPARISON OF PREDICTED AND

ure 6. The overall levels are overpre-
dicted (as was the case on FTV=1 at this MEASURED FPL'S AT STATION 43 FOR FIV-2

station)., The minor, short-term varia-
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tions in pressure level are not relatable
to any parameter such as pitch, roll, lo-
cal variations in pressure, Reynolds num-
ber, etc., 1t is most interesting to note
however, that the averaye "overprediction"
seems to depend on the angle of attack
(the sensor being essentially on the wind-
ward side of the vehicle). Figure 7
clearly shows this unexpected dependence.

forlna ML OATE 8.0 ¢ g < 5.9
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FIGURE 7 OVERALL FPLS (89-11300 HZ)
PREDICTED MINUS MEASURED VS. PITCH ANGLE

Attempting to correlate this pitch angle
dependence on any parameter already used
for normalization or on any other such

as Reynolds Number has been unsuccessful
in the past (e.g., see Figures 33 and 34
of Ref, 8) as well as for this ACE flight.
One possible explanation for the attack-
angle dependence is a redistribution of
energy in the frequency domain as a re-
sult of boundary layer thinning. This
assumes that a large pitch angle, in con-
junction with the cone angle, causes the
boundary layer to flow in a spiral dir-
ection rather than longitudinally. Such
a condition would tend to move the mea-
surement location closer to the position
of transition and hence, cause f_. to be
higher. Assuming the total energy level
remains constant, the spectrum level at
the measured frequencies would drop ac=
cordingly, Certainly, further study and
data acquisition are required before sub-
stantial progress can be made in under-
standing all the ramifications of these
ACE data,

The spectrum of the ACE flight mea-
surements conforms to the expected power
spectrum in an "average'sense (the -1dB/
cctave power spectrum of Part 1 of this
paper is equivalent to a *2dB/octave-
band slope). tHowever, there are some
notable variations. Fiqure 8 summarizes
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data taken during severe maneuvers at two
locations on the first flight (upper half
of the graph) and data taken from peaks
and vallevs of the quasi-steady-state
history from one location on the second
flight (lower half of the graph).
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Measurements taken at the forward station
tend to peak in the sixth analysis band
{omf = 4000 Hz). The aft station data
are still rising sharply into the seventh
band. The top two bands are somewhat
suspect because they contain corrections
for frequency response due to geometry
and flow characteristics. Also, they
were processed differently than the rest
of the dynamic data (see Appendix). Even
so, such considerations hardly seem able
to explain the departure of the high fre=-
quency data from the trends of the lower
bands, the latter agreeing substantially
with ground test data. If measured spec-
tra differed from the assumed shape the
overall levels could be quite diffcrent
from those predicted, For example, if
the spectrum were flat (+3dB/0ctave band)
instead of the assumed -1dg/uctave, the
predicted levels for ACE would be about
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1V dB lower, It is unfortunate that the
total boundary layer energy is distri-
buted over such a wide frequency range
(O-f_) as 1t makes the prediction of le-
. vels®more difficult for the low end of
the spectrum, However, in the case of
the ACt data, 1t's still not clear whe-
ther the spectrum shape is different from
the assumed or whether flight data cor-
rections are just not well defined.
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FLIGHT VIBRATION AND ITS INTERPRETATION

Flight measurements of vibration on
the primary shell of the ACE vehicle re-
sulted in good agreement, when compared
with predictions, for the region of f 2>
707 Hz. However, below 707 Hz. much more
response was observed than could be at-
tributed to highemodal-density shell re-
sponse.

Flight Data

Vibration data were obtained at both
sensor locations for both of the success=-
ful flights. Since the aerodynamic en-
vironment was varying throughout each
flight, any time slice had a unique pre=-
dicted-vibration level. Therefore, only
one such time point is examined. However,
Figure 9 shows data that are rcpresenta=-
tive of the spectrum distribution for
any other time slice for both the mea=
sured and predicted spectra at that sta-
tion. Other time-slices would show mea-
surements which are higher, equal to, or
lower than those shown for the 707-2830
Hz range, but, in general, the measured
were within #3dB of the predicted in that
frequency range. This is somewhat contra-
dictory to the conclusion that the FPLs
were overpredicted during maneuvers.
However, there is an area of very high
. FPLs at the aft end of the vehicle dur-
ing those maneuvers due to separated flow.
This high intensity forcing function may
be inducing sufficient shell vibration
at the high frequencies to offset the
measured reduction in local FPLs where
the accelerometers are located. The ef-
fect of the localized high levels on re-
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LA

;& sponse forward of the control mechanism
31 was not calculated for ACE due to limi-
. tations in schedules and budget, but a

.

comparable analysis was performed on the
, UpSTAGE vehicle using SEA techniques.
' There, it was determined that the local=-
ifed aft "hot spot" effected the vibration
. levels well forward of the locally-forced
-~ structural region.
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FIGURE 9 COMPARISON OF FTV=2 STA 61
MEASURED AND PREDICTED VIBRATION AT
1858,5 SECONDS

of a ballistic flight condition (symmet=
ric) loading) it seems obvious to sus-
pect the asymmetry of maneuvering loads
as the cause of the excess low frequency
vibration. This was done analytically,
and the results are described in the next
section,

Analysis of the Low Frequency Anomaly

The acoustical ground test of ACE
indicated that flighte-induced FPLs from
the normal (attached) boundary layer
would be incapable of producing the low
frequency response measured in flight.
However, the first few beam-bending-
mode frequencies are in this same range
and local on-board shocks, emanating
from the region of the maneuver mechanism
are known to have initiated beam bending.
To quantitatively assess the beam bending
response resulting from maneuver-controle-
ling mechanisms on ACE, a beam model of
the vehicle was made. It was a twenty-
seven lumped-masses model with intexcon-
necting springs. The bending modes of
this flexible model were calculated using
the displacement method of analysis.
Forced response was then calculated as-
suming two localized sources of excita-
tion. The first was due to limit cycling
of the flap around a mean position which
introduces a low frequency,
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high-intensity fluctuating pressures as-
sociated with this region (a local hot
spot in the aerodynamically-induced FPLs).
The surface area over which the pressures
acted was estimated to be equal to the
flap width times the flow separation dise-
tance. This flow separation distance ex-
tends from flow separation to the begin-
ning of the flap and is about four times
the height of the flaps above the surface.
The increase in pressure level is about
24dB at all frequencies (over the attached
boundary layer level) if the wind tunnel
data of NASA Ames and MDAC researchers

can be used here.

When this second forcing function
was emnployed, the comparison between mea-
sured and predicted levels for the low
frequency oands turned out to be sur-
prisingly good (roughly a factor of 2 or
less). Table 1 gives the tabulated data,

TABLE 1
Comparisons Between Predicted and
Measured* Low-Frequency Vibration
Levels for FTIV=2 (In g's)

*rleasured at 1857.6 Seconds

MODE 1 MODE 2 MODE 3
STA. 43 (122 Hz) | (272 Hz) | (555 Hz)
rieas, 2.5 2,3 3.3
Prad. 5.1 2.7 5.4
STA. 61
seas. 5.5 6.0 7.0
Pred, 2.4 3.1 5.3

The fliyht data-analysis bands are too
wide to permit corroboration of the con-
cept that most of the low-frequency vi-
bration response is concentrated in nar-
row bands about the beam-bending reso-
nance frequencies. However, the sugges~-
ted solution for the excess response in
‘the low frequencies has additional merit
when it is noted that similar trends ex-
ist between predicted and measured levels.
That 1s, at STA. 43, the measured levels
dipped for the second mode from the le=-
vels of modes 1 and 3, whereas at STA.
vl, the levels increased with increasing
frequency., The calculated levels show
these same trends,

These ACE comparisons gives credence
to the conclusion that the region of sep-
arated flow, caused by a inaneuver-produ-
ciny mechanism, can induce considerable
low=frequency vibratory response not ree
latable to the nurmal aerodynamicef]ow-
1hduced ddynamics,
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The ACE results suggest the need for
careful review of expected flight envir-
ments for maneuvering reentry vehicles,
The analyses should account for 1. un=
symmetric loading of the primary shell,2,
base pressure fluctuations (though for
ACE they did not significantly exceed
boundary-layer-induced pressures even
when the vehicle was at an angle of ate
tack), and 3. vibration response should
reflect consideration of both high fre-
quency asymmetries due to the aft-end
flow disturbances, and the possibility
of low frequency response of significant
amplitude.
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" APPENDIX

Description of the Pressure Sensor

~ The fluctuating-pressure sensing sy-
stem inCluded a probe-type microphone and
its associated signal-conditioning pack=-
age manufactured by the Ke-West Co. The
diaphragm was mounted perpendicular to,

o and 2.54 cm. from, the shell surface, and
" was connected to the surface by means of
- a pin hole. The diaphragm was perforated
* to reduce the low frequency response (and
~ hence, dependence on abrupt changes in

X static pressure), Figure 10 presents a
typical acoustic response of one of these
sensors under static conditions. In ad-
dition, Figure 10 also gives an in-flight
response as would be predicted using Ref,
9. Note that the lattexr would vary with
time due to geometry and local speed-of-
sound changes during reentry. Octave
band data were corrected for the high
frequency dependence by integrating the
inflight curves over each band for spe-
cific time periods, and adding appropriate
corrections per band. Typically, only the
sixth and seventh octave bands were cox-
rected due to the high frequency roll-
off, and though variable with time and
location, nominal correction values were
one-half and two decibels respectively.
The low frequency roll-off never changed
and was experimentally determined by com-
parison with ground test equipment.

— — — MAcoustic Response {no flow
or low velocity flow)

o= Reentry plus 21 seconds‘ .
Prodicted
ve.-eene Peentry plus 27 second
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he Vibration Sensor

Description of

The vibration sensor was an Endevco
model 2221L accelerometer combined with
a model 2640M39 amplifier. This system
had virtually no sensitivity variation
over the frequency range of interest in
the working environments, so corrections
were not required. However, shock events
could not be monitored quantitatively due
to the high level and high frequency li=-
mitations of this system,

Description of the On-Board Data Processor

The output from all four dynamic
sensors were processed by a Gulton Mfg.
Co, data processor. Each output was fed . ;
to a series of bandpass filters. With 8
the exception of the top two bands from N .
the fluctuating pressure measurements, vl
which were processed by analogue tech-
niques, each bandpass filter output was
sampled, time multiplexed and then A/D
converted, Still in time multiplex, the
samples were digitally squared and then
demultiplexed and accumulated over O,1l
second intervals. The results were tele-
metered through a PCM encoder as indivie
dual 10 samples/sec. channels both in real
time and with a five second delay. Pre-
flight calibration of the total FPL on-
board system showed #0.5 dB accuracy of
the value expected by analysis at 500
and 1000 Hz,
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CALCULATION OF ATTACH POINT LOADS DUE

TO POSSIBLE COMBUSTION INSTABILITY IN THE

SPACE SHUTTLE SOLID ROCKET BOOSTERS

F. R. Jensen and D. T. Wang
Hercules Incorporated
Magna, Utah

1976. (Refer to AFRPL-TR-76-62.)

of 15.25 Hz.

This paper is based on a structural dynamics study of the Space Shuttle
that was conducted at Hercules Incorporated under Contract Number FO4611-73-
C-0025 with the Air Force Rocket Propulsion Laboratory at Edwards Air Force
Base in California. The work took place during the period from June 1975 to
June 1976. A final report entitled: "Space Shuttle Response to Acoustic
Combustion Instability in the Solid Rocket Boosters", was issued in June

The objective of the analysis discussed in this paper was to analyze
the Space Shuttle vehicle to determine structural response to possible
acoustic combustion instability in the solid rocket boosters. Response
of the Space Shuttle vehicle to pressure oscillations in the solid rocket
boosters (SRB's) was calculated. The response was expressed in terms of
forces and displacements at the attach points between the SRB's and the Ex-
ternal Tank (ET), and between the ET and the orbiter.

The NASTRAN couwputer program was used to analyze various finite element
shuttle models. Finite element models of the SRB, ET, and orbiter were
supplied by North American Rockwell, Space Division, at Downey, California.
A detailed finite element model of the solid rocket motor (SRM) was con-
structed for use with the cyclic symmetry option in NASTRAN. The modcls
werce analyzed separately and results were combined to represent the total
structure by using a mechanical impedance-type approach. Acoustic analyses
were performed at the Naval Weapons Center (NWC) at China Lake, California.
The acoustic natural frequencies and mode shapes were transmitted to Her-
cules for use in this analysis program.

The analysis approach based on using mechanical impedance methods and
the cyclic symmetry option in NASTRAN was demonstrated by calculating
shuttle structure response to the first longitudinal acoustic mode in the
SRB's. A maximum attach point load of 7.12 kN (1600 lbs) was calculated
for a +6.89 kPa (+1.0 psi) pressure oscillation level, Therefore, maxi-
mum attach point loads of 71.2 kN to 142 kN (16,000 to 32,000 lbs) can be
expected for maximum pressure oscillation levels of +68.9 to +137.8 kPa
(+10 to +20 psi). The attach point loads would be applied at a freqeuncy

INTRODUCTION

Most solid propellant rocket motors exhibit
some degree of combustion instability, which is
characterized by chamber pressure oscillations.
The hot combustion gasses in the combustion caw
ity can oscillate in various natural acoustic
modes much the same way that the column of air
in an organ pipe resonates. Pressure transduc-
ers that are designed to measure the alternat-
ing component of the chamber pressure are used
to measure the unstable pressure oscillations.
The oscillations are considered to be unstable
because a small perturbation can excite a

particular mode which in turn increases in
amplitude in an unstaovle (e 2t ¢nvelope) fash-
ion until some limiting amplitude is reached.
As burning in the motor continues, the condi-
tions required to sustain oscillation in a
particular mode change and the mode typically
dies away before the end of motor operations.
Motors that exhibit unstable pressure oscill-
ations in morc than one acoustic mode during
motor operation time are common, however, the
lower freguency modes are typically ot most
concuern with aluminum propellants.,




In the past, unstable acoustic pressure
oscillations in upper stage motors on certain
ballistic missiles have produced relatively high
amplitude vibration levels on the motor case and
attached components. Vibration levels as high
as 300 g's have been measured during upp- r stage
motor operation. This past experience with
solid rocket motors has been cause for concern
with possible acoustic instabilities in the
Space Shuttle Solid Rocket Booster (SRB) motors.
The objective of the work covered in this paper
was to analyze the Space Shuttle vehicle .o de-
termine structural response to possible acoustic
combustion instability in the solid rocket boost-
ers. The analysis was intended to provide an
estimate of the forces to be expected at the
attachment points between the Solid Rocket Boost-
ers and the External Tank (ET).

The problem could have been solved directly
by constructing a finite e¢lement model of the
entire shuttle structure and then making com-
puter runs to obtain the forced steady state
structural response to the pressure loads in
the combustion cavities of the SRB's. (The
acoustic mode shape defines the pressure load
distribution in space and the load-time varia-
tiop is sinusoidal.) Such a diruct approach was
not practical because of the unreasonabl: i.rn
R I BT e L A S U S I N

quire..

The use of medal synthesis techniques
would have been a natural way to solve this
problem if the viscoelastic propellant asrain
were not important. The wsual modal reeresen-
tation used in modal synthesis couid not be
accurately applivd to the propellant grain be-
cause the grain dynamic (complex) wodulas changes
with frequency.

This paper describes the use of a mechanical
impedance approach combined with the cyclic
symmetry capability of NASTRAN ro cbtain o prac-
tical solution to the problem.

Work to define the likelihood of any partic-
ular acoustic mode being unstable, to define th.
natural mode shapes, and to cstimate limiting
amplitudes of unstable modes was carried on at
the Noval Weapons Center (NWC) at China Lake,
California. For the work rceported herein, the
first longitudinal mede was assumed to be un-
stable and the response was calculated for a
normalized(6.89 kPa maximum) pressure mode shape.
Since the sclutions are lincar, different ores-
sure oscillation levels can be accounted for by
direct multiplication of the 6.89 kPa (1.C psi)
results; e.g., for 68.9 kPa (10 psi), multiply
by 10. The acoustic natural mode and frequoncey
were supplied by NWC.

APPROACH

The solid rocket booster structure was rep-
resented by a finite element model. Soluticns
were obtained from the model for unit harmonic
forces applied one at'a time at cach attachment
point in each coordinate direction. Th: unit

RNESE p

force solutions were used to form a mechanical
impudance matrix which relates force to dis-
placement at the attachment points. Finite
clement models of the orbiter and the external
tank were analyzed in a similar manner to deter-
mine mechanical impedance at the interconnection
points. A‘'solution was then obtained for the
response of the SRB model to internal acoustic
pressure oscillations. By combining the re-
sponse of the SRB model with the various mechan-
ical impedance matrices the response of the
total assembled space shuttle structure was
calculated. A similar approach was used pre-
viously to calculate the response of components
attached to a solid rocket motor. [1]

All computer solutions including matrix
manipulations and finite element model responses
were obtained by using the NASTRAN computer code.
Existing finite element models of the ET, the
orbiter, and the forward section of an SRB were
furnished for use in this program by North Amer-
ican Rockwell at Downey, California. A detailed
tinite element model of the solid motor (SRM)
portion of an SRB was constructed for this
analysis task. The SRM was a general 3-D model
that represented the viscoelastic grain, the
steel case, the nozzle, and the igniter. The
dynamic properties (complex modulus) of the
propellant were obtained from a report on prop=
srties of Space Shuttle propellant. [2]
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A complete 3-D model of an SRM would have
contained too many degrees of freedom; computer
run times and storage requirements would have
been too great to allow practical solutioms to
be obtained. Therefore, the cyclic symmetry
capablility of NASTRAN was employed to maintain
vffective grid refinement with significantly
reduced computer run times. The combination of
the mechanical impedance approach and the cyclic
symmetry option in NASTRAN resulted in a practi
cal way to obtain the response of a rocket motor
with unsymmetrical structural attachments. The
use of cyclic symmetry combined with a mechani-
cal impedance approach for such problems was
first suggested by the McNeal-Schwendler Corp.
of Los Angeles, California.

DETATLED ANALYSIS METHOD

The purpose of this section is to provide
Jdetails on how the analysis was performed. The
various finite element models are described,
2encral application of mechanical impendance is
discussed, and the equations are provided.

A, FREQUENCY RESPONSE ANALYSES

For a finite clement model with viscous
damping, the equations of motion are:

e () + TBY {0 4 [K) jul = {F(e)] Q1)

where: "M7 = the mass matrix
B] = the viscous damping matrix
IKT = the stiffness matrix
{ut = the displacement vector
IF(t)' = the applied load vector
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Por a harmonic forcing function at a particular
frequency, such as {F(t)} = {F}e wt, the equa-
tions representing the steady state motion [3]
are:

(~w?[M] + i0[B] + [KD{U} = {F} )

A common method of handling the damping is
to assume that elements in the damping matrix
are proportional to corresponding elements in
the stiffnes. matrix [4]

[B] = (g/w)[K]
Equation (2) then becomes
(-wl[M] + (1 + 1g)[K]{U} = {F} 3

The propellant is assumed to be a linear visco-
elastic material so that it can be represented
at steady state conditions by an elastic mater-
ial with viscous damping. The viscoelastic
properties of the propellant are described by
Poisson's ratio and a complex shear modulus,
G*, which is a function of frequency:

G*(f) = G'(f) + 1G“(f)

where: G’(f) is the shear storage modulus
G'(£)/G'(£f) is the loss tangent

If [Kp] is the stiffness matrix for the
propellant elements based on an elastic shear
modulus equal to G’(f), then a value of g can
be selected so that (1 + ig)[Kp] represents a
complex stiffness matrix that correspond: with
use of the complex shear modulus G*(f),

(g = G*(£)/G’(f)). The advantage of the mech-
anical impedance approach over the more con-
ventional modal synthesis approach for this
situation occurs because the frequency depend-
ant propellant properties can be changed for
each analysis frequency in the steady state
frequency response analysis, whereas a modal
analysis does not permit changing properties
for each frequency (eigenvalue).

Equation (3) is solved by the NASTRAN
program when analyses are performed using the
frequency response rigid format [5]. Let

D] = (-w?M] + (1 + 1g)[KD)

Then equation (3) can be written

v} = {F!

and the solution to equation (3) can be written

fu} = [0~ 13fF} (%)

(] = [p°}]
Then equation (4) can be written as

fu} = [RI{F} (5)
Using the terminology suggested in Reference 6,

. i » N N 4
- - LS 9 i . + S
AOARALSE SN L CACLRN CORGFCARC O LEL L G0 N L e N o (o R e S e LS

[R] is called a receptance matrix.

Where a receptance matrix is desired for
only a fraction of the degrees of freedom in
the finite element model, the displacement
vector can be partitioned

Uy Ri; R12 Fy
H ........ it ©
Uz} Rz Ro2 | {F2

Solving for {U;} with {Fp} =0:

fuyt = [ryy3iF} ¢}

If {U;} is the set of displacements on an SRB
at the attachment points, then equation (7)
relates forces to displacements at the attach-
ment points when no other forces are applied
to the SRB.

A more efficient way to obtain a reduced
R matrix is to apply unit loads at each of the
coordinates in Fl and solve for Uj, using the
regular NASTRAN R, F.-8 solution. To clarify
this approach, equation (7) can be written as
follows:

\

(0, A

11 *12 ¥13 """T1n
Upl |r21 rz2 r23 ==-ran| |f2

Uz] [r31 r32 r33 ==-r3a| |f3

¢l -

T .

1) L"’nl Tn2 'n3 '"rnnJ LfnJ

or:

Up = rppfy rgpfatrggfy + oot rpefy

Up = ra1f) + 12087 + rp3fy + ===+ ry fy

Ug = r31f) + r3pfy + rg3fqy + oot rg )

Un = Taify * Tnpfy + vy + oot rgfy
In the above equations, when £, = 1.0 and f; =
0, £ # 1, the solution for the (U;)'s gives
the first column in the desired reduced recept-
ance matrix:
Tt Y
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The other columns in the receptance matrix can called a "frequency response analysis." The ®
be determined by solving for other force terms use of frequency response-type analyses is fm- NI
of unit value. For example, a solution with plied when mechanical impedance is discussed. -'_',-",r:'.‘-_
f, = 1.0 and all other f; = 0 would provide '_'.:'J'.;."‘
tﬁe second column in the receptance matrix. The concept of impedance or receptance of "-‘-:-\.*,‘
the space shuttle structure at a set of points -\"\-'.‘.ﬁ
A DMAP ALTER must be used to save the dis- was used to allow the individual shuttle models T\:.'s::\‘.
placements calculated by NASTRAN: to be analyzed separately. The results from e
the individual analyses were combined to obtain
ALTER 141 solutions that represent the total structure.
OUTPUT2 UDVF,,,,//C,N,-1/C,N,17/C,N, UDVFTP$ Equation (7) represents a linear system.
Since the system is linear, the response for
END ALTER two different load sets applied simultaneously
can be determined by applying each load set
When the above ALTER i{s used in the executive separately and summing the results. Consider
control deck, the displacement matrix UDVF is one SRB undergoing acoustic pressure oscilla-
written on tape unit 17 and can be saved for tions. The SRB would be subjected to two
later use. In the same computer run or in separate loading systems:
another run, UDVF can be partitioned to ob-
tain the R matrix. (1) The acoustic natural mode would
load the solid motor by means of
In the space shuttle analysis, the recept- a certain pressure distribution
ance matrix at the intercomnection coordinates in the motor combustion cavity.
was required for each model. The appropriate
receptance matrices were obtained by applying (2) The remainder of the space shuttle
unit forces at each connection coordinate for vehicle would apply loads to the
each finite element model. SRB at the SRB attach points as
the total vehicle vibrates in
B. MECHANICAL IMPEDANCE TECHNIQUES response to the pressure oscil-
lations.
"Impedance" and "Admittance" are terms
generally associated with electrical circults. The objective of this work is to calculate the
The terms "mechanical impedance” and "mechan- second load set.
ical admittance" are normally used to indicata
that an analogy is being made between an elec- In the NASTRAN finite element models, a
trical circuit and a mechanical system. The certain set of displacement coordinates repre-
literature on mechanical vibration analysis sents the SRB attach coordinates. The SRB is
contains a large amount of intormation on attached to the ET at nodes 303, 310, and 311.
mechanical impedance-type approaches. For The node locations and x, y, z coordinate
example, the Shock and Vibration Bulletin con- directions are indicated in Figure 1. A plot
tains many papers on application of mechanical of the SRM finite element model is shown in
impedance techniques. [77] Figure 2. The attach point displacement coordin-
ates are:
Mechanical impedance is a ratio of force
to velocity. Mechanical admittance, commonly U303xw
called "mobility", is the inverse of mechanical
impedance, i.e., a ratio of velocity to force. U303y
A basic discussion on mechanical impedance and
mobility can be found in Reference 8. The U303; -
term "receptance" is used to denote the ratio {Ul > (8) "_\
of displacement to force. The concept of U310y ::.
receptance is discussed in References 6, 8, and e,
9. Additional discussion on electromechanical 3102 -
analogies are contained in References 10 and 1l1. ~
=
The term "immittance" has been used to 311)’) -
represent lmpedance or admittance. Mechanical For this linear system, the total response at e
immittance and transmission matrix concepts the attach points, §UT§, can be obtained by St
are discussed in References 12, 13, and 14. summing the responses due to the two separate ﬂx _~.‘;.-:'
load sets discussed above ARSI
When a sinusoidal force drives a linear PR S
system, the steady state response displacements, fupl = {u,} gpp * 1UcH 9) PRI
velocitieg, and accelerations are sinusoidal el

at the frequency of the driving force. The where: ’UOESRB = the response at the attach
relationship between driving force coordinates due only to the
and response can be expressed by algebraic acoustic pressure mode
equations involving complex numbers, (such as

equation 5). The analysis of such a system is fuct = the response at the attach
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, Z Coordinate System

Sketch of the Space Shuttle Vehicle Showing SRB and
Orbiter Attach Points and Showing Location of the
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Figure 2. NASTRAN Finite Element Grid Used to Analyze the SRM. RN
(Full cross section not used in model but shown for clarity). ¢
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coordinates due to the attach
loads (applied by the remaining
shuttle structure, i.e., the
total shuttle less one SRB.)

The displacement response {Ugl can be
calculated directly by using a NASTRAN model
of an SRB. To obtain {Ugl, a cyclic symmetry
model of an SRM was analyzed to determine re-
sponse to the first acoustic natural mode at
15.25 Hz. Details of the {Uo}! calculationms
are discussed in the following section.

If the receptance of the SRB at the at-
tach points is denoted [Rggpl, then {Uc} can
be expressed as

fuct = [Rgppl {Fcl (10)

Where: |F.} = the set of forces applied to the

SRB at the SRB attach points

el

By way of further explanation of fFCE, the set
of forces {Fc! are internal forces that occur
at the attach points between the SRB and the
ET due to pressure oscillations in the SRM.
Cutting the structure at the attach points to
show free body diagrams would yield a diagram
showing internal forces {F_} applied to the
SRB and equal, but opposite, forces, {-F.},
applied to the ET.

An equation similar to equation (10) can
be written for the remainder of the space
chuttle vehicle., When one SRB has been removed,
the remaining structure consists of the ET, the
orbiter, and the other SRB. If the receptance
of the remaining structure at the attach
points'is denoted [Rggg], then the forces ap-
plied result in {UT} displacements

{UT} = [RRSS] {‘ch (11)

For this analysis, the only forces applied
to the remaining shuttle structure are the
forces {-F.|; therefore, the displacements in
equation (l1) are the total displacements,
’UT}, rather than the displacements due to
connection forces, {U.}, as in equation (10).
Equation (11) can be solved for connection
forces [F.} and the result substituted into
equation (10) to eliminate the unknown forces

fuct = [-Rgpp? [RR;;] *UT} (12)

When equation (12) is substituted into equation
(9), then the total displacements are found to
be

_ -l..-1
furl = ({17 + [Rerp] RggsD) "U sRBY (13)
The solution to equation (13) represents
the desired response of the shuttle to acoustic

oscillations. The connection forces can be re-
covered by using the solution of equation (11)

[Fe! = [-Rpgaliug) (14)

An cquation similar to that of equation

(13) was used in the component vibration pro-
gram. The Component Vibration Final Report [15]
contains a simple example showing that equation
(13) is applicable. For verification, a con~
ventional frequency response analysis was per-
formed on a simple structure. The structure

was then separated into two separate models and
the mechanical impedance approach, as character-
ized by equation (13), was applied. The small
differences in the response values obtained by
the two methods were attributed to roundoff
error.

To obtain the desired solution to equation
(13) the matrices [Rggpls [Rpggl, and {Uc sral
must be available. The calculation of these
three matrices is discussed in Reference 16.
The calculation of each of the three matrices
is somewhat complicated by the fact that each
depends on solutions from two different finite
element models. Two different models were used
to represent the SRB, a cyclic symmetry model
of the SRM and a model of the nose section
above the SRM. Models of the ET and the orbiter
were used to represent the remaining shuttle
structure for calculation of [Rgggl. Finite
element models of the ET and the orbiter repre-
sent only one-half of the structure and separate
models were supplied for symmetric and asymmet-
ric boundary conditions. The X-Z plane as
shown in Figure 1 was taken as the plane of
symmetry for the models. When the models with
symmetry boundary conditions are analyzed,
the results represent a symmetric structure
subjected to symmetric loads. Therefore, a
solution for a particular acoustic mode using
the models with symmetric boundary conditions
represents the condition where both solid
rocket motors are being subjected to unstable
acoustic oscillations that are in-phase. Use
of the models with asymmetric boundary condi-
tions represents the condition where both SRM's
are oscillating out-of-phase with one another.
The difference between the symmetric and
asymmetric solutions yields the response for the
situation where only one SRM is undergoing un-
stable acoustic oscillations.

DISCUSSION OF RESULTS

Response of the Space Shuttle Vehicle to the
first longitudinal acoustic mode has been cal-
culated. A sketch of the vehicle, indicating
nodes at the interconnection points, is shown
in Figure 1. As shown in Figure 1, Node 303
represents the forward SRB/ET attach point.
Nodes 310 and 311 are the aft SRB/ET attach
points., Nodes 90 and 91 represent the connec-
tions between the ET and the Orbiter.

The forces from the in-phase analysis are
given in Table 1., The largest force for the
+6.89 kPa (+l psi) pressure oscillation level
is 7.12 kN (1,610 pounds) at Node 303 in the Y
direction. For a pressure oscillation level of
+68.9 kPa (+10 psi), the maximum force would
increase to 71.2 kN (16,100 pounds). The
corresponding forces from the out-of-phase
analysis are shown in Table !, The maximum
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force from the "out-of-phase" solution is
4,50 kN (1,012 pounds) at Node 303 in the x
direction.

When the in-phase and out-oi-phase solu-
tions are added to obtain the results for the
situation where only one booster is undergoing
unstable pressure oscillations, a maximum inter-
face force of 9.46 kN (2,127 pounds) is obtain-
ed at Node 303 in the x direction. However,
such addition of the s 'lutions represents a
pressure oscillation I vel of +13.79 kPa
(+2 psi). The normalized maximum force for a
+6.89 kPa (#1 psi) pressure level would, there-
fore, be 4.73 kN (1,064 pounds). The "in-
phase" condition, therefore, produces the great-
est forces.

CONCLUSIONS AND RECOMMENDATIONS

This analysis program resulted in estimates
for the attach point forces between the solid
rocket motors and the external tank and has,
therefore, met the program objectives. Good
agreement between hand calculations and com-
puter analysis results show at least that tae
computer results are of a reasonable order of
magnitude.

A method for combining a mechanical
impedance approach with the cyclic symmetry
capability of NASTRAN has been demonstrated to
be advantageous for structures such as rocket
motors that have frequency dependent material
properties. The method was demonstrated by
analysis of the first longitudinal acoustic
mode in the SRB's at a zero burn time. Future
work could include other modes and other burn
times.
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N TRACKED VEHICLES

kk HULL VIBRATORY POWER FLOW AND RESULTING INTERIOR

*‘) NOISE ON THE MI113A ARMORED PERSONNEL CARRIER

$:l; Peter E. Rentz

T Bolt Beranek and Newman Inc.

2 Canoga Park, California

“:- The suspension vibration-induced noise levels in the M113A

. armored personnel carrier were investigated using a statistical

o energy analysis approach. The acoustic radiation from each

S hull panel was determined from vibration measurements and summed.

S This sum was then compared with internal dissipated acoustic

a power. The agreement confirmed the approach and provided a

\ method for judging the potential for noise control measures, such

- as damping and shielding. Those measures with high potential

N were experimentally evaluated. The vibratory energy flow into

A0y the hull from the suspension members was determined by measuring

.- the input impedance of the hull along with both the motion of the

. suspension member (directly) and the force on the member (indi-

: rectly). Comparison with structural dissipated power was reason-

b able. Structural modifications to reduce the power accepting
characteristics of the hull were implemented and evaluated with

=0 limited success.

J..

o INTRODUCTION ductions were effected on the MI113A.
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The M113A Armored Personnel Carrier
(APC) has many attributes which make it
attractive for use in the development of
advanced concepts for noise reduction in
tracked vehicles. In production since
1960, the vehicle has enjoyed immense
popularity and has been subject to de-

Preceding the work reported herein,
a systematic study was conducted to
identify and quantify the contributions
of the idlers, sprockets, and road-
wheels [2]. From this study, the con-
tributions of the three noise sources to
the crew area A-weighted noise level

AT
Ay N

sign refinements. As a result of this
process, many design variations have
Leen evaluated and a large.store of
knowledge exists relative to what is

were determined, Fig. 1. The A-weighted
and octave band noise level speed depen-
dence is presented in Fig. 2. Replot-
ting the speed-dependent octave band

-in feasible and what is not. But more im- values gives spectra for three typical
- portantly, the slab-sided, all-aluminum- speeds of 15, 20, and 32 mph (24, 32,
- hulled M113A is very noisy and has re- and 51.5 km/hr*, Fig. 3. The spectral
N sisted piecemeal efforts at noise reduc- values exceed the specification goal by

’ tion. Therefore, both the challenge and 10 to 20 dB at 250 Hz, depending on ve-
A the opportunity exist for the develop- hicle speed.

) ment of effective noise control technol-

- ogy. The cross section of the vehicle,

" Fig. 4, illustrates the nature of the
e The high noise levels in this ve- vibratory power input and distribution,
.o hicle, which was designed for perfor- analysis, and control problem. The
A mance, have been recognized as a problem roadwheel bearings and idler spindles
. since initial production. Efforts in are bolted directly to the lower side of
L 1964 [1] identified the track and sus- the hull., The idler attachment is at

Y pension as the cause of the noise and the intersection of the box beam and

. - employed some of the same acoustic radi- back plate which is welded to all hull
.. ation and damping relations used in the
L present study. In spite of this work

N and similar studies on the MI13A and *SI units are given in parenthesis fol-
. other vehicles, no significant noise re- lowing U.S. customary units.
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tributions to M113A Crew Area M113A Crew Noise [2]

Noise Levels at Various Speeds [2]

members shown in Fig. 4. The sprocket
is supported by a final drive assembly
which is bolted to the hull at the front

g T T T T of the vehicle. In all three cases, ef-
a ficient mechanical coupling exists be-
5 ok - ‘/’”“MJ“*' i tween the suspension member and the hull.
s ’N~m,\‘:x/”“”“wm In addition, all hull plates are well
z N e coupled, with flanking paths at the
£ nol- \qff;\ s front and rear.
: NI
fm RN STATISTICAL ENERGY ANALYSIS

o MW - STD - MY4A e
g cHea \u\ \::\ In vibro-acoustic systems with more than
? ol N one or two modes in frequency bands of
v ”\J interest, it is convenient, and usually
g more accurate, to deal with time and

" N L . A PO frequency band averaged characteristics.

™8 B o conn meomnce e This approach has been developed and ex-

tensively applied to room acoustics

Fig. 3. Baseline Noise Spectra problems. More recently, the approach

in M113A Crew Area [2]

TOP PLATE, 1.5 inch x 70 A2 (38 mm x 6.5 m2)
S Y P

UPPER SIDE

1.75In. x 0 8.2
(44 . 4mm x 2.8m*)

2

INTERIOR v OLUME

8OX BEAM

SPONSON ",
0.5in, x 18 f,
(12.7mm x 1. 7m

LOWER SIDE
PLATE » No# , . ]
1.75in, » 250, 2§ P —— e ] IDLER AND
(44.4mm x 2,3m°) § ROADARM

1) R AR AR ATTACH AREA

=%

X

AR

2) BOTTOM STIFFENERS

DECK PLATE, 0.1in. x 8.2

BOTIOM PLATE ,

1.125n, x Jfr.)

(28.6mm x 3.5m")

Fig. 4. Cross Section of the MI13A Hull Showing
Major Plates and Suspension Attachment Area
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has been applied to vibrating structures
and to the interaction of the vibrating
structures and surrounding fluid fields.
This discipline has been named Statisti-
cal Energy Analysis (SEA) and is summar-
ized in various references [3, 4]. The
relations which have been utilized in
this study of the vibratory and acoustic
power flow within the hull of the M113A
APC fall into four categories: panel
dissipation, panel radiation, reverber-
ant room acoustics, and power flow into
a structure.

The vibratory power dissipated in a
structure in a frequency band is given
by

Nd = 2nfn <vi> m (1)
where wd = power dissipated ft-1b/sec
watts,
f = frequency, Hz,
n = internal loss factor averaged

over the frequency band cen-
tered at frequency f,

<v2> = gpace averaged mean squared
velocity, ft2/sec?(m2/sec?),

m = structure mass, 1b sec2/ft
(kg).

In engineering form

PWL = AL + 10 log 2} + 128.4 (2)

where PWL = power level, dB re 10712 yatt
AL = 10 log 5%;3 = acceleration
level, dB re 1.0g,
a = acceleration, ft/sec?2(m/sec?)
g = 32.2 ft/sec? (9.81 m/sec?),
w = mg = weight, 1bs(kg m/sec?).

Subtract 6.5 dB from the right-hand side
for SI units.

The power radiated from a reverber-
ant plate can also be estimated from
measured plate acceleration levels. The
time averaged total power, W_, radiated
from a plate is r

W =R

= R gea?>/4n2f2 (3)

In this equacion, R, , is the radfation
resistance of the plate and <a2> is the

183

space averaged mean square acceleration
level in the band centered at frequency
f. The radiation resistance is

R = pcSo (4)

rad

Here, pc +is the characteristic acoustic
impedance of air, S is the total radi-
ating area, and o is the radiation ef-
ficiency.

The radiation efficiency is a func-
tion of the critical frequency of the
plates and of a nondimensional parameter
g8 = Ph/S. P is the sum of the boundary
length plus twice the total length of
all stiffeners on the surface of area,
and h is the thickness of the plate thus
enclosed. The critical frequency is the
frequency at which the bending wave-
length in the plate equals the acoustic
wavelength in the air and is (for
aluminum plates)

fc = 500/h

where h = thickness, inches, or
fC = 12700/h
where h = thickness, mm.

Again, the acceleration level, AL, of a
plate is related to the mean square ac-
celeration by

AL = 10 log <a2>/g2. (5)

By substituting Eqs. (4) and (5) into
(3), the radiated sound power level by
plates of total area S can be expressed
as

PWL = AL + 10 log oS - 20 log f + 140

(6)
Add 10 dB to the right-hand ;ide for SI
units.

rad

For a reverberant space, with air
as the fluid

PHL = SPL + 10 Tog (8) - 10 (7)

where SPL = space averaged sound pressure
level, dB re 20uN/m2,

60V

T 086c T~ - loom constant,

V = Volume, ft3(m3),
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g T = Reverberation time, seconds, Most of the quantities required are di-
r.- 60 rectly measurable. One exception is the
Koo C = Speed of sound, 1128 ft/sec radiation efficiency of the hull panels
L ' (344 m/sec). which are well coupled. For the major
e panels, the radiation efficiency was de-
L Add 10 dB to the right-hand side for SI termined analytically from work of
units. Maidanik [5]. In addition, individual
panel loss factor values are not con-
Or, directly in terms of the reverbera- veniently measured. The total vehicle
tion time loss factor was measured and used for

the individual panel loss factor. MWith
the coupling values between the panels
estimated to be greater than the indi-
vidual panel loss factor values, this
approximation was considered valid.

PWL = SPL + 10 log T%E - 29. (8)

Add 15 dB to the right-hand side for SI

units. INTERIGR ACOUSTIC AND HULL VIBRATORY

The input vibratory power depends DISSIPATED POWER

on the characterization of the source.
Given the velocity at the point of at-
tachment

The power being dissipated in either the
interior acoustic volume or the hull
structure depends on the respective in-
herent dissipation and the energy level,
W, = Re[Z <v25] = |Z] <v>2 sin ¢ (9) The inherent dissipation was evaluated

in by measuring the rate of decay of the
_ . . . . acoustic field in the case of the in-
where Z = Point méchanical impedance, terior volume and that of the structual
1b-sec/ft (N sec/m), vibration field in the case of the hull.
v = Point velocity, ft/sec (m/sec), The decay rates were evaluated by
= Angle bet " exciting the acoustic or structural
£ = Angle between force and field in octave bands with a speaker or
velocity, degrees. shaker, disconnecting the excitation, and
matching the envelope of the decaying
In engineering terms, and using the signal with a calibrated decay curve.
inertance phase angle These decay rates, along with the cor-

responding loss factor values, are pre-
sented in Table I. For a reverberant
PWL. = 10 log [Z| + AL - 20 log f acoustic field, the average surface

in a?sorption 1sdalso of interest and is
. also presented in Table I. The hull
+ 10 log sin ¢ + 135.5  (10) structure Toss factor values are typical
of undamped structures and suggest that
the addition of damping would measurably
where ¢ is the angle between force and reduce the vibratory levels and resulting
acceleration, degrees. interior noise, Values for the average
interior surface absorption, a, are
Add 19.3 dB to the right-hand side for also low as would be expected in a hard-
SI units. walled box. However, the potential for
- noise reduction with the addition of
T Alternately, given the force at the sound-absorbing material is not great
. point of attachment because direct field radiation dominates
W the reverberant field in most of the
~t crew space.
N - F _ <F?> sin ¢
® Win = Re = ) [ZT (1) The energy levels in the interior
- acoustic volume were calculated from oc-
- tave band sound pressure level measure-
where F = force, 1bs (N). ments, Fig. 3. The hull vibratory energy
was derived from space averaged panel
In engineering terms octave band acceleration measurements.
For point of physical reference, panel
acceleration levels averaged 5 dB re 1.0
PWL = 20 log F - 10 log |2} + 10 g in the 250 Hz octave band and 10 dB
re 1.0 g overall. Approximately forty CREAGR
+ log sin ¢ + 121.3. (12) measurements were required to define the ,’\“{ﬂ\ﬂ
motion of the thirteen radiating panels, RS G
Subtract 1.3 dB from right-hand side for Therefore, in order to keep the results RN
SI units. tractable, the evaluation was limited to RIS
.,' -.' rJ _‘1
RV
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TABLE 1

Reverberation Times and Loss Factor Values Interior Acoustic Volume and Hull Structure

Hull Structure Interior_ Volume
Octave Average
Band Reverberation Loss Reverberation Loss Surface
Frequency Time (60 dB) Factor Time (60 dB) Factor Absorption
Hz Seconds n Seconds n o
125 0.59 0.03 0.7 0.025 0.17
250 0.44 0.02 0.52 0.017 0.10
500 0.41 0.01 0.51 0.008 0.10
1000 0.28 0.008 0.44 0.005 0.12
2000 0.16 0.007 0.34 0.003 0.15
4000 0.13 0.004 0.32 0.002 0.16
8000 0.13 0.002 0.33 0.001 0.16

one speed, 20 mph (32 km/hr).

The dissipated power values were
calculated from the loss factor values
and energy levels and are presented in
Fig. 5. This figure also shows the cal-
culation used the aforementioned space

|n+ —
MIAL DISSPATED
I3 TINTERNAL AND RADJATEDY
e 4L BADATID
R fnsio
‘e —__zN,
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3
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CETAVE RAND CENTER TRUENCHY, w0
Fig. 5. Comparison of Hull Dis-

sipated, Hull Radiated, and Acoustic
Dissipated Power Values, Baseline
Vehicle at 20 mph (32 km/hr)

averaged vibration levels and the radia-
tion efficiencies of the individuatl
panels. The radiation efficiencies of
the integral hull panels were deter-
mined analytically. The radiation ef-
ficiencies of various lightweight panels
such as the deck were determined experi-
mentally.

Fig. 5 shows that the acoustic
power dissipated in the internal volume
matches the power radiated from panels.
This is important, because it gives con-
fidence in the calculation of the rela-

tive contributions of the individual
plates. The figure also shows that the
power dissipated in the hull is signi-
ficantly greater than the acoustic radi-
ated power, as would be expected. How-
ever, if the panel radiation is increased
by 3 dB to account for radiation from
both sides, it becomes apparent that
acoustic radiation is accounting for ap-
proximately 10 percent of the hull dis-
sipation. This indicates how lightly
damped the baseline vehicle is.

For the purposes of noise control,
the contributions of the individual
panels is even more interesting than the
total radiated power. The individual
panel contributions to the interior
levels are shown in Fig. 6. The top
plate, upper side plates, and lower side
plates were similar in level and only
their average is shown. Many panels
with a large combined area contribute to
the radiated power. Therefore, the use
of barriers for effective noise control
would require almost total coverage.

T
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Fig, 6., Contributions of Individual
Panels to Hull Radiated Power, Base-
Tine Vehicle at 20 mph (32 km/hr)

ey




AT 703 Sl ™ "1 T B.% FE~e"w"

The lightest member, the sponson,
radiates well at high frequencies but
not well in the critical 250 and 500 Hz
bands. Nevertheless, the sponson was
chosen for damping treatment because of
excellent coupling to the rest of the
hull and because it forms an energy pan
to the upper structure. The results of
adding a 0.625-inch (16 mm) thick layeg
of damping tile to the sponson are pre-
sented in Fig. 7. Comparison with
Fig. 6 shows that not only the sponson,
but adjacent plates are reduced in level
and radiated power.

IO +0mE Levis, @ e 1077 wart

T o
PO JU TN

Fig. 7. Contributions of Individual
Panels to Hull Radiated Power,
Damped Sponson, 20 mph (32 km/hr)

The effectiveness of sponson damp-
ing was determined three ways: by
direct measurement of interior noise, by
calculation of panel radiation, and by
the ratio of hull loss factor before and
after. The results of these three com-
parisons are shown in Fig. 8. The -
results are similar, contributing con-
fidence to the experimental results,
especially in the 250 and 500 Hz octave
bands. On the other hand, the apparent
6 dB improvement at 125 Hz determined
from hull radiation is clearly suspect.
The damping material, when tested
separately, did not exhibit the loss
factor improvement necessary. The ap-
parent improvement is attributed to dif-
ferences in vehicle track excitation on
the tests before and after damping.

This obvious error emphasizes the need
for evaluating effects in more than one
manner.

HULL VIBRATORY INPUT POWER

The contributions of the individual
suspension members had been determined
by source isolation, Fig. 1. The pre-
vious study [2] also evaluated the in-
terior noise to force transfer functions
in the horizontal and vertical direc-
tions for the idler and sprocket. Sub-

e |NTERIOR SOUND PRESSURE LEVEL
DFFERENCES

o= e HULL RADIATED POWER LEVEL
D FFERENCES

= 10 LOG nDAMPED/ 5y BASELINE

3

NOISE REDUCTION, dB
o

| L | 4 1

.
<

&3 125 250 500 1000 2000 4000 8000
OCTAVE BAND CENTER FREQUENCIES, Mz
Fig. 8. Interior Noise Reduction Due
to Sponson Damping; Measured Directly,
from Panel Vibration Levels, and from
Hull Loss Factor Values

tracting the magnitude values of a
transfer function (expressed in
decibels) from the appropriate interior ’
noise level values yields an estimate of b

the force spectra. These force spectra [ AN
are utilized along with the impedance ! @

measurements, subsequently described, to
model the vibratory power input to the
hull from the various suspension mem-
bers.

The instrumentation block diagram
for evaluating the impedance character-
jstics of the hull at the suspension
attachments is pictured in Fig. 9. The
force applied to the point of interest
was held constant and the response ac-
celeration was plotted directly on a
graphic level recorder. The ratio of
response acceleration to force is called
inertance. The testing was performed in
a benign environment, and no filtering
was required to exclude extraneous noise.

The structural inertance as
measured horizontally and vertically at
the idler spindle is shown in Fig. 10.
The phase angle, indicating the resis-
tive portion of the impedance, is great-
er in the vertical direction than in the
horizontal direction below 400 Hz. This
tendency was also evidenced in measure-
ments of impedance made at the hull at-
tachment points. The top attachment of
the idler spindle exhibited larger re-
sistive characteristics than either the
forward or aft attachment points in the
100 to 250 Hz frequency range.

The relative power accepting
characteristics of the idler attachment
in horizontal and vertical directions




B & K 2203 OSCILLOSCOPE

MICROPHONE
1/2 INCH - GRAPHIC LEVEL
B4 K 4133 :ES%%“,EROM“ER REC ORDER
™ B8 K 2307
BATTERY B & K 2203
‘ SYNC.
DRIVE
SHAKER, CABLE
OODMAN POWER
AMPLIF IER
-50
SERVO CYCLING
OSCILLATOR
BaK 1024
IMPEDANCE FORCE )
HEAD, WILCOXON B& K 2203
Z 602 .

A

A
-~ Fig. 9. Impedance and Transfer Function Measurement Instrumentation Block Diagram
. INERTANCE LEVEL
~ == e PHASE ANGLE
S 10° 10® 10 0 0’ o W
STIFENESS, 1o/in{N/m) (.75 x 107) (1.75 x 10 (1,75 x 10°) (1.75 x 107) (1.75 x 10%) (1.75x 10°) 1,
0 f) £ 7 o T i /180 W
T T T T T T T 1 4 T w
2
=]
-0 Hi0 3
e
w 3
2 / 2
2%"70 - Hwo Y
(=1 <
-d
W@ 2
':f 283 4% w
(v
= 23 £
s W . w.
@ 2340 4o &
-~ -
K- £ z
- P &
. r4 o
5 . 0 3
- 1 2
SR <
3 = :
‘e 60 1 ] P s/ A 1 | L o £
: 0 100 200 506 1000 2000 5000 10,000 100 200 500 1000 2000 5000 10,000 &
oo FREQUENCY, Mz FREQUENCY, Hz
VERTICAL HORIZONTAL
’.}f. Fig. 10. Acceleration Response of Idler Spindle to Constant
YOS Force Input, Vertical and Horizontal Directions
R
bs: 187
~
.-. ' ,\‘-..‘u....
o N ::
'.s', AN
b’\- k.‘:\“.'-..\
i‘\ ‘I. '\:\ '.\
P L NNL N
QT @r=:0 - @ @ e o o [ ® [ ® °® [ ... @
PR T N Y W T N W T Y CN X N ¥ N Oy e . OO . -
P --.,o_.--_ .Q,\ .~)¢- RS CR ALY 1'.. \4‘-"’..' e ‘.’&'-\*H\'ﬁ‘.; N ‘..", ¢ . " Y b PV RSN .\-.,\-..‘ . ‘\.' > .'(\ O “
I AR o ':_{ Ry -.ﬁ-.-'-.-\j.g'\_-'. LS AR,) -.‘.',‘cr:'.x'.-"e".- R A S R A N S R A LR AR LN LN
YO ’ X N " X " * N -.' ) ..\ -.". ‘-‘ N A T T et e e .' AL -.
WAL RGNS QLT RN 08 (O AR A O L AR R A R PR 20 VR A R PR VR P D A W A TR I AS O DR R M -f.\ni(-\\'i




vy v A4
Sy e

Ll

are shown in Fig. 11, This figure shows

v that the ratio of vertical to horizontal
o is similar when evaluated from hull im-
o pedance measurements, from idler spindle
oo impedance measurements, or from transfer
o function measurements between the idler
'y rim and interior noise. The determina-

'

A

tion using hull point impedances is the
most dissimilar. This dissimilarity is
attributed to using hull point impedance
measurements which may not be represen-
tative since the idler spindle flange
spreads the load over a large area.

XARKARK

. {'

———INTERIOR NOKE TO IDLER
FORCE TRANSFER | NCTION
DIFFERENCE

- = FROM IDLER SPINDLE
IMPEDANCE LEVEL aND
. am FROM HULL IMPEDANCE
.20 L L I L 1

83 125 250 500 1 2000
OCTavE BAND CENTER FREGUENC IES, M2

Fig. 11. Comparison of Idler Vertical
and Horizontal Vibratory Power
Acceptance Characteristics

RATIO OF VIBRATORY POWER 4CCEPTANCE,

VERTICAL/HORIZONT AL, db

800y

Next, the input power estimates
were compared with the hull dissipated
power values, Fig. 12 shows input power
estimates determined from three sets of
measurements as follows:

Forcing Function Hull Characteristic

Idler rim force

Idler rim force

Idler arm accelera-
tion

Spindle impedance
Hull impedance
Spindle impedance

Note that none of the forcing functions
are applied to the same place that the
impedance values are measured, There-
fore, the result would be valid only if
the idler were a massless spring, which
is not true. However, being able to re-
late the force spectra at the idler or
the idler arm acceleration with the hull
dynamic characteristics is worth the
risk of inaccuracies. The results, Fig.
12, show that all three estimates are
reasonable in the 125 and 250 Hz bands.
In the high frequency bands, the idler
arm tends to be isolated from the hull
and forces on the arm are not trans-
mitted to the hull without attenuation,
Interestingly, the idler arm accelerom-
eter does not account for the idler

power input in the high frequency bands.
This was not the case when using roadarm
vibration measurements to estimate input
power. Since the vibration of the spin-
dle arm would tend to lead to over-
estimates of input power, the spindle
arm vibration high frequency results are
considered suspect.
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™= ot From Mier Force -
> T ond seinle Inpedence AN
cme POt From Wler Force -
T ond Mul) impudence \
w0l e ot Fram ldler Arm Accoloration N _
ond Spindle impedance \
© L L 1 1 1 L A \.
6 125 20 500 1000 2000 4000 eak
Dctove Sord Conter Fraquencios in Hi lepe)
Fig. 12. Comparison of Calculated

Input Power and Hull Vibratory Dis-
sipated Power for Idlers

The difference in idler horizontal
and vertical power accepting character-

istics for a constant force input sug- :f{f$f~
gested a modification to the idler spin- ARy |
dle, Fig. 13. Flanges were added top 33

and bottom along with bolts into the
hull. The bolt locations were in line
with the edge of the back plate which is
directly behind the lower side plate and

idler spindle, Fig. 13. The purpose was TR
to evaluate the potential for reducing AENERS
the input power by means of minor struc- ;#;}*:
tural modifications. Measurement of the {35*:~
horizontal and vertical impedance on the LN
spindle, Fig. 13, showed virtually no et

changes from the baseline configuration.
Accelerometer surveys with the excita-
tion at approximately 100 Hz showed a
well-defined upper side plate mode. The
conclusion reached was that in the low
frequency region the impedance of the
attachment points are a function of the
modes of the overall hull, and that
local structural characteristics are not
dominant.

CONCLUSTIONS AND RECOMMENDATIONS

The thrust of the study was two-
fold--first to develop experimental
analysis techniques and second to evalu-
ate noise control concepts. MWith re-
spect to the first, excellent agreement
was obtained tetween panel radiation and
interior acoustic dissipation. Similar-
ly, good agreement was obtained on the
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3. L. L. Beranek, Editor, Noise and
Vibration Control, Chap. 11. McGraw
Hi1l, New York, 1971.

4., R. H. Lyon, Statistical Energy
Analysis of Dynamical Systems:
Theory and Applications. M.I.T.
Press, Cambridge and London, 1975,

5. G. Maidanik, "Response of Ribbed
Panels to Reverberant Acoustic
Fields," J. Acoustic Soc. Am.,
Vol. 34, No. 6, pp. 809-826, 1962,

DISCUSSION

Voice: We are very interested in the Statistical
Energy Analysis approach in fact we have some

a2y

Fig. 13. Idler Spindle with Stiffen- people who are working on it; we would like to R

ing Tabs and Bolts in Line with Back predict the acoustical energy that goes into Air T

Plate Force electro-optical systems inside aircraft. :\J:-_;_._-‘.
One of our problems is determining the coupling S "

f

logs factor between the various sub-components.

relative contribution of horizontal and Could you go a little more into detail about
vertical idler forces. However, the that?
comparison of input and dissipated
vibratory power evidenced large discrep- Mr, Hare: We did not develop the coupling loss
ancies. It is concluded that panel factor. This hull is so very well coupled that
radiation can be estimated with confi- we used a single number for it, based on the
dence from acceleration measurements, overall hull loas factor, and our comparison
but the use of point impedances to esti- with the actual measurement showed that that
mate power flow should be done on a was a good approximation. That is the big
comparative, not absolute, basis. problem with that particular analysis method
ou can ure those quantities. I
The recommended methods of extend- :2z?:shzve :: ,::,::t for th,t?
ing this work is to examine other
vehicles with somewhat different struc- Voice: I guess we are finding that out, there
tural and interior noise characteristics are not many welded joints in an airplane.
and deduce which structural characteris-
tics influence the impedance at the sus- Mr. Hare: This is very convenient.
pension attachments and therefore influ- -
ence noise transmission. Voice: I noticed your frequency band. At what
. . frequency do you believe your technique? SEA is
With respect to noise control con- really a high frequency high modal density
cepts, hull damping was proven effective, technique.
but minor structural modifications of
the hull were not. This result should Mr. Hare: We correlated with actual measurements
be extended,_mak1 ng use of.the estimates at low frequencies and we found it was a fairly
of the re]atn{e contributions of the accurate approximation. You will notice that our
panels to radiated noise. low frequency analysis of that inertence graph
mislead us, but we still feld that we had to do
.‘-: REFERENCES something there. We know that is not & local
_-'_-_ disturbance so we could go on and explore the
<. 1. E L. Bates and C. R. Sparks, rest of it. Now we know that that is the
. Development of Measurement Tech- first mode of the upper side plate that is
v niques for the Analysis of the absorbing all of the energy.

Tracked Vehicle Vibration and

“

. Noise," Final Technical Report,

AR SWRI Project No. 04-1421, Contract

o . No. DA-23-072-AMC-144(T), Oct. 30,

> 1964.

“a 2. T. R. Norris, R. B, Hare, A. G.

L ] Galaitsis, G. R. Garinther, "De-

s velopment of Advanced Concepts for -

- Noise Reduction in Tracked .

e Vehicles," U.S. Army Human Engineer- v

- jng Lab. Tech. Memorandum 25-77, s,

- August 1977. L
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REDUCING TRACKED VEHICLE VIBRATION AND NOISE
HARDWARE CONSIDERATIONS

Ronald B. Hare, FMC Corporation

and

Thomas R. Norris, Consultants in Engineering Acoustics

High levels of vibration and noise in light military tracked vehicles re-
sult from interaction of the track with sprockets and idlers and is not
limited to ground reactions. The use of rubber in the track design
and track inertia effects produce less noise than theory predicts.
Hardware to further soften track impacts at the idlers and sprockets
is now under development. An experimental idler with a predicted

15 dB noise reduction will be tested soon. Reduction of hull vibration
and noise has been demonstrated and practical damping concepts are

now under development.

INTRODUCTION

Tracked vehicle vibration and noise have
been the subjects of a large number of studies
in the last 30 years. The most important re-
sult of these studies has been the knowledge
that high vibration and noise is a result of
the interaction of the moving track string
with fixed suspension components such as the
sprockets and idlers, and is not limited to
ground reactions. Many vibration reduction
programs have failed because the influence of
all vibration sources was not considered.
Practical vibration reduction must start with
a good definition of the problem so that each
vibration source can be dealt with in propor-
tion to its overall importance.

LIMITATIONS — THE TRACKED VEHICLE
ENVIRONMENT

Isolator theory has told us that softer
impacts resuit in less transmission of vibra-
tion energy. Most lightweight high speed
tracked vehicles utilize rubber elements be-

tween their tracks and suspension components.

Also, some interesting track inertia effects
tend to reduce impact forces with increasing
vehicle speed. Tracked vehicle vibration is,
therefore, already lower than it could have
been.

191

Further increases in softness threaten
to increase the chances for damage from un-
usual forces developed in normal operation of
tracked vehicles. Unusual forces are caused
by:

o Ingestion of debris (rocks, branches,

dirt)

e Suspension bottoming from trench

crossing

e Track disengagement

Military tracked vehicles are expected to
survive forces of this nature. The challenge
is to develop softer hardware that will not
impair the ''get home' capability of tracked
vehicles.

SOME HARDWARE SOLUTIONS

Development testing of quieter tracked
vehicle hardware is now in progress. Design
concepts of the devices being evaluated are
discussed below:

An Experimental Compliant Idler with a Pre-
dicted 15dB Noise Reduction

The experimental idler cushions the im-
pacts of track shoes as they enter the idler.
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= The concept of the device is shown in Figure Modified Idler Rim and Sprocket Carrier
_" 1. Note that tangential as well as radial Shapes
T, motion is permitted.

Several idler rim shapes have been de~
o veloped which take advantage of the existing
wF roadwheel path track pad for noise reduction.
."’ The best of these has yielded a 5dB idler

noise reduction with negligible predicted
impact on cost, weight, and durability.

- e s
[N

Sprocket vibration generation is similar
to idler vibration generation. Forces due to
impacts of track shoes on the sprocket carrier
can be reduced by optimizing the shape of the
impact surface so that a balance between
softness and durability is achieved.

PR )
)
*s

Hull Damping Concepts

Vibration has been reduced by damping
especially active vehicle panels, such as the
horizontal sponson and floor plates. Similar
reductions in noise have been achieved by
lagging the sponsons in the IFV vehicle.

NOTE: THE EXPOSED COIL SPRINGS ARE

SCHEMATIC REPRESENTATIONS OF Constrained layer damping methods are
COMPLIANT ELEMENTS FOR attractive for performance and durability.
ILLUSTRATION PURPOSES ONLY. However, cost and potential fabrication prob-
lems have prevented their serious considera-
. _ . ' tion in tracked vehicles when weighed against
Fig. 1 Sggﬁfgﬁsﬁ ertch of gx;:(sadicted vibration and noise reduction bene-
Deflection, compliance, size restric-
tions, and energy storage requirements o Softer Roadwheels
gzﬁ:gﬁmhzlgifegisruhber in shear for the Roadwheel noise has been identified as
: a major source of noise in lightweight
: ; : tracked vehicles at high speeds. Re-
Heat buildup is the major hardware . A .
problem expected in this design. Compliant ?u(;)txon of rg?&‘."’higltr br_adtlmn appears
elements are now under test to determine 0 be more 1eu an icler or
dynamic losses and heat transfer rates sprocket vibration reduction because
: of their vulnerability, space limita-
tions, and their relatively large num-
. Softer Inner Track Pads ber. Softer wheels have been built in
o an attempt to reduce vibration in the
. Roadwheel path track pads provide the roadarms and tests are now in pro-
i only compliance between the track and idler gress.
o in most lightweight tracked vehicles. Their
) high durometer and position inside of a steel The only other feasible source of road-~
[ cavity cause track/idler impacts to be rather wheel noise reduction is hull vibration
L":: sharp. Softer pads have been tested stati- reduction at the roadarm mounts.
o cally and several designs have been proposed. Structural requirements at the mount
- However, the pad design must be combined locations have prevented the achieve-
b with an idler rim shape for optimum perfor- ment of major reductions in this area.
- - mance which creates compatibility problems
;. if only one component is retrofitted.
-
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SUMMARY

The best potential for reduction of
tracked vehicle vibration and noise lies in
reduction of the forces imposed by track
shoes impacting hull-mounted suspension
components. Our recent research programs
have shown the reasons for this and have
resulted in concepts that might be applied to
quieter tracked vehicle hardware.

Suspension component durability is
critical to the success of a vehicle mission.
Noise and vibration performance is neces-
sarily of low priority when durability trade-
offs are considered. Cost and weight in-
creases are very undesirable and significant-
ly decrease the chances for incorporation of
quieter hardware on production vehicles.

On the positive side, reduction of dynamic
forces imposed on hull and mount components
will result in reduced fatigue problems and
could result in lower weight designs as
strength requirements are reduced.

We are confident that lightweight tracked
vehicles which meet the noise requirement,
MIL-STD~1474, Category A requirements,
can be produced within the next five (5) years.
Our eventual goal is to reduce noise to the
levels that permit unlimited safe operation of
vehicles without earplug requirements, This
will be a significant accomplishment, since
no lightweight high speed tracked vehicle has
ever consistently achieved this level of noise
performance.
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THE USE OF AN EARTH BERM TO REDUCE THE ENVIRONMENTAL
NOISE IMPACT OF THE TEST TRACK AT DETROIT ARSENAL

Nelson D. Lewis
Bio-Acoustics Division
US Army Environmental Hygiene Agency
Aberdeen Proving Ground, MD 21010

The opinions or assertions contained herein are the private views of the
author and are not to be construed as reflecting the views of the
Department of the Army or the Department of Defense.

and barrier is completed.

An envirommental noise assessment of the tank test track at Detroit
Arsenal revealed sound pressure levels exceeding Lp = 90 dB at the
fence from tanks passing by. Since residents are located within

10 meters of the fence; an earth berm and barrier is being built.
The noise reduction of this earth berm and barrier was predicted
using the 1/3 octave band spectrum of the tank. The predicted noise
reduction will be verified with measurements after the earth berm

INTRODUCTION AND BACKGROUND

In recent years, environmental noise has
joined air and water pollution as unnecessary
byproducts of our society. The annoyance
caused by this pollutant is leading to the
filing of complaints against the noise
producing activity.

At Detroit Arsenal, a potential complaint
area exists. A residential area is located
approximately 40 meters from the tank test
track. The average maximum A-weighted sound
pressure level (Lp) at the fence, approximately
30 meters from the track, is 92 dB during a
tank passby. There are approximately 300
passbys per day.

Recognizing the potential problem, the
facilities engineer obtained the dirt required
from a nearby highway project to construct an
earth berm. The Bio-Acoustics Division of the
US Army Environmental Hygiene Agency was asked
to evaluate the use of an earth berm to reduce
the noise impact from the test track. This
paper describes the evaluation process used.

FIELD MEASUREMENTS AND ANALYSIS

The noise from the tanks was recorded at
three points along the fenceline. The maximum
level was LA = 92 dB, with a range from
LA = 83 to LA = 97 dB. It was observed that
the loudest noise source on the tank was the
exhaust, located about 2 meters above the
ground.

From the recorded tapes, the 1/3 octave
band spectra of the tank passbys were obtained.
This average 1/3 octave band spectrum is shown
in Figure 1.

BARRIER THEORY

With the insertion of an earth berm or
barrier in the path of propagation between the
source and receiver, the reduced sound reaches
the receiver primarily by diffraction of -the
sound over the top and around the ends of the
earth berm or barrier. Diffraction is loosely
defined as the bending of acoustic waves
around corners.

The noise reduction of an earth berm or
barrier is a function of the difference between
the diffracted path length and the direct path
length (Figure 2), and the frequency content
of the source. The simple model used to
predict the noise reduction of a barrier is
based on a mathematical approximation to
Maekawa's design curve (1,2) (Figure 3). This
approximation is

= 2r _(&f/c %

NR = 20 10915 ~tanh =(sf/c
where NR is the noise reduction, § is the
difference between the diffracted and direct
path lengths, f is the frequency and c is the
speed of propagation of sound. The hyperbolic
tﬂngegt (tanh) approaches 1 when &6f/c {is greater
than 2.
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) This simple model has been compared with EXPECTED FIELD RESULTS
) acoustical scale model measurements (3)
b, (Figure 3) and found to predict from 0 to 5 Even though the prediction model used
. decibels lower than measured. This model has yields lower noise reductions than field and
K .. also been compared with the theoretical model measurements, it is expected that the
K prediction models and found to be within plus actual sound pressure levels will be approxi-
&Y or minus 2 decibels of these models. mately equal to the predicted levels. The
; prediction model does not include contributions
A The noise reduction model used has two from refraction, reflection, and ground
e advantages over the theoretical models. First, impedance. The changes in these factors from
. it can be easily programmed on a hand-held one location to another can cause a significant
‘- calculator. More importantly, by looking at difference between the predicted and actual
" the model, it is immediately seen that the results.
- noise reduction increases if the path length
- difference or frequency is increased. These When the earth berm barrier is completed,
trends cannot be determined by looking at the a second set of field measurements will be made
S theoretical models. to compare with the predicted levels. If the
S earth berm barrier reduces the A-weighted
N EARTH BERM AND BARRIER DESIGN sound pressure level by more than 10 decibels,
- the noise levels from the tank passbys will be
. When designing the earth berm and barrier less than the local noise criteria at the
X for the test track, the following parameters fenceline.
c. were considered: 1. The test track was
. approximately 2 meters above ground level; REFERENCES
N 2. The exhaust of the tank, the primary noise
(X source, was approximately 2 meters above the 1. Z. Maekawa, "Noise Reduction by Screens,"
% test track; 3. The receiver heigcht was Applied Acoustics, Vol. 1, 1968, pp. 157-
S8 approximately 2 meters; 4. The distance from 173.
., the centerline of the test track to the fence
> was approximately 30 meters; and 5. Since for 2. U. J. Kurze, "Noise Reduction by Barriers,"”
X a fixed height barrier, the most noise Journal of the Acoustical Society of
B reduction is obtained by locating the America, Vol 55, No. 3, March 1974,
barrier as close to the source or receiver as Pp. 504-518,
o possible, the barrier was located approxi-
- mately 10.7 meters from the centerline of the 3. N. D. Lewis, "Measurement and Prediction of
.. test track. These design parameters are shown Sound Attenuation by Highway Barriers
.9 in Figure 4. Because of space limitations, a using Acoustic Modeling Technique,"
;: 2 meter high barrier was built on top of the PhD Dissertation, University of
\, earth berm. Massachusetts, March 1976.
N Since the frequency spectrum of the tank
s differs, that is, contains more low frequency
o energy, from the typical highway vehicle, the
- simple highway barrier prediction curve was
K not used. Instead, the noise reduction was
Ca, computed for each 1/3 octave band. For the
-, path length difference of the barrier being
) designed (& = 0.53 meters), the noise reduction
as a function of frequency is shown in
e Figure 5.
i,
2 To obtain the noise reduction of the berm,
N the noise reduction for each 1/3 octave band
- was subtracted from the 1/3 octave band level,
o and the resulting levels were added on an
[ energy basis. The predicted 1/3 octave band
. spectrum is shown in Figure 6.
-
0 Thus, it was predicted that the earth
< berm and barrier will reduce the average
e maximum linear sound pressure level by 10
- decibels from 102 dB to 92 dB. The A-weighted
- level will be reduced by 14 decibels from
Lp = 92 dB to LA = 78 dB. If the height of
- the barrier portion is increased to 4 meters,
WY the 1inear noise reduction will increase to
v 13 decibels and the A-weighted to 18 decibels.
e
e
e,
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Figure 6, Predicted 1/3 Octave Band Spectrum of a Tank Passby at 30 Meters
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DISCUSSION

Mr. Martin (General Electric): What was the

barrier material?

Mr. Saks: The berm was dirt and I believe

that the barrier was to be any material with
an approximate weight of five pounds per square
foot, Heavier material would be wasted because
of the diffraction over the top of the barrier.

Mr. Rees (US Army Tank Automotive Research

and Development Command:) The barrier was
placed on top of the berm because its base
dimension limited its height. There was not
emough room on the property to build a wider
berm. The noise barrier was constructed
because the test truck is heavily used and it
is near single family houses. We wanted to
avoid the possibility of complaints of
excessive noise from the surrounding community.
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THE SHOCK AND VIBRATION BULLETIN CLASSIFICATION CHANGE NOTICE (U)

(U

1.

2.

3.

NOTE:

)

NOTICE #2 (July 1978)

Shock and Vibration Bulletin 35, Part 1 of March 1966.

a.

b.

(=

Article Page 1 - "A Simulated 25-30 CPS Deck for Shock Testing',
Culver J. Floyd, Raytheon Company - Declassified

Article Page 13 - "Blast Loading of Model Antenna Structures',
R. Kirk Gregory, Southwest Research Institute - Declassified

Article Page 23 - "Background and Current Status of Underwater
Explosion Shock Specifications and Testing', Gerald M. Mayer,
Navy UWSL - Declassified

Article Page 29 - "Magnetic Tape Recording in a Severe Missile
Environment-A Case History", J.P. White and J. Montsma, Bell
Telephone Laboratories - Declassified

Article Page 101 - "Analysis of Response of Equipment on a
Drop Test Shock Machine", R.L. Bort, DIMB - Classified
CONFIDENTIAL by Authority of NAVSHIP INSTR 5510.67,
Exempt from GDS of E.O. 11652, Exempt Category 3,
Automatically declassified 31 December 1996.

All of the articles included in Shock and Vibration Bulletin 35, Part 1
of March 1966 have been reviewed for current classification,and only the
article on page 101 remains classified (Confidential as indicated in
paragraph 1. (e) above).

AUTHORITY - NRL 1tr 1240-221:HWO:1lm of 4 August 77 and NRL ltr
1240-5: HWO: sbn of 1 February 1978

Authors and Contributors to previous Shock and Vibration Bulletins

are requested to review their submissions and to inform the Shock and
Vibration Information Center of any changes in classification and/or
declagssification.
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