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FOREWORD 

This section of the Bulletin contains unclaBsified 

papers discussing design, test methods, instrumenta- 

tion and data analysis. The material discussed at the 

panel session on the Collection, Analysis and Presen- 

tation of Shock and Vibration Data is also included. A 

Tah'.r of Contents for all four Parts of the Bulletin 

and an attendance list for the 28th Symposium may be 

found in Pan I. 

Constructive suggestions for the improvement of 

the Symposia and the Bulletins are earnestly solicited. 

Addiess cüinmunications to: Code 4021, U.S. Naval 

Research Laboratory, Washington 25, D.C., or to a 

member of the Interservice Technical Group whose 

names  are listed on the following page. 

August 1960 ^r3*7?z<*fo£- 
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ENVIRONMEmAL VIBRATION LEVELS 

IN JET-POWERED VEHICLES 
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A method for predicting enviroomental vibration levels for jet-powered 
vehicles is described. A quantitative relationship is determined be- 
tween structural vibration and acoustic noise level on the external 
super of a structure by statistical analysis of measured data. Com- 
parisons of measured and predicted levels are shown. 

INTRODUCTION 

One of the most difficult problems facing 
the Vibration engineer is that of predicting 
environmental vibration levels on a new 
vehicle. Asother problem almost as diffi- 
cult is that of quoting vibration levels on a 
current vehicle in a region where no meas- 
urements have been made. Tet questions on 
these matters are frequently asked by equip- 
ment designers and must be answered in 
some manner by the vibration man. 

It is the purpose of this paper to present 
a method which can be used to obtain good 
engineering answers to these questions. 
This particular method was developed to aid 
In establishing vibration test requirements 
for the B-58 airplane.  However, it appears 
that it would be equally applicable to other 
vehicles according to the checks which have 
been made at Convair.  The basic principle 
lies in relating vibration level to noise level, 
and curves are presented which permit a 
prediction of vibration level from % knowl- 
edge of noise level on the external surface 
of the vehicle. 

BASIC CONCEPTS 

In Jet-powered vehicles, most of the envi- 
ronmental vibration comes from response of 
the structure to Intense engine noise. Thus, 
the vibration level should be proportional to 
the noise level in some manner. If this re- 
lationship could be established, then it should 
be possible to predict vibration level from a 
knowledge of the engine noise level dis- 
tribution. 

There are two basic ways which can be 
used to relate vibration level to noise level. 
One way is to calcui-ite the response of the 
structure to the excitation provided by the 
noise. The other way ta to use statistical 
methods to predict the most probabln struc- 
tural response level to a given noise level. 

To follow the course of direct response 
calculation, an investigation has tn adopt the 
approach of looking at a specific location. 
He has to examine the physical make up of 
thfi structure and to calculate as best he can 
the natural modes of vibration of this loca- 
tion.  Ho has i.o determine the damping 
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asaoclated with each natural mode, and he 
has to determine whether or not the response 
is linear. These obstacles have been suffi- 
ciently formidable to deter most investi- 
gators, and to prevent any from achieving a 
universally applicable solution to the 
problem. 

Let us now examine the statistical ap- 
proach. One important advantage is imme- 
diately obvious. It is now possible to look at 
the problem in the broad sense rather than 
having to deal with each specific instance. 
The structural response can be categorised 
into that tor primary structure and that for 
secondary structure. One can also adopt the 
viewpoint of average response, or of most 
probable response instead of dealing with a 
specific response value. 

!f we now formulate the problem in terms 
of predicting the most probable vibration 
level for primary structure exposed to a 
given noise level, we begin to see a chance 
for success. What we need is a sufficient 
body of measured data to analyze. These 
data need to be in the form of vibration level 
measurements and sound pressure level 
measurements for a large number of loca- 
tions. We then need to reduce these data on 
an octave band basis and to correlate the re- 
sulia iii terms of the relationship between 
vibration acceleration level and sound pres- 
sure level. S we do this, we can construct a 
plot (or each octave band of the type Illus- 
trated in Fig. 1. Acceleration level in g's is 
plotted on a k* tttle against sound pressure 
level in decibel«. Statistical analysis can be 
employed to determine a regression line giv- 
ing the average trend of the data, and the 
scatter in the d&ta can be expressed in terms 
of confidence levels. 

With a plot of this type for each octave 
band and a knowledge of the octave band 
sound pressure level, a prediction of the en- 
velope of probable vibration level can be 
made in the form illustrated in Fig. 2. Any 
desired degree of conservatism can be in- 
corporated by basing the predicted envelope 
on the appropriate upper confidence level 
boundEry= 

These methods have been applied to 
measured data from the B-58 airplane with 
gratifying results as described in the fol- 
lowing section. 

ANALYSIS OF B-58 VIBRATION DATA 

Both an acoustic noise survey and an en- 
vironmental vibration survey were made for 
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Fig. 1 - Example of plot acceleration VB 
sound pressure level 
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Fig. 2 Example   of predicted envelope of 
probable vibration levels 

the B-S8 airplane for the condition of maxi- 
mum afterburner power on all four engines 
during ground run-up. 

The noise data were collected by using 
microphones spaced judiciously over the 
surface of the airplane so that lines of equal 
sound pressure level could be constructed 



from the measurements.  The microphone 
outputs were recorded on magnetic tape and 
reduced on an octave band basis. Isointen- 
sity line plots were then made (or the over- 
all levels and for each octave band as shown 
in Figs. 3 through 9. 

The vibration data were collected by using 
velocity pickups, crystal accelerometers, 
and a tape recorder. These data were re- 
duced on a one-third octave band basis 
through a peak detection circuit. Within the 
limitations of the filters, the reduced data 
were peak acceleration readings of the sort 
one would expect to obtain from a hand 

1 
analysis of an oscillograph trace of the 
transducer signal. Sixty-five pickups were 
used. These were mounted on primary 
structure at various points in the airplane. 
At moat points, accelerations were measured 
in three perpendicular directions. 

The first step Li correlating the data was 
to tabulate acceleration level in g's (or each 
frequency octave band along with the noise 
level in decibels in the corresponding octave 
bands. This was done for each pickup (or 
all octave bands. The noise levels vere 
picked off the isointensity line plots made 
for emh octave band, as shown in Figs. 4 

Le»Hs ONJMt ri Ml Mitrotar 
Four m-'i EflfiN] zi Mai. Prgtat 
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Fig. 3 - Overall sound pressure level contours 

Fig. 4 - Twenty to 74-cps octave band sound 
pressure level contours 

3 



Ifcm-'M —li '* vBOm. .^\g 

•^77"^ 
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Fig. 6-150- to 30'J-cpi octave band sound 
pressure level contours 
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Fig. 7 - 300- to 600-cp8 octave band «ound 
pressure level contours 
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Fig. 8 - 000- to 1200-cp8 octave band sound 
pressure level contours 
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Fi". 9 - 1200- to 2400-cps nctavp  hand sound 
pressure level contours 

throngb 9 according to the location of the 
vibration pickup. These values were first 
plotted on ordinary graph paper bearing 
uniform scales. As expected, a wide scat- 
ter was observed, so statistical correlation 
methods were employed to determine a 
mathematical equation best fitting these data. 

The vibration acceleration values together 
with their corresponding acoustic noise lev - 
els were then processed by electronic cal- 
culating machines. Here the statistical cor- 
relr-iion coefficients were calculated for a 
number of dlfferen* equation forms (imear, 
pwabolic, exponential, etc.). These statis- 
tical correlation coefficients are a mathe- 
matical representation of the following two 
methüuo of prediction: 

1. Ear.h peak acceleration level ia pre- 
dicted by using the empirical equation line. 

2. Each peak acceleration level is pre- 
dicted by using the average of the moaaured 
vibration levels. Then 

i(l-^Aa
2r (1) 

where 

r ■ Pearaonian correlation coefficient, 

r.2 = sum of squares of data point devia- 
tions from the empirical equation 
line, 

-j2 = sum of squares of the data point 
deviations from the average line. 

When r approaches tl, then the fit of the 
data is good. Ji r approaches zero, then the 
data are raiidomly arranged. The correla- 
tion coefficients calculated for the different 
empirical equation forms revealed tnat the 
exponential equation provided the best fit for 
the data in each frequency octave band. The 
exponential equation hat the form 

logc g = (M)(SPL) + log. A, (2) 

where 

s s peak acceleration level divided by 
the acceleraUon due to gravity, 

K = slope of the empirical equation 
line, 

SPL = sound pressure level in decibels 
(re .000? dynes/cm2), 

A * intercept of the empirical equation 
line on the g-axis. 

The method of least squares was used to 
determine valuta of M and loge A so that the 
sum of the squ^i es of the data point devia- 
tions from the empirical equation line was at 
a minimum. In addition the statistical var- 
iance of the data from tliö empirical equation 
line was calculated. Figures 10 through 15 
show the plots of the empirical equations and 
statistical confidence levels for each fre- 
quency octave band in the range from 20 to 
2400 cps. 

With the octave band noise plots of Figs. 
4 through 9 and the plots of vibratory 
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acceleration versus noise level of Figs. 10 
through 15, it is now possible to predict a 
vibration level enrelope such as illustrated 
in Fig. 2 for any point on the airplane. From 
such envelopes, one may further proceed to 
d-rlve range curves for vibration qualifica- 
tion testing along the lines specified In 
MIL-E-5272. 

DERIVATION OF VIBRATION TEST 
ENVELOPES 

The first step in ctertvlng a series of vi- 
bration test envelopes for the B-58 was to 
divide the airplane into vibration acnes. The 
preliminary selection of these zones was 
made on the basis of the exterior sound pres- 
sure levels on the surface of the airplane. 
The final boundaries were selected so that 
the transition from one zone to another would 
not represent in an unduly large step changes 
in the predicted environment. These zones 
are shown in Fig, 16. The representative 
scujid pressuru level for each vibration zone 
was then read from the isolntensity sound 
level plots for each frequency octave band in 
the 20 to 2400 ops range. 

By using these sound pressure levels 
from each vibration zone, the plots In Flga. 
10 through 16 were entered and the predicted 
peak acceleration levels were read opposite 
one of the upper confidence lines. The 
choice of upper confidence line depends upon 
the risk one is willing to assume that the 
actual acceleration level will exceed the 
predicted level. For the B-58 it was deter- 
mined that predicted vibration levels 

corresponding to the upper 60-percent con- 
fidence line provided a reasonable fit to data 
collected but not used in the correlation. 
The vibration level predicted with this con- 
fidence line will encompass the measured 
vibration levels during 80 percent of the 
prediction trials. 

The predicted peak acceleration values 
read from the upper 60-percent line in each 
frequency octave band were tabulated and 
plotted for each vibration zone. A teat en- 
velope suitable for use with a sinusoidal vi- 
bration shaker system was then drawn over 
the predicted vibration values. Figures 17 
through 19 show predicted vibration levels 
and derived test envelopes for three repre- 
sentative test zones. Included in these fig- 
ures for comparison purposes are plots of 
the measured vibration data collected in each 
of the zones and used in the statistical cor- 
relation. These plots are representative of 
the fit between the derived envelope and the 
measured data. Note that although a few 
measured points fall outside the envelopes, 
the fit is generally good. 

Vibration range curves were thus derived 
for all the zones shown in Fig. 16, and were 
used with the basic MIL-E-5272 procedure 
to produce a qualification test procedure tai- 
lored to fit the B-58 airplane. 

Very little measured vibration data were 
obtained (or some of the zones of Fig. 16, 
and no data at all were obtains;) (or others. 
Tet, the application of this procedure made 
it possible to establish predicted levels and 

i i r i 

Fig. 16 - Vibration zones 
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Fig. 19 - Comparison of predicted envelope and derived 
test envelope with measured vibration data for  Zone 14 

test range curves for these areas with a 
good degree of confidence. 

EARLY DESIGN USES 

While the data shown were collected from 
tht B-58 airplane, these empirical curves 
have been used to predict vibration levels 
for other vehicles where both jet engine 
noise and vibration data are available. The 
predicted vibration levels for the different 
frequency octave bands fit the measured 
data with about the same degree of accuracy 
as they do the B-58 data. Therefore, by 
choosing a suitable risk level (upper confi- 
dence line), the curves presented in Figs. 10 
through 15 may be used with reasonable suc- 
cess on other Jet powered vehicles.  Fur- 
thermore, when used with estimates of the 

external surface acoustic noise levels on 
new designs, these curves will provide a 
good first estimate of the vibration environ- 
ment and may be used to specify vibration 
qualification tests in the early procurement 
specifications. 

While the prediction curves presented are 
in terms of peak acceleration readings, the 
same correlation procedure may be used 
with true root-mean-square or average val- 
ues read from a particular frerai«ncy band. 
By experimentation it was determined that 
the peak acceleration values read from Fig« 
10 through 15 are about 3.3 times the true 
root-mean-square values. Thus the pradic- 
tion values from these figures can be con- 
verted to rms values by dividing by 3.3 if 
desired. 

Mr. Barber (Chance-Vought Aircraft): 
have three questions, Bill. Has Convair 
been able to determine what proportion of 

I the vibration environment is due to struc- 
turebome vibration and what proportion is 
due to airborne noise input ? 

12 
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Mr. Mahaifey:  No, we haven't, Walt.  We 
have not attempted to try to separ. te these 
two.  By basing your data on actual meas- 
urements in the structure you get both, so 
that I think that the combination is repre- 
sented in »he data. 

Mr. Barber: Has a separate correlation 
o( sound and vibration been made for the 
B-58 flying supersonic ally? If so, has this 
correlation agreed with those obtained from 
the ground run-out and taxiing you presented 
here? This would give you some better idea 
of what proportion was coming from sound 
and what was coming from vibration. 

Mr. Mahaffey: We have made an inflight 
vibration survey, and the levels are consid- 
erably löwer than they are on the ground. 
We do not have a measurement of external 
noise levels in flight.  We tried to measure 
some at about three different locations, but 
we were unsuccessful, as I guess a lot of 
other people have been In this respect. So 
that there Is no way that we can correlate 
inflight noise level with inflight vibration 
data. 

Mr. Barber:   [ was wondering whether 
yon had the opportunity to attempt to esti- 
mate Inflight vibration levels on the basis of 
estimated aerodynamic noise levels. 

Mr. Mahaffey; We are working on this, 
and we have a method for predicting inflight 
noise level patteras of these sort«. Natu- 
rally you'd think that If you could do this in 
flight you could also predict Inflight vibra- 
tion levels. But we do not have any experi- 
mental data to be able to tell whether our 
Inflight noise predictions are any good or 
not. That's where »e stand on that. 

Dr. Vlgness (NRL): I am glad you gave 
the coefficient which related the peak value 
that you obtained to the rms value. Thai 
might be more useful to some of the rest of 
as. I would be Interested in knowing how 
you happened to pick such a number as a 
peak value for a rather nonsiiiueoldal con- 
dition of vibration, and I certainly would ex- 
pect you to get a very wide range'of measure- 
ments when the peak value is measured for 
this type of vibration. Could you give smy 
information as to why you picked that? 

Mr. Mahaffey: We didn't exactly pick it 
Thai^a (-ho maw "■ —l      ■    ■ if ,.-™„ i *    -J 11  _ A 
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up this data reduction system some several 
years ago before we hit upon this scheme of 
reducing the data, and we set up our peak 

detection system to detect peaks which would 
occur about one percent of the time. 

Dr. Vlgness: I think that's the answer. 
Thank you very much. 

Mr. Brown (Douglas Aircraft); Would It 
b* pnmsslble to ask whether a great deal 
of variation, lets say In the range of about 
10 b 1 that you get In your readings, is due 
to the measurement technique rather than 
the data Itself because of this peak measure- 
ment technique ? 

Mr. Matmtfey.  I'm not sure that I under- 
stoocT your question. Were you asking could 
the largp »mount cf scatter '" the data be 
due to the peak method of measurement? 

Mr. Brown; Ittght. In other words, let's 
say if you did this by the power spectral ap- 
proach would this give you less variation In 
the measurements 7 

Mr. Mahaffey: Of course one can never 
be entirely sure of his data system. All I 
can say Is that we did everything in our 
means to check out the data system, includ- 
ing running out records from the tape on 
oscillograph and reducing It by hand to be 
sure that the data system was reading the 
right numbers. However, I don't believe that 
the large amount of scatter Is duo to the data 
system. I think that the large amount of 
scatter Is Inherent in tte process. You re- 
member that these were readings taken all 
over the airplane at a number of different 
locations, and each location Is »olng to be 
different. So that what we tyre trying to get 
at Is the most probable vlbnitlon level. 

Mr. Karneaky ( Aero-Jet General): Do 
you toliik perhaps your scatter is due to the 
fact that you are measuring vibration cf dif- 
ferent types of structures at different points? 
You wouldn't expect the launcher arm, fox- 
example, to have the same response to an 
acoustical environment as a frame. Bid 5^ 
try to break your data down as to the typical 
type of structure, either frame, launcher 
arm, size of frames perhaps ? 

Mr- ^«'"'ffcy No, we didn't, Al. It's 
qulw probablethat there Is some of that in 
this data. But If you start trying to break, It 
down In terms of the particular type of struc- 
ture then you will complicate the bltuatloi In 
trying to lay out vibration zones. Now I 
won't say this can't be done, and maybe it is 
a valuable extension to this technique, but 
we have not tried to do that. 
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Mr. Kopyamakl (Lodtbeed. Sunnyvale): I 
have a comment roncernlng the last figures 
you presented on am^lltude versus frequency. 
The presented statistics show an Increaabig 
trend in amplitudes up to the 2-kc limit of 
the graph. How about higher up? The usual 
excuse for stopping at 2-kc amplitude (when 
the telemeter channel used is not the limiting 
factor) Is that Information of vibration am- 
plitudes above this «evel can be omitted be- 
cause there is no equipment available to per- 
form component testing at higher frequencies. 
Such excuse, however, cannot be readily Jus- 
tified. Information on amplitudes of higher 
frequency bands should he solicited (when- 
ever within reach) in order to find out 
wheuiei- or not simulation techniques in 
component testing have to be extended to 
cover hlgber frequency bands than possible 
without modification with the gear presently 
in use. The shown increasing trend of vi- 
bration amplitudes in higher frequencies 

would definitely justify extension of the 
measurements beyond the 2-kc limit of the 
presented data. 

Mr. Mahaffey: Actually the highest ac- 
celeratlon values in the data I presented 
occur In the 000- to ISOO-cps range and the 
acceleration has begun to drop off as we 
approach 2 kc. There may be significant 
vibration above 2 kc. On the other hand, the 
signal from the trtnsducer may be mainly 
electrlr al nolae. It Is very difficult to tell 
from a practical standpoint. While I can- 
not really disagree with you that we should 
try to measure and test for the entire range 
of vibration present, there comes a point in 
laboratory simulation where we are kiddlüg 
ourselves on the significance of the test. 
Sometimes ! wonder if we are not kidding 
ourselves when we try to test above 1 kc, 
particularly on the larger pieces of 
equipment. 
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THE INFLUENCE OF MASS AND DAMPING 

ON THE RESPONSE OF EQUIPMENT 

TO SHOCK AND VIBRATION 

Ralph E. Blake and Tonten Ringttrom 
Lockheed Misnilea and Spxce Division 

Sunnyvale,   Calif. 

Much present practice in designing for shock and vibration environ- 
mentc is highly conservative because impedance affects have largely 
been neglected. Theoretical results are reported on the amount of re- 
duction to be expected from such effects and the way in which mass, 
natural frequency, and damping will influence design stress. 

mrooDucTiOK 

In earlier papers, It wu shown (1,2,3) 
that equipmeat csn be very much over- 
strength when our present procedures (or 
designing and testing (or shock and vibra- 
tion are used. The reason (or the present 
conservatism Is that shock and vibration 
measurements made In the p«8t must b« 
extrapolated to apply to equlpmenta not yet 
In use. An envelop« o( available data, usu- 
ally In the (orm of a frequency spectrum, is 
used to define a test or design input motion 
oi the equipment mounting points. Contrary 
to the assumption that Is usually made, the 
reaction o( the equipment against Its founda- 
tion can produce significant reductions in the 
severity of the motion of its foundation. 

However, a reduction in equipment 
strength cannot bo made safely until it can 
be shown bow much reduction In severity can 
be guaranteed In each instance. It is neces- 
sary to obtain better understanding of the 
(actors wWch influence the dynamic bads In 
*nii[nm«nt_    ia o atcn in this direction   "0516 
theoretical result are reported which show 
the manner in which a simple model cf an 
equipment can affect the shock and vibration 
rhich it feels when mounted on a si:upie 
model of a vehicle. 

(X course, our real Interest Is in the be- 
havior of complex syMema bat It has not yet 
been (ound possible to reduce the coop^n 
mathematical cxpressiooa to a form which 
can be "understood." Since a cimple eyetem 
obeys * simplified form gf the equation (or a 
complex syetern, one can hope to And uaeful 
clues in the behavior at the simple model. 

NORMAL MODS EQUATION 

The equation expressing the acceleration 
x of a mass o( an equipment tc It reapoads tc 
an arbitrary force F( r) on tJ» vehicle la (4) 

* = ?Tn8n(t) (D 

There is one term oi this series (or each 
normal mode of vibrttion ot the equipment- 
vehicle system. The factor R^t) Is known 
UN the dynamic response factor or Duhatnel's 
Integral. It ia a fuactlon of time t «Jeter- 
mined by the ippliod force and the natural 
fronimnrtr nf tho mArfoi,    Itt I« tho (Actor Which 
depends upon whether the excitation 1& a 
transient pulse, a sinusoidal (orce, a random 
force, etc.; but it will not be discussed fur- 
ther. The otlier factor Tn, the "Mode Trans- 
mission Factor," is determined entirely by 
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the properties of the dystern, and Is Inde- 
pendent of ;-'(t).   The question under inves- 
tigation here is the effect of the distribution 
of mass and stiffness in the equipment and 
vehicle on the values of Tn. The factors Tn 
apply regardless of the form of n t); that is, 
they affect tt» response to any shock, sinus- 
oidal vibration, or random vibration. 

The factor Tn is expressed In terms of 
the normal mode amplitudes $n of the Nth 
mode by 

(2) 

where <p nl > ^.""Ki ai J the normal 
mode amplitudes at the point of meaaurr.- 
nent of i  the point of application of force, 
and the j,s mass of the system, m , re- 
spectively. 

A SIMPLE MODEL 

The system that was studied is sho\m ;n 
Fig. 1; it 1c about the simplest system that 
could be expected to show the desired ef- 
fecti.  The equipment is represented by a 
mass supported by a spring and damper; the 
vehicle is represented by two masses con- 
nected together by a spring and damper.  To 
simplify the analysis the ratio of damping 
coefficient to spring coefficient for both 
spring-ctamfvr pairs Is assumed to be the 
same. This assumption of "uniform damp- 
ing" make» the mode gt^pe and Tn Independ- 
ent of the amount of damping. 

RtSPONSt 

L "EQUIPMENr 

"VEMICli" 

V*»v«l * v 

The paran\eter3 used to define the system 
are u , the natural frequency which the 
equipment would have If it were attached to 
an Infinite mass; n, the natural frequency of 
the vehicle by Itself, and the mass ratios 
m/Hl and MJ/M, . The damping, expressed 
either by •,, the percent of critical damping 
or ex   1/2 0> the resonant amplification far- 
ter, will not be considered yet. 

The combined system will have two natural 
frequencies associated with two modes of 
vibration; hence there are two Mode Trans- 
mission Factors, Tj and T2. Values of T, 
and T 
a Al 

. 2 have been computed as a function of 
. m/llj, and k^/Mj. A dimenslonless plot 

of MT, and MJTJ vs. < n n are shown in Fig. 2 
for the case H1    M2 and several values of 
m/Mj.  The following features of Fig. 2 are 
considered to be significant: 

1. The largest response in both modes 
occurs when .n is about equal It 11, 

2. The transmission is reduced as the 
equipment mass is incleased. 

3. The largest values of Tj and T2 are 
nearly equal but of opposite sign. 

Since the largest loads are developed when 
the equipment 1« "tuned" to the voblcle nat- 
ural frequency, all further studies were for 
the case «„ « n and Mj - M2. 

The equation for the two natural frequen- 
cies nf rlbratlon of modes is 

INPUT 
Fltl 

Fig, 1 - A aimplified 
equipment-vehicle system 

Fig, 2 - M;ael transmissioa factors 
for three-mass system 
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The difference between the two natural fir 
quenrles Is 

WM^^(i+|| 
* + a»?(»+t)+afH^*F 

M 

(4) 

Examination of these equations shows that 
the difference in frequency becomes smaller 
if .. - o and as m becomes smaller. 

of the vehicle as if the equipment were nut 
there. The eauipment responds to this oscil- 
lation with a resonant buildup of amplitude. 
Since this buildup drains energy out of the 
vöuicie, the amplitude of the equipment 
reaches a maximum when the vehicle oscil- 
lation is stopped. 

This picture of the phenomenon led to the 
question of how much of the total energy geti 
into strain energy of the equipment spring. 
It was found that the total energy transferred 
to the system by the impulse can be expressed 
as the sum of the kinetic energy of rigid body 
translation of the system plus an oscillatory 
energy. If the energy in the equipment spring 
were equal to the energy Input minus the 
rigid body energy, the acceleration of the 
equipment would be 

As a result of the small difference in the 
two natural frequencies and the nearly equal 
but opposite values of l^ and T^, the accel- 
eration of m which will result from an impul- 
sive force I is almost a perfect example of 
vibratior beats. The acceleration is 

■{Of, sin wj»;  - sin "jt) ,    {5] 

if *n « n, M, = ta2 and m « M,. 

An example of equipment response to an 
impulse Is sketched in Fig. 3. The oscilla- 
tions of the two modes cancel each other out 
initially, then reinforce each other later. 
The lower curve shows the correnponding 
acceleration of the found&Uon mass M2; this 
also shows beats at the same rate but the 
amplUuJe is large when the equipment am- 
plitude is small, and vice   jrsa.  The appear- 
ance is that the impulse sets up an oscillation 

EQUmKNTMCBBUTION 

V^TT: (6) 

assuming m « M, and no damping. Thus the 
effect of tuning is to allow all of the oscil- 
latory energy to find its way Into the equip- 
ment spring. 

But this energy builds up to a maximum 
by increments un each cycle, so that one 
could expect damping to reduce the maxi- 
mum acceleration considerably. By finding 
the time at which the envelope of Eq. (S) 
reaches a piak and by using Eq* (9) the peak 
accelemtion was calculated to be 

•'«,/¥ 
f*C' (7) 

2M] 

This is plotted on Fig. 4, showing that for 
small damping an increuwe in equipment 
mass produces considerable reduction in 
acceleration; or for small equipment mass 
an increase in damping is very beneficial. 
But if one of th»se factors is al/eady fairly 
large, the other is not ve) v important.  With 
zero damping the acceleration varies in- 
versely with ^g*. 

FOUNDATION ACCatRATION 

u     -0 
n 

Fig.   3 - Response  of tuned 
system to impulse 

If one knows the response of a system to 
an impulse, he can find the response to other 
inputs.  The response to a step force F is 
derived easily; it is the same as Fig. 4 if F 
is substituted for in. 

me response to a random whue-nolse 
force is of interest to those In the missile 
industry.  The root mean-square acceleration 
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Fig. 4 

0.0! 0.»     0.03      0W      0.05 
MASS RATIO, mm, 

Effect of maas and damping on 
tuned equipment 

of this system wae calculated by D. A. 
Aspinwall at Lockheed to be 

**} 

fP7^) 
(8) 

where <t> is the spectral density of force. 
The expression in the numerator is the 
rms acceleration of the foundation when tLc 
ecmipment is not In place. Again it Is seen 
that an increase in either mafls or damping 
will decrease the equipment acceleration. 

RECIPROCITY OP MODE 
TRANSMISSION FACTORS 

In Eq. (2) the factor Tn contains the prod- 
uct of mode amplitudes at the point of accel- 
eration measurement and at the point of force 
application.   It is evident that the factor 

will remain the same if the points are Inter- 
changed.   Thus we should expect large re- 
sponse throughout a heavy vehicle if the 
force Is applied to a lightweight tuned mass- 
spring system. 

APPUCATICK TO PRACTICAL 
PROBLEMS 

It has not yet been proved mathematically 
that the phenomena and curves for this sim- 
ple model can be applied to more complex 
systems. It is hoped that some Judicious 
combination of the theorems in Refs. 2 and 5 
might be made to provide a sound basis for 
working with complex systems, in the mean- 
time these results can be regarded as pos- 
sibly useful clueo to understanding the sys- 
tems with which we work. 

Some examples in our recent work tend 
to show some of the effects Just described. 
In one case, a computer wu used to compute 
the normal modes of a 20-mass system with 
and without a mass-spring "equipment" tuned 
to one of the vehicle modes. The peak ac- 
celeration of the equipment for a step-force 
input corresponded quite well with the energy 
of the vehicle mode flowing into the equip- 
ment spring. 

In a Lockheed rocket it was observed that 
a certain mode of the structure responded 
very strengly to random forces in flight. In 
»nether missile this response was mysteri- 
ously missing. It is now suspected that the 
region of force üvsut of the first itdssile in- 
volved a local structure tuned to the frequency 
of the missile mode. 

As a final example, it seems significant 
that the largeoi oscillations seen on shuck 
and vibration records are very often char- 
acterized by beats. Although a vealcle may 
have a large number of modes In the fre- 
quency range of a recording instrument, very 
lew of these are prominent on a given record. 
Only a few satisfy the conditions (or good 
transmission and these often show the beat 
effect found to accompany good transmission 
in the simple model. 
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ON THE PREDICTION OF 

DYNAMIC ENVIRONMENTS 

R. W. Mustain 
Northrop Corporation, Norair Division 

Hawthorne,  California 

Estimates of jet engine noise, rocket engine noise, and boundary-layer 
noise have been computed and are presented. Actual field d«ta ire 
compared with predictions, and predicted vibration response is «Uo 
discussed. Field data of vibration levels created by acoustic inputs are 
presented. Predictions for a hypothetical rocket of 2 x 106-pound thrust 
are aiso presented. 

INTRODUCTION 

What is the basic dynamic environmental 
problem on aircraft and missiles ? When and 
where did this environmental difficulty 
originate ? 

In order to answer these fundamental 
questions, the reader must reiurn to the 
beginning of the Air Age on December 17, 
1903. On that historic date the Wright 
brothers piloted the world's first flights in 
a motor-driven, heavier-than-air plane and 
thus ushered in the era of flight with its 
transports, fightere, bombers, helicof>er8, 
missiles, satellites, glide-bombers, etc. 
Then It was that man first successfully 
faced the basic dyaamlc problem of building 
an optimum strength/weight airframe with 
the required equipment capable of enduring 
the specific dynamic environment.  In contra- 
distinction to the mighty and complex weapon 
systems of this modern period, the Kitty Hawk 
biplane with its 12-horsepower motor presents 
but a whisper of dynamic excitation. Yet, the 
task accomplished by the Wright brothers in 
constructing a suitable frame for that small 
motor with its relatively minor excttationp 
compares well with the gigantic tasks con- 
fronted by the dynamic engineers of today. 

It if sale to assume that Orville and 
Wilbur Wright knew practically nothing of 
such sophisticated terms as power spectral 
density, spatira correlation, randomnesb, 
stochastic processes, stationary processes, 
power transter functions, autocorrelation 
function, ensemble, etc. However, sophisti- 
cated as these terms appear to the layman, 
the foundation, the framework, ana the build- 
ing blocks for present day dynamic formula- 
tions had been e »tabllshcd already by men 
like Newton, Qauue, Rayletgh, Strouiwl, etc. 
For example, Karl Friedrich Gauss had 
made valuable mathematical conti-itoutions in 
the early part of the 19th Century that me 
recognized today in any concept of normality 
and randomness.  In 1877 Lord Rayleigh pro- 
vided an early foundation for mcriens theories 
on stochastic (random) methods. In The The- 
ory of Sound, he discussed vibrationswith 
"phase accfilentally determined" and icrmu- 
lated the circuiar distri'jytion that describes 
the amplibde r. or envelope of random vi- 
bration«. The Rayleigh distribution shows 
the probability of a resultant amplitude oc- 
curring between r and r + dr when a large 
number, n, of unit vibrations are compounded 
at random. This is how the probability was 
given originally by Rayleigh 
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cxp -rdr (i) 

For power specira mathem»tice this 
probabiUty can be expressed in the modern 
form 

r(r) dr a —x- cxp—r 
C72 2o,2 

(See References 1 and 2.) 

(2) 

It is interesting to point out that Stroubal 
had predicted Strouhil values, fD/v, in 187B 
that may be considered reasonably accurate 
at this date. His calculations displayed a 
maximum Strouhal number of 0.2 for a 
Reynolds number of 2000. 

This brief discussion has been inserted 
for the purpose of Inference.  Imagine that 
trie founders of aviation, Orvllle and Wilbur 
Wright, had advanced to a technical state 
wherein acoustical and vibration analyses 
were deemed beneficial. Then, it can be 
inferred that thä essential technical ingre- 
dients were available for development 
under a desired and guided impetus. This 
Impetus has gradually evolved during the 
past decades and has gained stature con- 
comitantly with each advance in propulsion, 
alrframe, and airborne equipment.  The 
transition from one type of propulsion sys- 
tem to newer and m.ire powerful units has 
resulted In greater velocities, fligats to 
higher altitudes, equipment complexities, 
pnd more severe dynamic environments. 
Throughout this continucis advancen-ent of 
power and velocity performance with its 
concurrent additional dynamic penalty, the 
basic dynamic snvironroental problem has 
reTOftined the same. 

The trend to greater power plants has 
accompanied the tremendous expansion of 
ihn aviation Induatry through two World 
Wii-s, the Korean War, and one major 
depression. World War I provided the first 
real encuuragement in this rapid develop- 
laeati as tiie airplane began to revolutionize 
warfare.  Then,, in the twenties and thirties, 
the advent of in-line enginec and powerful 
radial engines created noticeable vibration 
problems and minor acoustic enigmas. 
With the second World War the airplane 
came into its own as a migMy weapon ot 
attack and destruction. During the acceler- 
ated developments of World War n, manned 
aircraft became complex aystem« with 
powerful engines capabie of inducing 
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relatively large vibrations In relation to 
previous environments.   Furthermore, de- 
velopment of delicate airborne electronics 
for controls and guidance created compo- 
nents with low-fragility levels,  A major 
transition in aircraft engines occurred near 
the end of World War II when the first Jet- 
propelled aircraft appeared (the P-59 and 
the P-80) to present a new dynamic environ- 
ment containing troublesome acoustic excita- 
tions. In due time the dyiiamic engineers 
became acquainted with the many pitfalls of 
the jet engines and their attendant vibrations 
and their random-type forces that cause 
equipment and structural failures. 

Then, before the jet dynamic problem 
could be conquered, the next type of propul- 
sion system entered the scene. The last 
decade has seen the space age become a 
reality with its multistage vehicles and its 
thunderous rocket engines producing thrusts 
in the hundreds of thousands of pounds and 
even threatening to enter the million-pound 
class.  Phasing into the high-thrust rocket 
systems created severe shock, vibration, 
and acoustic environments. Although, the 
previous engines had provided some dynamic 
difficulties, the le difficulties were magnified 
by several degrees in the missile and space 
programs. The dynamic environment has 
accounted for numerous incomplete missile 
missions attributed to equipment and struc- 
tural failures. 

The many recent squipment and structural 
failures on aircraft and missiles have en- 
hanced the valits of predicting dynamic envl- 
ranments.  Solution of the basic dynamic 
problem requires:  (1) an adequate definition 
of the dyriaroic environment, (2) the deter- 
mination of ^agility levels, and (3) the de- 
sign of equipment and structures so that 
their fragility levels exceed the dynamic 
environmental levels. There is a fundamental 
requirement for a reasonable definition of the 
dynamic environment during early design 
btages in aircraft and missile programs. 
Experience has .-ihown that lack of awareness 
of these dynamic excitations and their dam- 
aging response!? has resulted in mission 
failures, numerous design changes, and 
manufacturing delays. On the other hand, a 
seMi&k consideration of the expected vibra- 
tion and acoustic forces will result in im- 
proved perfcrmanct' and greater reMablliiy 
of aircraft and missilss. 

Several methodB of predicting dynamic 
eir'S^onments have been iormulated by indi- 
viduals and organizaüons within Use dynamics 

  



field. Some of these prediction techniques 
have been studied and investigated.  Perhaps 
the most importaiit acoustic predictions are 
those that provide estimates of acoustic lev- 
els generated by:  (1) jet engines, (2) rocket 
engines, and (3) boundary layers. Example 
predictions which use some of the investi- 
gated methodologies are given in this paper. 
Actual calculations of acoustic levels for jet 
engines, rockets, and aerodynamic propaga- 
tions are listed in the Appendices. 

Acoustical predictions for a hypothetical 
rocket engine with a thrust of 2 x I0f pourds 
have been made. Assuming certain reiulred 
data (i.e., weight flow, noazle diameter, mis- 
sile length, arid trajectory), the following 
estimations were made and are included in 
this paper: 

(1) Rocket exhaust noise spectrum, 

(2) Sound pressure levels for the various 
stations, 

(3) Boundary-layer noise levels. 

JET ENGINE NOBE 

Soon after the appearance of jet engines 
it became apparent that »he high-intenaity 
noise levels generated by the jet exhaust 
flow were not only troublesome to personnel, 
but were so intense that they contributed to 
equipment and structural failures. This 
sonic fatigue problem hastened the analyses 
and measurement of jet engine noise. So 
that in the intervening years there has ac- 
cumulated a vast amount of valuable litera- 
ture and data on jet noise. The jet phe- 
nomena have been well described and defined 
during the past decade.  Th' j has resulted in 
ihe formulation and verification of several 
prediction and estimation procedures. For- 
tunately, these predictions have been pri- 
marily based on and confirmed by the wealth 
of available empirical data (3,4,5). For this 
reason, this paper will practically circum- 
vent the jet engine noise problem. However, 
a brief review of some salient pcinis will be 
presented with a sample prediction and a few 
empirical data points. 

The noise produced by the Jets is primarily 
aerodynamic noise that la generated by the 
turbulent mixing which occurs at the boundary 
of the jet stream. In general, most prediction 
methode and analytical solutions have neg- 
lected the least understood and perhaps, neg- 
ligible effects of other minor noise sources 

found in jet engines.  It is entirely possible 
that, depending on the engine configuration, 
sources such as compressor whine, com 
Uistion noise, duct noise, combustion insia- 
bilities, engine resonances, etc., may radiate 
considerable acoritlc energy and in some 
individual cases might even cause structural 
and equipment failures.  For example, the 
high fluctuating pressures developed within 
Jet engine inlet ducts have created sonic- 
fatigue failures. These failures are a func- 
tion of several possible source». To exem- 
plify, they may result from forces caused by 
(1) compressor noise radiated forward, (2) 
boundary-layer noise within the duct or (3) 
radial, sloshing, or longitudinal modes within 
the duct.  HI absence of these and similar 
functions from acoustic predictions may 
yield unconservatlve answers. 

Whereas the aerodynamic noise created 
aft of the jet exit has been the principle fac- 
tor in most Jet engine considerations, some 
aspects of this forcing function will be re- 
viewed. Beginning at the plane of nowle 
there exists a central core or cone wherein 
the flow is approximately sonic and wherein 
thsre is little or no Uurbulance. Surrounding 
this potential cone is an annular mixing re- 
gion that runs downstream from the orifice 
to the end of the cone. At this point (approx- 
imately 5 diameters downstrsan) the cone 
lias vanished and has been replaced by the 
turbulent front which now reaches the J»t 
axis. The shear differential between the jet 
efflux and the ambient atmosphere generates 
a turbulent boundary layer commencing in 
the annular region and spreading downftream. 
These eddies travel eimost with the speed of 
the jet flow. It has been found that the angle 
oi spread of the Jet boundaries is batween 
7.5 degrees to 10 degrees for subsonic jets 
(Ö). Certain Investigations have indicated 
that the maximum noise is generated near 
the tip of the jet core (7). Analytical results 
by Powell (8) imply that moat of the noise 
power is generated at constant rate along the 
jet from exit to the end of the cone. Rlbner 
(9) found tivat this power is constant with X 
(distance from tee nozzle) in the initial mix- 
ing region (X0 law), then farther downstream 
(about 8 to 10 diameters) it falls off ex- 
tremely fast (X-7 law or faster) in the fully 
developed Jet. Studies ot these turbulent 
flown show that as the boundary layer is thin 
in the annular region adjacent to the Jet exit, 
Mgh-frequency excitations will be generated 
near the nozzle. In like manner, the larger 
eddies produce low-frequency excitations 
downstreun. 
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Quadrupole sources were considered as 
the principal noise generators in a fluctuat- 
ing; flow by Lighthill (10,11) when he derived 
the parameter for acoustic power.   LighthiU's 
parameter or the v8 D2 law is 

(3) 
D2 V8 p? 

P2 a5 

where 

P is the total acouBtic power, 

/?, is the Jet density, 

D is the nozzle diameter, 

V is the jet velocity. 

Pi is the density of the atmosphere. 

a is the atmospheric speed of sound. 

The v8 D2 term la characteristic of Jet 
noise power which appears to be generated 
by a mixture of lateral and longitudinal 
quadrupoles (6). 

Estimations of Jet acouatie power may be 
made when certain engine parameters are 

known.  By using ihe required engine data, 
(1) the acoustic power, (2) the sound vower 
level, and (3) the sound pressure levels at 
various locations were estimated tor the T-38 
airplane. The calculations are given in Ad- 
dendum A which accompanies this paper. The 
estimated sound pressure levels (or 50-foot, 
100-foot, and 250-foot radii are displayed in 
the polar plot of Fig. 1   Measurements for 
tha 50-foot radius on two T-38 airplanes have 
been included for comparative purposes. It 
can be observed that the field values are 
higher than the predictions near the noss of 
the aircraft. A possible explanation for this 
difference is that the estimation reflected 
only the noise generated by the turbulent 
exhaust Jet. That is, the calculations did not 
consider individual aircraft variables such 
as engine and duel design. As a matter of 
fact it waa later found that the duct design 
Induced high-pressure fluctuations. 

THE MISSILE ENVIRONMENT 

A primary design consideration for any 
rocket-boosted vettiftle is the effect d acous- 
tic and vibration excitatfeas on the vehicle 
structure and on delicate airborne equipment. 
Naturally, these dynamir forcing functions 
display magnitudes in agreement with spatial 

w 
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340"    '    - 

TO* 
290' 
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Fig. 1 - Eatimated ve measured 
engine noise levels for a T-38, 
Overall aound-prescure level aa 
a function of angular position 
from exhaust jeis during mili- 
tary power operation (100 per- 
cent rpm without after burner). 
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-lOO-FT RADIUS 
-250-FT RADIUS 

MEASURED {•■ 
»—x T-38   5102 
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patterns and are vartant «IHO with time and 
the mission profile. The following list of 
forciiii| functions presents some of the vlbro- 
acoustlc so'irces that must be considered, 
predicted, measured, and analyzed during 
the course of any missile program. 

1. Acoustic Source 

a. Aerodynamic noise 
b. Rocket noise 
c. Auxilisry equipment 
d. Secondary acoustic source 
e. Interaction of shock wave and 

boundary layer 

2. Vibration Sources 

a. Main power-plant oaciUations 
b. Auxiliary equipment 
c. Aerodynamic gusts 
d Separation of stages 
e. Coning vibrations 
f. Guidance-system reactions 
g. Spin-rocket excitations. 

It can be expected that the space vehicle 
will experience the most severe dynamic en- 
vironment during the launch phase. There 
can be no doubt, but that the sound field of 
the rocket engine is the most important 
source of vibration and that aerodynamic 
noise ranks stcond in source severity. An 
example of high-Intensity noise levels from 
solid-prcpellüAl rocket bottles is displayed 
in Fig. 2. This field diagram depicts exter- 
nal sound pressure levels us & function of 
fuselage station and frequency for a typical 
firing at Cape Canaveral on the SM-62 Snark 
missile.  The high peak in the background of 
this three-dimensional plot displays a sound- 
pressure level of 190 db overall. These 
measurements were obtained by external 
microphones mounted so that the microphone 
buttons were flush with the outer skin of the 
missile.  Numerous instrumented launches 
and firings were conducted on the Snark mis- 
sile that verified the field data of Fig. 2 (12). 
Although the Snark missile has been opsra- 
tional for many years, is launched in a hori- 
zontal angle, md is not supersonic, it is felt 
advantageous to exhibit and discuss these 
high levels. The astonishing fact is that the 
acoustic levels surrounding the dependable 
SM-62 missile are more severe than those 
upon any present day missile and missiles in 
the near future. The reason for the higher 
levels or. the Snark missile is the configura- 
ticn of the rocket-bottle installation which 
places the exhaust nozzles at fuselage sta- 
tion 647 and consequently, the aft missile 

structure receives the direct blast of the 
260,000 pounds of *.hrust and excitation. Per- 
haps; it will be some time before any 
vertically-launched missile is exposed to 
intensities as great as those found within 
and external to the SM-62 missile. Further- 
more, the environmental conditions presented 
by the Snark launches provided the stimulus 
for Norair engineers to select optimum de- 
signs and to conduct meaningful qualification 
teats. The results o! this stimulus were the 
design and manufacture, on a production 
scale, ol delicate airborne equipment capable 
of withstanding extreme acoustic environments 
that will not be exceeded for some time in the 
future. This is exemplified by the predictions 
in this paper which show the levels tor a hy- 
pothetical two- million-pound tiirust vehicle 
to be less than those on the SM-62 missile. 

Whereas a vast amount of vibration and 
acuuBitc data were compiled from Snark fir- 
ings and launches, it was considered desir- 
able to establish some type of correlation 
between vibration levels and acoustic levels. 
Some typical correlatluns .rf vibraüons per 
acoustic levels vs frequency are given in 
Figs. 3, 4, and 5. Ever, though these graphs 
indicate the slopes for three different axes, 
there appears to be a reasonable agreement. 
These data provide an Indication ol expected 
vibration Increments for acoustical inputs. 
Many factors »u^h gp ••♦nict"'"«! configura- 
tion, structural damping, material damping, 
resonant frequencies, impedance of the struc- 
ture, coincidence, ground plane effects, etc., 
enter into any correlation study. For this 
reason the specific case Is not applicable to 
generalizations. It is suggested that the data 
of Pigs. 3, 4, and 5 be applied in specific 
cases where, at least, the damping and fre- 
quencies are known. Another possibility is 
the usage of classical tracsisissibility curves 
scaled correspondingly to yield responses 
per the acoustic forcing functions. These 
solutions would be similar to single-degree- 
of-freedom solutions and would be based on 
the normal assumptions. 

The vibrational environment at any point 
in a space v« hide is the complex product of 
external and internal exciting forces accom- 
panied by the transmission of these forcer, 
through the vehicle to the point. During the 
launch ^hase of a missile, the tremendous 
noise ger^.rded by the rocket motors is 
tiansmitt ii chrough the atmosphere and re- 
flected h-f tee ground plane in a symmetrical 
pattern r-. .-.d the vertical missile. Since 
the rock-i »uise is essentially random or 
"white" in nature, it creates resonant 
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VIBRATI0NS/AC0U3riCS VEPSUS FREOUfNCl 

100 1000 

fREOUEMCY (CPS) 

10,000 

Fig. 3 - Vertical vibrationa) acceleration and acoustir. prnn- 
sure measurementu on structure F.S. 561, SM-62 missile 
N-3304 

VIWHTIONS/ ACOUSTICS  VERSUS FREQUENCY 

100 

FREQUENCY (CPS) 

iOOO IQpOO 

Fig. 4 - Lcügitudinal vibrational acceleraiion and acoustic 
pressure measurements on structure F.S. 561. SM-62 
missile N-3304 
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VIBRATIONS/ACOUSTICS    VERSUS FREQUENCY 

100 
FREQUENCY ICPS) 

1000 lOPOO 

Fig. 5 - Lateral vibration acceleration aud acoustic pre«- 
sure measurements on structure F.S. 561, SM-62 missile 
N-3304 

responses of skin panels and structures. 
The magnitude of this excitation depends 
upon the frequency spectrum, the amplitude, 
the space correlation of the noise, and the 
mechanical impedance of the structure. The 
resulting vibrational energy is transferred 
throughout the mlsslie to substructure and 
equipment. Some t< the panels act as sec- 
ondary noise sources and radiate acoustic 
energy into the vehicle's compartments. In 
turn, some of thes« bays become semlre- 
verberast ciasbsrs to maintain fairly high 
acoustic levels. 

The noise generated by a rocket motor 
results primarily from turhulence in the 
subsonic mlxtotf portion of Its jet stream. 
The amplitude imd spectrum of this noise 
are dependent upon various Jet-stream 
parameters, distance from the Jet stream, 
und ;pon direction reUtlve to the exhaust 
stream direction. The spectra can be 
treated mathematically in spectral density 
terminology. All data indicate that the 
socket noise reaches a maximum during 
laiiri.»K- itu Ayaot tanol A*.n*~Ji~„ ..„_,.„k._i. 

on the launch pad cooliguration. Rocket 
noise reflected from the ground plane domi- 
nates the eavlronment tor the first 1 to 2 
seconds of flight until the nozzles reach an 
altitude on the order of 50 auazle diameters 
(7). By this tirse the missile to at an altitude 
wherein the racket exbauaf flow Is unob- 
structed. Whereupon, at this point, the effect 
of forward vehicle motion reduces the noise 
environment iummiUUng ths missile. As Uic 

missile velocity increases, rocket noise for- 
ward of the nozzle decreases appnixlmately 
with the square of the missile's velocity 
until Mach 0.5 is reached, after which it 
decreases more rapidly, approaching zero at 
Mach one. This decrease in noise level with 
increased missile motion Is shown in Fig. 6 
(1?)   Some controversy exists over this re- 
latlonship. Modificatione of this effect can 
be found In Refs. (7) and (14). It its contended 
that the display in Fig. 6 provides realistic 
values. 

The spectra and levels in the rocket's 
near field are dependent on ariditlonal factors 
which include shock-wave formation end 
stability, and the formation and stability of 
swterburning in the jet stream. The noise 
has, in general, a continuous random level 
spectrum, but may contain some discrete 
frequencies. Two different methods for pre- 
dicting acoustic power levels are listed be- 
low for comparison. (Note - these are in- 
cluded in the Appendices.) 

i..  ci-vui nnicieuce {xo). 

OAPfL = 78 + 13.5 log10 ^ 

(4 
in db re lO'13 watts, 

where wm ■ mechanical power of Jetstream 
in watts, 

Sm = 0.676 tv = 0.676 (t2g)/w, 
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60 

65 - 

WkUCHMÖ" 

 rfrl"M5,       .; 
dt ■ io LOCto FTT       n-^j 

Fig. 6 - Effect of missile motion on exhaust noiie. 
Mach number based on speed of sound in ambient 
atmosphere. From Journal Acoust. Soc. Am., Vol. 
30, No. 11, November 1958. 

with    v « 'tg)/w ■ gas velocity at nozzle In 
feet per second, 

t ■ thrust in pounds, 

g * gravitational constant ■ 32.2 
ft/to* 2

i 

w * weight flow in Ib/aec, 

thenP«L ■ 78 + 13.5 log10 0.676 (t2g)/w . 

2. From Reference (16). 

^--10 10^^0 108^--—,3(5) 

where ?) - efficiency of converßlon of me- 
chanical power to acoustical 
power. 

*>l ■ SFL,, - 20 Jog R + 10 log G'' , 

where the reference sound pressure level 
SRLo is given relative to the overall power 
level and U based on Strouhal numbers, fn/v. 

SPL0 = FHL - Strouhai number factor. 

In additfo!» to the acoustic er.£rgy gener- 
ated by the rocket- motor exhaust, vibratory 
forces from the rocket-motor casing are 
mechanically transmitted through the vehicle 
structure. This energy includes random 
forces resulting from thrust variation, com- 
bustion instability, etc., together with tran- 
sient excitntlons during ignition. The inter- 
nal vibratory energy resulting from the 
rocket can occur either in space or in the 

sensible atmosphere, whenever a rocket is 
used for propulsion or steering. 

An impcrtant external source is the aero- 
dynamic noise which results from turbulence 
in the boundary layer. Its magnitude and 
bi/vctra appaar tc correlate witL local flo* 
parameters in & manner which Ulows math- 
ematical spectral density treatment and rea- 
sonably accurate prediction, Spending upon 
the aerodynamic prediction ol flow condi- 
tions. Three dlfferant equation» for predict- 
ing aerodynamic noisa are presented below 
for comparison and for general Interest: 

1. Reference (17). 

OA SPL = 20 log Q/50Ü + 130 db .   (6) 

2. Reference (16). 

OA SPL - 20 log Q + 85 db ,       (7) 

where SPL Je the level of the overall pres- 
sure fluctuations at the surface and Q is the 
free stream dynamic pressure in lbs/sq ft. 

3. Reference (7). 

OA SPL = 82 + 20 log Q. 

THE HYPOTHETICAL VEHICLE 

(8) 

A research study was conducted to deter- 
mine the acoustic environment surrounding 
a hypothetical missile powered by a two- 
mlUion-pound-thrust engine. Acoustic pre- 
dictions were made of (1) the noise generated 
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by the rocket-exhaust atream aiid (2) the 
nclse generated by the boundary layer. 

The trajectory shown in Fig. 7 plus the 
following: basic design data were required 
for this invcEtigation: 

1. Thrust, 2 million pounds, 
2. Weight flow, 2500 pounds per second, 
3. Nozzle diameter, 25 feet, 
4. Length, 301 feet. 

The trajectory used in this tttudy is as- 
sumed to be typical of a nuclear-powered 
rocket which uses liquid hydrogen as a pro- 
pellant.  The specific impulse (iip) associ- 
ated with this trajectory is 900 seconds 
which is indicative of a high-performance 
rocket. 

The trajectory is based on an Initial tip- 
over at an altitude of 5000 feet with the end 
of tip-over occurring at an angle with the 
local horizontal of hetween 60 and 70 de- 
grees. Ths burnout velocity is approxi- 
mately 36,000 (ps, which is about equal to 
the earth's cscap« vtlccity. A trajectory 
with an lKit!?J (ftratt to weight ratio of 1.5 
was sela^tbo as being representative of a 
typical mission. The trajectory graph of 
Fig. 7 displays the dynamic pressure, the 
altitude, iongltudinal acceleration, and ve- 
locity vn time for the hypothetical vehicle. 

Prior to a detailed examination of the 
estimated acoustic levels for this mission, 
it appears appropriate to review briefly the 
majoi acoustical effects on a chronological 
pattern.  As stated previously, the rocket- 

exhaust noise will manifest itself most se- 
verely befors the vehicle rises a distance 
equivalent to approximately 50 exit nozzle 
diacneters.  The severity of this condition is 
caused by the deflection of the exhaust 
stream, the static condition of the vehicle, 
and the ground reflection. After the vehicle 
leaves the launch pad It begins to gain veloc- 
ity and then the effect of miaalle motion 
(shown in Fig. 6) becomes apparent until, on 
approaching Mach one, the rocket noise die- 
appears. On the other hand, as the vehicle 
moves with increased velocity through the 
atmosphere another sound source emerges— 
boundary-layer noise. Originally, Urn 
boundary-layer noise is masked during the 
launch phase by the intense rocket noiet and 
is not propagated in any degree until the 
sonic speed range is reached. This propa- 
gation ot noise in the boundary layer is a 
function of dynamic pressure (see Eqs. (6), 
(7), and (6)). 

In line with the above time pattern of de- 
scribing the dynamic environment o? the 
missile, the first major consideration be- 
comes the rocket-exhaust noise. The two- 
milllon-pound-rhrust engine produces an 
overall sound power level somewhere in the 
range from 215 to 220 db overall (re 10-13 

watts). For comparative purposes the over - 
all sound power level was conipv.ted by both 
£4. (4) and Eq. (5). The former equation 
piovided a value of 220 db and the latter 
yielded a level of 215.4 db. Mcny of the cal- 
culrtions for this mission are listed in the 
Appendices.  They have been provided for 
the convenience and perusal of the design 
engineer who deetres to become familiar 

80 160 2<0 

TIME SECONDS 

Fig. 7  -  Trajectory for two-miilion-pound thrust 
missile study 



with this methodology.  The power level 
spectra for the rocket noise were computed 
also and are presented with the overall value 
from Eq. (4) In the graph of Tig. 8. These 
octave-band data show clearly that the great- 
est concentration of energy (or this spectrum 
occurs in the low-frequency end. This peak- 
ing of energy in the low end of the spectrum 
is reasonable Tor such a large sited rocket 
It must be pointed out that these low- 
frequency excitations can be injurious to 
delicaie airborne equipment and structure 
and, in addition, are not easily dissipated. 

Next, calculations were made of the sound- 
pressure levels surrounding seven spatial 
points on the huge 301-foot missile and these 
levels are presented graphically in Figs. 9, 
10, 11, and 12.  For the static firing, the as- 
sumption was made that a turning bucket was 
looted 30 feet below the vehicle during the 

initial launch phane. Theoretically, this 
tends to increase the levels on the missile 
over free-field conditions.  Thus, the sound- 
pressure levels on the structure are higher 
for the static firings than they are in flight. 
For the static firings the turning bucket 
geometry was Included in the calculations to 
eotablish source distance for the calcula- 
tlonj. These data are not given in this paper 
or its Appendices.  Figure 9 portrays the 
rtatic ground-firing noise spectra with the 
turning bucket for octa''c bands and 50-foot 
increments forward of the noszle. The posi- 
tive slope soown by the cero data points in- 
dicates thpt the high-frequency excitations 
are generated close to the exhaust nozsle 
while the low-frequency sources can be found 
further downstream of the nozzle. The three- 
dimensional spectrogram of Fig, 10 provides 
a vldual view of sound-preasure levels as a 

75/150 KXVbOü 
OCTAVE BAND 

IZOO/MOO 480CV9600 

Fig. 8 - Two-million-pound thrust missile  study,  ?toaatit 
power level spectra of exliaust otream 

OVERALL 37G/7S \50/SX) 600/1200 
OCTAVE BAI« (CPS) 

2400M800 

Fig. 9 - Static grouad firing noise spectra lor two- 
million-pound missile. Turning bucket 30 feet below 
vehicle 
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(unction of missile location and of octave 
bands. This three-dimensional plot provides 
an excellent indication of the spectrum dis- 
tribution and shows the low-frequency exci- 
tations to be fairly constant in magnitude 
ihroughcut the missile while the high fre- 
quencies peak up near the exhaust nozzle. 

Slightly iowor levels are found in tlie 
pictorial plots of the low-altitude launch 
phase. These data occur when the missile 
has attained sufficient altitude to escape the 
ground plane effect and thus allow the exhaust 
stream to flow unobstructed. This condition 
can be found somewhere in the altitude re- 
gion from 20 to 60 nozzle diameters above 
the ground. In order to be more specific, 
the value of (0 noztle diameters has been 
selected for this discussion. The levels for 
this low-altitude launch phase hnve been In- 
creased over the free-field condition so as 

to compensate for the missile configuration 
(structure, skin panel effects, etc.).  K por- 
tion of the free-field calculations has been 
included In Appendix C for interested par- 
ties. The launch phase spectra curves ex- 
hibited In Fig. 11 are similar to the data 
displayed In the static firing plot of Pig. 9. 
The positive slope for the sound-pressure 
levels near the noisie (sero distance) shows 
the high-frequency peak again. Also, the 
constancy of the low-frequency acoustic lev- 
els can be seen for axcitations below 1200 
cps. These effects are more vividly depicted 
in the three-dimensional spectrogram of Fig. 
13. A study of this pictorial display indi- 
cates that the spectra become uniformly 
"white" somewhere between the noule and 
50 feet forward of the noazie. The usual at- 
mospheric attenuation shapes the spectra so 
that peaks occur in tbt low-frequency region 
with Increased distance forward of the nozzle. 

STATIC GKOUMO mm mil SPECTRA 
TURMHG aUCKCT »-FT MLOf CHICLE 

m/m jffi 

».S/TS 

Fig, 10 - Three-dimensional plot of static firing noise spectra 
shcA-a in Fig. 9 
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KFr 300   >. 
-250 <, 

OVERALL    Wn 150/500 G00/I2D0 

OCTA'/E BAND (CPSI 
2'100'4eOO 

Fig. H -  Launch phase noise spectra  for two-million 
pound missile.    Low-altitude, low-velocity flight. 

LAUNCH mit m« tfCCTftA 
l-OW ALTITUW« LOi VILOOTY HJOMT 

3?.5..75 

Fig. 12 - Three-dimensional plot of launch pha.se noise spectra shown in Fig. 11 
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In regard to transmission loss through 
the misuile skin and structure it can be ex- 
pected that the overall levels within the 
missile will be diminished by 5 to 15 db. A 
suitable average or "ball-park" figure for 
this diminution in level is a value of 10 db. 
Certainly, the transmission loss will vary 
for each individual missile configuration and 
will vary with many factors such as skin 
thickness, material damping, resonant fre- 
quencies, coincidence effects, cavity reso- 
nances, reverberation effects, the amount of 
fuel or equipment in the bays, etc. Field 
data from Snark booster firings (12) provide 
actual results of transmission effects under 
high-intensity oxcitationa. External micro- 
phone measurements on the Snark missile 
disclose a uniformity of frequency that indi- 
cates the boosters are essentially a white 
noise »ourcfc.  This can be observed In the 
spectrum of Fig. 2 which shows a relatively 
uniform distribution at fuselage station d2S. 
This location io very close w the booster 
noszlei» and is representative of the booster 
excitations.  Reference (12) discloses that 
peaked and skewed curves are found on 
Snark acoustic measurements where the 
booster blast is attenuated by obstructions 
or resistances.  The Internal microphones 
on the Snark missile exhibit launch spectra 
with the highest acoustic energy In the low 
frequencies. Most oJ the internal micro- 
phone spectra follow a negative slope after 
low-frequency maxima and decline to minima 
at 1C,000 cps. These drta show that the 
major portion of the acoustic energy is 
somewhere below SCO cps. Maxima are ob- 
served at 80, 100, 125, 160, 200, 250, and 
315 cps for Snark internal electroacoustic 
measurements.  The Snark data indicate that 
an average trangmission loss of 10 db is 
reasonable. 

The noise level surrounding the hypotheti- 
cal vehicle decreases immediately after the 
launch phase until a sufficient velocity is at- 
tained to develop boundary-layer noise. These 
"pseudo-sound" fluctuations are proportional 
to the freest»am pressure (see Eqs. 6, 7, 
and 8). Therefore,, an examination of the 
trajectory <n Flg. T indicates that the maxi- 
mum value of boundary-layer noise will oc- 
cur after launph «hen the dynamic pressure 
reaches ito maximum value of 590 psf. These 
randomlv Huctuating hydrodynamic preosures 
can be d£c6mposed by Fourier mettods into 
a patterft of sinusoidal waves (6) spreading 
downstream with various angles of yaw. It 
is further assumed that this wave pattern is 
idealized and moving uniformly by convection 
(the pressure fluctuation at any point is thus 
caused by the motion). A running ripple In 
the skin follor? 'ird^rneath each wave, and 
the noise is actually the result of these 
ripples. 

The boundary layer or "panting" noise ex- 
hibits a broad spectra which can be estimated 
from calculations of the Strouhal number, 
H/y. Whert f is the frequency, & is the 
boundary-layer thickness and v is the free 
stream velocity   Th» maximum ootfinHNBd 
frequency of the boundary layer noise is 

f. 
V 

0.4 —cps. 

A typical boundary layer uolsa spectrum 
based on these relationships is plotted in 
Fig. 13. It ran be discerned from this plot 
that the overall sound-pressure level (Eqs. 
(6), (7), or (8)) is approximately 5 db above 
the maximum noise frequency. The boundary 
layer noise spectra at the maximun Q were 
calculated and are presented in Fig, 14. The 

  I-                     

OVERALL LEVEL 

-10 ^'T -^ 

/ 
I 

/ 
/ 

\ 

40 

/ 1; 
FREQUENCY 

I 

Fig. 13 - Typical boundary-layer noise spectrum 
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necessary calculaticn» can be found in Ap- 
pendix C. Sound-prt'esure levels are t'ls- 
played In Fig. 14 as a (unction of frequency 
and distance forward of the nozzle. It can 
be seen in this thrct-dimensional illustra- 
tion that the high frequencies are propagated 
aear the leading edge. This is a result of 
the frequency relationship given above where 
it is shown that frequency is a function of 
boundary-layer thickness. Supporting the 
frequency distribution of Fig. 14 Is aerody- 
namic theory which shows an «artremely thin 
boundary layer near the leading edge. The 
equation for estimating boundary-layer 
thickness is 

t = d 0,129 (Rj 

where d is the distance from the leading edge, 
and I, (Iteynolds nunber) in (Vd)/v, where v 
is kinematic viscosity. 

Tigure 15 summaiizes the previously de 
scribed acoustic environment of the hypo- 
thetical vehicle with the two-milllon-pound- 
thrust rocket engine. This chronological 
hletcry of the major acoustic sources depicts 
the sound-pressure levels for 50-foot in- 
tervals forward from the exhaust nozzle. 
Thus, the static firing levels, Uw lausch 
phase, the diminution immediately after 
launch, the increase in level to the maximum 
Q value, and the final decline to negligible 
noise levels are included in this summation. 
This family of curves swows that the most 
severe environment exists during the firot 
few seconds of the mission. 

BOUNDARY LAYER NOISE SPECTRA 

AT HAXIMMt DYNAMIC MESSURF 

> 

m 
? 
a 
■i 
K 

Mime LEMCTH ASSUMED 301 FT 

Fig. 14 - Boundary-layer noise spectra at maximum dynamic pressure calculated 
for the hypothetical vehicle 
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•«STANCE romwfioof NOZZU -n 

MAX OYNAMC PRESSURE 

rFkL 
sonic VOOCITY \ 

ATTAINED 

*0 60 80 100 120 
ELAPSED TIME AFTER LAUNCH (SECI 

Fig. 15 - Summ9ry of pru^cted time hiitories of 
overall noise level« for the hypothetical vehicle 
with two-million- po\md thrimt rocket engine 

SUMMATION AND RECOMMENDATION 

This paper ins dlicuMed three of the 
principal dynamic environments: 

1. Jet engine noise. 
2. Rocket-exhaust noise. 
3. Boundary-layer noise. 

In addition, a hypothetical mUsion of a 
vehicls with two-million pounds of thrust 
has been described *nd anaiyied. Estimated 
acoustic levei's for the launch phase and for 
the maximum boundary-layer noise were 
presented. As expected, the most severe 
environment was iisjilayed during the laurch 
phase before the missile cleared the ground 
plane. However, the levels obtained on the 
missita structure w^re not as great as an- 
ticipated. Ii these estimations are consid- 
ered reasoitiable, then it Is felt that structure 
and equipment can be designed, with presently 
svailable techniques, to withstand this hy- 
pothetical acoustic environment. K Is noted 
that tne launch acoustic environment of the 
8M-62 Snark missile is more severe than 
that shown for the powerful hypothetical 
vehicle. The booster installation configura- 
tion sccounts for the greater environment 
measured on the Snark missile. 

In a search for dynamic data during the 
past year, it was found that only a limited 
amount of acoustic measurements hate been 
obtained during recent missile firings and 
flights. Therefore, it is recommended that 
more missile progranis trJr* sn istsrsct in 
acoustic environments sad tint adequate 
measurements be made so as to deftae these 
field environments. 

Many momentous aerouautlcul and space 
developments have occurred since that his- 
toric day in 1B08 when the Wright brother j 
ushered in the Alr-gpaco Age. Yet, today 
the basic dynamic problem is the same - 
designing and building the structure and the 
equipment to withstand the dynamic environ- 
ment with a minimum weight penalty. 
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APPENDIX A 

ACOUSTIC POWER, J85-GE-5 ENGINE, T-38 AIRPLANE 

1. Operating Conditions 

Military power (100 percent RPM w/o A/B); Static, sea level operation; one engine 

2. Performance Characteristics 

Engine speed 
Net static thrust 
Weight flow 
Nozzle exit area 
Total temperature at exit 
Total pressure at exit 

16,500 RPM 
1934 lb 
37.7 lb/sec. 
114.2 in.2; 0.793 ft2 

1660* R 
26.4 psia 
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CorapresBkm ratio 
Compressor efficiency 
Turbine efficiency 

8. Ctlculated Jet Conditions 

Velocity 

7.0 
83 percent 
87 percent 

  

Density 

Scäch Number 

1934 »32.2 
37.7 1650 fpt. 

A V 

37,7 

32.2 x .793 " J6Sn 
000895 siugs/ft3 

P = RRT 

»-tp P -- PT [l  ♦ - r M 

i 

•(r-l) 
- 1 ♦ V-M2 

1.4 - 1 

« .875 

M =    935 . 

000895 x 32.2 x 53.3 * 1660l(1'1 4) 

26.4 x 144 | " \ 

Static Temperature 

T - «i Ty 

= .85 y 1660 = 14lOeK . 
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Static Pressure 

P«kfPT 

4. Calculated Acouitlc Pownr 

SireMa Power 

Parameter K 

57 x i6.4 ■ 15.0 pii«. 

P, -- 42 x 10JfK2 

f =^PAV3 

« yx   000895 x .793(1650), « ||| 

2.16 x 10" •■tts . 

(k2 from Rtf. IS) 

(Itof. 10) 

(T)»"d 

2.16 x 106 

(1410) >» x 12.0 

.386. 

Acouatlc Power Generated 

PA ■ 4.2 * 10'3 x 2.16 x lo'c.aM)2 

1.35 x 10J «attt 

P1L « 10 lo« 10 p nr 

- io iog10 —^rrr- 

■ 161.3 db. 

5. Operating Conditions 

MJUtary power (100 percent 'ÜPM w/o A/B); aatlc, sea level operation; one engine 

6. Sound Pressure Levels 

SPL = F*. - 10 log10 A - B 

PHL = Acoustic power level re.   10'13 wttti 

= 161.3 db 

A = Area of aivancing sound pressure »«ve (hemisphere) 

= 2 7rr2 

B = Constant determinsd by ambient conditions 

= -0.5 db for std. s.l.  etni. 
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At r - 50 feet 

At r - 100 tMt 

At r > 250 tMt 

At r - MC feet 

aPI. -- 161.3 - 10 1OR10 2Tr(Sü)J + 0.5 

• 120 db . 

SPL = 161.3 - 10 iog10 2»r(100)3 + 0.5 

= 114 db . 

SPL ■ 161.3 - 10 lot,,, 2«(250), * 0.5 

■ 106 db . 

SPL - 161.3 - 10 log10 anCSOO)1 + 0.5 

- 100 db . 

7. Dual £sflne Operation 

Operation of both engines would produce a maximum of twice the «couirtlc power, or 3 rib. 
Bowerer, because of the proximity of the exhaust strewca, no xttooatlc ensTfy can 'x* 
assumed to be generated between the jets, and an increase of 2 db Is estimated. The foil 
RPM operation can then b$ expected tc prsduce overall SPL's ot 

122dbat 50 feat 
116 db at 100 feet 
10« db at 2W feet 
102 db at 500 feet 

8. Directivity 

Typical directivity factors in db above and below the space average m. are at foUows: 

/oigle from Relative 
Aircraft Nose ffi 

(Degre«>) m 
0 -15 

30 -14 
60 -12 
90 - 7 

120 ♦ 2 
140 + 8 
150 ♦ 7 
160 + 1 
170 - 8 

39 

i(S*« ■ 

    



APPENDIX  B 

SOLID PROPELLANT CALCULATIONS 

Thrust ™ 101,700 pounrt* 
Exit Velocity       - fiSIC fps 
Mass flam * 16.12 slugs/tec 
Noiile Dimeter - 1.794 feet 

Method used - WADC 5S-S43 

1. 10 log T) = -JO db fo.  Itrje rocketi . 

1      2 

2. P«. =  10 log T, 4  10 lcG —yy 
lu 

I   .' 

PW- - -20 » 1C lo(! 

|-(16.12) 14.6 x (M10)(.3048)2 

10 13 

PfL = -20 * 10 log 4.35288 " 1021 

PW, = -20 + 216.4 

PW. ■ 196.4 db . 

3. Comp.i»ing StrouJiil No. tor OcUve Brnds, we find source dlstssc- (m^V): 

Octave 
m 

87.C./75 
7S/1S0 

150/800 
S0Ö/600 
600/1200 

1200/2400 
2400/4800 
4800/MOO 

Octave 
(cpa) 

37.S/75 
75/180 

150/300 
300/6(50 
600/1200 

1200/2400 
2400/4800 
4800/9600 

Octave 
(cps) 

37.5/75 
75/150 

150/300 
300/600 

Mean Frer/ueoc; 
(cpa) 

59 

is 
849 

1699 
3390 
69?0 

20 log R 

25.6 
24.7 
23.4 
21.4 
18.3 
13.6 
Ü.6 
9.1 

SPL 

ww 
140.9 
144.7 
146.5 
151.0 

15 
T 

.0151 

.0301 

.0603 

.1205 

.2414 

.4828 

.9638 
1.9703 

2vf 

.3063 

.6127 
1.2254 

4.9072 
9.8144 
19.5942 
40.0554 

9.9 
8.5 
7.2 
5.5 
3.5 
1.48 
0.59 
0.24 

KR 

6.00 
10.48 
18.11 
oa Q1! 
MVaWM 

40.42 
46.86 
65.70 
114.00 

Octave 
(cps) 

600/1200 
1200/2400 
2400/4800 
4800/9800 
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(m 
17.78 
15.25 
12.92 
9.87 
6.28 
2.66 
1.06 
0.43 

M1 Poeltion 

** 8 
16.60 
17.10 
14.78 
11.76 
8.296 
4.775 
3.353 
2.846 

10 log G2 

1 
0 
0 
0 
0 
0 
0 
0 

SPL 

152.6 
153.4 
150.6 
158.0 

SFLo 

M 
165.7 
169.4 
171.9 
172.4 
170.9 
167.0 
162.1 
157.1 

OA - 159.3 



APPENDIX C 

HYPOTHETICAL VEHICLE 

PUL CALCULATIONS 

Given: 

Weight flow a 2500 lb/sec 

Thrift        - 2 x 10s lb - 8.9S * 106 newtons 
■ 

1 pound       « .453 K grams; weight (low - 2500 * .453 - 1134 Kg/nee 

Diameter    ■ 25 feet or 7.62 meters 

1 foot ■ .3048 meters 

(1) JL using c. - 1116 fpu 

„     tg     2 x io6 x 32.2     ,. __, . 
v- V= MM = ^'^ fp* 

V      2576C mar-*1 

10 log 7) = - 20 

(2)   ifechanicftl Stieam Power - ~ ,nv3 In watts. 

(Taken from Ref 16) 

= j(1134) V2 

= y(1134)(7851.6)2 ■ 3.51 " 1010 watu 

V = 2S.7e0 x .3048 « 8851.6 w/v* 

|n,VJ 

(3)   PWL = 10 logjyTj + 10 log^-—yj- 

PiL = -20 + 10 log - 
3.51  x 10 10 

10 -13 -20 + 10 log 3.51 x 10 
2» 

P*L = -20 + 10 x 23.544 = "20 + 235.44 = 215.44 clh 

Check on P«L using equations front: Rsf. (15). 

O» BL = 78 + 13.5 log10 f   in db re 10"13 w»tts , 

where 

wm - mechanical, power of Jetstream in watts 

Wm = 0.676 tV « 0.876 (t2g)/w, 

with v ■ (tg)/w ■ gas Telocity at nozzle exit iu fps, 

t = thrust in pounds, 
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»■ amSBOmmSt 

g ■ acceleration due tc gravity ■ 32.2 ft/sec'1, 

w D weight flow In Ib/aec. 

Then 

P1L = 78 ♦ 13.5 log *m = 78 + 13.5 log 0,676 ii 

PIL = 78 ♦ 13.5 log 0.676 
(4 x 10")(32.2) 

2S00 

PH = 78 + 1J.5 log 3.48 * ID10 = 78 + 13.5 (10.542) 

PiL = 78 + 142 ^ 2J0 dh. 

SPECTTOW CALCULATIONS 

Given: 

D ■ 25 feet, 

tg     2 x 106 (32.2)     „, „„ , Vr   -   = 2?Ö0  ^ 25,760 fp.. 

2* (1) Compute d./v values; f ■ geometric mean o* octave band /f 1 

(2) Dctermin* power spectrum level re. zero reference at eachdf/V value on Flg. 45A of Ref. 
15. 

(3) Dtfrrmliie power spftctnuii level re. 10"13 w«tt by computing uero reference level which 
eqtuiU OA Pm. - 10 lag10 v/d and algebraically adding this reference level to ecch power 
spectrum level determined In previous step. 

(4) Convert these power spectrum levels at the geometric mean frequencies to OcUtve Band 
pm 's by adding the appropriate 10 log10 Af correction fat-tors on Fig. 45A of Ref. (15) to 
each power spectrum level. 

Given: 

Ü s 25 feet, 

V = 25,760 fp». 

Power Spectrum 
Geom. Mean Level (db) Octavs Band 

Octave Bwid Frequency Strsuhal No. (from Fig. 45A OB P*L 

(cps) (cps) Df/V Birf. 15) (cps) 

37.5-75 53 .0514 8.2 214.4 
75-150 106 .102« 4.0 2J.3.2 

150-300 85 .2057 -1.1 211.1 
300-600 .4115 -6.3 208.9 
600-1200 849 .8240 -11.7 206.5 

1200-2400 1698 1.648 -16.6 204.4 
2400-4890 33S0 3.290 -22.2 202.0 
4800-9600 69SD 6.726 -27.7 199.5 

Power spectrum level at a specified frequency is the PWL in db within a band one cps wide cen- 
tered at that frequency. 
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Octave Bead PWL   - Power  Spectrum Level  ♦  10  log^g Af 

where & f = bandwidth In cps. 

Zero reference  - OA PfL  -  10  log D 

25  7ß0 
= 220.3 - 10 log -—- ! 220.3 - 10(3.013) D 190.2 db. 

Then 

OB PWL ■   lero  reference  ♦ power  spectrum  level   +  10 log Af 

Example: 37.5 to 79 cpi band 

0a37.5-75P,rI' "  190.2 + 8.2 M6 = 2U.4 db . 

SOURCE DISTANCE FROM EXIT 

Strouhal           '*0 K Of tave Band 
No.                 D 

187.5 

(cpe) 

.0514           7.5 37-75 

.1029           5 8 145.C 75-150 

.2057           3.75 93.75 ISO-300 

.4115           1.73 43.25 300-800 

.8240             .71 17.75 600-1300 
1.648              .30 7.5 1200-2400 
3.290               .125 3.125 2400-4800 
6.726               .055 1.375 460C-960Ü 

Xo ^25 
D  ^ ' 

where 

D * 25 feet * noszle diameter 

X0/D taken from Fig. 22 of Ref. (16). 

SPL for 37.5 to 75 cps 

K > 
2 7,f      2 77 53 
Ca        1116 ^  .294 . 

Distance ■ S 
Up on Missile R 
from Nozzle ('v-q 

+ x) 
(ft) (ft) 

187.5 

KR 

55 

10 log G2 

0 0 
50 237.5 69.8 0 

100 287.5 84.5 0 

200 
337.5 95.2 0 
387.5 113.9 0 

250 437.5 128.0 0 
300 467.5 143.3 0 

SPL -- SPL0 - 20 log R + 10 log G"' , 

43 



where the reference sound pressure level SPLO is given relative to the overall power level In 
Fig. 24 of Ref. (19). 

Then 
ST.0 Pfl. - 25 ■■ 215.5 - 25 ' 190.5 db . 

1 8 201o(R SPL(db) 

0 187.5 45.5 145 
50 237.5 47.6 143 
00 287.5 49.2 141.3 

150 337.5 506 139.9 
00 387.5 51.8 138.7 

150 437.5 52.8 137.7 
00 487.5 53.8 136.7 

Add ? db to above SPL'B for missilf configuration. 

S^ for 75 to 150 cpe 

2f 
uie 

.591 , 

From Fig. 34 of Ref. (10) 

SPL ■ SPLr - 20 log R + 10 log G3 . 

SPL. - PfL - 24 = 215.5 - 24 « 191.5 db 

i 
100 
ISO 
200 
250 
300 

R = (X0 + X) 
(ft) 

>;.o 

>io 
>io 
>io 
>10 
>10 

10 log O2 20 log R gL(db) 

0 
0 
0 
0 
0 

43.34 
46.80 
47.8 
40.40 
50.8 
51.9 
53. 

148.3 
145.7 
143.7 
142.1 
140.7 
130.6 
138.5 

To cotserre apace, the remAÜn's^ rctkVe L<».id SH, calculations have been deleted. The above 
are ccMid«red typical. Ar»J 3 db for missile conflgufition. 

DSCRFA8E IN PfL DUE TO MOTION 

From Journal of ASA-Powell, Vol. 30, No. 11, November 1958. Use 

If 

t (sec) 

1 
2 
3 
4 

Mj = co. 

vjfps) 

515.2 
7iZ.8 

1080.4 

Distance A PHL (db) 

128.8 
515.2 

1159.2 
2060.8 

-2.2 
-5.5 

-10 
-23 

From WADG 58-343, Fig. 32 

Curreciion lor T„ Pt, In AB, 
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t - I sec. AB ■ .Idt ASPL « -2.3  db 
t <• 2 sec. AB « .Idb ASPL ü -5.8  db 
t i 3 sec. AB ■ .3db ASPL « -10.3 db 
t " 4 sec. AB - .4db ^9T, n -23,4(1? 

NCWE BSITMATKJN 

Boundwry Layer NoUe (or Q,,, at t t «o s«c. 

SPL = 20 loe Q + 86 db 

SPL t 20 log 590 + 86 db 

SPL = M (2.77085) + 86 

SPL ■ 141.4 dh + 3 = 144.4 db 

„       Vd 1300 d fc R«= r= rT r'- 3-53 « 10* d 
^      368 " 10-* 

v =-j Alt,  32.000 feet 

3.041  " 10 -7 

.826 - 10" * 
■ 3.68 x 10" 

129 d' 
i 

(3.53 x 106 d)7 

| 
.129 dr 

5
 ■                1 

10 (.353)7 

« 
,      .0129 d7 

9 "'  .8610 

A 
* ■ .015 d7 

f-"-4' 

f       .  .4 (1300) _ 320 
•mm ± e 

.015 d7       150 x IQ"4 d7 

3.47 x io4 

,-7 
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Distance from 
Leading Edge 
 ft.  

1 
51 

101 
1S1 
101 
2bl 
SOI 

Distance fronr. 
Aft Nozsle 

(ft) (cps) 

34,700 
1,180 

oe 

6-2400 
6-1200 
3-600 
3-990 

150-600 
150-300 

To conserve space, the remtinlnc boundary layer calculatlone hay« been deleted. The abore 
sample Is coneldered typical. 

DBCUSSION 

dr. Harvey (Loekbeed Aircraft Ccraora- 
):  I take it that your equations wouxo p»-e 

Mr. 
tlon)! 
diet an increase In vibration soiLevhere 
around the max of dynamic pressure. I «wild 
like to just note that In our experience in 
launching the Agena satellite on use end of 
the Thor, we expected to get an increast in 
vibration at max Q, but wc didn't get It there. 
Ws got it in a very strange region which we 
can't explain, and thai is it started to pick 
up at u Mach number of tbout seven tenths, 
increased to a Mach number of about nine 
tenths, and then dropped off to xero Just be- 
fore Mach one. We thought It ehouM happen 
at Mach one, but It didn't, and the beet ihlag 
v.e can figure out is that our calculations of 
the Mach number vs time wire IncorraeL 
5c I wonder If you hnve anything to say about 
this, If yw have any Information that might 
explain why this happened. 

Mr. Mustiln: First of all, boundary-layer 
nnice is what you are talking about? We 
didn't make vibration predictions on a 
boundary-layer noise. 

Mr. Harvey:  Well, let me say what wo 
did and you can shoot me down. We bad a 
measurement made with a vibration pick up 
inside the missile, and w assumed that if 
you had an increwäe in boundary-layer noise 
you should see some rise in the vibration 
measurement In the missile. Maybe this is 
what went wrong, but certainly the results 
are unusual. Maybe you would like to ex- 
plain that If you can. 

Mr. Mustain: Just guessing, without 
knowing, I would say that, with forward mo- 
tion in the missile as you approach Mach 1, 
your excitation should go down externally 
acoustically, and if that is causing your 
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vibrations they should go down also.  S you 
have some other internal vibrations like 
machinery in there, equipment that mechani- 
cally induces vibrations from the power 
plant, it naturally wouldn't go down. I have 
no actual measurements to cover your prob- 
lem, but I certainly can guess as well as the 
next person, or I can try. Maybe I am wrong. 
Dut this is what I do. 

Mr. Xuoppamakl (1/x.kheed, Sunnyvale): 
I woukTaiso like to add a comment. Data 
frum two other types of Lockheed test vehi- 
cles have also shown interesting difieiences. 
The type-one vehicle behaved normally In 
respect to increase in vibration level with 
increaalng Q, the serodynamic pressure. 
Accordingly, high-vibration levels were ex- 
pected at maximum Q also in the flights of 
the type-two test vehicle, but no appreciable 
increase in vibration amplitudes showed up. 
Some increase in the structural response to 
the aerodynamics at Mach one haa been ex- 
perienced alno in the type-two vehicle but 
nothing appreciable in proportion to the in- 
crease in aerodynamic pressure. Ralph 
Blake explained In the previous presentation 
the basics of structural rouponse concerning 
this peculiar characteristic. It would be of 
interest, from the standpoint of mlßsUe de- 
sign in general, to actually determine the 
internal relationships of the masses and 
damping ratios involved in two different test 
vehicle types, which have a significant dif- 
ference In the flight characieristics In re- 
spect in the smooth riding through the region 
ol maximum aerodynamic pressure. 

Mr. Hall (DouglM Aircraft Corp.): Roy, Mgjj 
cHeT I have just a quickie. I would say tfiat you 

might as well forget all this talk about 
aerodynamic-induced vibration because I 



r i 

don't iaink It is at all impcrtant to the vibra- 
tion problem. On payloads, I agree, we art 
deuignlng to speclflcatlona that might be too 
low. In this caae the aerodynamic noise may 
be the most coneiderable vibration oncoun- 
tered. But generally, I submit to the audience 
th«t aftro(!jmamic noise is negligible ir. most 
deslpi cues. 

Mr. Mmtaln: I would like to see more 
measurements on acoustics durteg launch on 

these missiles and during flight. I have trifld 
to gbt vibration and acoustic measurements, 
and so far I have gotten only one set of meas- 
urrments from the contractors. Most of 
them are not interested in «ccustlc meas^ 
urements. i got that fro« people who were 
at the top of several projwto. They told at 
they weren't interested In acoustic measure- 
ments and weren't Hklng any. 

■ 
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EXTfftNAL NOISi FIELDS OF A IOOST-OUOI 

HYPERSONIC VEHICLE 

Werner Fricke and William Squire 
Bell Aircraft Corporation 

Space Flight and Miasilee Division 

The paper preaenta a time hiitory of the external noite fieldi of a 
high-npeed, high-altitude manned glide vehicle during a global flight. 
After a aitcuiiion of the flight parameter! to which the nciae fields an 
related, an analyeii of the two noise phases, originated from the rocket 
booster »ad from the boundary layer, is presented. At subsonic speed, 
the effect of motion of the noi«e source and the decreanlag character- 
istic impedance of air change the noise field around the cockpit. Its 
time history was calculated as function of the Mach No. 

At supersonic speed, boundary layer noise is ta« oaly noise source. 
Aft»r a discussion of the most important parameters of the flew behind 
the shock wave around a blunt body moving supersonically, a mtthod 
for a prediction of the overall touad pressure io derived, based on tlie 
conception of Newtonian flow. The following quantities were required; 
Iccation of the transition point between laminar and turbulent boundary 
layer and distribution of the local dynamic pressure along the cockpit. 

The spectrum was estimated from a published spectrum of turbulent 
flow meaeurad in a bour.dftry layer, plotted as a dimenaionleas spectral 
density-frequency diagram. Application of this graph to the cockpit 
configuration required a calculation of the boundary layer dienU<:«m*!<t 
thickness tc be calculated from quantities measured on a flat plate. 
The sequence of the analysis will be discussed and demonstrated. 

mTRGDucno« 

Tuia püpsr presents a deacription of the 
noise environments of a high-speed, high- 
dtitude manned glide vehicle during a global 
Kigfat. The analysis was performed about 
one year ago at BeU Aircraft Corporation. 
Knowledge of t£» complete time history of 
the external and internal noise fields is re- 
quired to establish design requirements for 
the structure and adequate noise control for 
ite cockpit and tha equipment compartment. 
Moreover, it allows preliminary specifica- 
tions of test equipment, prior to production 
release of the first test vehicle. 

48 

The noise environments are closely re- 
lated to certain flight parameters (Fig. 1), 
auch as altitude h, free stream Mach No. i^,, 
ambient density />„, and dynamic presaure q. 
All units are expressed as raUui with the 
maximum value as reference. The highest 
Mach No. occurs during the intermediate 
phase which I» ES* of interest here. The dy- 
namic pressure peaks during the first part 
of supersonic flight. The density during 
boost decreases rspidly from its sea lewi 
vulue to 1 percent within 2 minutes. During 
landing, about S minutes are required for the 
same range. 

tea mm Wim 1ABMM 
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Fig. 1 - Altitude (h), free-ilreun Mach No. (M^). am- 
bient density {pm), and free-itrrun dynamic prenure 
{%,) during boost and landing 

During a couplet« global flight of abcost- 
gllde Teaic.'e, two external noiet pbaMD have 
to be cooaldered ind are aoown In the noise- 
time hlntory (Fig. 2). The first tnd most 
mere note« pried occur« during ucent. 
The aaalyais showi a sequence of two noise 
maxiiaa, the first o? iglnating froir tin booster 
rocket, the secocd from tbe fluctuating pres- 
sure In the turbulent boundary layer. 

The second booster «tage operates at an 
attltuda, where neither sound transmission 
from the rocket engine to the tshlcle through 
the ambient air nor noise from the turbulent 
boundary la|«r will be observed. During thla 
period and during the following glide, the 
noise inside the vehicle will be entirely pro- 
duced by the airborne equipment, and can be 
limited by oultable noise control. 

The other external noise phase will occur 
during the last part of the mission, as the 
dynamic pressure rises during descent inio 
the denser atmosphere. The methods used 

OVtMLLSPL n O.OOOt/tbar 

for the prediction of these two noise phases 
are demonstrated In the next section. 

CALCULATION OF OVBRALL BNONK 
NOBS DURSfO BOOST 

The overall external noise akjog the air- 
plane, caused by the first singe booster, was 
calculated from octave band level«, recordsd 
with a npectral analyser daring ground tests 
of a alngla rockst engine of th* type to be 
used in ths booster roebt onftrr eonsidera- 
tiro (in tk» lauachicg positlos). 

During ascent, the notes field will be 
changed bssotse of the noise source and 
decreasing characteristic impedance cf the 
ambient air. H it is assumed that the acous- 
tic power w of a rocket engine is proportional 
to the square oi the jet velocity relative to 
the ambient air (1), the proportloaalltiee 
shown below may ateo be assumed: 

Fig.  I -  External   overall  noiae   levels   during   global 
flight.   (Shaded area indicates subsonic flight.) 

4S 



1 V ■    -   V -T   1L ! f1 " "*") ^ 
p* * pc 

(1) 

where 

i Jet Telocity, 

vv - whicle velocity, 

H^ m free stream Mach No., 

c ■ speed of sound, 

P ■ ambient density of air, 

P » rms sound pressure, 

w ■ acoustic power. 

Theoretical studies about the effect of mo- 
tion on the noise source resulted in the pre- 
diction of a forward radiation increasiug with 
the Mach No. at subsonic speed (2 and 3). 
Different mulUplicstore for the sound pres- 
sure level were deriTed, depecdiftg on the 
type of elementary noise sources (quadm- 
poles or dipoles) and on the orientstica of 
their SMS relative to the direction of motion. 
!3 our analysis, the rms pressure was as- 
sumed to be proportions} to tto factor 
1/(1-1^,) for points upstream of the nosile 
«trit   TMa i* nMaiMd by putting e ■ 180° in 
Iq. (f«) of Itef. (3). 

p-ytV (8) 

» has to be pointed out that this proportlon- 
ftiity holds only for «ipoles and for subsonic 
speed below a Mach No. of 0.9. It results in 
an Increase of the noise Held in front of the 
moving noise source. Application of this 
corrscticn to noise field predictions of this 
or similar types of maiued vehicles might 
require a revision as soon as airborne noise 
field meaeurements of rocket pewered vehi- 
clei have been evaluated. 

Finally, for a cluster of n booster rocket 
engines, the total rms sound pressure pt 

will be 

pt * yfn.'p  , (*) 

md combination of Eqs. (1 - 4) results in 

Pt    = n'Po 
\    i  - M~   / fcft). 

The subscript o refers to th^ quantities of a 
single rocket at sea level. Arplicatlcn of 
this equation to the boost phase of the rocket 
powered vehicle with a Jet velocity 8000 
fps shows thst the effect of motion predomi- 
nates over the influence of the otlwr quanti- 
ties. Hence, on increase of the overall 8PL 
to 142 db at Mteh 0.9 can be expected rnd is 
indie&ted as the first peak in the noise time 
history. The contribution of the turbulent 
boundary layer io the noise level is included 
in this curve. 

NOUI SOURCES IN 8UPBIWON1C 
FLIGHT 

The principal sources of noise in the 
supersonic phase of the flight are the irreg- 
ular fluctuations in he turbulent boundary 
layer. In order to vnderstsnd ihls mecha- 
nism w« must discuss the nature of the flow 
field around the body «ten it is moving 
supersonlcally. 

Figure S is a shadowgram of the super- 
scnic Row about a blunt body showing Mm 
detached shock wave avi the boundary layer. 
The transition area between laminar and 
turbulent flow in the bcundery layer is indi- 
cated. Fifare 4 is a schomstic rapreseata- 
Uoo of the flow. Outside the shock wave the 
flow is undisturbed. The air passing through 
the almost normal portion ol the shock is 
heated, compressed, and slowed dorn. In 
the region of subsonic flow, which is bounded 
by the sonic lines, the flow field is very 
similar to the conventional incompressible 
flow around a similar body. Further back 
where the incoming air crosses the shock 
wave at a small angle, the chaage in tem- 
perature, density, and velocity across the 
shock Is small and the flow resembles that 
over a flat plate. After crossing the shock 
wave, the flow along each streamline is 
isentropic, but the entropy is different on 
each streamline, being deisrmined by the 
inclination of the shock wave. 

Except in the boundary layer, the flow 
can be computed on the basis of inviscid the- 
ory and this calculation will give i.he »nape 
of the detached shock and the pm-sure dis- 
tribution on the body. The inviscid calcula- 
tion uses the boundary condition on the body 
that there is no no/mal velocity, but, cannot 
satisfy the physical condition that there is 
no tangential velocity. The boundary layer 
<8 A thin region close to the wall where the 
tangential velocity falls rapidly frosts the 
inviscid value to zero, Two typical flow 
profiles in the boundary layer for lamina;- 
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Fig.  3  -  Shadowgraph of a supersonic (low 
field around a blunt uody.    (Courtesy U.  S. 
Naval Ordiaace Laboratory.) 

and turbulent (low we indicated in Fig. 4. 
This region is important in determining the 
friction and heat trnsfer, and has been 
studied extensively from that viewpoint. The 
turbulent boundary layer is aloo important 
as a source of aerodynamic noise but rela- 
tively little work has been done on this as- 
pect. The noise is dependent on the random 
fiuctuatioiw in the turbulsüt flow and these 
are more difficult to study than the mean 
properties which determine heat transfer 
and skin friction. 

Figure 5 «bow» a hot wire record of the 
fluctuations in an incompressible boundary 
layer a* various positions. The change freu 
the periodic oscillations (attributed to am- 
plification of tunnel noise) in the laminar 
portion to the typical random turbulent pat- 
tern is illustrated. 

Unfortunately, at the present time the 
theory of turbulent shear flow is not devel- 
oped sufficiently to predict accurately when 
the boundary layer will be turbulent. At tht 
relatively low altitudes where we have in- 
tense noise, the boundary layer will be tur- 
bulent over most of the vehicle, but as the 
altitude inmutes the transition point moves 
back. When the uyuüüic prc-iSiurs im» Its 
siaxlmuni, the trimgitKm point will be ftbout 
3 feet from the utagoatlon point and the cock- 
pit will be completely surromided by a tur- 
bulent boundary layer. 

The random botadary layer fluctuations 
have been described in the utei-ature as 
"pseudosound" (4 and 5). While thsy regis- 
ter on a receiver as sound, their propagation 
and attenuation diffars from sound waves. 

Fig. 4 - A schematic repreientation of the 
flow field around • blunt body 

Fig. 5 - Hot-wire records of turbulent fluc- 
tuations in incompressible flow. (Courtesy of 
Nariosal Bureau of Standards.) 

These fluctuations excite a forced oscillation 
it the wall which generates sound in the in- 
tariot. Analyses of this meshssism hsve 
been published by Corcos It Liepmann (A), 
and by Ribner (5).  However, because of lack 
of knowledge of the structure of the turbu- 
lence, it is net possible to compute the in- 
terior sound level in terms of the external 
flow and panel parameters if double wall 
panels are used. 

CALCULATION OF BOUNDARY 
LAYER N05E 

For practical calculations we have used 
empirical results, based on subscnic flow 
experiments that the ratio K of the fluctuating 
surface pressure p, produced by a turbulent 
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boundary layer, to the lootl dynamic pres- 
su^e q; Is Independent of Mach No., Reynolds 
No., and boundary layer thickness.  Measure- 
menii; Indicate values between 4.5 x 10 ^ to 
6 x IQ-3 (7, 8). The higher value has been 
reported by NASA in recent experiments, 
conducted in a duct, where no appreciable 
difference between local and free stream dy- 
namic pressure exists. This value was ap- 
plied to our analysis,  ha approach to calcu- 
late and locate the maximum of the local 
dynamic pressure is given in the next 
paragraphs. 

Certain general statements can be made 
concerning the local dynamic pressure, af. 
behind the shock and cm the surface of a 
blunt body. The local dynamic pressure. 

1      t 
c, l 

"'■ 

1 2     7 
p {M^ 

is zero at tne stagnation point where the 
local velocity, fy, is aero, out increases as 
the flow expands along the body surface 
reaching a maximum value at some point on 
the curved surface. Continued expansion 
beyond this point results In a progressively 
decreasing local dynamic pressure. 

In order to analyze the flow over a blunt 
body, It Is possible to >jse the theory of 
Newtonian flow. Thla theory relates the 
local static pressure, p^, on the body sur- 
face, to the stagnation pressure »ft of the 
shock (Eq. 1 in Appendix) as a function of the 
local body contour angle e,, shown in Fig. 6. 
Using the Newtonian flow theory in conjunc- 
tion with the isentropic flow equations for 
the expanding flow (Eq. 5) permits a calcula- 
tion of the rulio of tbe local dynamic pres- 
sure at some point on the buuu nose surface 
to the pressure at the stagnation point. 

i-, -LOCW. STATIC PRES5UNC 

pl • STASWTION PRESSU« 

•j" LOCAL CWTOl* ANGLE 

FLO* ► 

Fig. 6 - Mortified Nswtonian 
Equation 

This ftxpression together with the normal 
shock relationship (Eq. 6), relating the stag- 
nation pressure aft of the shock to the free 
stream ambient pressure, combines to give 
the ratio of the local dynamic pressure 'JO 
the free-stream ambient pressure (Eq. 8). 
Sine? the free-stream dynamic pressure, q.., 
can also be expressed in terms 0! the ambi- 
ent pressure and free-stream Mach No., the 
ratio of the local dynamic pressure to the 
free-stream dynamic pressure (Eq. 9), may 
be derived for any given 'light Mach No. and 
aiablent pressure. It should be pointed out 
that this application of tbe Newtonian theory 
is restricted to the forward portion of tbe 
body, that is, in tht region of large local 
contour angles. Consequently, for aft por- 
tions of the body where this angle is less 
than 10°, the local static pressure must bt 
eatimate-'j from other data. 

It has already been stated that the maxi- 
mum free-stream dynamic pressure corre- 
sponds to a fUght Mach No. of 2.00. Figure 7A, 
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Fig. 7 - Ratio of local dynamic pressure to free-stream 
dynamic pressure as a function of contour angle for a 
blunt nose body and free-stream MachNumber. (q^ = local 
dynamic pressure, q,. = free-stream dynamic pressure, 
and 0. = local contour angle.) 
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a plot of (q^/O versus ^ at this given 
Mach No., indicates a maximum value ot 
(^ O at ^ = 35°.  An investigation of the 
quantity f^/q^)max discloses that it de- 
creases with increasing Mach No. as shown 
in Flg. 7B. In view of this, it appears, that 
for our configuration, the maximum local 
dynamic pressure occurs on the forward 
part of the cockpit at a flight Mach No. of 
2.00. The estimates presented in this paper 
are based on this maximum value of the local 
dynamic pressure. 

The spectral distribution was estimated 
by using a typical power spectrum measured 
in a Subsonic turbulent boundary layer (7). 
The dimensionless spectral density is plotted 
versus the dimensionless frequency (Fig. 8). 
Application of this graph requires the bound- 
ary layer duplacement thickness 3x,  This 
quantity la a function of Mach and Reynold's 
No.  The incompressible boundary layer 
thickness is giveii by 

0.38 

where a = distance from stagi.ation point, 
and must be corrected for compresslblllty 
(9) by the top curve In Fig. 9.  The lower 
curve shows the ratio of displacement thick- 
ness to boundary layer thickness versus 
Mach No.  For our cockpit cooflpiratlon, the 
displacement thickness is 0.13 Inch where 
maximum boundary layer noise is encountered. 

From this quantity, the high-frequency 
part of the boundary layer noise sptjetrum 

| 1^,1,11—— 

i _—4-^—' -L —«r^TZ t| . 

i 

4 

»I- 

Fig. 9- Effectof free-stream 
Mach Number on thicknea« 
associated with boundary 
layer. (6 ~ thickness of com- 
pressible boundary layer; 
«1 = thickness of incompres- 
sible boundary layer at 
same Reynold« Number; I = 
displacement thickness. 

was calculated (Fig. 10). Since it does not 
Include low frequencies, the low octav? bands 
were estimated from unpublished maapu^e- 
nsents performed by WAbc, The compiete 
spectrum Is very flat, extends far into the 
ultrasorJc ringe and peaks between 3000 and 
6000 cpa. It is compared with the booster 
engine noise spectrum »t a dtsbmce <*. 100 
feet upstream, the approximate location of 
the cockpli. 

EXTERNAL OVERALL NOBE LEVELS 
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Fig. 8 - Power spectrum of fluctuating 
wall pressure in a turbulent boundary 
layer at u,, =761 fps; q., = 507 lb/ft2; 
8   = .0073 ft.   (Courtesy of NASA.) 

The external overall noise levels duririg 
ascent and descent are demonstrated in Fig. 
11. During the first seconds, the booster 
engine noise level will decraase by several 
db's, the difference between the values ob- 
tained under static firing and free-field con- 
dition.  With increasing vehicle speed, the 
rocket engine noise increases because the 
effect of motion of the noise source predomi- 
nates. It results in a first peak th*t drops 
sharply at Mack 1 to the boundary layer 
noise. The exact level between M - 0.9 and 
M « 1 is uncertain. A second flit peak coin- 
cides with the maximum of the local dynamic 
pressure at MM « 2.0. The overall levels will 
never exceed 145 db, and the duration of in- 
tense noise (above 125 db) is limited to 2 
minutes. 

During descent, a continuously increasing 
boundary layer noise will be observed. The 
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Fig. 11 - Noiae level« during 
ascent and descent 

total noise l«vel is much tower, below 135 
db, bat the duration of intense noise tl ap~ 
proximüteiy 10 minutes. 

The noise levels inside the cockpit were 
estimated in the conventional meaner from 
the measured transmission loss of the panel, 
the reverberant quantities of the Inner walk, 
and the ciaraaerlstlc impedance o' t!» 
cockpit atmosphere. The ivii quantity de- 
creaws daring ascent from sea level pres- 
sure to 5 psi. This prassuv« will be kept 
constant during the gloual flight. 

On the bMi£ of our analyal« of the In- 
teraal noise level*, no temporary bearing 
loss is anticipated for this type of boof t- 
glide vehicle.   Also, saüefictory cemmu- 
nicatlor. can be maintained If a preneare 
suit and a high attenuation helmet are 
provided.   However, electronic eqaiprarat 
may be effected if it is sound-sensitive. 
In the case cf a double wull structure, 
fatigue damage of the outer wall is not 
anticipated because of the shcri duration 
of the peak noise.   Acoustical fatigue tests 
performed on this type of heat sustaining 
panel» at 150 db did not result in any 
failures and we will not exceed 145 db. 
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APPENDIX 

DERIVATION OF THE RATIO OF THi; SURFACE LOCAL DYNAMIC 
PRESSURE TO FREE STREAM DYNAMIC PRE, JURE 

\ H' q-t 

«L. P». Q. 

H"¥«/)'-!.      « 
wbere y ■ 1.4 Is the idepj gas value of the 
ratio of specific heats.  By definition, the 
local dynamic pressure is 

1        u1 

Combining Eqs. (1) and (2) results in 

(3) 

M ■ Mach No. 

P ■ static pressure 

q ■ dynamic pressure 

Subscripts: 

■• * free stream values 

i - local values 

s » stagnation value 

Considering the application of a modified 
form of iiit Newtonian relationship between 
the local pressure and the stagnation pres- 
sure aft of the shock results in the following 
ftxpression: 

^ = sin2*. 

From isentxopic flow relationships 

(1) 

7-1 ^.(w-V)- 
111 

hi 
(.iin2ö,l y    - 1 

•y-l 

Substituting Eqs. (4) and (1) Into (3) gives the 
expression (q^/pB) 

qt = ipi 
i-y 

(sin2^) r   - 1 2 

r     hi 1 
q,t - | (p. sin2^) ^in2^) y    - 1J ^ 

^=-^■(3 

1-7 

P,   y 
t-j (ftin46jf)   (tln4«^) '   - 1 (5) 

55 



From normal räQCk equations 

P. 

P» 

j-ir- 

(y * i) 
■el r + i 

J       L2yHj  -(y-1) 
(6) 

^ = -2- (Sin2öp) 
p,    y-l 

ii2 
(sin2^)   Y    -  1 

(8) 

(y+DH, 
fTj r 

y + 

2yM ■ - (7 - I) 

Also by definition 

q    ^P   M.2 
as J       oo     •• 

Subratutlng Eq. (6) L".to Eq, (5) 

(7) 

Eliminating p. between Eqs. (7) and (8) gives 
the desired expression (q^/O. 

q,/       2 sin2^ 

«U " M2(r-i) 

I.» 

(•lll^t)v -1 

r + 1 
27M', - (y-l) 

1 
r-1 

(6) 

- 

* * « 
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APPLICATION OF THE VIBRATION ABSORBER 

PRINCIPLE FOR THE PROTECTION OF 

AIRBORNE ELECTRONIC EQUIPMENT 

Harry R. Spence and James H. Winters 
Space Technology Laboratories, Inc. 

Lo« Angeles, California 

A novel application of the vibration absorber principle for the vibra- 
tion protection of airborne electronic component parts and subaoocJii- 
blie« with particular reference to circuu boards is presinted. The 
ma'hematics for the solution of thit problem covers any base excited, 
damped two-mass eysttm. The application of this solution is extended, 
through the use of an equivalent mass concept, to include multiresonant 
nystsms where the fundamental resonance is of primary concern. 

The principle is illustrated through the application of a vibration 
absorber on a circuit board, and readily applied Hesign information ha« 
been generated for this type of application. A dramatic decrease in 
vibration transmission is obtained for this case with vibration absorbers 
comparable in size and weight to subminiature component parts. Typical 
numbers for this would be a 400 percent reduction in trejismissibility 
for 3 percent increase in weight. 

The vibration absorber io expected to have its met fruitful application 
as a ''fix" on existing debigns; however, planned se is also anticipated 
for sonic applications. 

INTRODUCTION 

In contrast to the time-honored appro&Jh 
to vibration protection of electronic equip- 
ment through controlling the transmission 
path, the vibration absorber concept consists 
of adding an appendage to the end of the path. 
Figure la and b illustrate the contrast. 

The vibration absorber does not provide 
the same degree of vibration control which 
may be obtained at the transmission path; 
however, sufficient control may be derived 
to make it practical for many applications. 
Specifically, Its application is preferred for 
areas where altering the transmission path 
is undesirable or impractical and, secondly, 
for cases where vibration control has to be 

supplied to  »'«ting hardware.  An example 
for both cases is a circuit board. The vibra- 
tion transmission ihn ugh the circuit board 
from its support to a certain component part 
(say at the antinode of the board) may be 
altered by changing »he board material, the 
board thickness, or the supports.  Generally, 
all three changes have the effect of shitting 
the frequency at which the maximum Q oc- 
curs without materially affecting the Q. The 
vibiaüün absorber, on the other hand, re- 
duces the maximum Q without altering sig- 
nificantly the frequency at which it occurs. 
Keeping the resonance frequency the same 
is often of no particular consequence; how- 
ever, there are occasions when this is desir- 
able. If for instance, the fundamental reso- 
nance frequency of the circuit board is 
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(b) 
Fig.l - Vibr?tion control through adjustment of 
(a) transmission path and (b)vibration absorber 

optimum from the standpoint o( component 
part fragllltieB, it may be neceaaary to re- 
duce Q while holding; the resonance frequency 
the ear?«. The reduction of Q through the 
applicfttlon of a vibration absorber on a cir- 
cuit board Is illustrmted in the body of this 
presentation. 

NOTATION 

me * main mass, Fl-'1!2 

mH ■ absorber mass, FL1!2 

kt ■ main mass stiffness coefficient, 
FL"1 

ka ■ absorber mass stiffness coefficient, 
FT/1 

cc » main mass damping coefficient, 
FL-'T 

c   ■ absorber mass damping coefficient, 
if1T 

xo = base dispiacement, L 

it ■ main mass displacement, L 

xa ■ absorber mass displacement, L 

A0 ■ base displacement amplitude, L 

A,. ■ main mass displacement, L 

A, = »bsorber mass displacement, L 

u = forcing frequency, T"1 

aa = main mms undamped natural fre- 
quency, T" * 

% ■ absorber mass undamped natural 
frequency, r' 

DAMPED VIBRATION ABSORBER AND 
MAIN MASS WITH BASE EXCITATION 

Tbe dynamic systeci which is treated in 
this presentation is shown schematically in 
Fig. 2.  The equations of motion for this sys- 
tem may be written 

+ e,{«,-xt) + k.Cx.-t.) -- 0,        (1) 

8/>. + «.(*.-*.)♦ M«,-«,)«©.       (2) 

For a sinusoidal base excitation 

xo ' Ao !,in w*' W 

Sabstltutlng Sq. (3) into Eq. (1) and utilising 
Ute following identities, 

2m ^t    ' S       2m ^ 

k
e 

r w/me •       k. S   % m. 

riqs, (4) and (5) are obtained 

»e +2ie^eüJ
e 

+Hö,wi) 
+ *e("? + M^) '!*>&&**+,) 

~  U£»(ißm,e cos ^   +  "t  S;^n 'J^,       W 

Ir+V,^,^«.-^.*.-«.»«, « 0,       (5) 

Applying the Laplace Transform to Eqs. (4) 
and (5) and letting initial displacements and 
velocities be zero, leads to Eqs. (6) and (7). 

= <i)eA0 C(2/3eti) cos ait +cüe sin wt),   (8) 

»„Ö/Ö.w.S+W,2] ~ xJS^ 2,^,8 + ^] = 0.   (7) 
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A./A„ transmiasibility 

Fig. 2 ~ The dyaaniic 
system 

For & steady-state solution B s j«, and Eqs. 
(6) and (7) become 

- al
e^0'.2ße^ cos «t  + uie sin «t] ,   (6) 

«,«,[«, + 2J/8,«] -xJCo./ -a;2) ♦ 2ißf>f>] = 0. (9) 

Solving Eqs. (8) and (9) for xe/Ko and taking 
its peck value (A/AJ results In the follow- 
ing expression: 

A, 
A.. " 

(5)P)-]-(5)(^M^W] 

(10) 

By letting g = W-oe and f a u^ut, Eq, (10) 
can be brought into a form similar to Den 
Hartog's (1) for a main maas excited system. 

f 1 + (2g/3e)
: (f2 - g2)2 + (2^gf)2 

J[fÄ-ga-«l )2(M + l)-4fg*/a J^f 
+ 4g 

where 

!k(f2-g2) + f/3a-f?
2/5a(.u + l)l2.  (ID 

ße * percent critical damping, main 
maas 

ßt ' percent critical damping, ab- 
sorber 

f > natural frequency, abeorber/nat- 
ural frequency, main mass 

g > forclnf frequency/natural fre- 
quency, main mass 

To obtain (A,/*«),,, Bo. (H) »«»t now be 
maximized with respect to «. This operation 
was found to be very laborious and was there- 
fore set up on an analog computer. The com- 
puter golution provided the g correaponding 
to the (*/*»),„ for optimum f and ßt values. 
These computer RoInHons ire stewn graphi- 
cally in Figs. Sa, b, c, and d. It can be seen 
in these figures that for the range of u and 
ßt considered, f = 0.95 for optimum condi- 
tions. With the values of f, g, and /;,, «stab- 
lisbed from the computer solution, it is pos- 
sible to solve Eq. (11) for CV*o),., ^ term* 
of n and ßt.  Figure 4 depicts (A,^),,, for 
typical values of ft and ß9.  For design pur- 
poses of the absorber system it is necessary 
to kr-cw the maximum relative motion be- 
tween the absorber and the main mass, i.e., 
(A, - A,.),,, or i« normalized form 
[(A, - Ae)/A0] „   . Similar to the derivation 
for (A,/^)      the equation for maximum 
relative motion is derived fron: Eqs. (8) and 
(9).  The steps in arriving at the final equa- 
tion below are omitted for the sake of brevity. 

A. - A, Vi * (Hi 

yt8-8a-safa(l +M) +g4 + 4Ä/8.g»flJ 

e(f
2-g2)  * iß, - ii%(ß*l)]2. 

(12) 

482[/3e( 

As for the computation for (A^Ao),,,, the 
same computer solutions for g, f, and fH 

a^c applied in Eq. (12).   Values for 
[(Aa -A,)/Ao]BM have been determined for 
the same typical values of ß and ßt as for 
(A^Ao),,, and are given in Fig. 5. The 
optimum absorber mass damping ßa associ- 
ated with (Ae/AJ^, and [(A.-AeVAol^, is 
given in Fig. 6 as a function of the maas 
ratio JU. 
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Fig. 3 - Analog computer solution» for the tran»- 
mii«lbility of the main ma«B versus critical damping 
ratio of the absorber jystem for various constant 
masiratioi and main system critical damping ratios 
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Fig. 5 - Normalliseri absorber-main 
maae relative displacement amplitude 
v-rsus mats ratio for optimum ß  and f 

DESIGN ILLUSTRATION FOR A 
VIBRATION ABSORBER SYSTEM 

In approaching an absorber oystem design, 
the designer must know three things about 
the fltmctiiral member whose vibration is to 
be controlled by a vibration absorber. These 
are: 

1. The frequency of its resonance, 

2. The effective mass of the resonanc 
member, 

3. The damping of the resonant member. 

For simple structunJ members, items 1 and 
2 can be calculated, and 3 can be found in 
material hamBaookB. For complicated struc- 
tural members or if the structural member 
is at hand, a simple vibration test will provide 
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012 

0.11 

0.10 
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0.03 0.04 0.05 0.06 

Fig.  6  -  Optimum   absorber   critical 
damping ratio versus masu ratio 

all three ifems. In a single frequency sweep 
test, the tranamissibility of the resonwit 
member (Ag/A,,)^ and the corresponding 
resonant frequency (t<Je) are easily deter- 
mined.  For a lightly damped resonator 
(^ < 0.1), 

75 
'miii 

(13) 

60 



where (Ae/Aei)B|| Is the tranamlsslbility of 
the resonant member without the vibration 
absorber. 

For a distributed mass resonator the ef- 
fective mass is equal to the mass of a one- 
degree-of-freedom system with Identiccl 
kinetic energy at resonance. Tne expression 
for this Is 

Am.a. (14) 
i.i 

where 

Am, 

effective mass 

mass of the ith portion d the die- read a a in Fig. 4. 
trlbuted mass 

»ny mode shape.  For a large number of Am, 
it may be profitable to tabulate the data on a 
form such as thht illustrated in Fig. 8. The 
number of &B. must be chosen with discre- 
tion. Too large a number may be unnecsa- 
sarlly rumberscme while too smell a nutn • 
ber may introduce too larg« an error In me. 

Once m , u , anH ßt have been determined, 
it is possible to obtain all mcessary design 
information for the absorber syjtem from 
Figs. 4, 5, ar.d ö (witrin the ranfe of the 
curves presented). The following four steps 
should provide all the information necessary 
for the design of the absorber system. 

1. Corresponding to a desired transmls- 
sibllity of the main mass system (A./A ) 

j ,      mm,        t *amat 

ai = dlbplacement amplitude of &■, at 
resonance, i.e., at we 

a,. ■ displacement amplitude at antlnode 
of structural nrembir which sHouid 
also be the absorber system location 

In Eq. (14), »i and at is determined exper- 
imentally and Afflj may be measured or cal- 
culated.  The application of Eq. (14) is best 
illuol; aied by an example.  Consider a cir- 
cuit board supported along two opposite edges 
as shown in Fig. 7a. Imagine this circuit 
board divided into sections as indicated by 
the dotted linca In Fig. 7a with the mass of 
each section lumped at the eg u shown in 
Fig. 7b.  With a vibration probe the peak de- 
flection may then be measured at each eg 
location. It must be remembered that these 
deflection measurements are made with the 
circuit board at the resonance to which the 
absorber system is to be tuned.  This ap- 
proach is perfectly general and holds for 

2. Solve for m i 
presslons beluw. 

and i^ by using the ex- 

k, är(0.M a»,)1 
(15) 

(For the range of M and ,3e considered in this 
presentation f = 0.95 without serious loss of 
engineering accuracy.) 

3. Obtain UA.-AeVAj.,, from Fig. 5 and 
solve for the mlnimurc allowable excursion 
of m, by using the following egression: 

A -A. 

m 
where 

D = minimum allowable excursion of 
absorber system, 

2AD ' double displacement amplitude of 
sinusoidal base vibration. 

al 8 »5 

Fig. 7 - Example of deflection measurements 
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L1,.J,         ! 

r A» i oi •  

Fig. 8 -  Form for tabulating a 
Urg» number of Am 

4. Obtain Absorber critical damalmr ritic 
ß, from Fig. 6. ^ HS  « . 

J^ing the physical design ol the absorber 
system some experimentation may be neces- 
sary to check the parameters ^ and ß . This 
check Is In principle the same as the deter- 
mination of s and 3, for the mian mass. 

Baaed on the design data presented herein 
an aeeorber system was conotructed and 
tested.  Figure 9 depicts the design of this 
absorber system.  It consists of a thin 
acrylic tube closed at both ends which houses 
two compressed coil springs sepaiated by a 
steel hall. In addiUon to the ball and the 
springs, the tube is partially filled with a 
sllicone oil. Clearance between the bail and 
the tube allows the oil to pass to either bid^ 
of the ball when the ball is in motior«. The 
corwet clearance and ratio oil volume to 
total volume had to be determined to avoid 
excessive spring and mass effects of the oil 
To demonstrate the effectiveness of this vi- 
bration absorber design, vibration trans- 
missibility measurements were made on a 

Fig. 9 - Vibration abaorber «ystem 

"V»^,«»yai'<T',r'M»|l,"V»'|:,U«r,,ri^ 
pin« 
llllli.I.I. 

Fig. 10 - Circuit board with vibration 
abaoibei attached 

circuit board with and without the absorber 
in place. The circuit board with the absorber 
In place is shewn in Fig. 10 and trtnsmis- 
aibility plots corresponding to these two con- 
figurations in Fig. 11. This lllustratts that 
an absorber system having a mus comparable 

M l.'J |,| |2 

NORMALIZED FORCING FBEOUITNCY, g 

Fig. II - Transmissibility vs normalized iorcins 
frequency plot for circuit board with and without 
absorber system 
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to that of a submlmahire component part can 
very apprer.*ably rethce the Q of a circuit 
board and thus provide an improved vibration 
environment for th* board qnd mounted com- 
ponents.   Figure 11 illusirates a 400 percent 
reduction in transmiBslbllity at the expence 
of a 3 percent Jncreas«: Li weight. Greater 
convenience in the application of the absorber 
System aity be envisaged in the form at 
reidy-made absorber systems (such as the 
type Illustrated) covering a certain range of 
sbsorber mass, natural frequency, ana 
damping ratio. Much like the selection of a 
resistor or capacitor, an absorber system, 
suitably marked for identification, may be 
readily selected for each application. 

CONCLUSION 

Although the virtues of the vibration ab- 
sorber a)jplicatloia to circuit boirda and other 
electronic assemblies appear very promising. 

the designer is cautioned noi to rely on 
the vibration absorber as a crutch for 
poor design. 

In the case of circuit boards, for in- 
stance, the principle design criteria is the 
board deflection at the fundamental reso- 
nance.   For typical board designs this 
occurs In the frequency range between 100 
and 300 cps.   If the fundamental resonance 
can be controlled, the higher modes are of 
no particular consequence, since the cor- 
responding deflections become very small. 
For the sake of illuntratlon a poorly de- 
signed board may have Its fundamental 
resonance at 50 cps whfch can be "taken 
out" by a vibration absorber; however, the 
third mode resonance may still cause dam- 
age.   Tranimlfslblllty measurements at the 
higher modes Indicate some improvement 
due to the abacrber; however, more work 
will have to be done for any conclusive 
data. 
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DISCUSSION 

Mr. Foster (Collins Radio Company): 
Your device I believe you culd was for lute 
in a fix situation. Suppose that you were 
going into production on something and you 
could be about 10 percent off in luttural fre- 
quencies by having tolerances In your manu- 
facturing process, and suppose that you 
were ten percent off in the manufacture of 
vnur Hit!* ahonrhar     Hoi/o „„„ A.«» ...... 

work to indicate wiy type of reduction that 
you would get In that situation? 

Mr. Winters:  Yes.  The question was 
whaTSappens when we have approximately a 
ten-percent variation in our absorber param- 
eters. The equations presented there and in 
the paper will allow you to calculate your 
resulting maximum transtnigsiblllty for any 
parameters that you so desire.  You would 
use 5, 10, 20 percent limits, just depends on 
what you felt you could work with aa manu- 
facturing tolerances. 

Mr^Thomaa (Lord Manufacturing Com- 
pany): In pur experimental work dkrycuT 
work with any shapes other than the rather 
simple rectangular board supported on the 

corner as you showed In your slide, or did 
you work with any cantllevered boards or 
anything of that nature ? 

Mr. Winders: No, w? didn't However, 
you could use different boards, different 
shapes, different edge conditions, because 
the treatment in the paper, for Instance whan 
we are computing the eifect of mass, la a 
very general type ü! approach and can be 
extended to other adge conditions. 

Mr. Thomas: K you didn't do that with 
your experimental work did you try working 
out anything to find a more critical type of 
board where you might have to use two ab- 
sorbers or what would occur In the case 
where you bad a very long board? 

Mr. Winters: I think the question you are 
asking is, if you have a long board you are 
actually worried then not only about the first 
mode, but higher modes, what the effeet 
would be. For all the odd number of modes, 
first, third, fifth, and so forth, you will 
derive some decree of protection from the 
absorber by aaiitg the end conditions shown. 



For your even numbered modes auch as the 
second, then your absorber would be sitting 
at the nodal point pnd would offer no protec- 
tion.   Generally in circuit boards where you 
figure displacement is your primary eremy, 
ytwr fundamental mode is the most severe. 
This is the application we had in mind when 
we designed the system. 

Mr. In  YoBhimoto (Hughes Aircraft): 
youTälworber design aid you have anything 
in the way of an artificial method of con- 
trolling your damping? 

Mr. Winters: The damping was cen- 
trolled by substituting different viscosities 
of silicone fluid. 

Mr. Yoehimoto: 
capsule? 

You had fluid in that 

Mr. Winters:  Yes. In fact, the one we 
useTHere WM approximately 125 70 
silicon«. 

Mr. Yoahim^io: 
temp^i-ature? 

What happens versus 

Mr. Winters: That's the reason we used 
the silicone fluid, because of the small 
change In vlscoalty due to temperature. Ac- 
tually when the temperatures become higher 
and the viscosity goes down, you will have a 
corresponding decrease In damping, and you 
can determine the net result on your circuit 
board with this decrease In damping from 
the equations glvea. 

Mr. Yoshlmoto: Does the viscosity 
change too much at minus 65 ? Is It a fairly 
reasonable figure there also ? 

Mr. Winters:  Actually we tried it at 
room temperature.  We haven't gone to ex- 
tended temperatures yet. 

Mr. Golueke (Wright Air Development .Di- 
vision): fHe size of the absor'oer as related 
to the dimensions of the circuit board In a 
perpendicular direction; what are the ap- 
proximate dimensional penalties involved? 

Mr. Winters: Well, this would depend 
upon the particular design that you had 
undertaken.  One of the problems or param- 
eters that must be examined is this relative 
motion, and you must permit enough space 
for your absorber mass to move so that it 
doesn't bottom. Otherwise you then have a 
nonlinear phenomena that would throw oil 
your calculations. So for each specific ap- 
plication you have to design the absorber in 
Buch a way that you have an optimized mass 
and damping and clearance ratio for your 
particular application. 

Mr. Preis (Hazeltine Corporation):  1 
read your original paper ana I recall you 
mentioned something about making npnrl- 
ments in order to find the damping ratio. 
Yuu mentioned also you u«ed silicone fluids. 
Have you got any method for synthesizing 
prior to testing to get that damping without 
doing any test work ? 

Mr. Winters:  Actually we haven't as yei. 
We used the rule of thumb and we came out 
with a pretty good looking thumb this time, 
but I couldn't guarantee anything beyond 
what we have done already. I am sure that 
some relationships could be browjjht about 
from the amount of clearance vou have, the 
ratio of the clearance between your cylinder 
and the wall and the viscosity of the fluid 
uiMi you are usiiig. 
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A PRACTICAL APPROACH 

TO SHOCK MOUNTING 

W. G.  Soper 
Lot Ahuno« Scientific Laboratory 

and 
R. C. Dove 

Ünivcnify of New MexAco 

In the design of «hock-rnountiig syatem« it ia deai^ble, if not man- 
datory, to have analytical mean« for evaluating different materiala be- 
fore a (iiU-gtalc device is built ana ceated. Unfortunately, mathematical 
analysis is often difficult. This paper describes an approximate method 
for solving shock-mounting problems. Application is illustrated by 
examples, and experimental proof of its validity is g<v«n. 

INTRODUCTION 

The practice o( shock-momting fragile 
components is becoming increasingly com- 
mon in today's technology. In the ooslgn of 
shock-mounting systems it is desirable, if 
not mandatory, to have analytical means for 
evaluating different materials before a full- 
scale device is built and tested. 

Unfortunately, mathematical analysis of 
the problem is hampered by several factor». 
First, there is a scarcity of data on the dy- 
namic behavior of available materials, par- 
ticularly tnoae which ere rate-sensitive. 
Second, even if data are obtained, it is very 
difficult to express it in analytical form. 
Also, the relationships between such vari- 
ables as stress, strain, and rate of strain 
are usually nonlinear and create serious 
mathematical difficulties in the solution of 
problems. 

This paper describes an approximate 
method for solving shock-mounting prob- 
lems. A procedure is given for experi- 
mentally determining the dynamic stress 
law of a material. The law is expressed in 
graphical form with no attempt being made 
to write it as an equation. A plausible 

estimate is mads of the state of «irain in the 
material of the shock-mounting System. This 
strain state, together with the stress law, is 
used to calculate the response of tbe syitem 
to any applied forcing function. The differ- 
ential equations are solved by numerical 
procedures. 

Application of the method is illustrated 
by cAituipie«, and experimental proof of its 
validity is given. 

By using this method, a sufficient number 
of examples have been solved to determine 
how the cushioning effectiveness of » given 
material will be altered by such variables 
as cushion thickness, mass supported, dura- 
tion of loading pulse, etc. This information 
is present in graphical form. 

DEFINITION OF PROBLEM 

Figure 1 illustrates the problem under 
consideration. A rigid case experiences an 
acceleration pulse ä(t), where t denotes 
time. Within the case is a rigid mass n 
mounted in a flexible material. It is desired 
to calculate the acceleration response a(t) 
of the mass. The purpose of the calculations 
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r-6Wo«t CUSHION 

Fig. 1 - Shock-mounting system 

is, in most aispllcsuions, to select a material 
which will jive the smallest peak value of 
•(t). 

In general, the problem involves large 
deformations of a material of complicated 
shape and unknown stress law. Certain 
simplifications concerning the state of 
strain In the material are necessary before 
the analysis can proceed.  Conditions will be 
placed on the problem to insure that each 
material element e is in a state of approxi- 
mately uniform compression and shear.  If 
variation In strain state occurs from one 
element to another, it must take place 
slowly, that is, only over distances compar- 
able to the over-all system dimensions. 

It will be assumed that the material 
thickness everywhere is small compared 
with the dimeneions of the system.  This 
requires the strain to be approximately 
constant through the thickness of the mate- 
rial, at least under static loading. This will 
also be true under dynamic loading if the 
magnitude of the strain waves is small com- 
pared with the maximum strain attained. If 
there are free surfaces of the material, such 
as around the cavity c in Fig. 1, the strains 
m the neighborhood of these surfaces may 
violate the above conditions. The dimensions 
of this boundary region will be comparable 
to the material fhipirnpse h..w^,„- «-J M.- 

effect on the problem as a whole will be 
insignificant. 

The material thitkneas can vary from 
point to pclat, but variations must occur only 
in dlstsnces comparable to over-all system 
dimensions. 

In Ute special case of compressive or 
tensile loading of a material exhibiting neg- 
ligible Poisson effect, the condition on the 
material dimensions can be relaxed some- 
what.  Since no strains tend to occur in direc- 
tions perpendicular to the direction of ap- 
plied strain, ear.h matprlnl element acts 
independently of the elements adjacent to ii. 
No strain deviation nnar free surfaces oc- 
curs, and the requirement of large lateral 
dimensions of the material can be dropped. 
The system dimensions perpendicular to tlie 
material must stiil be large compared with 
the material thickness, however. 

Th(? writers have found that many mate- 
rials useful in shock mounting exhibit little 
Poisson effect.  The fact that such materials 
behave the same whether confined or uncon- 
fined makes their performar.ee more predict- 
able and simplifies the task of obtaining ex- 
perimental data on their dynamic behavior. 
TWo point will be discussed later. 

Figure 2 depicts the assumed state of 
strain of the material for points sufficiently 

66 

jfrm 



CASE 

CUtHIOHM \ V/ 

^ X    ^t   SIN   • 

OAtC 

-SHOCK OMHION 

eUMIONEO MASS 

Fig. 2 - AsBumed   state of strain 

far from free surfaces.  For an arbitrary 
displacement, consisting of translation and 
rotation of the mass m within the case, the 
displacement of any boundary point p with 
respect to the case can be calculated. This 
displacement is denoted by i    The normal 
to the material surface at the point p mikes 
an angle o with the direction of x.  As k con- 
sequence of the displacement i, the material 
element at point p receives a comprebshe 
strain of« » (« coi i9)/h and a shear strain 
of y - (x sin e)/h, since the material is as- 
sumed fastened to both the ceae and tht masH. 
The rates of change of the strains with in- 
spect to time are   e   =  {% cos  0)/\\    rt/id 
y - {% sin ö)/h , Where the dot denotes dif- 
ferentlatioii with respect to time.  Note that 
the definition of the strains rests on the 
previous assumption of uniform strain 
through the thickness. 

For a given displacement, the above for- 
mulas define the strain at every point in the 
material.  If the stress law is known, the 
stress at each point can be calculated. The 
stresses can then be mttUMd to give the 
total force and moment oi> the mass. 

Simple stress laws and geometries can 
bR treated analytically, for example, con- 
sider a material of constant thickness h 
surrounding a sphere of radius R.  Let the 
sphere-material interface be frictionless. 
so that no shear occurs. Assume the stress 
law o = Et T ce, where o- denotes compres- 
sive stress and the quantities F. and e are 
constants. The total force for a uniform 
translation x is 

f(x) 
it 

0) 2"lr sin 6 cos 6 66 

f 2T7R2 sin Ö cos 64 # c»s t^ + ^ cos öj dt< 

iirV 
3 ' H-j) 

Because of the symmetry of the problem and 
the absence of rotational displacement there 
arc no moments, and the force f(x) is par- 
allel to the displacement x.  It is seen that 
the force is given by the product of the stress 
at the point ö = o and two-thirds of the pro- 
jected area of the sphere.  Note that the in- 
tegration occurred over only one-half of the 
sphere, since the material was assumed not 
fastened to the sphere. 

When the stress law and/or the geometry- 
are complicated, direct integration is im- 
possible and further approximation must be 
made. For example, when the problem is 
axially symmetric, the surfaces of revolu- 
tion can be replaced by series of conical 
segments, each segment having associated 
with it an average material thickness. Strain 
and strain rate are then constant over the 
surface of each segment. The contributions 
of all segments can be added to obtain the 
total force on the mass. This is illustrated 
in the sample problem in the Appendix. 
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DETERMINATION OF THE 
STRESS LAW 

A stress law Is defln3d hsrc as a rela- 
tionship between the two functions Btrese and 
strain and their time derlvaMves.  Funiliar 
cases are (1): 

Voigt oiudel 

o +Kä = ci 

CT + KÖ   -   E<   + C c 

V«* 

standard linear model. 

To date, the writers have InvestlpUed the 
dynamic behavior of materials under com- 
presaive stress only. It has been found that, 
for every promising material tested, the 
stress cpi> be satisfactorily represented lor 
purposes of response calculationo as a func- 
tion only of strain anu strain rate.  This is 
damonatrated ad follows:  Samples of mate- 
rial are placed on a rigid foundation and com- 
pressed by a falling mass.  Acceleration of 
the maes during the impact is obtained by a 
crystal accelerometer. Under the assump- 
tion of negligible Polsson effect, the stress 
is taken to be uniform over the sample area 
and is calculated as a function of time from 
the acceleration curve.  Strain rate and 
strain are obtained from the first and second 
integrals of acceleration, respectively.* 

Regarding strain rate as a function at 
strain, each drop is represented by a trajec- 
tory on a strain rate vs strain chart, Fig. 3, 
solid lute.  TIM; initial Impact occurs at zerc 
strain and at a strain rate given by Impact 
velocity divided by material thickness. Com- 
pression then proceeds with decreasing 
strain ra^e and Increasing strain.   Termina- 
tion of compression occurs at zero strain 
rate and maximum strain.  Associated with 
each point on the trajectory is a known value 
of stress.  This is Illustrated in Fig. 3 by a 
few discrete stress values. 

It is quite easy to perform a second drop 
on the same material such that the trajectory, 
dotted line in Fig. 3, will cross the first tra- 
jectory.  This is accomplished by using a 
heavier mass and a lower impact velocity. 
At the point common to both trajectories, 
both material samples have the same strain 
and strain rate, but different strain histories. 
Also, the point is reached at different times 
for the two samples. If the stress is a function 

»An iiternate method for obtaining atrega. 
strain, and strain rats from such drops is 
disci ssed in a previous paper (2). 

Fig. 3 - Strain vs strain rate 
for simple drop tost 

only of strain and strain rale, the stresses 
in the samples should be equal at the com- 
mon point. 

The writers have found that this is ap- 
proximately true for a large number of ma- 
terials over all values of f and i that are of 
importance in the impact problems being 
considered.  It must be emphasized, how- 
ever, that each new material must be checked. 

When a material has been proven to have 
a stress law involving only strain and strain 
rate, the law is represented on an "isostress 
plot," Fig. 4.  Here, the data obtained in the 
tests described previously are used to plot 
lines of constant stress in strain, strain rate 
coordinates.  This is accomplished by draw- 
ing in a large number of e -1  trajectories 
and connecting with a smooth curve all tra- 
jectory points having the same value of 
stress. Sufficient curves are drawn to in- 
sure that the stress value for any point («, e) 
can bt' accurately obtained by interpolation. 
At low valuer of strain rate, where the drop 
test data becomes inaccurate, a cam-driven 
device described in the literature (3) is used. 

If a material exhibits significant Polsson 
effect, the data for the isostress plot should 
be obtained from laterally-confined samples. 
In this manner, the conditions experienced 
by the material in actual use will be most 
accurately duplicated. Lateral confinement 
can be easily introduced by placing the ma- 
terial specimen in a snugly fitting metal 
ring.  The inner surface of the .üig should 

. 
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Fig. 4 - Isogtre»» plot 

be smooth and well-lubricated tc minimize 
friction.  Confinement can also be obtained 
by compi esbing the sample between rough 
surfaces, the sample thickness being smal! 
compared with its other dimensions.  Under 
these circumstances, only a negligible 
lunount of material is free to expand laterally. 

The cateo-ory of materials representabie 
by an Isostress plot Includes the Voigt model 
as a apeciai case. The plot (or a Voigt ma- 
terial is a family of parallel straight lines 
with negative slope. The Maxwell and stand- 
ard linear models Involve rute of stress and 
are not included in this category. 

x( t) ■ acceleration of inner component 
relative to case 

f = force on inner component,, positive 
in direction of negative x 

m ■ mass of inner component 

a( t) > absolute acceleration of inner 
component, positive in direction 
of positive i(t). 

The subscript n will denote a value at the 
end of the nth time interval. An(a,x,...) ■ 
change of corresponding quantity during >ith 
time interval. The initial conditions are 
x(0)  i K0,  i(0) = i0. 

The formulas used are: 

Ax =  n At 2 

Xn cos e 
h 

"■n 
sin e 

n- 1 n 

X_  COS  6 

At 

h 

f „ T "i^ a„ - x' ) n n        r\' 

VI"  "  xnU 

'n^' ""-"n 

«n  + &ll+l«  = «n + l 

The expressions involving Anx and Anx are 
approximate for finite At but become exact 
as At approarhes zero. 

CALCULATION OF RESPONSE 

While the foregoing principles are appli- 
cable to problems with multiple degrees of 
freedom, the writers have to date dealt only 
with sinKle-degree systems. 

The numerical procedure chosen for solu- 
tion of the problems was selected for its 
rapidity and eas« of comprehension.  To 
begin, the time scale of the iipplied pulso is 
divided into a number of finite intervals At. 
Let 

5(0 = case acceleration 

x( t) » displacement of inner component 
relative to case, positive in direc- 
tion of negative ä(t) 

x(t) = velocity of inner component rela- 
tive to case 

The procedure for uelng these equations 
in a step-by-step solution of the problem is 
illustrated by the operations neceasary to 
pass from the nth time interval to the n + 1 
time interval:  oven the values xn, xn, x 
and intll estimate a value of xn+1. Calculate 
An+1x and Antjx, and from these get xnti and 
intl. When xnti and xn+1 are known, en+1 

and vnt j can be calculated at every point of 
the material.  The isostress chart then gives 
the stress over the body. These stresses 
are summed in the direction of -x to give 
fn+]. Using this fnti, calculate 

fn + ] 
lntl Vl 

and compare with the estimated value. If it 
is not close, use the xrif. which was calcu- 
lated for an improved guess and repeat. 
This method of succegaive appruximiukuiB 
converges very rapidly.   In fact, an ex- 
perienced computer will often make so 
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accurate a flr.«t estimate tha   further ap- 
proximations are not necessa -y. 

To avoid erroneous answe;    resultinp 
from time Intervals being tjo , irge, the 
calculation must be repeated v tth a smaller 
interval,   ihe response «(t) s ould agret 
well wiUi the first calculation.  If it doeo not, 
the time Interval must again tx reduced, and 
so on. 

In practice, it is found that   ven very 
coarse time meshes give satis artory results. 
This la due In part to the fact \ lat good shock- 
mitigating materials give hlgK:; damped re- 
sponses without rapid fluctuali no and steep 
slopes.  It follows that only a f w mesh points 
will accurately represent such [uaciions.  It 
has been the writers' experien e that for 
smooth forcing functions such , 9 lalf-slne 
pulses, 1 dozen mesh points w' I f;ive good 
accuracy. 

The numerical procedure At «cribed above 
is well suited for use by semis illed person- 
nel.  The operations can be ind cated In tab- 
ular form and performed quick y. It was 
found that an Individual can plo  mi many as 
10 to 15 responses per day for i problem 
involving a flat geometry and h If-sine forc- 
ing pulse.  More complicated g onetrles 
require more time. 

A sample calculation of the   esponse of a 
spherical maas mounted In cus! loMng ma- 
terial of varying thickness is g ven ir. the 
Appendix.  This calculation iUu itrates all of 
the operations required to solvi   1 problem 
with nonplanar ^tometry and ore deifree of 
freedom. 

COMF>RISON OF THEORY 
AND EXPSRIMENT 

To ascertain the value of the method de- 
scribed In this paper, a number of experi- 
ments were performed and the   esults com- 
pared with computations.  The ( rop vehicle 
used in the tecto corislsted of tv 0 maflses, 
one wltbm the other.   T^e Inner m&ar was 
separated from the outer by a tiin, uniform 
Ijiyer of cushioning material.  'Iwo /geome- 
tries of the inrer maas were us id, a right 
circular cylinder with material on the plane 
lower «id and a sphere with material cover- 
ing the lower half. 

Since dynamic shear and teru ;lon have not 
jret been investlguted, these def irmations 
were excluded from the test by 10t gluing or 

otherwise fastet ilng the material to the inner 
mass. Of cours k in the case of the sphere, 
a small amount cu shear must have resulted 
from sliding friciuon between the mass and 
the material. 

The vehicle wa'p dropped on an elastic 
block, and the acceleration-time functions 
were recorded froth both masses. The ac- 
celeration of the oMter mass and the isostress 
plot for the mountiij g material were used to 
calculate the reepo, tee of the inner mass. 

Figure 5 shows ;he comparison of experi- 
ment and calculate «s. The curves labeled 
a are the case ace sleratlona.  The solid 
curves labeled a s ;e the measured responses 
of the inner mass    The dotted curves are the 
calculated respor jes. The diagram on each 
plot indicates the geometry used. It In seen 
that for both geo< aetries the corrbliation be- 
tween theory atu experiment is satisfactory. 

THE INFLUENf E OF PERTINENT 
VARIABLES 

In the usual 
ing material i3 
dimensions an 
delected so tiwe 
pulse on the cu 
compression \i 

kslgn problem, the cushion- 
not specified and the cushion 

I siot given. These must be 
resulting acceleration-time 
«hioned mass and cushion 
ill be acceptable. 

Problena r'»' this type may be solved by 
using the metl od just developed only thiinigh 
trial and erro r. That is (1) assume & mole- 
rial and cmh m dimensions; (2) solve the 
problem; (3) if results are not satisfactory, 
make new ? sumptions and resolve the prob- 
lem «atU th 5 results are satisfactory. Since 
this metttx t is time-consuming, a better 
understsn«/ing of the effect of tiv. pertinent 
variablas m the response is needed. 

Since .: jio cm be saved lit the number of 
variat le i is reilwced by groupii.g them into 
nondi ae. isionai terms, the following analysis 
has bten Wade.  The vas-i^cOles considered 
are &> fo. lows: 

(a) Cu,ihioa thickness, h, 

(b) Majjnitude of cushioned mass per unit 
area af cushion, m/A, 

(c) The nature of the acceleration pulse 
applied to the case, a(t). 

The acceleration of the cushioned maws at 
any time can be written as: B = t(i,h,a/k,<r,t), 
in which 
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»HOCK CUSHION 

•eUtNIONf 0 MAU 

1 '-SHOCK CUSHION 

Fig. 5 - Comparison of theory and experiment 

a = tue acceleration of the cushioned 
mass, 

a = the acceleration of the case, 

h = the thickness of the cushion, 

m/A * the mass per unit area of cushion, 

a = stress, 

t = time. 

Grouping these quantities as dimönsloniess 
terms we have 

Likewise: 

n _      /at2     ma\ 

x =  f'(a, h, m/A, a, t), 

where x = the displacement of the maas rsls 
tive to the case. Again, by grouping Into 
dlmeusionless terms: 

,/at2     mä\ 
\ h   '   Ac/ ' 

K a' and ä' are now used to denote the 
maximum values of the BUMS and case 

acceleration, it Is seen that with the time 
scale and shape of applied pulse fixed, and 
for a given material, we may Investigate tl« 
effect of the other variables on a' by plotting 
ä'/a' V8 mi 7* for a range of values of a'/h. 
Likewise the effect of the variables on x' 
may be investigated by plotting x'/h vs ma'/A 
for a range of values of ä'/h, where x' now 
denotes the maTimum relative displacement. 

The curves presented as Figs. 8, 7, and 8 
have been calculated for an applied pulse 
defined as a half-sine. The isostress dia- 
gram for a mixture of polyrubber and stafoam 
which was used in these calculations Is pre- 
sented in the Appendix.  This material was 
selected since Its isoatress graph is typical 
of those for foamed plastics. These curves 
are the result of the solution of numerous 
problems by using the method previously 
described. 

On these figures the term "isolation fac- 
ior" yR) lä used as the ratio ot tue maximum 
(or peak) case acceleration to the maximum 
acceleration of the cushioned mass. The 
displacement of the mass Jrelative to the 
case, x', appearing on these figures is the 
maximum value,  values of R greater than 
unity indicate that some attenuation of ac- 
celeratlüri has been achieved. The greater 
the value of R, the greater this attenuation. 
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_/       APPLIED »CC, PULtE 
Q. 

SINE 

tOOO    TIME 

a,LUL 

500 1000 1100 

^ w 
Fig. 8 - Isolation factor (R) vs unit loa.ling 

Inspection of these curves reveals that if the 
»uppoi led rnasö per unit area of cushion, m/A, 
is either too small or too large, the value of 
R may be less than 1, i.e., the cushion pro- 
duce» an amplificaiion of the applied pulse. 

It is important to recognize that the 
grouping cf variables used here is not re- 
stricted to materials expressible by an iso- 
strese plot.  This scaling includes any ma- 
terial whose stress law is a function only of 
strain, time, time derivatives of stress and 
strain, and time integrals of stress and 
strain.  For purposes of calculations, how 
ever, we must restrict ourselves to mate- 
rials represented on an isostress plot, i.e., 
those whose «tress law is a function only of 
strain and its first time derivative. 

Another point of interest is that these cal- 
culations can be made for nonplanar geome- 
tries and plotted in exactly the same manner. 
It is only necessary to define A as some area. 
e.g., projected area of the body. The plotted 
curves will, of course, apply only to geomet- 
rically similar systems. 

CONCLUSIONS 

A method has been presented for solving 
shock-mounting problems for which the ma- 
terial stress law depends only on strain «und 
strain rate.  The usefulness of this method 
has been demonstrated by experiment for the 
case of compressive loading of the material. 
The application of the method to problems in- 
volving shear and tension should be the sub- 
ject of future research. 
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APPENDIX 

SAMPLE CALCULATION OF RESPONSE 
OF A SPHERICAL MASS MOUNTED IN 
CUSHIONING MATERIAL OF VARYING 
THICKNESS 

Problem 

Determine the acceleration of the sphere, 
Flg. Al, as a function of time. The material 
ihickness varies linearly with angle trom 
0.25 inch to 0.080 inch, or h * 0,26 - 0.346/^ 
The isostress plot is provided, Flg. A2. The 
case acceleration is a half-sine pulse. Fig. 
A3. The initial conditions are x0 « 0, iG » 0. 

First divide the sphere into conical seg- 
ments, for which strain and strain rate are 
constant. Three segments will be used, Fig. 
A4. The edges of the segments are circles 
on the surface of the original sphere. The 
material thickness for each segment is the 
value associated with the center of the angu- 
lar range of the segment.  K h,, h3, h„ are 
ths three thicknesses. 

C'25 " ~   IRÖ77 = n"2 inch, 

h3 = 0.25 - 

180 

0,34   i5_. 
77       180 0.16S   inch, 

h8B0.ai.^ ft. = 0.108 inch. 

The notation of ths paper will be used. Let 
superscripts refer to the segments.  Thus, 
«< ) is the compressive strain in the second 
segment at the end of the nth time interval. 

n n    0.222 "" xn ■ 

((2) s        co» 45° : 4 M x 

t(3) - „    c"» 75° , , 40 
n "    0.108        ^•,u "r ■ 

n n      0.222 ,■•5:,   Xr.  ' 

t(2) = 4.29 i   , 

r(3)   r   2.40   i 

-CUSHIONED MASS 

rSHOCK C!'8M!ON 

Fig. Al - lilustrative problem 
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Fig. A3  - Applied puloe and response of sphere 

The surface area« of the segments are 
26.4, 72.0, and 98.5 square inches for seg- 
ments 1. 2, and 3, respectively. 

B cr*1), a*8), andoi3) are the stresses 
corresponding to the strains, the total forces 
on the segments are: 

Segment 1: 26.4 CT^ 

Segment 2:  72.0 cr<2) , 
n 

Segments:  98.5 CT(
3
) . 

n 

However, only the components of these 
forces parallel to x affect the motion of m. 
The components in the direction opposite to 
x are; 

26.4 aC1) cos 15° = 25.5 o-C1) 
1 n 

72.0 a(2) cos 45'' = 50.9 CT(2) 
n n 

98.5 a(3) cos 75° = 25.5 a(3) 

Finally, the total vertical force on the 
mass is 25.5 t^1) +50.9 CT(

2
) + 2S.5 <T(3) = f 

For the first calculation, let the time 
interval, At, equal 50 x 10-6 sec. The ini- 
tial conditions are x0 = o, i0 = 0. All strains 
and strain rates are therefore zero at t a 0, 
The total force f0 OK the mass is zero and 
the case acceleration 50 is zero.  The quan- 
tity x0 = a0 - (f0/m) is therefore also zero. 
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USHIONCO MASS 

Fig. A-t - P.eplacenient of tpbere by conical segmerts 

GueflH 

^ = 158 = 5750 --^j- 

Ad a second guess, choose 

ij = 1040 g i 401,000 

i = o. 145 -iH- 
1 SPC 

,iX B Li™*  (50)10-« 

^ . 9 *  °145 (50)10-6 r 3.62 x lO"8 in 

A^ = 0.145 — 

xj = 3.62 x lO"6 in. 

»(») = 4.3S(3.62)10-6 = 15.7 x  lO"6 

e(2) - 4.29(3.62)10"6 = 15 5 x lO"6 

t13) - 2.40(3.62)10-6 = 8.68 x 10 

e^1) = 4.35(0.145) = 0.631 sec"1 

-1 

-6 

e(2) = 4.29(0.145) = 0.622 sec 

e<3) = 2.40(0.145) = 0.348 sec -1 

Reference to Fig. A2 shows that the 
stresses o^, crW, and ^3) are essentially 
zero.  Therefore f i = 0 and x, is calculated 
to be xj = S, -■ (f,/ni) = 0.259(4000 g) = 
1040 g, quite different from 15 g. 

.  = 0_t 401 000 (S0)10.6 = 10 0 in, 
1 2 »ec 

0 + 10.0 Ajx r. 2'"-" (50)10-6 z (2S)10-5 in 

e^1) = 4.35(25)10-' 3 (1.09)10-3 

£(2) r 4.29(25)10-'' = (1.07)10-3 

-3 ej3) ■-■ .■;.40(25)10-5 = (0.600)10 

i. = 0 + 10.0 =  10.0 -- 1 sec 

Xi = (25)10-5  in. 

e^1) = 4.35(10.0) = 43.5 sec"1 

gj3) = 4,29(10.0) = 42.9 sec'1 

e(3) = 2.40(10.0) = 24.0 sec"1 

Figure Al again gives stresses equal to 
zero.  Therefore f j = 0 and xl ■ 1040 g, 
ix " 10.0 in./sec, and xj = (25) 10-5 in. sat- 
isfy all equations. The absolute acceleration 
of the mounted mass is f /m. For the end of 
the first interval, fj/m = 0. 

For the second interval, guess 
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i:3 s 2000 g = 773,000 ^5 in. 

^ 3 «1.000; 773.000       .t s ^ 4 ^ 
* sec 

V   i00:394- (50)10-» =(1.24)10-3 in. 

«f1' = 4.35(1.49)10-3 . (6.4J«)10-3 

^a> = 4.»(1.49)10-3 = (6.4O)10-3 

«J«) - 2.40(1.49)10-3 = (3.58)10-3 

i. » 10.0 + 29.4 : 39.4 — 
• sec 

xj = (25)10-5 t (1.24)iU-3 . (1.49)10-3 in. 

«j  ) -- 4.35(35.4) =  171 sec"1 

«<2' = 4.20(39.4) = 169 sec'1 

^3) = 2.40(39.4) -. 94.6 sec'1 

Figure A2 gives approximately 

^ * 10 psi ^2        -    10  psi ff,. r   0 

f, « 25.5(10) + 50.9(10 + 25.5(0) 

n255 + 509 = 764 ]b 

Xj(calculated) -I-.-I- 2000 - 1Q 
m 56 

= WOO - 14 = 1936 g - 767,000 

This is sufficiently close to the 2000 g 
estimate. The absolute acceleration, a,, of 
the mass at the end of the second interval is 
14 g. 

For the third interval, estimate 

X3 = 2700 g = 1,040,000 -i^_ 
sec 

767 + 1.04 
^ _(S(>) = 45.3 i^ 

V = "'^ }      ^ (50)10-6 = 0.00310 in. 

e^1) = 4.35(0.00459) - 0.0200 

e(2) = 4.29(0.00459) = 0.0197 

eSp - 2.40(0.00459) = 0.0110 

i, - 39.4 + 45.3 = 84.7 ÜL J sec 

X3 = 0.0014!» I 0.00310 E  .00459 in. 

e«1) = 4.35(84.7) = 360 sec-» 

«<2) -- 4.29(84.7) r 363 sec"1 

<<3> - 2.40(84.7) = 203 sec"1 

From Fig. A2, 

.(») . .;       ,{») a1,1' » 50 p^i     ^J> = 50 p,i     trj*' = 25 p.i 

fj = 35 5(50) + 50.9(50) + 25.5(25) 

=  1200  \ 2550 + 637 = 4467 lb 

x3 (calculated) = 2830 - ^ -  28«) _ 80 
56 

2750 g = 1,060,000 in. 

This is sufficiently clcse *n the eHimate 
rA 2700 g. 

For the fourth interval, estimate 

in. if4 = 3300 g = 1,270,000 — 

V = 1^.AJ!(50) = 58.3^ • sec 

A4x = 5i-7J-l^ (SO)10.6 = 0>0056g ^^ 

t^ = 4.35(0.0x03) = 0.0448 

e.(2'  = 4.29(0.0103) = 0.0442 

f(3) = 2.40(0.0103) s 0.0247 

i4 = 84.7  1  5Ö.3 =  143.0 =1 
sec 

x4 = 0.00455 + 0.Ü0S69 = 0.0103 in. 

e^1' =  4.35(143) = 622 sec"1 

£(2) - 4.29(143) = 615 sec-1 

t^3) = 2,40(143) = 343 sec"1 

From Fig. A2, 

a'^ -- 160 psi      a(2) =  155 psi      a(3) = SOpsi 

f4 = 25.5(160) + 50.9(155) + 25.5(50) 

= 4080 + 7900 + 1275 = 13,255 lb 
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13 255 
x4  (cslculated)  a   3460 -       i»— 

s  3460 - 237  -  3220 g 

Although this is quite close to the uaumed 
T-alue o( 3100 g, a secocd ayprcsiasation will 
be calculated for Illustrative purposen: 

Estimate 

i4 s 3220 g :  1,240,000 i2L 

.   .       I.Ü6 +   1.24    f                ,  in. 
i4x i  .  (.50) _ 57.,i   

H4   7   *   147 
A4x = —'    2 (50)lu 6 s 0.00567 in. 

x. = 84.7 +  57.5 -   142 -~ 
< see 

x. = 0.00459 + C.00567 - 0.0103 in. 

Clearly, the accurary of the isostresa 
nlot   if)   nr>»   anffU-tont   »n   inHdatp   »nv   Hlf- fr --        1-.     .7-1..^       T. ,      _  _w         

prente between f4 (or this case and the 
previous f4. The calculated value of i4 

Is therefore 3220 g,  the estimrted value. 

The calculation for the remainder of the 
tuuc Intervals proceeds in exactly the same 
manrer.  When the calculation has been 
completed, the time Interval must be re- 
duced aitd the calculation repeated to asmire 
that the answer is accurate 

The response for this problem is also 
shown In Fig. A3.  The quantity plotted is 
«(••', the absolute acceleration c4 the cush- 
ioned mass.  It Is seen thtt, in this example, 
the cuskionlng material araplifles the ap- 
plied pulse. 



SIMPLIFIED APPROACH TO DESIGNING SHOCK 

ISOLATION FOR THE ROTATIONAL DROP TEST* 

Gordon S. Mui'rn1 

Douglai Aircrait Company 
SanU Monica. California 

Previomly pubhihed pape-i (1,^,3,4) 01: tae rotitioual drop teit ap- 
pear tc bo anal/ici of exlitlag deiigna or require certalri unwarraated 
anuinptioni concemlcg diatrlbationn of acceleration!. No eatiafactory 
dengner'a approach to the use of nonhiear cuahioning material« for 
'otatioci.l drop test cuahioning has been :'ound in the Literature. This 
papor simmarites an approach found t > be useful in designing with 
»hock mount« and rover« an extenaion of the method to tangent elasticity. 

THE ROTATIONAL DHOP TE8T 

Consider the situatlou «hown In »ciiematlc 
form in Fig. 1.  The pivot end la on t block 
h2 Inches «bove the floor, and the opposite 
end is raised some «pec    -a neight u1 inches 
above the floor.  The designer's objective is 
to control the acceleration, G , some dis- 
tance Xj inchea away from the e.g. or x2 

inches from the pivot point.   Usually the 
point at which G^ la to be controlled is the 
Impact end of the contents.   Natural Jrequen- 
cles of the final design must also be ron- 
bidered. 

It is reasonable to zzi H,~i   iU. 

tainer detiigner is given maximum values of 
acceleration and firm values on geometry, 
weight, and moments of inertia (or prefer- 
ably radii of gyration) concerning the 
contents. 

Height of drop of the center of gravity is 
given by 

'■{H'^^-fZ)-* 

In the special ewe where 
ample in a tip over test) 

o (as for ex- 

h = Mf 
>i     »i     ,/      h, (2) 

Most conveniently, the approximate formula 

-L-hi (3) 

Is sound for preliminary design    Both Eqs. 
(1) and (2) require assumptions concerning 
a specific value of can be most con- 
veniently aetermined quite accurately by 
designing tor the end impact condition first. 
(This latter Is almost mandatory for cushion 
packs.) 

TBE RATIO M 

Use of the energy method leade to an ex- 
pression for the ratio A total deflection at 
the end to translational deflection normal to 
the base at the center of gravity which, for 
convenience, is dübbed M: 

f This paper was not prsasnted at the Symposium, 
TCurrent Address:   Reed Research, Inc., 1048 Potomac Street, N. W. Washington 7, D. C. 
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Fig. 1 - The rutstional drop teit 

dT d8 

d, d, > 
Vbli 

fit I 
= 1 +Xj sec öj 

where 

■ i ♦ 
X3R1 

2 mi (4) 

KT » tranaLitionkl spring rate, 

l| ^ rotation»! aprin^' rate. 

In the pperlal cune where three-fold sym- 
metry can be obtained (and note that the de- 
aigner is almost invariably forced to at least 
two-fold symmetry to achieve tbe pleasing 
appearance of the contents riding level), the 
ratio K?/KT x 3 and Eq. (4) becomes 

M ^ 1 + "a«! (5) 

This special case teaches certain prac- 
tical limits to the value of M.  Thus xa will 
rarely exceed x3 because excessive cube 
would be lost. Similarly, limited experience 
indicates that rotational natural frequency 
becomes very low when x, is lose than 
(1/3) Rj.  Hence, we can write practical 

designer's limits on tAe value of N (c a 
specific object as 

1  ♦ -i* M * 1 + 3 ~- I, Xj (6) 

which limits may be expected to remain rea- 
sonably valid regardleM of types cf «ym- 
metry involved in the final design. An ever. 
rougher approximation of the range o( M is 
to state that its most probtble value lies be- 
tween 1.0+ and 4.0. Note particularly that 
the limits of M derived above are Independ- 
ent of drop height, spring rate, or allowable 
acceleration. 

USE OF M WITB SHOCK MOUNTS 

Total required deflection at the end can 
be estimated by 

where 

H   - 2h 

R* + R/ 

(7) 

Note that an e&iimate of the value of yj Is 
requi   d. This value is made up of components 



rom the container, tne content*, and « al- 
bwance for movement of the »tern. Since 
SJ *a'«5 R/ tre fairly Urge „umbers 

e-Hm-H,   ! "T1^6 103 0r 1C4' «»Vpto estimatiün la not WBeatlal. A useful preUm- 

•Idorlng the drop M a fiat drop with an 
•rbttrtry «ddltlotuü «UowMce   If found 
**** ^r ^ ««t «t^, t better ipproxi- 
mttlon doee not Introduce ■pprecltWe deUy. 

tJSS^SÜ ,prln« 'to' "* controUlng element In the desifn, Is glren by 

K, ■ ya|i (8) 
where 

y - for linear elssticlty, 

-^ Ih. 

r and > are consUnts for the problem   A 
r"CB cf ^ m itvaUable through rarltilon '.n 
U   Se ect stock mounti fitting the range, solve 
sq- (8) for a and, If three-fold symmetry Is 
poaslWe, solve Eq. (5) for v  If not possible, 
POns »q. (4) for K,, KT and proceed by trial 
■nd error on the basis rrf fe 
offsets. 

IwB Oi i eastble 

Rtüo of transUtlonal Mcekr^tlon normal 
to bwe to total accelerailan at the end is 
given oy 

G"-^^ (9) 

whare 

sec 9, — 
x2 

'iturai froqueneies are given by 

Vertical: 

Rotational:    f 

3.13^ 
1/KT 

■   R, r KT 

(10) 

(11) 

For three-fold symmetry Ea. (11) Bimplifies 
to 

(12) 

Hi 

and, all taings aRycariug saitsfaciory. the 
design is complete. 

The technique oaülned above wai appUed 
to the probiam enumerated by QoodiU (8) in 
the Quidad Missile Hndbook. 1 was found 
that*, coald vary oetwaen 4S50 fb/in. and 
21,000 lb/in. To maka UM problem the 
fame, it was then aaoumed that the «ily 
•tock mounts available gave iI m 9070 lb/In. 
The result« are summarlaed in Table 1. 

Note that th^re are dtfferencea between 
the two approecbes but most are sttribuhtble 
to inherent slide-rule error. The appeal of 
the method owtllned here Is its need and 
flexiblHty. 

TABLE 1 
Comparison of Prellmbai y Values 

LT a Specific Desigr Problem 

Maximum Deflec 
tloii, In. 

Deflection at 
Mount, in. 

Deflection at ca.. 

Mount Spacing, in 
Acceler^lon at 

e.g., g. 
Vertical Natural 

Frequency, cpe 
Hoütuoiw Natural 

Freqi'ency, cps 

MBTOLIN VS JAN88EN 

H the same simple technique found for 
linear elasticity could b- apphwi to certain 
classes of nonlinear elaaUcity, deslpj^wculd 
be greaüy simplified.  Before enterln« into 
^^.^H.a oi ui« routionai drop, however 
U U expedient to compare the two main     ' 
streams of cushioning theory to demonstrate 
their close relationship.  For simpUcity the 
comparison will be maie by using the fia» 
drop test first.  The comparison estabilshed. 
we will proceed tc the rotational drop. 

It will oe recalled that Mindlln's clauslc 
paper (5) deals with specific initial spring 
rates of materials. From this ha derives 
an expression of the optimum initial stiff- 
ness. Janssen, ip effect, deals with another 
cnaraaemtic (called Jopt) of the stresii- 
strain curve c! a material, at which the 

1 

I 
I 

"9* 

'MM*r- '.rKttmcnn 



energy stress ratio is minimised. It lias 
been clear for some tixue that tbe two work- 
ers were talking about two different proper- 
ties of the same load-deflection (stress- 
strain) curve. What has been tacking, 
heretofore, it a clear bridge between the 
two techniques. 

To illustrate, Uindlin stetes that mini- 
mum bottoming deflection. db, in tangent 
elasticity is given by 

3.9h 
(13) 

Janssen's theory, tn its latest (ivelcpmente 
(6), states that minimum thickness is given 

Oi 

(14) 

where c is the cushion factor. * Now, If we 
set •,, as the bottoming stress in a given 
material, it is obvious thi! 

3.9 h     Ch 
Jm   mb JO (II) 

Or course, the bridge is not ctear yet 
since there are no readily available data 
concerning the bottoming stresses of cush- 
ioning msterials.  Equation (II) only taril- 
cztes that there Is H belöge, not it» dl- 
measlons. 

Mlndlin's equation for tangent elasticity 
can IM written In the form 

,   K TTf l.tffh 
« "      so      AT2 .K

2       (18) 

where 

y' « Initial stiffness, lb/In.3 

A = area of cushion, in.2 

f0 = optimum etrsgH, psi (Janssen's 
Jopt) 

T ■ thickness, In. 

s0 » optimum strain. In./in. 

sb = bottoming strain, in./Ln. 

♦Cushion factor as defined by Jaassen is the 
ratio of stress to energy per unit volume. 

* = weight, lb 

h ■ height of drop, in. 

In an extensive analysis, Yurei'ka and 
Olacobine (7) have shown that t  always oc- 
curs ut .707 ib of tangential materials.* 

Prom this, we obtain 

T .Ch     2.75 h ^ $h 

y   ■ 
.55      fo     1.55»h^5.13fh 
T  i: AT» , A ! rl 

2.82fh « 5.131 h 
Tmr   ~frr~ 

(IT) 

that 
In tangent elasticity, It has been shown 

2 
Tub d_ = 4dk cos'1 

(18) 

where 

d,, - actual deflection, 

db ■ bottoming deflrcuwi, 

i ■ ratio dydb, I.e., the Election which 
would occur if inllial spring rate re- 
mained constant to the bottoming 
deflection of thst material with the 
same spring rate. 

Since 

■jm 
. fo ■ h 
» K: 

(tö) 

The value of do/db for optimum Initial 
spring rate, initial stiffness parameter or 
best f0 value is given by 

1 = Vrr = c.803, <20) 
and the value of z for any stiffness parame- 
ter differing from the optimum value will be 
given by 

*For the equally common algebraic elasticity, 
thoy have shown s0/sb = 68.4%. 



.8Mf^= .808^= 803 ff (21) 

where K, y, aad f are the significant stiff- 
ness parameters of the material actually 
used. 

Now, Mlndlin's K^ la defined U9 optimum 
in a restricted sense, i.e., as the initial 
spring rate using as much of the aTallsble 
space as feasible without encountering ex- 
cessive multiplication nf acceleration from 
the effects of bottoming. It is obvloug that, 
once thickness is fixed by some means, it is 
not AsaenUal that only K' material be used. 
For example, a material with considerably 
greater stiffness parameter could ta used 
with the logical limit being the initial stiff- 
ness which would cause the material tc 
behave as though it ware linear throughcut 
the range of deflection required.  Simple 
rearrangement produces 

K . y     .  f max*   'max       max 2-45 (K', y'.f) (22) 

When 2 - 1.0, Gn is twice what it would 
be for linear elasticity of the ssune initial 
spring rate. Above ■ > 1.0 the multiplica- 
tion factor rites so rapidly as to be defi- 
nitely unwise to use considering material 
variation. Again, simple rearrangement 
produces 

"mln' • in' f-in = o«(K;. y'.fJ^ (23) 

Thus, for a given problem, an envelope of 
icaterials is defined by rioiutior. of Eqs. (17), 
(22), and (28). The designer Is frsc to use 

any particular computing procedure he finds 
convenient and can shift from one basis to 
another at will.  Table 2 summarizes the 
design formulas involved. 

ROTATIONAL DROP WITH 
TANOEWT ELASTIClTy 

Having shown the relationship between 
Mlndlin's methods and the methods baaed on 
Janssen's technique, we are now in a position 
to proceed to the rotational drop test. The 
analogy with the rotational drop with linear 
elasticity is clear.  Hence, using Mlndlin's 
notation, we may write 

2   ^ 
j.9h db = ^r JJ 

K    = yaH' 

3.1 

(24) 

Limits of initial stiffness are given by 
Eqs. (22) and (23).  Basis shifting to the 
Janssen method is givrm by Table 3.  The 
value of z can tben be taken from Eq. (21). 
Ratio of end deflection to e.g. deflecticn nor- 
mal to the base can then be estimated by re- 
arranging the first of Eqs. (IS) to give 

co»     exp 
\    » / 

■"■>(--7)' V     8 M2/ 

(26) 

TABLE 2 
Desip Formulas for Flat Drop »1th Tangent Elasticity 

Quantity Mounts 

Cushions 

Basic Method abort Cut 
Approximatio" 

BottomLng deflection, dh 

Minimum thickness, T 

Optimum initial stiffness 

Best optimum stress, f0 

3.9 h 

.707 db 

sb 

„,      3.1ih 

2.75 h 
öo,so 

,     l.SSWh 
y      AX's' n 

2.82Wh 
AT3o 

5h 

B. 

,      5.13Wh 
y   =    AT2 

S.13Wh 
AT 
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TABLE 3 

Design Formulas for Rotational Drop Test with Tangent Elasticity 

Quantity 

Cushions 

Mounts 

Bottoming deflection, db 

Minimum thickness, T 

Optimum initial stiffness 

3.9 h 

.707 d, 

K„ = raM2 

Basic Method First 
Approximation 

Best optimum stress, f 

3.1 

While the answers to Eq. {?'>) can be ob- 
tained with a log-log slide rule, Fig. 2 plots 
this function tor several valueu of z. Simi- 
larly, the second of Eqs. (18) can be modi- 
fied to express acceleration ratios as 

^ 
s ■ M2 

exp(w) - 
exp m (26) 

s versus M (or several values of z is plotted 
in Fig. 3. 

An estimate of natural frequencies for 
small excursions is then obtained by using 
Eqs. (10) and (11).  Equation (10) can be 
rewritten as 

^=3.13^.2.32/^--3.13/^, 

(27) 

where f, = static stress on the cushion. 

2.78 h   fa_ 

y'  - 7aM2 

1.55 

o 

yaM2 

2.82 

Sh      ^2 

y' = y IU* 

5.13 

A r 

m 

yaU2 

5.13 
AT 

DI.SCU88IÖN 

The preceding section gives a design method 
applicable tj tangent elasticity. As noted, it is 
approximately accurate for algebraic elasticity. 

The method shows that a rather wide range 
of cushioning materials is usable to solve a 
specific design problem. Since drift, perma- 
nent set and static deflection are usually pro- 
portional to stiffness, it is usually better to 
work towards the stiffer allowables insofar 
as economically feasible. 

In actual practice with cushioned packs, an 
uncoupled system aeems extremely unlikely. 
Further, in large containers, thickness and 
area on ends and tops are often entirely dif- 
ferent from bottom thicknesses and areas be- 
cause of differing test conditions and the lesser 
 oj »".v*.wu IB xcuuuuu.   i\jfj «uiu ci:u UUDU- 
ions must, of course, be used in determining 
rotational spring rates and, therefore, estima- 
tion cf Mcelerations, etc., requires one ortwu 
successive approximations. Nevertheless, the 
method still offer» a practical plan of attack 
on an otherwise very difficult problem. 
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THE REVERSE-ACTION SHOCK 

TESTING METHOD 

J. W. Apgar and G. R. Thomson 
Development and Proof Service» 

Aberdeen Proving Ground, Maryland 

A versatile shock-testing method has been developed in which a de- 
flected structural member, such as a euHlavcr, fa auJdenly released. 
At the bottom of the second quarter cycle, the object being t-sted is 
disconnected. Selection of pulse duration is flexible, and the device can 
be designed for testing large items. 

DEVELOPMENT 

In the spring of 1959, Development and 
Proof Services, of Aberdeen Proving Ground, 
conducted hlgh-g low-frequency tests on 
crystal accelerometers.  Greater than 2000 g 
were achieved at frequencies below 500 cps 
by means of a 2 x 3-inch cantilever beam of 
4140 steel heat-treaied to a C-45 Roclraell 
hardness.  A universal testing machine with 
an upper range of 600,000 pounds was used 
to provide both a massive base and a large 
clamping force for the fixed cantilever end. 
Originally, the clamping force was distrib- 
uted through two, large, rectangular, steel 
blocks over a foot of the cantil-ver bar.  Py 
use of this bar the length of the cantilever 
could be varied between 8 and 16 inchee. 
ie&ts conducted at the lö-inch length indi- 
cated a fundamental frequency 26 percent 
below that calculated from the formula 

where f ■ frequency, 
E = Young's modulus of elasticity, 
I a moment of inertia, 
w = weight per unit length, 
1 = length of cantiloyer. 

At first this rather startling difference 
was attributed to 'üie fixed-end conditions of 

the bar.  A fixture was built to distribute the 
clamping force wer four sides of the beam. 
The design, as shown in Fig. !, provided an 
internal space around the beam into which 
could be inserted a filler to distribute the 
force. A 2 x 4 x 36-lnch beam, also of 4140 
steel heat-treated to a Rockwell hardness of 
C-45, was fiibricated for the new fixture. 
Tests on the new cantilever, conducted under 
the same conditions as those on the old, 
reveaied a fundamental frequency 15 percent 
below ti>at calculated.  These differences for 
the two beams are shown in Table 1 for a 
10-inch cantilever length. 

TABLE 1 
Calculated vs Experimental 
Fundamental Frequencies 

Beam 
(in.) 

Fundamental 
Experimentally 

Determined 
(cps) 

i— 

Fundamental 
Calculated 

(cps) 

Dif- 
fer- 
ence 
(%) 

2 x 3 

2x4 

475 

B60 

645 

645 

26 

15 

Other tests followed in which lead and then 
rubber were used as fillers. Clamping 
forces from 1000 to 10,000 psi were applied, 
hi no case was the fundamental frequency of 

8V 
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SIDE 

END 

Fig.   1 - End constricting fixture 
variable  length  cantilever  bcm 

the beam appreciably altered. AB might be 
expected, the damping of the beam was 
somewhat affected b> the end condltlonfl. In 
apite of being completely constrained, rubber 
Fjid lead each exerted an influence on the 
damplRg factor, Wim ruböer exerting the 
most The damping factor also decreaaed 
slightly with increase in clamping load in the 
range from 1000 to 8000 psl. Beyond this 
point, change in load seemed to have little 
effect  Figure 2 and Table 2 show the influ- 
ence of these end conditions. 

SHOCK TESTING 

Although we dld&H account fcr the differ- 
ences between fundamental frwjuencies de- 
termined theoretically tad those determined 
experimentally, we did build fixturee, de- 
velop techniques, and establish conditions 
which couid be used In shock tests. The need 
for a apecUlc type of shock-testlne machine 
arose when we were asked last August to 
shock test a number of tank periscopes In 
accordance with methods described In 

0.Ü5 

K ao4 - 

2 
| 
< 
O 

0.03- 

3 4 9 6 
CLAMPIN0 PRESSURE KPSI 

Fig, 2 - Damping factor vs clamping preseure 
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TABLE 2 

Damping Factors for Various 
Clamping Materials 

rS1!      .-HYDRAULIC JACK 

Clamplne        Damping 
Material    ;      Factor 

Steel 

Uad 

Rubber 

0.093 

0.M8 

007» 

specification JAN-8-44.  Although we lacked 
the equipment described, we were able to uee 
our car.tüevcr setup to produce L"» desired 
shocks.  The requesting group aaked for a 
peak shock of 15ö g durlng a pulse oi approx- 
imately 7 ms.  !f Uie pul»* ii; convt-rted to 
freoaency, »he appfo«jma»e ienglh of UM? can- 
tilever can be determined frovi the formula 

j 
2.-' 

[ 

it w + 

JEIG_ 

140 

where I «- welfht oi test item plus .loldlag 
fixture.  This .'enirth the>i .an be experimen- 
tally adjusted to provide the desiied fie- 
quency. A 7-ms pulse corresponds to a 
7C-cpB frequency, and ISO g correq)onds to 
a ö.3-inch amplitude at this frequency. Thus, 
If the cantilever is properly adjusted for 
length, deflected 0.3 inch, and suddenly 
released, an object represented by w should 
undergo a 160-g peak acceleration. Our 
previous work has produced a sudden-release 
method, which is indicated In Fig. 3.  This 
Involved attaching a bolt to the free end of 
the cantilever and linking the bolt to a 
etrain-gaged drawbar.  The drawbar in turn 
extended through a hollow jack and terud- 
nated in a nut which served as a Jacking sur- 
face=  The hollow Jack was supported by two 
12-inch I-beams which were fixed to the uni- 
Vfifgal tfeStippr machlnp     W<fh fMc KmiiflB> 

ment, the drawbar could be jacked until the 
bolt broke. If measurements of drawbar 
strain vs cantilever deflection held been 
made, then an oscillograph-recording strain 
would have revealed the deflection of the 
cantilever at the time that the bolt broke. 
The cantilever thus set in motion would have 
produced an acceleration trace of the form 
shown in Fig. 4a. 

To prevent the object under test from 
being subjected to all the pulses shown, a 

hrrm 
TEST ASSEMBLY 

Fig. 3 - Setup for cantilever 
beam  «hock test 

Fig. 4 - Acceleration VB time curves (a) 
Transient cantilever vibration decay, (b) 
Typical   pulse   of   cantilever   shock   device, 
|c)Ty of JAN-S-44  shock device 

second quick release was required.  This 
second release was accomplished by a 
method similar to that of the first. A test 
object undergoing the acceleration (?!)dicatfid 
by the trace between points 1 and 2 in Figs. 
4a and 4b) will exert a steadily decreasing 
upward force during the first quarter cycle 
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and a steadl'y increaaing downward force 
during the second quarter cycle.  The maxi- 
mum downward force «HI never equal the 
initial upward torce because of the hyatereelfc 
in the system.  If the bolt holding the test 
object is sufficiently weaker than the draw- 
bar bolt, It will be ruptured by the downward 
force, and the test object will drop under 
conditions approaching free fall. There are 
certain inherent advantages to this method. 
If the acceleration puleo thus obtained (Fig. 
4(b)) is compared with that obtained by the 
JAN-S-44 method (Fig. 4(c)), it is evident 
that they both represent the same amount of 
energy.  Under the JAN-S-44 conditions, 
however, the shock in unldiractional and. 
depending on the mounting of the test Item, 
can produce either compression or tension 
failures but not in the same test.   Under the 
conditions of the cantilever tests, the lest 
itf>m is expoced to shock successively in 
ofposlno' directions and therefore can pro- 
duce compression and tension failures in the 
came test.  If desired, the > eversal shock 
can be greatly reduced by making the holding 
arrangement of comparatively elastic mate- 
rial    *iiother advantage of thin system is 
that the teeter has 2 wide range for pulse 
selection by the change, individually or col- 
lectively, of cantilever length and test mass. 

In this system, it WFS necessary to know 
the breaking strength of the ta'ts used to 
control the applied *&%■■ ■  Srsaklng s^ngih 
of ordinary bolts could be eaunattd to an 
accuracy of f 5 percent by hardness checks. 
These accuracies coilu be much improved 
through the use of bolts made of 4130 or 4140 
steel.  Later tests have indicated tnat the 
values estimated were within ±\ percent of 
the tensile values   In all rasp« tlw bolts 
were heat treated to produce brittle fracture. 
KB a rule of thumb, the bolts releasing the 
test specimen were selected to have a 
strength equal to one half tta value calculated 
from the formula 

F = WAg , 

where f is the downward force, W is the 
weight of the test assembly, and Ag is the 
maximum acceleration In g's.  Consequently, 
the test items were released with a small 
downward thrust.  By determining the canti- 
lever damping factor, bolts strong enough to 
practically eliminate this thrust could be 
selected. As pointed out previously, this 
damping factor could be minimized by apply- 
ing damping pressures of 6000 psi at the 
fixed beam end. 

OTHEU CAPABILITIES 

In addition to the properties previously 
listea, this tesHng device has the following 
other capabilities.  It can be used to apply 
shock in three planes If the mounting posi- 
tion of the test item is changed with respect 
to the cantilever.  It is also possible to 
mcunt the cantilever so that its plane of ac- 
tion Is horizontal.  In the latter way gravita- 
tional effects can be neutralized.  With this 
device items weighing up to 100 pounds can 
be accelerated up to 100 g, and items weigh- 
ing less than 1 pound can be accelerated up 
to 2000 g.  The bolt-fracture release method 
suggests Itselt as a tool for the study of the 
behavior of materials under impulsive loads. 
A small tensile specimen could be substi- 
tuted for the release bolt.  By selection of 
cantilever conditions, the duration of the 
fracturing pulse could bo selected  In thie 
way, the breaking strengths of mater 1?Is 
could be determined under dynamic condi- 
tions. 

in conclusion, it should be stated that 
both larger and dlffsrent structural mem- 
bers can be used to achieve shork in this 
manner.  The elastic system could be a 
simple or fixed beam or a spring 10 which 
the deflection relf.ase-^^t   .^ülaaUon could 
be appllsd.  tf;. JV. 5 buows an arrangement 
!2 -!.u;'! there is a beam fixed at both ends 
and a platform in the middle.  Thlc betup 
will be invedtig?ted in the near future.  An 
ad/antage that the fbod-end beam should 
have over the cantilever is that the test item 
should travel in a straight line inptcad of in 
a slight arc.  By proper proportioning of the 
structionai members, it should be poeaible 
to build a device to test more massive Items. 

rTK 
HYDRAULIC JACK 

UÜ. 

STRAIN GAGED 
0RAW0AR 

jtHti M 
(•RACTURES AT A 

SET LOAD 

T-L 
kkäkäää 

rmm    ^Tj?      W+m*1 

^"^TESf ASSEMBLY 

Fig. 5 - Setup for fixed end beam shock test 
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We »re now investigatinq; the feasibility of 
utilizlnti thie method for the shock tpstlr.g 
of items weighins up lo 2000 pounds. 

SUMMARY 

1. Fundament*! frequencies of a 2 x o x 
10-tnch antJ a 2 x 4 x IC-lnch cantilever 
determined experimentally were 26 percent 
and 15 percent lo+er, respecthely, than 
those determined theureticaliy. 

2. Distributing the clamping pressure 
over four sides of a 2 x 4 x 10-inch cantl 
lever beam had no appreciable affect upon 
its fundamental frequency. 

5. Lead and ruober under conditions of 
total constraint al the base of the cantilever 
appreciably increase the cantilever clamping 
factor. 

4. Increasing the clamping force de- 
creased tne damping factor asymptotically. 
Above a force of 6000 psi the affect was not 
appreciable. 

5. A shock-testing method was developed 
from this work in which a deflected struc- 
tural member, such an a cantilever, was 
suddenly released.  At the bottom of the 
second quarter cycle, the object being tested 

disconnected.  AcceleratloRB opposite to the 
initial provided the disconnecting action. 

6. This method provides great fiexibllity 
for selection of pulse duration. 

7. Breaking strengths of ordinary bolts 
uged to obtain quick releases can be esti- 
mated to within ±5 percent by hardness 
checks.  This accuracy can be much improved 
through use of bolts made of 4130 or 4140 
steel. 

6. Shock so applied can be used to pro- 
duce compression and tension failures In a 
single tost. If desired, the reversal shock 
can he minimised 

9. TME method can be used to apply shock 
in three mutually perpendicuiar Dianes. 

10. Other structural members, such as 
simple or fixed-end beams and springs, can 
be used to achieve this lype of shock. 

11. This device can be designcu for U^ 
shock testing of large iterus. 

12. The bolt-fracture release method 
could be used for use detciminatij.n of 
strengths of materials under controlled 
dynamic conditions. 

13. Unidirectional shock can be approached 
by making the holding arrangement for the 
test object of comparatively elastic material. 
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DISCUSSION 

Dr. Mains (General Electric): I would 
like to inquire wEiat particularTeason you 
had for wanting to stop at the end of the first 
downward cycle ? 

Mr. Apgar:  Well, there was no basic 
reason, except that we were trying to pro- 
duce a pulse similar to what the requesting 
group asked for; and we had thi6 equipment 
already at hand, It enabled us to produce a 

shock pulse which satisfied our requesting 
agency. 

Dr. Mains: You see, i had an ulterior 
mrtive for asking this question.  The JAN 
epec, with i.: half sine pulse, is tailored to 
SUlt a particular kind of testing machine, 
not necessarily to suit the kind of excitation 
that you would like to simulate. 
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Mr. Apgar: Right 

Dr Mains: Now, you have hert i device 
which caa come a lot clouet io simulating 
the shock puJ» that Is wanted than a •and- 
dro|) tester can.  This is the time to go to 
bat and ask (or a waiver on the JAN spec in 
favor of a much better tost that you can pro- 
duce with your damped slniMold shock. 

Mr. Apgar: 
the «vice, but, as I say, I km a tester, 
  Well, this was my feeling to 

ward " 
not one who works up the specs. 

Mr. Stern (General Etectric): At ti;e be- 
giiming of the talk you mentioned the caicu 
lallon of a natural frequency of the cantlle- 
vered beam, and you indicated that the 
observed as against the calculated valuee 
disagreel appreciably.  Then you had hvo 
formulas-you «üscussed only the first one, 
for the simple c^ntilevAr beam.  Then you 
had a second formula which took Into account 
the weight, Is that right ? 

Mr. Apgar: Yes, that's true. Now, as I 
said in the initial part of ths talk, there was 
no weight attached to the cantilever, merely 
the accelerometer.  Actually, we had no 
holding device.  We also made calculations 
to show what amount of weight would be taken 
into account by the accelarometer. We were 
really «♦raining. 

Mr. Stern: It seemed that nowhere in 
your discussion did you take Into account 
shear and rotary inertia—and you had a 
rather stubby cantilevered beam there. 

Mr. Apgar:  Right 

Mr. Stern: There Is a book out bf Jacob- 
son and Ayre which has two plots in It, one 
for cantilevered beams and one for simply 
supported beams, and they show you waat is 

in stubby beams. If you use this. It mlg^t 
show you why you had this discrepancy. 
Perhaps the second formula, even though 
you took into account the weight, did not 
cover everything. 

For the other point you mentioned. Dread- 
ing the bolt, you might want to try a device 
(I think it's J. C. Fisher's, from NOL).  He 
used this in an air gun to release a piston 
where you have a bolt with a V-groove in it. 
The device is hit with a hammer when the 
desired load is reached, then the breaking 
load can be controlled much more accurately. 

Mr. Apgar: Well, I thought that, actually, 
with the bolt heat-treated for brittle fracture, 
±1 percent wasn't too bad for this type of op- 
eration. 

Mr. Stern: No, it isn't, but sometime« it 
doesn't always break, aven with 1 percent 
Sometimes it won't always brsak exactly 
where you'd want it; hut when you have a 
V-^roove it will. 

Mr. Apgar: I might say that we did notch 
cor bolti to give us exactly what we wanted, 
am' we checked many bolts beforehand to be 
sure that this would be so. We also nave a 
final judgment because we can look at our 
oscillograph and see exactly what the dräec- 
tlor of w cantllerer was at the time that 
the bolt broke. I mighi «av that in almost 
all our test« we didn't Ilna too much to worry 
tbojt 

Mr. Jones (Army Ballistic Mtsslit* Agency): 
In lltg. 5 you showed a ciamped-clamped 
taam. Becaute one at your problems wao 
clamping force you used the big machine, 
and you probably still had a terrific clamp- 
ing force necessary. I wondered why you 
didn't use a hlnged-hlnged beam. 

Mi. Apgar: Well, we have had just enough 
time tö play around with the cantilever. I 
might &ay that one could play around with 
this thing exhaustively. We are primarily a 
testing agency, but I would certainly love to 
have the time to explors all the düfferent 
possibilities - 

Mr. Joiieb; Oh, I wasn't trying to mftke 
any accusations.  I was merely abklng if 
there Is anything wrong with a hinged-htaged 
beam. 

Mr. Apgar: Well, I can't aee anything 
at äU wrong witl. it. I merely showed Fig. 5 

~»UnJ  „,... 

to almost any apnng-mass system. It de- 
pends upon the ingenuity of the designer and 
the person who Is p'avlng around with it.  The 
device which I showed happened to be another 
beam which we had already mt'ic Ujp for 
another test, and it came in very handy. 

Mr. Hancock (Radiation Incorporated): Do 
you feel that this method of testing would be 
directly replacing the hall-sine wave shock 
pulse, and in so doing would it eliminate one 
of the objectionable features at, say, the 
sand-frop testing method, the effects of me- 
chanical coupling between specimen and table? 
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Mr. Apgar:  Let me state that In the first 

place we doiTt have that type of a test device. 
Probably If we had had the one specified In 
JAN-S-44, we wouldn't have used this, so I 
am not in a position to tell whether it should 
be used to replace it, or not. I feel that 
people who kre in a specifying deptrtment, 

those who work up shock pulses, what should 
be used, are the ones who should state what 
nhould be used or vhat shouldn't   I merely 
wanted to suggest it, as what I thought would 
be a very useful device for somebody who 
had another Univtrsal tesUng machine like 
I have. 

Wi. 
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THE Alft SHOCK TUB! AS A SHOCK 

TESTING FACILITY 

SUnley R. Mekher 
U.S, Naval Missile Center 

Pt. Mugu, California 

At the Naval Miasüe Center a «hock tube has been uaed to generate 
square wave »hock pulaes tor ehork testing ol components. This paper 
describes the facility, typical test configurations, and results. 

INTRODUCTION 

Shuck teats are normally employed tc de - 
termlne If a test article can withstand the 
mechanical shocks likely to be encountered 
In tits field. The test package is bolted to the 
c^ock-töBiing facility and sutyected to impact 
shocks at various amplitudes and pulse dura- 
tions. The ability of a shock pulse to excite 
natural frequencies is dependent on the pulse 
shape and duration. Since present shock 
faculties are limited in th#ir ability to pro- 
duce the desired pulse spectrum, it is diffi- 
cult to obtain quantitative shock-test data. 

These difficulties may be partially over- 
come by using a step function or rectangular 
shock pulse and defining the response char- 
acteristicB of the test configuration In terma 
of this pulwt.   Thf> air shock tube HAS the 
ability to produce a high-presaure region for 
a usable time duration. This high-prenours 
region nay be used to shock a test configu- 
ration with essentially a step function. 

and is initially at a uniform temperature, 
the pressure of *hb shock weve Pa may be 
related to the initial pressure ratio Pc/P0 in 
the following manner: 

Pr Pc 

Po 
/P.        \   /               P \* 

_    \  °     / \          W 

7 
Ref. 

where Fc and P0 represent absolute pressures 
in the high-pressure and low-pressure cham- 
bers.  This relaüoiiship may be shown by 
plotting P^ vs Pc/Po (Fig. 2). 

pc 
DIAPHRAGM 

Po 

SHOCK TUBE THEORY 

The shock tufrj is a long tube that <s di- 
vided by a thin diaphragm material into a 
high-pressure and a low-pressure chamber 
(Fig. la).  The bursting of this diaphragm 
caises a shock wave, a contact surface, and 
a rarefaction wave to be developed in the 
tube (Fig. lb).  If air is used in both chambers 

Fig. 1 - Schematic c' shock tuba operation: (a) 
Before diaphragm burst, (b) After diaphragm 
burst 
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Fig. I - Shock strength 

The shock w.we will travel down th« low ■ 
pressui t chamber at a theoretical velocity olf 

r    p," 
l1 + 6~p; (2)  Ref. (2) 

where e is defined as the local velocity of 
soxuL The shock MACH number v^c or M 
may be plotted ao a function of P1/Po (FJg. 3). 
The region behind the shock and acrosu the 
contact surface has a constant pressure P, 
and travels at a velocity of 

u » 
I 
7  * 42 

(3) Ref. (1) 
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Fig.  3 - Shock velocity 

A rarefaction fan develops at the dia- 
phragm and is reflected back front the closed 
gnd of the hlgh-preseure chamber,  The 

velocity of this rarefaction wave is equal to 
the sum of local sound and gas velocities 
and may be determined by an iteration pro- 
cedure (3).  This means the rarefaction wave 
may overtake the shock wave If the jhock 
tube is of sufficient length (Flg. 4a). 

The shock wave is reflected from the end 
of the tube and leaves behind It a gas at a 
pressure (Flg. 4b 

2P. 
(TPp * 4P.) 

'Po + P. 
(4) ReMl) 

The pressure ratio Pf/PO may be plotted vs 
the MACH number, Fig. 5).  The pressure 
difference Pr - P0 is greater than twice the 
pressure difference across the shock and 
may be represented by the equation 

e + 8 

P. -P. (5) Ref. (2) 
6 I 

Fig. 4 - Reflection oi rarefaction önd »hock 
wave» in shock :ube: (a) After reflection of 
rarefaction, (b) Reflection of shock wave 

The velocity of the reflected shock may 
be determined by the equation 

W  nex. u; 

The contact surface between the gas ini- 
üally in the low- and high-pressure cham- 
ber» has a temperature and density discon- 
tinuity across it. The reflected shock wave 
is therefore reflected from this surface back 
toward the end of the shock tube (4). The 
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Fig.   5 - Reflected shock amplitude 

time dJIlercnce between the two «hock re- 
flecü&n acd ra«i!acUon wave reflection rep- 
resents the teflt'jjg time at the Wß presuure 
Pr (Fig. «). 

DISTANCE 

Fig. 6 - Time-distance plot 
of shock tube waves 

CONFIGURATION 

T)ie U. S. Naval Miseile Center shock 
tube is six Inches in diameter and has an 
overall length of 28 feet (Fig. 7). The high- 
pressure chamber is five feet long with a 
plunger extending along Its entire length. 
The nlimgsr is used to burst the diaphragm 
which is placed between the high-pressure 
cliamber and the low-pressure or expansion 
chamber.  Photographic film is used as a 
(iiaphragm material and the thickness is 
varied to obtain catastrophic rupturing for 
various pressure ratios. The diaphragm 
material Is sealed on the high-pressure 
chamber side with a rubber "0" ring and 

suppoited on Lie low-pressure side with a 
grldfletwork (Fig. 8). 

The end of the low-presmure chamber Is 
fitted with a plug-  The test component is 
attached to this plug and the entire configura- 
tion suspended as a pendulum. The test 
specimen and plug are allowed to move out 
and away from the shock tube as a result d 
the shock (fig. 9). This allows the test con- 
figuration to be designed to simulate approx- 
imately the field assembly. 

SHOCK THEORY 

All kOulyslB of the response of simple 
spring mass eystem to various pulses may 
be obtained by the use of Duhamel1 s integral 
(5).  A cdculatlon for & rectangular pulse 
indicates an amplification factor of two, 
provided th€ puise duration is equal to or 
greater than 1/2 f  where fn represents 
the lowest natural frequency of the test con- 
figurations. An analysis of various other 
pulse shapes Indicates amplification factors 
dependent upon the puls« duration, pulse 
shape, and leading-edge rise time. The 
rectangular pultie therefore represents the 
ideal shock pulse to obtain ampllficationF. 
and frequency-response characteristics. 
A system with several degrees of freedom 
will have amplification factor» dependent 
OB the driving point as well a« lb» forcing 
function, A step function will represent the 
most severe shock, and data may be obtained 
accordingly. 

USE OF THE SHOCK TUBE 

The theoretical rise time of a shock tube 
pulse is approximately 10*8 seconds. The 
ris« time observed in practice is generally 
greater than the instrumentation capabilities 
and is dependent on the diaphragm burst 
> hniiCtciit'tii D lUiu OMOC& WSVC UiiericrrnCc 
in the tube.   iWs Interference is primarily 
due to wall rougimeüs aid diaphragm parti- 
cles that are carried along with the shock 
wave. The higher shock amplitudes ars 
found to be somewhat less than that predicted 
by theory and these ej^erlmentai results may 
be attributed to the same interference. 

The pulse durations that may be obtained 
are dependent on the shock-tube length, the 
relative pressures, temperatures» and den- 
sities of the gases and may be calculated 
lor the various condlUons.  The«? basic 
shock-tube characteristics may be Improved 
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Fig. 7 - Air shock tub* at the Navr.l Missile Center
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Fig. 8 - Diaphragm assembly

b]T raaortlBf to varioug modIfioatiOM which 
»r* eotwfwd to tha Utarahira on tha adi|f«t

Tha ahaek tuha afaattawa preaaalad ar« 
lor a baale aback tdm w<^ a cloaad aad. 
Whao tha shock tuba la used as a shock tast­
ing faculty, tha and is aUowed to more out 
as a rasult of tha forcing functlcm. Theo- 
reticalty, this should rasult In a daersasa in 
tha forcing ftaetioa or high-prassura gas P,.

In practlca, ths allect of this dacraasa la 
presMira is usually nagltgiUa. Hus higb- 
praseura ragloK is rslatlraty long eonpaffad 
with the movament cf Iha isst cuifigurattan, 
rsMltlng in vary iittla chaags of tbs PV aqpa- 
tions. A notlcaabla effect laay ha cbaarvidila 
for light test configurations which arc accel­
erated to high velocltlaa. the affects of 
Sf coedary shock raCactions are also ob- 
sarrad for soma test sltustloas. nu
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Fig. 9 - Klystron test assembly showing 
end plug

irttenomeua may be observed in the osciUo- 
recordings of Fig. 10. Flf^e is 

Ihe resooffie of the accelerometer cm the 
plug and indicatsa a rapid drs^ In pressure. 
This j^essure decrease is attributed to an

interaction between the rarefaction #ave and 
the reflected shock wave and is dependent on 
the shock-tube length and initial pressure 
ratio.

The klystron test configuration of Fig. 9 
was shock tested to determine tte frequency 
variation of the klystron tube (Fig. 10a) as a 
result of shock. The frequency variation 
was found to be a function of ^ock amplitude 
and varied at definite dlscre e frequencies 
corresponding to natural resonance. The 
klyirtrou mounting accelerometer was used 
to obtain the natural frequency of the mount­
ing (Fig. 10c). This information may be used 
to evaluate the performance of the assembly 
in its natural environment

Figure 11 is a mtssile cmdtguration test 
setup. The missile is suspended from an 
"A" frame and is attached to the plug. Fig­
ure 12 represents the frequency rt^nse 
and transmissibllity characterietir.s observed 
at varicus stations along the missile.

CONCLUSON

The shock bdm has the ability to pnxteosl>| 
a single, rectangular pulse with a sharp 
leading ed^. The prtgwr design of the 
shock tube wUI result in poise doratioos in 
szeess el 10 ms. Lcsiger paiss duratiras 
amy be obtained with low-preMere ratios.

fc:|

■;-jii;. . •......... ..

10(a)

io.(fa)

i.-

10(C)

Fig. 10 - OaciUograiOi recordings of klystron test: (a) Klystron fraqaeccy variation muter 
shc'ck, (b) Forcing function from accelerometer on plug, (c> Klystron mount reaponse from 
accelerometer on the mounting
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Fig. 12 - Missile response characteristics

This allows the determination of resonance 
and frequency re^nse characteristics for 
most mechanical systems. The extremely 
sharp leadii^ ed^ of the pulse allows struc­
tures to l» excited at any hi|^ natursi fre- 
fuencies inherent in the struchire.

Selattvely hi^ dtock amplihuies may be 
ohtainsd with a simple air-to-air shock tube

and normally available air siq^plies. The 
atteptability and versatility of the shock t«*e 
allows test ccmOguratiocs to be desipied to 
simulate field assembUes closely and to re- 
^ce the affect of mechanical impedance in­
herent In most test tecilities. Ti»se feati^s 
of the shock-tube facility simidify the design 
of quantitative tests for a wide range of test 
situations and analytical i^iches.

!
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DISCUSSION 

Mr. Baranolf ;Afronutronlcs): Would you 
state specific g levns and pulse durations ? 

Mr. Melcher: The g levels obtained win 
depend upoalfo mass at the test configura- 
tion,  witn mlnsUet we have obtained shocks 
of SO g, &s for example, with the missile 
configuration you saw in Fig. 11.  For small 
test cooflguritlcns we went to 60 g, say, but 
we could have gone hlgter on those things. 

As for the pulse duration, this may be <te- 
termlned theoretically from the basic shock- 
tube equations, and for very-low-pressure 
ratios we havs obtained pulse durations in 
excess of 2ü me.  For some uf the higbsr 
pressure levels with this particular shock 
tube, we have been down to perfcaps 4 or 6 
ms-in that area-but this has depended upon 
the design of the shock tube, the length, the 
pressure ratio, and so on. 
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SHOCK TESTING POLAtIS MISSILE 

RE-ENTRY iODIES WITH AN 

ELECTRÖDYNAMIC SHAKER 

H. O. Lewis 
Lockhead Miiailea and Space Divis'.on 

Sunn/vale, California 

This paper deacribes a method deviled for shock testing Polari» re- 
entry bodies wherein any available electrodynamic shaker of 25,000 
pounds force output can be used. The versatility of the sy«tem is em- 
phasized in that the shock pulse can be modified within wide limits and 
may be superimposed on vibration. 

INTRODUCTION 

Early in 1959, « difficult «hock test re- 
quirement wai preMnted to the Polaris 
Mlsiils System Test Services laboratory. 
A Polaris re-entry body, weighing nearly 
1000 pounds with Its test fixture, had to be 
excited with shocks of 50 g for 3 ms, and 
25 g for 7 ms. Various types of shock test 
equipment were considered In terms of abil- 
ity to duplicate the required pulses with a 
reasonable degree of fidelity, availability, 
amount of required setup time, number of 
preliminary shocks required to achieve fi- 
delity, cost, and adaptability to our security 

A IS-inch Hyge impact tenter was being 
installed in the laboratory at the time, so it 
received initial consideration,  unfortunately, 
the manufacturer, when contacted concerning 
our problem, was unsure of the ability of the 
Kyge to handle the large mass öf the test 
specimen. In addition, the metering pins 
necessary to generate a 2 -m» »hock were 
not available. If the correct pins had been 
available, the Hyge still would have required 
dis&ssemMy between shock pulses. Thie is 
necessary since metering pins of different 
sizes are required for each different pulse 
duration. 

Drop testers, ballistic hammers, sad 
other similar testing schemes were elimi- 
nated because of poor repeatability charac- 
teristics and the large number of trial itaek/i 
required before a desired amplitude is 
attained. SlccUu-uyiwmic shsksrs were 
considered next as an excitation source for 
the shock pulses. It was felt that the sinker 
should duplicate the required shock pulsen 
unless an extreme amount cf damping was 
present In the armature suspension system. 
The idea seemed to warrant further inventt- 
gatlon. 

INITIAL EXPERIMENTS 

The shaker employed in the endeavor wv» 
a Calldyne, Model A183, 25,000 force -pourd 
system with a 170 KVA Westlnghousi ampli- 
fier. Tlüs shaker system was to be used to 
vibrate the re-ontry bodies, regardless jf 
the outcome of the shock experimenu,  xo 
approxiniate th€ test specimen, a «rudo m&SH 
was quickly fabricated from available steel 
scrap. It wag intended to duplicate the weight 
end length of the is entry body find its fix- 
ture.  Figure 1 shows this tedt-maps spring- 
suspended in front of the shaker. 
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mmmm - -Sae^.vti

tk:fca:
Fig, 1 - Duznmy test mass used to simulate weight and length 
of re-entry body. The dummy is shown spring suspended 
and attached to the shaker in the manner employed for shock 
test experiments.

Oir first problem was the lutrothiction 
oi a ptilse tc the shaker system. This was 
solved very nicely by an accidental discov­
ery. Wten {^rating in the direct, or ana­
log, reprodnce ccmdltion with CSC 14-chaanel 
bi^ systems, tee starting and stopping 
atlm produces a full sine transient switching 
pulse, an example of which is shown in Fig.
2. This imlse aiders in the cnitput of the 
tape system reproduce amplifier. The du- 
ratlim of tee full sine pulse is sjgircsdmately 
6 ms when operating at .a tape speed of 30 
iaeiies per second. The pulse was recorded 
m aaotimr tape system and used in initial 
OteeMm^ts. The pulse was played from 
tfes tape i^stem output into the staker con­
trol :«msole. An Sndevcc, 2213 eeties, 
crystal acceleronmter was mounted on the 
shaker head to monitor its reaction to the 
shock {Wise. Ihe accelsromctsr nras con­
nected to an Endevco, 2614 series, cathode 
follower-amplifier whose output was pre­
sented on an oscilloscope. Results were 
recorded cm a Polaroid oscilloscope camera.

To introduce tee pulse, the taped signal 
was played into a 60-watt power an^llfier 
in the shaker cmitrol crniBole. T!» power 
amplifii^r was used as a preamplifier and 
impedance matcher ahead of tee system 
gain cimtroL The tape system (^erator 
warned the shaker operator 5 seconds be­
fore the pulse wss introduced. Upm

receiving the warning, the shaker operator 
turned the system gain control up until the 
pulse occurred, then turned the gain down 
Immediately. This prevented i^urimis 
si^ials or other switching transients from 
exciting the shaker.

Early testing with the taped mritoUng 
transient produced completely discouraging 
results. Figure 2 shows the switching tran­
sient as recorded at tee ou^ut of the tape 
By stem; Fig. 3 shows it as recorded on the 
slndmr head. The riuker eeemed to react to 
the pulse a s if a dc sifj^ had been ai^ed 
teen bled off slowly. A week of work wite 
tee test setup could not solve the problem.

At teiti poiid: in the program an effective 
msthed WT.S emplt^ed for obteiiiiiig a 
full sine pilse of any time duration. An 
electronic c«»mter having a control bimry 
(start-stegj) circuit and a cmitrol binary oit- 
put jack, such as the Berkeley, 7350R E|ut 
meter, was used to c^taln a singte pulse.
An audio oscillator fed a sine wave to tee 
counter at a frequency corresponding to tee 
pulse duration. The start-stc^ circuit 
ell>3wed the pa.ssage of a singte imlse only 
lu the form of a square wave. Next, a vari­
able bantkmss filter was employed to extract 
the fundamental from the square wave. Fig. 
4 shows this full sine wave, and fig. 5 tee 
reaction at the shaker with a 1200-pound
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Fig. 2 - Switching transient pulse from CBC recorder. 
Oscilloscope horizontal senaitivlty: 10 ms per -livisiim.

Fig. 3 - OutiHit of accelerometer on shaker head. Thia 
shows the reaction of the shaker and dummy to the 
switching transient of Fig. 2 in early experimentation. 
Oscilloscope sensi.ivities per division: Vertical~30-g
vector; Horizontal—10ms.

mass attached. A hali-siae pulse was de­
sired, but fiirther eaperimoating was halted 
because ti» first test ^eclmen was ready 
for ezcitati(HL

The ajpparent inability iA the shaker to 
follow the pulse meattoned earlier was found 
to be tte result of a sinqple instnunentaticm 
problem. The accelerometer was putting 
out such a large signal that the Endevco am­
plifiers were satuiatiag. This was discoy- 
ered when work was started with the new 
pulse, which was of a much lower amplitade 
than the switching transient

TEW EXPERIENCE
The test spctcified two shocks. One was 

to be a 50-g, 2-ms shock; the other was to

be a 2S-g, 7-ms shoidt A representative (d 
tlm structural didiamics group felt that a 
more revealing test m^ht result if the re- 
entry body could be subjected to a duplica­
tion of as actual fli^ simck. A du^cate 
tape was cd^taised which was a transcriptioa 
(A the reacttim of an accelerometer to first- 
stage motor igsitioa. TMs was used to si~ 
cite tim dummy to enmire reascm^ie repro- 
dacticm. When it was fmmd that repro.^stion 
was quite close, (Figs. 6 and 7} an actual 
re-entry body was inserted in the terrt Aaad.

Crystal accelerometers were mouBted at 
crucial points, both externally and internally, 
and their cmtputs were recorttod KAi iape. 
Figure 8 .shows a sketoh of a ypical re-eiRry 
bo^ shock test Mtup. to addltton, toe oder- 
nal accelerometer locations for all tests are
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Fig. 4 - Test pulse produced by oscillator-counter-filter 
mediod. This pulse was used in two different re-entry 
body tests. Oscilloscope horieontal sensitivity: t me
per division.

Fig. 5 - Cutpttt of accelerometer on shaker head. This shows 
the reaction of the shaker and dummy ta the pulse shewn in 
Fig. 4. Oscilloscope sensitivities per divislim: Vertical— 
12-g vector; Horisontal—10 ms.
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Fig. 6 - First-stage motor ignition pulse. This was recorded 
on an accelerometer mounted in the re-entry body during a 
missile Qight and played through a filter adjusted to pass 
the 20- to iSOO-eps frequency band. Oscillo.scopehoriaontal 
sensitivity; 10 ms per division.
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Fig. 7 - Output of accelerometer mounted on test mass when 
shaker wao subjected to the pulse of Fig. 6. Oscillo­
scope sensitivities: Vertical—14-g vector per division;
Horisontal—10 ms per division.
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•TEST FIXTURE

Fig. 8 - Sketch of re-entry body as attached to shaker 
for shock testing
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■IMWm. The two trncea ^ovn in each of 
ftf*. 9 through 13 are the reaction erf the 
re-entry bo<ly to a l-ma pulu and the first 
stage i^tion pulse. Accelerometer 3, 
which was mounted on the heat shield, shows 
a pronounced 2S0-cycle respmwe. This was 
confirmed later in the analysis of random 
vibraUon test data. This condition was due 
to the heat-shield attachmoit and was cor­
rected in later missiles. In this test the 
bottom lobe of the pulse was reduced con­
siderably in amplitude. This was accom­
plished by varymg the frequency settings of 
the bandpass niter to allow harmonics of the 
desired fre<iuercy to dlslert the wave shape.

Recently a mere satislavUiry method <rf 
cMalning a half-eine p*ilM waa dlacowered.

This procedure employs a pulse generator, 
ouch as the Dumont type 404, for a signal 
source. Its output was led to an BKL model 
302 bandpass filter. The signal was directed 
from the ha- pass filter to an osclUoscive 
for viewing, la addlUon, a diode acroaa the 
output of the filter cl^iped the bottom lobe. 
Ftgure 14 shows the square wave which ap­
pears at the output of the pulae generator. 
Figure IS shows the pulaa as it aiq;>ears at 
the oubM of the ban^aa filter. In thla 
instance both aecUons ta the bam|Maa filter 
were set In the low-pass posltloo. One side 
was set at 2100 cps, low oaSa, and the other 
at 330 epa, low pass. Figure Id shows the 
final pulse as it mpears after being clipped 
by the diode, in this laataace an 1M1313.

w
■:-A vi

■ '-. - A .
. -A^ ■ ■■ ■ ^

__ .̂..___ *________________________Ij

9 - THUtse introduced tc the shaker for re-entry 
shock testing. The top picture showa a aecond- 

stega motor ignition pulse as recorded in e re-entry 
bo:^y. The bottom picture shows e i-me pulse. Oecil- 
icaCupc herieoniel seneiti .-'ty for both piccures is L ms.
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Fig. 14 - OacUloscopa photograph ot •guare ware at output 
of pulre generator. OeciUoacope horizontal eenaltivlty: 
100 microseconda per division.

Fig. 15 - OacUloacope photograph of pulae after bandpaaa 
filter. Both filter aectiona were in the low-paaa poaitiois 
one at 2100 cpa, the other at 330 cpa. OacUloacope 
horlaontal aenaltivlty: 1 ms per division.

(Martyaktely, «e turn not bgon abla to 
•ottblinh s prsdlctubir BUthod aor jprodTCuic 
h desired $ulae with eittier dte oscUUtor> 
counter liitor system or the pulse generator- 
filter-diode system. Oepinc the pulse Is 
psrffvmed by trial and error, bf rarytag the 
admlMiaB of harmonics with the Madipass 
filter.

All accelerometer outputs from re-antry 
bO(^ aback tests were recorded on taps.
Thia reiuires two saparate tape systems: 
oae to tstroduce the poise, asd csis to record 
flte accelerometer outputs. An accelerom­
eter mounted at the rear of the re-entry body 
was used an a monitor to determliw the

ampUtmie of the aboek. AU o>«nsm»ln 
were redneed at tbe coachieiea of tbs test

In Che data reouotloo process the accel­
erometer oo^nAs ware played back ob the 
tape eyatem and recn««5e «« oecuio- 
scopa camara, osm cbaoR*! at a ttaw. Rx- 
parieace showed that the triaBriac tovel on 
tbe OBciUoacope res-sired adjustnaent for 
each channel to prevent the loes of data.
This has always baen a major data redhtoOM 
problem. Tbe triggering level of tbe oscil- 
loscqpe must be set so ibnl low umpliuMM 
.fscitation preceding the mam pulae will be 
recorded. The ooiput of the acceleronMters 
could be recorded on an oacUliyaph provided
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Fig. 16 - Oscilloscope photograph of pulse after an INI 313 
diode was added at the output of the bandpass fUter. 
Oscilloscope horizontal sensitivity: 1 ms per division.

the gaivanometere have a suifIcienUy fiat 
frequency reeiwnse.

ADVANTAGES OF SHAKER SHOCKING

A considerable savlag in setup Ume can 
be affected If vibratiem as well as ehorfr is 
Included in the environmental requirements. 
The same fixtures and test setup used for 
Tibra/don may be utilised when ahocklfw with 
the Binker. An estimated 2-1/1 days of test 
time, or about 120 manhours, are saved on 
each re-entry bo<fy test by shocking with the 
shaker instead of an impact tester.

This mast be considered the most versa­
tile type of i^ock test available. Practically 
any type of half or full sine pulse in the fre- 
(ptoscy range from SO cps up to Use resonance 
of the shaker armature can be programmed. 
IWs can be best accompU^d by maUng 
a maMer programming tape all the piifs 
desired. Amplitwie control can be 
fairly precise by matBininiiiig a prsdeier- 
oiioed setting on the tape reproduce
aovUfier and all itimker system gala con- 
trids. Mth this Isoulst^, eiapiri-
cally, tile shaker operator can detsrmi:^ 
the exact gain settings required for a given 
amplitede.

Exciter amplitude restrictions itmu ths 
range of the pulM duration to a masimiun 
of ^out 15 ms half-siiw. Greater durutioos 
req^e other forms of excitation. If desired, 
the stock pulse can be Intromiced during a 
ran&:m TibraUw test to simulate powered 
vehicle separation- With tills arrangement 
the stoker conwensatlou arrived at for vl- 
toation may be eaqtloyed.

UtiliaatlcHi of shaker shocking can reduce 
the amount of money required for Investment 
in test equipment. In many instances the 
Bteker will fulfill shock as well as vibration 
re^ilrements, and thus eliminate tto need 
for separate stock test equipment U a test­
ing agency is short of funds, the pulse can 
be programmed into the shaker dteecily by 
usk^ the pulse generator-futer metiiod. H 
a minimum of tota is required, the resulting 
pulse from tto table can be displayed on an 
oscilloscope and photographed. This eUmi- 
mtes tto need for two costly tape qrstems 
when single tests are beii^; performed.

The nmjor dirndvantage associated with 
stoker ^>ck testing is tiie imbility of tiw 
exciter to ixjKtie los^; pulse (hjatlons. Tkis 
Is partly offset by the theory which 
that riiecks with durations of over 10 ms can 
be ^gilicated on a centrifuge. This was ad­
vanced recently by tto Polaris g^
tern Structures Departnmnt.

sratMAirr
This report can to considered ^y as a 

prellmtmury descr4»tion of shoch testii^ with 
etectro-dyiBunic ^totora. Because dt savers 
time Umitattons, tile technique has been de- 
vel<9ed <miy to the. point where tauHng ig 
merely poseibie. I

In tee Polaris Missile System Test Serv­
ices laboratory stokers are emph^ 5S|
sively for shock testing articles from 200 to - «
iOOO pounds within tbs *SiXse daraiion UaUia- ^^
tions noted earlier. Plans are under way to 
extend the use of tto teciuiiqim to all items 
requiring pulse steratioas to 14 ms.

110



There are several areas that require 
developmeiat before the technique can be 
considered of age.   First, an effective and 
repcatable raethotl of producing ths defiired 
pulseo must be developed. Secondly, the 
shaker manufacturers should mancei their 
exciters with longer stroke capabilities, if 
this technique enjoys sufficient acceptance. 
This would allow this type of shock testing 

to be extended over a wtder range of pulse 
duration.   Finally, effective control of all 
shaker system gvin settings le mandatory 
IX lepeaUble data is to be obtained. It is 
hoped that other testing agencies will par- 
ticipate in the development of this ttcholque 
so tlut It can become an accepted part of 
environmental totting. 

DISCUSSION 

Mr.Jjertel_(Allled Keeearch); I think the 
use of a shaker offers some very Interesting 
possibilities in shock testing: however, I 
would like tc inject a word of caution In 
regard tc rhe attampt to make shock on a 
shaker look like shock on some other area. 
Very often you can get into dllficulty merely 
by making two shocks look alike.  I think 
experience in past symposia, recorded in 
the proceedings, polats out that shock »ptic- 
tra, even for two shocks of reasonably iden- 
tical damaging characteristics, can vary 
considerably. 

Mr. Lewis:  Well, let me say that I am a 
tost type, und essentially if we are presented 
with a requirement we will do the best ws can 
as far as fulfilling the requirement is con- 
cerned, and we leave it to the more theoret- 
ical types to determine whether or not we are 
absolutely correct, nearly correct, or some- 
where in the dame county. 

Mi-. Brown (Douglas Aircraft): i would 
like to second in «ifoct the previous remark 
and add tc it Just a little bit in that the tech- 
nique of using a transient pulse and then 
shaping It through a bandpass filter holds 
vary great posslbilitide of matching shock 
spectra i-ather than shock pulijos and it would 
seem that this sort, of technique should be 
developod much further.  There Is somewhat 
GA   a   IHUlgcA UCIC   Ul   UDUIg   UK    OUK^K   tUlU  UlC 

shock pulse without looking av the irequency 
spectra.  For example a 10 -ms pulse has no 
energy at a hundred cyele-s and 200 ^ycieB 
and maxluaum energy tt 50 cycles aad 150 
cycles. This could be my easily overlooked 
in this sort of approach. 

Mr. Lewis: Well, as ! caid, we have de - 
veloped this method practically uader a qhot- 
£un, and we would be grateful Ü <s$ could ^et 
other experiences with this sort of Milog:, be- 
et; use frankly we haven't had time to envelop 
it to its iulleet extent We have d^valo^ed it 
only to the point where we can run a test 

u; 

Mr. Blake (Lockheed): I would like to 
point out that we did use shock spectra in 
this program. The fact was that In the time 
ecale allowed for this particular development 
we had to use our Judgment a« to what the 
shock spectra would look like based on past 
experience in looking as these time histories. 
But we certainly do use shock spectra to 
Judge the comparison between shocks on the 
missile and shocks in a test 

Mr. Lewis; Thanks a lot, Ralph. Mr 
Blake is inlfo Polaris Structures Unit and 
he is our ready reference whenever we run 
Into trouble. 

Mr. Barnes (Boeing AlrpUae Co.): I was 
looking at your lait picture (ftg. 1€), of this 
shock pulse showing a half-sine input and I 
am Just curicmi. as to what you do with the 
velocity that would be built up under a pvli» 
with only a positive or negative magnitude ? 
What is the response of the shaker par' to 
this particular input ? 

Mr. Lewis: We haven't paid an awful lot 
of attentioii to Liu», other than to note that 
when you Include the bottom lobe, the nhaker 
will generally follow like this.  When you clip 
the bottom lobe, the shaker will still rdve 
you some excitation In the outer direction, 
but the amplitude of this other load ta cto- 
creüEed. 1 think if you consider any form of 
shock testing, given a test article. Hi you ex- 
cite it with a shock in one direction, it will 
compress and then it will lom its compres- 
sion so that you would still get energy in the 
bottom lob« from the teat specimen iteelf. 

Mr. Hunt (Abma): Of the dato that I have 
eejjn, very little of it is what yon coulä call 
a pure shock anyway, and in our case we 
normf-Jly specify shock conditions, mainly 
because we don't have equipment layge 
anougli. i think with your 25,000-lb shaker 
this is an excellent idea. 

I 



1 Mr. Lewis:  I^et me Bay thle.  The method 
should not be considered an a test that should 
be restricted to large shakers.  You can prob- 
ably ligure the force output obtainable for 
shock testing at three to three and a half 
times the peak vector force rating of any 
particular shaker, because, as you know, the 
limiting factor In obtaining a particular force 
rating Is the cooling ability of the shaker, so 
imsmuch M the pulse Is played out of a tape 
recorder, a warning Is given to the shaker 
operator so many seconds before the pulse 
will occur, he turns his shaker up at that 
time, bang, he turns the shaker off. The 
shaker armature is seeing current only for 
Just a few seconds, so you can go ahead <aid 
overload a shaker kB an instance like this and 
get away with it. 

lucldeutally, let me add one other thing. 
Ray Yaeger of Chrysler questioned this wrt 
of testing because he felt '.hat we would seri- 
ously damage arualures. Well, we had the 
armature out of that 25,000-lb calidyne once 
because the leads had pulled loose. If you 
are familiar with this thing, the leads that 
feed current t  the armature come up through 
the bottom, and then they fan out over webs 
on opposite sides of the armature.  But we 
haven't yet physically damaged the arma- 
ture, and we found that during initial exper- 
Imfciitatlon, as I shoved you there in some of 
the early tildes, we »ere-God forgive us- 
getting about 300 g cm the shaker head 

Mr. Adams (A C Sparkplug): Abimt a year 
ago we ."«»celvea a requirement to malntaiu a 
1-g oriectstloM oc. a package, aad wc isk "Mi 
the only way to do it was by shaker shock 
testing.  It required an ll-ms, 15-g shock 
pul«« and we wert into this same program, 
I was very intenisted to hear your comments. 
We tried to approach it from the theoretical 
aspect, however, and tried to put on tape a 
aignal which wo felt would give us the nec- 
esnary shock pulse. 

This particular approach did not work out 
too veil.  We then went back Into the shaker 
a lime bit, determined its gain and phase 
shift charac .eristics, resonant frequency, 
expanded our -nathtmaticai model, placed it 
on the computer and determined the voltage 
which we Mt we had to put into our shaker 
in order to give this shock. Unfortunately, 
the test w ts pulled out from under us, so we 
have never completely tested a live package. 
We have loeen trying to ■wt a half sine wave 
with a leading and (railing secondary pulse 
and hav«' run into some difficulty getting that 
We feel that owi of our problems is possibly 

that Utt gain and phase angle versus fre- 
quency characteristics of these amplifiers 
may shift with time or other things like that. 
There is something written up, and I would 
be very glad to swap Information with you, 
sir. 

Mr. Lewis: Fine.  Let me say I certainly 
wish we had had the time you did to develop 
this technique. Let me site say thut you 
should bo very careful of the levsl of the 
input pull«, consider all of the system gain 
that you luve in your shaker control consol 
and in your shaker amplifier. If you go in 
on Day-1 and run a test at a certain gain 
setting on the shaker control consol and then 
somebody from your maintenaucc department 
goes inside the amplifier at night, you come 
in the next morniiur ami yon try to run the 
same gain setting and, well, look out I 

Mr. Yeagcr (Chrysler Corp.):  Unfortu- 
nately this is a very nice approach, a very 
sophisticated approach.  In the matter of 
the equipment Involved, we are using a 
rather expensive piece of equipment in the 
first place, and I worry nbout things like 
shaker armatures.   Frankly another thing 
I would like to add is that you can get away 
with a lot simpler approach.  A number of 
years ago on the meteor program we simply 
discharged capacitoni into the shaker arma- 
ture. You can work tLis out Ü you do a little 
figuring. You get a beautiful half sine wave 
pulse out of such a eyarem.  Now the reason 
I worry about armatures is thai we sue- 
cesdßd in damaging one quite seriously that 
time. But it's quite (eae;*>ie to do it this 
way, and it's a very easily reproducible 
Syrern, since you only have to excite the 
fic'd in your power supply and do it with 
Just a bank of capacitors. 

Mr. Galef (Radioplane):   I want to refer 
back to what the speaker said when h!> took 
a pulse to the structural dynamics people 
and asked if it was o.k.  They told him to 
make a half sine wave or a full sin«: wive. 
Well, these have quite dlfierent shock ipec- 
tra, but the structural dynamics people said 
o.k.  I think this is fairly common. I think 
that they probably would have said o.k. hi be 
had performed a test by dropping it on some 
sand, or maybe by kicking U as he WS&Uti by. 

In general, the structural dynamics people, 
of which I am one myself, don't Mow the 
shock spectra well enough to be fussy, so I 
would liks to comment that whtm any of you 
test-type people get something from struc- 
tural dynamics, if it looks like it's going to 
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be hard to do, plei.se don't knock yourselves 
out.  Come back ar.d ask them "is that what 
you really want." It will save a lot of vorry. 

Mr. Cohen (Naval Material Lab.): Could 
ycu and BE Adams tilTme If your nysteme 
were equalized? 

MrJLwls: No. We have a set of home- 
madepeaFnotch filtern, and we are somewhat 

afraid Uiat we might have R C time constant 
problems In the filters, but we do lnU»nd to 
try this when we get a commercial compen- 
sation system. 

Mr. Adams: 
equalised. 

Nc, our system was cot 
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A OUASI-SINUSOIDAL VIBRATION TEST AS A 

SUBSTITUTE FOR RANDOM VIBRATION TESTING 

A. E. Galef 
Radioplane, a Division of Worthrcp Corporation 

Van Nuys, California 

abl,    ^ ' Urg a modulated »^«oid, 1. ehown to  be  a  rea.on- 
fitld ST?"  ^ir-™ the  rand0rT1  Vlbration oft"' -ea.ured "the leid and the .lnu,o-.dal vibration of many test  ..pecs.    It  may be ner 
forced with exiting electrodynamic »hakerS with'oniv nl^^odi'ca-" 
tions    the mput required is relatively in.en.itive to damping iTthe te.t 

J 

INTRODUCTION 

It has been thown, In past «ymponla of 
this series and elsewhere, that night vibra- 
tlon data are generally random, with approx- 
imately Gaussian distribution-  Data of that 
type are best analysed and presented in the 
form of power spectral density. 

A typical spectra!-density pioi for a par- 
! n.  j.iw.u Uli -ü ULxliuliie *Jr pi cot;;:icu ul 

Hgi 1.  It is typical in the sense fiat whea 
we measure vibration at a mounting point of 
a "black box," we often find only one rather 
narrow band of high spectral density with 
negligible density at other frequency regions. 
Lees often, we find two or ocoasionaily tluee 
"spikes" in the power (tensity.  B our vibra- 
tion pickup had been located at sttie other 
point close bv inprhzna at anntho.. .  ». ^<rn 

point of the same piece of equipment), «« 
would probably find that the frequency fcttind 
of possibly destructive spectral density is 
dilfereut from the frequency shown in Fig. 1. 
At another point on the same aircraft, still 
another frequency band would be most 
prominent. 

The explanation of the peaked power- 
density spectra, with peaks occurring at 
different frgqusneies at different points, 

lies in the selective filtering action of the 
airirame-equipment system. The excitation 
energy (usually emanating from the power 
plant, or from boundary-layer turbulence) 
typically has a broad, fairly smooth spec- 
trum (Fig. 2).  However, when thit tnergy is 
converted to vibration energy and measured 
at a particular point, the complicated acous- 
tlc and mechanical path between the source 

0.0001 

-r 
1000 

FREQUENCY ICPS1 

Fig.  1 - Typical acceleration density plot 
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and the measuring point will have done some 
tuning of the frequenclea which were origi- 
nally present, and typically only narrow fre- 
quency bands will appear prominenUy.  At 
another point, the ac^uaUc-raecnanlcal path 
will have been ■ufflclently dllferent that a 
dlflerent frequency will appear. If flpectral- 
Jtiumy plots from a large number of polnte 
wlüün the vehicle were euperlmpoaed, an 
envelope cculd be drswn (Fig. 3) which would 
»»ve approKlmately the game shape a» »he 
excitation function. 

1000 

FREQUENCY (CPS) 

Fig. 2 - Typical acoustic noise spectrurn 

When we attempt to trausform data of the 
above form Into a suitable laboratory quail- 
«cation test, marked differences of opinion 
are encountered. One school of thought sug- 
gests that the envelope of Flg. Z is the most 
usefui result of any measurement program. 
An envelope of that type Is further smoothed 
and   attar mii1f4nl<nnt<n.. i - » .    »;   . ' , .».-«^»j»»»v,«iiuu u} A Baieiy lactor. 
is considered to be the laboratory test 
(Fig. 4.) Objections to such treatment of 
data   an ni*AaAMfn.4 1«. «-.«..* —.   * -=—, — r-^fxuHw ui nuuie previous sym- 
posta, have been based largely upon the 
practical difficulties In performing the test. 
As an example of the practical difficulties 
consider a representative test requirement, 
which caUs for power spectral denstty 0! at 
least 0.2g2/cpa over the frequency band of 
10 to 2000 cps. This requires rms accel- 
eration of 20 g, with peak accelerations 
(clipped at 3 a) of 60 g. If the test specimen 
is moderately large and heavy, the dlfflcul- 
t.es of equalization become very great, and 
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an extremely rigid shaker armature and vi- 
bration test fixture are required to cope with 
ihe equallr.atlon problem.   For a tost speci- 
men weight of 60 pounds, a total moving mass 
(specimen, fixture, and armature) of at least 
500 pounds Is typical, and a total shaker force 
of 30,000 pounds is required. 

ü Gi - 
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10,000 

Fig. 3 - S-.perposition of accelemion density 
measured »t several poi.its 
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Fig. 4 - Evolution of test requirement 
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Although the atwve example shows that 
performance of a wide band random teat is 
Indeed difficult, It would appear that a more 
forceful objection to specifying tests of that 
sort would be that It Is simply not a valid 
test.  The writers of such requirements, by 
looking at the envelope of spectral densities 
are observing the forest and not noting that 
the toTMt is made of Individual tree«. That 
type of test is excessively conservative for 
test specimens with several degrees of free- 
dom, and results in the rejection of oqulp- 
meat which would work adequately in the 
fold. 

Another common response to the data 
previously presented is perhaps more logi- 
cal. This school of thought properly observes 
the output of an individual vibration pick-up, 
and sees a signal which can be adequately 
described ac a sine wave modulated by a 
random function with, typically, a Raylelgh 
probability distribution of amplitudes (Fig. 
6). Oar observer, after carefully noting 
that the forest is indeed made up of individual 
trees, then often says, "A fee is a tree, and 
a modulated sinusoid is a sinusoid. We will 
test with sinusoids." However, there are 
important differences between a modulated 
sinusoid and a i-niform sinusoid. The most 
important of these differences has been 
ihown to be in the resonant responses of the 
test item; a damped mass-spring system, 
excited by random vibration, will respond 
ppoportloaately to the square root of the "Q" 
and will respond proportionately to the first 
power of the "Q" if excited by sinusoidal vi- 
bration.  Therefore, in order to get equal 
response to a tiinußoidal excitation as would 
have occurred under random excitation at an 
appropriate level, it is necessary to first 
measure ths "Q" of the lest specimen, and 
adjust the level of the excitation accordingly. 
That complication is often avoided by ignor- 
ing It, resulting in exceesively severe tests 
for specimens which have high "Q" reso- 
nances (Fig. 6). 

Twe- 

10"* 

RESPONSE TO SINUSOIDAL 
EXCITATION 

Fig. 6 - Response of damped ipring 
mass  system 

Even when appropriate adjustments for 
"Q" are made in the test procedure, it is 
possible to object to the sinusoidal test be- 
cause of the important differences between 
the probability distribution of peak amplitudes 
resulting from response to sinusoidal excita- 
tion and the Rayleigh distribution which de- 
scribes the peak amplitude distribution of 
reeponse to Gaussian random excitation. 
This difficulty could be surmounted if an 
adequate theory of cumulative damage in 
fatigue were at hand; however, no such theory 
exists. 

The above discussion, summarizing the 
objections to both broadband random vibra- 
tion tests and sinusoidal tests when the field 
environment is described by narrow-band 
random vibration, has perhaps suggested 
that we test with narrow-band random vibra- 
tion.  This has been suggested prfaviousiy 
(1, 2), but apparently aroused little interest. 
The purpose of this paper will ba to redirect 
attention to that suggestion, and, also, to 
suggest another test procedure which will 
have many of the desired characteristics of 
a nai row-band random test but which will 
generally be easier to perform. 

A QUASI-SINUSOIDAL VIBRATION TEST 

Consk'wr an excitation function which can 
be writtt* as. 

Fig. 5 - Typical random acceleration 
time history A sin — t sin cot . (1) 
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That function represents a Bine-modulated 
sinusoid. In appearance, (Fig. 7), It has some 
resemblance to a random-modulated sinusoid, 

CXpCCi 115 cuect: to ue Kiemi- 
cal to the effects of the random excitation. 
The effects of the sLne-modulated sinusoid 
may be evaluated in a direct manner by ap- 
plying it to a damped spring-mass system 
with natural fmjuency u. and with variable 
"Q." The arnpllf ration factor, T (ratio of 
rms acceleration of mass, to rms accelera- 
tion of bpse), may be shown to be 

T=QT) 8T;2) ♦ 2^ ♦ 2T,2 

Wr-Sr+i^+W'' v29 
(2) 

The amplification factor versus Q, for 
several values of T,, is shown In Fig. 8.  Also 
shown In Fig. 8 Is transmlsslblllty which Is 
proportional to the square root o* Q, as would 
result from random excitation  It is seen 
that the square root curve may be made to 
intersect a curve of Eq. (2) at two values of 
Q, with higher than desired transmisBibility 
between those values of Q and lower than 
desired transmlssiDimy ivi Qs outside that 
range. Depending upon a statement of an 
acceptable deviation from the "correct" 
transmlssibility, a rather wide range of Q 
may be covered. Thus, if ilO percent devi- 
ation from the desired transmispibillty is 
allowed, it may be achieved over the Q range 
from 4.5 to 38 using the T, ■ 25 curve, or 
over the Q range from 8 to 65, using the 
T, ii 40 curve.  It is often true that the data 
upon which a vibration test Is based is not 
acciirate within ±10 percent, in which case 
a wtler tolerance on transmlsslblllty is 
warranted, and a wider range of Q for ac- 
ceptable transmlssibility may be found. 

It U) now necessary to consider the prob- 
ability listrlbutlon of peak values of response 

Fig. 7 - Modulated sinusoid 
(A sin (o}/rj)t sin at) 

T» o<y a*»» »»i*! ♦ttSuT"' 

I* 

10 
T" 

40 

01 K/C ' 0FSY5TEM 

Fig.   8 - Response of damped spring-mass 
system to n.oduii'ted  sinuso'n excitation 

because of the Importance attached to that 
dlstriliutloi) in faUgue. The probability dis- 
tribution of the modulated sinusoid is shown 
in Fig. 9, together with a Raylelgh probability 
distribution. It Is seen that the two distribu- 
tions are not sufficiently similar so that 
equal rms values could be expected to cause 
Identical fatigue effects independent of 
whether the vibration was random- or sine- 
modulated sinusoid.  However, if a small 
portion of the test period is spent in vibration 
at an rms level slightly higher than the ran- 
dom vibration rms level, then a much better 
comparison of probability distributions Is 
attained.   Figure 10 compares the probability 
distribution of a two-level mcdulated sinusoid 

It V4* »«'•»V'Olil. \JX MU1C ai a vnuue ui l.t o-j tes 
88 percent of time at a value of 0.70 <T) with 
the Raylelgh distribution.  Lackmg an ade- 
quate theory of cumulative damage In fatigue, 
we cannot rigorously establish the equiva- 
lence of the two distributions, but It Is Intui- 
tively clear that the effects should be similar. 

The above technique Is obviously not ap- 
propriate when the operational vibratlrm Is 
truly slnußoldai. However, it will be satle- 
factcry In many cases where the operational 
vibration is nearly white noise. Broad-band, 
relatlvplv smooth power density, similar to 
the enveAOoe of Fig. S? Is most often observed 
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SINUSOID DISTRIBUTION 

Fig. 9 - Rayieigh probability diatribution 
aiid «ine-moduiated sinusoid probability 
distribution 
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Fig.   10  -  Rayleigh   probability   distribution 
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when th« vibration transducer le at the 
mountiDg point ol a small, lightweight Item 
of equipment  If that equipment is sulflclently 
Binaple that there is only one renonant fre- 
quency, it would be approjclinately correct to 
perform a modulated sinusoid test only at 
that frequency using an rms excitation accel- 
eration of the tame level as would have been 
used If the measured power density had been 
negligible except wltblr: approximately f i/o 
octeve of the critical freqi-eacy. 

It is now appropriate to consider the mod- 
ifl cations required on an existing sine-wave 
shaker system In order to Derform the ts»* 
described above.  Since shaker force Is pro- 
portional to the product of the field strength 
iad the armature current, the modulated 
sinusoid may be achieved by varying either 
the armature excitation or the field strength. 
In all shakers which employ electromagnetic 
fields (which includes the great majority of 
all shakers), it would only be necessary to 
replace the dc field power supply by a vari- 
able frequency ac generator.  This would be 
especially convenient in shaker systems 
employing rotating machinery power supplies 

•ince a generator could be readily gsared w 
the existing ihafL If the shaker system has 
an electronic power supply, üIöü uiodutottoo 
of the armature current may be simpler and 
can be accompUshed in several ways: per- 
haps the most comrenlent technique makes 
use of the fact 

A sin — t   sin oit 

= 2 [-cos «(l +ijt +cos ;„/,      aj 

Theielci e, by adding tiw outputs of 
two signal generators, we achieve the de- 
slrprf fun^Hnn    This tn^h^i^,.. i _,  ,,     -••*" W;VUJU4UC ID «Bpeuiauy 
convenient if sharp reson/uice« is the shaker- 
xixttue system exist, since such resonances 
may be readily compensated by adjusting the 
relative outputs of the two signal generators. 

In conclusion, an alternate tast technique 
has been proposed! which has the advantages 
erf (a) being more nearly correct than either 
of the vibration test techniques commonly 
used and (b) simplicity of performance. 
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DISCUSSION 

Mr. Levls (Lockheed Sunnyvale): I would 
like to tHke Issue with you and cite an exam- 
ple. When I was at Boeing I remember an 
airborne telemetry system which sailed right 
through a sinusoidal test with flying colors, 
but when the system was subjected to random 
vlbxation we found that there was a par«! on 
the side and right next to the panel there was 
a cantile?ered terminal board  We subjected 
both of these to ranonm vfhritlon at the same 
time, and shorts occurred.  Well, with this 
modulated sinusoid system, how can you be 
sure that you will excite two resonances of 
this sort at the same time 7 

Mr. Galcf: The question might be avoided 
instead of answered by asking why we think 
we should have to excite two rt-ßonances at 
ose time ? Now if it is true thai the field 
environment consists often of a single peak, 
then not only do we not hav« to excite two 
resonances at one time; we absolutely 
shouldn't or we shall be too conservative. 
On the other hand, if the field environment 
is a smooth environment, what you say is 
correct, we do have to excite them both at 
th« same time. It is quite true that we often 
find troubles In random shaking which we do 
not find in sinusoidal shaking. 

Another question might be, though, do we 
find troubles in the field which would not 
have occurred in HirinaniHni ^-ni-'-.r m ••*« 
fiaps in this kind of shaking.  If we cause 
troubles in a random white noise shake which 
do üöt occur in the field, we are simply doing 
something we shouldn't do, I hope that an- 
swers your question. 

Mr. Daniels (Bell Aircraft Corp.): Mr. 
Lewis' problem of co-resonance TuTs been 
tackled by Professor Rona of MIT.  He says 
you should shake a little harder. That is- 
up your sinusoidal levels and you will then 
get the same kind of failure.  However I 
think the point is a good one. (Here Mr. 
Adams described a somewhat complex 

example, with the aid of a blackboard, 
which rrnilH nnf ho fa»»»,*«/« \   "-■ "- »cv.wrucu./ 

Mr. Lewis: Well let roe describe my 
example of {He panel next to n cantilevered 
terminal board.   The panel had the lower 
resonant frequency. Now as the frequency 
was Increased the panel passed through 
resonance and then Isolated, then the board 
resonated and Isolated.  But at any one time 
only one or the other was resonating.  Now 
If you excite both into resonance simultane- 
ously they may touch.  In a random Vibration 
test you Just turn up the gain on the shaker. 
But I feel that if you wera to excite slnus- 
oldally to tlie level where only one. or the 
other will come into contact at their respec- 
tive resonances, then you may wind up blow- 
ing your part right off the shaker. 

Mr. Galef: This seems to be the old 
argument whether we should use random 
vibration or slnudoldsl vibration with the 
same old problem involved of translating 
random to mean white noine. Random does 
not necessarily mean white noise, and I don't 
believe this confusion should exist 

^ir. Finocchl (ITT Laboratories): You 
mentioned that you are cleRllng with systems 
that have essentially a hharp peak of reso- 
nance. In some of the «ystems I am familiar 
with this does not occur.  If you could delin- 
eate a separation between the types of systems, 
between those that have isolated peaks and 
those whidi do not. this may be resolved. 

Mr. Galef: I bellwe any system which 
has a bandwidth of resonance which ia less 
wide than the peak which might occur in the 
field can be and should be treated in the 
manner that we are talking about  If the Q 
of the resomnce of the system is awfficlently 
low that the bandwidth of the field e?tcltation 
is much narrower than the bandwidth of the 
piece of equipment, then I don't think any of 
the equations w« have been showing are 
applicable. 
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RICOVEÄAILI DATA CAPSUU DESIGN 

AND ITS APPIICATION TO THE PROTECTION 

ÖF MILITARY EQUIPMENT 

E. M. M»Eur 
General Electric Company 

Missile and Space Vehicle Department 
Philadelphia, Pennsylvania 

«TrhimPfoPrerthPer GH l Ü^S^Sl 0l ^ de9i8n and development pro- gram lor the GE Recoverable Data r»«..,!.   ..^„J „„ TU J   £.. 
re.e„t.-y vehicle, a. part of the i.s^l^uUo ^i .?" ^0^^ 
fiight environment and to recover the data intact Since the caDg^ 
fe^-fidUtatoMM sea. high g loadings arc involved. P     * 

INTRODUCTION 

The concept of a Recwerable Data Cap- 
>ule waa initiated «arly in the research and 
development phases of th« Atlas and Thor 
toallltüc Miselle Programs.  Since meager 
re-entry Information was available at that 
Urne and since it was presumed that some 
of the initial vehicles would not survive re- 
entry, a method for assurlntf collection of 
data through this critical portion of the flight 
regime was needed.  Ordinary telemetry 
methods for data gathering were not satis- 
factory during re-entry because of the for- 
mation of a sheafh of ionized ^isee over the 
veiucie which completely blankod out radio 
transmiflslon.  The aolution to tha problem 
pointed toward utilization of a mttgnetic-tape 
m.fwder which would store the vital re-entry 
data and transmit it to the ground station 
after completing re-entry. Since thie syetem 
relied on eurvival of the vehicle until the data 
was transmitted, it was also decided to use a 
recoverable recorder mounted in a cappule 
capable of survival of indenendent re-entry. 
The capsule was to be ejected from the re- 
entry vehicle prior to, during, or after re- 
entry through the earth's atmosphere, free 
iail from many uiousands of feet above the 
earth, impact at terminal velocity upon the 

ocean, protect the precious tape record of 
the flight from the tremendous deceleration 
forces upon impact, and finally automatically 
activate recovery aid devices within Itself 
so that search crews could successfully be 
directed to it All of this was to be done with 
an 18-incb-dlameter sphere which could 
weigh no more than 100 pounds. 

Since th»> primary reason for the Data 
Capsule wan the recovery of the tape trans- 
port within it, the packaging of the capsule's 
components was based primarily upon the 
slae and location of the tape transport itself. 
— —x,.„v H icwvciy euun wiuun me capsule 
required a comprehensive study of search 
and recovery procedures, facilities, and 
equipmen;.  Dienersion «tudies were a^so 
conducteu since the problem of finding an 
18-inch baL bobbing upon the vast o^ean 
obviotisly requ.:-« tremendous effort.  The 
studies indicated that the best recovery aids 
were a radio beacon, a SOFAR bomb, high- 
intensity flashing lights, and dye markers of 
various kinds. In addition, the capsule had 
to carry its own battery packs to power the 
recovery aids.  The final coiifiguratlon of 
the reco¥erable part of the -apsule is shown 
in Fig. 1.  This assembly if i.iused within a 
plastic shell that protects the iiu.pr capsule 
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Fig.  1 - Phar.tom view of MARK 2 MOD 6 
data reentry capsule 

if Independent re-entry is required. Hie lo- 
cation of the various components within the 
sphere was based upor predicted impact lo- 
cations, susceptibility of components to im- 
pact damage and final positions of the elec- 
tronic components when the capsule floats 
upon the water. As an example, the recovery 
beacon is located at the top of the capsule 
(with respect to the impact location) so that 
its chances cf surrival are greater. 

A small drogue chute of 6-lnc.h diameter 
is employed to enhance the aerodynamic sta- 
bilization forces which orient the impact of 
the capsule so that its maximum survival 
capabilities are utilized. Also, the center ol 
gravity of the capsule is such that the beacon 
and antenna float above the water line, thereby 
reducing the pogeiblllty of crjntinuous attenu- 
ation of the beacon signal. 

SYSTEM OPERATION 

hi general, the sequence of system opera- 
tion of the Data Capsule and its associated 
ejection mechanism assembly is as follows. 
After successful re-entry through the earth's 
atmosphere, the capsule and its associated 
ejection mechanism is propelled from the 
re-entry vehicle by means of a JATO unit 
The capsule and ejection cylinder (Fig. 2) 
are separated by aerodynamic forces thereby 
allowing the Data Capsule itself to fall freely 
away from and at a higher velocity than the 
cylinder.  The capsule impacts the ocean 
With a terminal velocity of approximately 
450 fps.  During free fall, the capsule sta- 
bilizes in the desired impact attitude (beacon 
up) because of the effect of the small drogue 
chute attached to the capsule's outer shell. 
The capsule impacts the water in this attitude 
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Fig. 2 - Data recovery capsule system

at which time the cuter shells fragment and 
separate from the inner sphere assembly. 
Almost simultaneously, aluminum powder 
packets burst cpen and the finely-divided 
powder is spread over the surface of the 
ocean, leaving a large reflscUve slick. The 
capsule submerges, then returns to the sur­
face because of its natural buoyancy. A sea­
water switch then completes the inner cir­
cuitry of the capsule tlais applying battery 
power to the beacon transmitter and the 
fiaahtng lig^tts. Current is also suipUed to 
an eaplosive charge which ejects the SOFAR 
bomb. The bomb sinks and is detonated at 
appr osimaiely 4S(n} feet below the sur&ce 
of the amter. This eipidsimi can be detected 
at great ranges mui provides s rou^ fix m 
the capmle's locatUm.

The prolilem then becomes one of pin­
pointing the poidttcm of the floating sphere. 
The mrimary device used for locating the 
capmle is the radio beacor. The beacon 
signal is received by tbe search aircraft 
which carry directtou-ftndtng equipmssL

The visual aids in the capsule provide d 
back-up in case of failure of the radio beacma 
The alumlniun powder marker, the reflective 
paint on the capsule itself»and the flashing 
strobe li^ts, are all visible at ranm* oI 
several mites under c<mditions of either day­
light or nl^t time. For maziraum rellabiUQr, 
the location aids are designed so that failure 
of one aid will imt result in failure of the 
others.

MPACT LOAMNG

nlian the data capsule inysacts the ocean, 
it is travelii^ at a^KUttmately 450 
Three huadred thsasand pounds of kinetic 
emrgy has to .-»e disrated, and impact point 
loadl^ have been meamred between 40,000 
ami 60,000 g's. 'Htis tremendous energy 
preeents formiitebte {vobteme in protecti^ 
tba recovery ccHnponmitB in tbe capntte.

Obviously, one means for insuring Buxvlval 
of toe data capmte is to redu(^ toe impact
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velocity.  However, this approach was dis- 
continued czrl} In the program because of 
the design complexities Involved and ths 
state of the art In terms of parachute shock 
loads and deployment velocities. 

The solution to the problem rested Ir the 
proper choice of capsule structure material 
associated with proper configuration of re- 
covery components in the weight/volume 
realn-..  Proper separation of components 
within the vehicle was also mandatory since 
the effects at component interaction after 
impact was known tc have increased the local 

Many materials were studied and evaluated 
for use in the Inner sphere of the capbule. 
Little data existed en the performance of any 
material at the high shock levels that would 
be encountered upon impact, so an extensive 
program of testing was conducted.  Results 
obtained from these teste provided a range 
of desirable characteristics which included 
flexibility, strength, low water absorption, 
low density, and slew return after initial 
shock.  The material finally selected for use 
In the Data Capsule was a plasticized Poly- 
urethane foam which produced a structure 
that was well suited for high-velocity impact 
shock with a rapid deadening effect.  This 
material also has the ability to adhere to the 
components molded within the package which 
contributes greatly to the capsule's structural 
integrity. 

The capsule's outer shell serves basically 
as a re-entry protection for the inner sphere 
and as such does not appreciably change the 
effect of Impact upon the inner sphere or it» 
components since it fragments in the Inltl?' 
phase of water entry prior to the time that 
the inner sphere and its components respond 
to the deceleration forces. This phenomenon 
has been verified both analytically and by 
test 

ANALYTICAL APPROACH 

It has been «Btablished by researchers 
sucn as chmman and Spencer. Birkhoff, 
Carr, et al., that the phenomenon of water 
entry by & blunt object such as a sphere 
consists basically of three phases.  The 
first phase occurs during the first several 
microsecond« of initial contact with the water 
and is called the compressible-flow phase. 
This phase is characterized by the propaga- 
tion of a trapped pressure wave confined to 
the point of impact, subjecting it to very high 

pressures.  The second or flow-forming 
phase, begüui immediately after the moment 
where the horizontal component of velocity 
falls below that of wave-propagation velocity 
In water.  At tills point, the trapped pressure 
wave will tend to move away from the intrud- 
ing shape and ralieve all of its energy by 
raising a mass of water in the form of a 
splash to a specific height The third and 
last phase is lest' complex to analyue; it be- 
gins when the flow around the body has stabi- 
lized Itself and all that remains is a pure 
hydrodynamic force acting on the body. 

in«   l.UUlpl CDDlUie-llV'W   tlUMOK   lO   U«C   lUUBi 

difficult of the three phases to predict analyt- 
ically, as verified by the extremely empirical 
approach that most experts use. 

One approach, proposed by the Admiralty 
Research Laboratory, Teddington, England (1), 
is to solve for the peak pressures experi- 
enced at the surface of the body that Is in 
immediate contact wiih the trapped pressure 
wave and to then calculate the area of this 
contact surface. The expression for pressure 
is p a /3cV0 sin a, 

where 

p ■ pressure, 

P - density of water, 

c ■ velocity of fiound in water, 

vo * impact velocity, 

a * entry angle. 

The time (t J during which this pressure 
(P) acts is estimated by the following equation: 

whefe P. ■ radius of ^>fcsre. 

The penetration depth (s) of the sphere 
during the time (t,), assuminj; tAV * 0, is 
s = vt j.  For the Data Capsule, using the 
above equations, p « 30,000 psi, t j » 16 
microseconds, and s - .085 inch.  The 
wetted area of the Data Capsule for .085 inch 
is approximatsly equal to 5.8 square inches. 
Therefore, the force acting on tta capsule is 
equal to 188,000 pounds.  The amount of ki- 
netic energy (K.E.) transferred during the 
compressible-flow phase can then be approx- 
imated by the amount of work oxpe.n&d in 
the water. Assuming an average force of 
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100,000 pounds moving a distance of .007 leet 
we have an energy loss of 700 foot pounds. 

In order to solve for the velocity change 
t occurs during tliio enejgy transfer, it Is 

assumed that only the outer sheila respond 
to the 16 microsecond pulse duration nlnce 
the Inner isofoan sphere and its components 
have extremely low natural frequencies.  The 
energy loss can then be stated as follows: 

:«• v -, 3 MV, 
•■ 700 ft lbs, 

a i where Vo ■ 450 fn« and M ■ shell mass 3 
Therefore v 2 - v/ - 1400 and v, -447 
tpB.  (Velocity at time t..) 

TTüs gives a velocity lose (AV) for HM shell 
mass of 3 fps and an acceleration (assumLng 
a constant acceleration) equal to 

.1 

.000016 32 
6000 g'l, 

This figure is conservatively low since it 
Is based upon the assumption that all of the 
shell mass absorbs the change In kinetic 
energy.  Experience gained from impact tests 
performed on the capsule shows that, a large 
portion of the shell disintegrates at impact; 
therefore It would seem safe to aseume that 
the Impact «hock would be absorbed by only 
a fraction of the shell mass. 

A method of analysis for detcvmlning the 
critical velocity »hock, suggested by M. 
Kornhauser, refers to work done at the David 
Taylor Model Basin (2).  The solution for 
the effects of the damage caused by a shock 
pulse on a structure is baaed on the assump- 
tion that when the duration of loading is less 
♦hoti 1 /A  ,-*r *U« «-.i—.-T , J--I  _# xi..   -A.. 
—•. */ ^ wi mc lutUual ptlMUII (JI uie BUTUC- 

ture, the response is independent of peak 
acceleration or duratior/ but 
on the velocity change, Av. 

produce damage ox ihn stiuctuxe is given by 

V = 0.3 e    c    , 

where e0 - strain rmd c0 ■ velocity of sound 
In the structure. 

When the above expression Is applied to 
the Data Capsule shell structure, 

(0.3) (.002;) (7000) =4.2 fps. 

Therefore, a 4.2-fps change in velocity 
at impact is enough to induce damage to the 
shell structure.   Tnle figure roughly corrob- 
orates the calculated result« obtained by 
means of the first method of analyuis and 
test experience In which shell fragmentation 
has always occurred. 

The effect of t i»o ftrat phase shock pulse 
on the recoverable in^: nihere is minor as 
shown by the results of impact tests, since 
the critical velocity for the isoioam material 
is approximately 60 fps, as shown in *M 
following analysis. 

The application of the above critical ve- 
locity (AV) equation to noorigid structures 
such as the isofoam core of the capsule is 
of questionable value.  However, by using 
.10 for i  as determined by laboratory tests 
and 2000 fps as the velocity of sound in the 
Isofoam core, a AV of 80 fps is obtained. 

As shown in Uie following paragraph, the 
foam inner sphere is subjected to velocity 
changes In the order of 70 fps.  This would 
bear out the fact that In certain Impact tests 
minor foam damage has been Incurred.  The 
characteristic ol the second or flow-forming 
stage in water Impact is that of a transient 
drag pulse that changes In magnitude with 
data capsule wetted area rate of change and 
therefore with entry velocity. Xornhauser 
provides a method for determluuig this 
transient drag (3). 

First, the ballistic dfsliy (a) of the 
sphere is calcultrted, sm.e the impact co- 
efficient 1« dependent on the "virtual mass ' 
of the projectile. 

■5-77pR3 

where 

M ■ mass of sphere, 

S = radius of sphere. 

By using the ballistic density {<?), an iujpact 
drag coefficient (Cp) is determined. A plot 
of Cp versus penetration and subuequently a 
plot of deceleration vs penetraticn can be 
obtained by using the expression 

G=-3-C   ^ 8 %  Pa   • 
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ThlB value of ücceleraüno reprb^eantR 
ci> erall capsule deceleration and la D^;*ed 
uvon the assumption Umt the capsule lö i^airly 
rigid (*hlch It Is not) and helps only to arrXys 
11 an approjdmatlon of the acceleration-time 
; istory of the second phase of the water 
'ntxy. 

fv using the above methods (or the Data 
CapcuU^ it ms predicted that the uuxlmum 
force» tial velocity changes occurred during 
the first v-a^r penetration of one radius and 
that the vtAocUy shock (AV) amounted to ap- 
prcKlmately iQ fps. This velocity shock was 
used to precLv* »Jie "g" loading experienced 
by each compoutvt within the capsule as will 
be discussed subsvvuentiy. 

The third and flnM '.tase of water impact 
by blunt bodies begin* w ;cr. ♦*"» body l» com- 
pletely submerged and Is ^aracterizf d by a 
lessening of the deceleration forces.  This 
phase has no effect upon the h't of the cap- 
sule or Its components. 

The methods used for the shock malysis 
of the Data Capsule components consumed of 
the following. Each component was coot'd- 
ered as a slngle-degree-of-freedom nonlLear 
system where the spring is the polyurethant 
foam between the component and the mass on 
which it impacts. Thus for zero impact di- 
rection, the foam between the recorder and 
the shell was used to determine the deceler- 
ation response of the recorder and the foam 
between the SOFAR bomb and the recorder 
determined the deceleration response of the 
SOFAR bomb. This procedure assumes no 
coupling effects or interaction between the 
masses.  Computer studies were run to de- 
termine the validity of this approach and 
indicated that the slngle-degree-of-freedom 
iuiaiybis vaa quite valid except for one com- 
ponent, which was the beacon. Interaction 
between the beacon and the 80FAP bomb 
accounted for higher "g" levels on ihe beacon. 

The nonlinear spring was aasumed to be 
the tangent type whose restoring force is 
given by 

T<     2Kh        vi F 3 —tanT 

where 

h = thickness of foam (in.), 

K ■ linear spring constant (lb/in.), 

s ■ compression of spring (in.). 

Thle type of spring was chosen bacc It is 
essentially linear for small K and inh Ue if 
Sah.   The linear spr*ng constant K le 

wtevre k > linear spring constant for a one 
inch C^be in compression. The value of k was 
obtalnedS^om dyranftv tcrts. 

The respon^ of a single-iiegree-of- 
freedom tangent-t^pe noollnaar system to a 
velocity shock is adequately discussed in 
many texts. The maxlfflJ^ force In the spring 
due to the abflcrptio!» of tfiSlklnen". energy is 

(MS) V M-N. 
where S0, Ihe maximum deflection of a lin- 
ear sprir^ of »tlffness K, Is the ratio of the 
velocity ehoch divided by the natural fre- 
quency of tfce linear system AV/nn. 

Since, the force in the spring is due to the 
mass times the deceleration, the maximum 
deceleratif. a is given by 

1 ("") 
~ir~ A (g's) 

«here w is the weight of the component. 

TEST THOGRAM 

Mary aircraft drop tests were conducted 
througliout u.« (fevelopmeftt program and 
valuable deslgi. inioi?iation was oötaintd in 
this manner.  K^vevcr, the precise point of 
Impact of the •:opBile ana the velc«ity of ua- 
pact were actually somewhat iii doubt.  Tlwre- 
fore, as a final qualification tMt program, a 
series of controlled wat..r-l:npa.ct tesin were 
conducted at the U. 3. Navvl Wrcapons labo- 
ratory, Dahlgren, Vlrgtrda, The »rimary 
objective of the water-impact '«sts 0^ thö 
data capsule was to determine u ° .Varies 
of a -iphnrical sector on the surfa;". of ihe 
capsule within which the capmüe wo la reli- 
ably survive water impact at specifiev. air k- 
ing velocities. 

The test facility (Fig. 3) consisted of a 
110-foot rocket launcher, depressed 10° 
from the horizontal, a stripper device used 
to separate the capsule from its rocket- 
propelled carriage, and a water recovery 
tank for impacting and recovering the 
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capsules.   The capsule entered the tank 
through a 3e-lnch-diameter opening over 
which was clamped a .010-Inch cellulose 
triacetate diaphragm.  A sluice gate was 
utilized to close the opening in the tank to 
protect the diaphragm from turbulence while 
the tank was pumped full of water. Just be- 
fore actual firing of the capsule the sluice 
gate was opened and Immediately after entry 
of the capsule into the tank, the gate was 
closed  The dlnwuelons cf the water tank 
were approximately 28 feet long, 16 feet 
wide and averaged 17.5 feet high. 

The carriage holding the data capsule was 
propelled by means of four 3.25-lnch Mk. 7 
Mud 0 rocket motors, temperature condi- 
tioned to 140° F.  Total weight fired was 
approximately 400 pounds.  The stripper 
plate was located 8 feet from the end of the 
110-foot launcher.  The stripper separated 
the motor carriage from the capsule ?ilow- 
ing the capsule to fly freely approximately 
10 feet before impacting the water tenk dlt ■ 
phragm. 

High-speed photographic instrumentation 
was used to verify the capsule's velocity and 
point of Impact (Fig. 4).  Four daa capsules 
were constructed by using spent components 
upon which were secured copper ball, peak 
reading type accelerometers mounted in the 
planes of Impact The test results indicated 
that the analytical approach unlng the single- 
degree-a(-freedom nonlinear system is quite 
valid for obtaining design "g" levels for 
components packaged and protected as was 
done within the Data Capsule. 

Table 1 
Results of Typical Test 

Cümponeru Peak g 
(test) 

Peak g 
(calculated) 

Battery box 

Junction box 

Recorder 

Beacon 

Sofar bomb 

1750 

7.500 

2300 

4500 

5800 

178Ö 

1700 

2250 

1880 

4100 

It should be noted, as stated before, that 
the test results corroborated .the computer 
study which indicated that interaction would 
occur between the beacon and SOFAR bomb 

thereby increasing the actual peak g's 
experienced by these components. 

The Dahlgren tests proved conclusively 
that the Data Capsule could reliably survive 
water impact at velocities of about 450 fps 
if the impact were restricted to the bottom 
hemisphere within a spherical sector whose 
diameter lies 70° from the bottom of the 
capsule and is parallel to the horiiontal 
diameter. 

In addition to the tests performed on the 
capsule which contained a SOFAR bomb 
(Mod P), tests were conducted by using a 
Mod 7 capsule in which the SOFAR bomb 
was replaced with a 16-mm camera.  Nine 
Mod 6 capsules and three Mod 7 capsules 
were successfully tested.  It should be noted 
that three cf the Mod 6 Data Capsules were 
impacted twice (using new outer shells for 
the second shot) at different locations with- 
out failure due to impact, indicating the 
rugged nature of the foam material. 

The final proof of doslgn however, rests 
in its successful upe in actual flight.  The 
Data Capsules hav« been flown in both the 
Thor and Atlas re-entry vehicles.  The rec- 
ord of successful recoveries of both types of 
capsules has been very impressive consider- 
ing the complexities of a missile system, 
the rigorous environmental conditions that 
the capsule must survive and finally, the 
"needle in a haystack" aspects of the re- 
covery system. 

Much valuable data has been collected by 
using this technique. Complete storable 
records of missile flights have been recov- 
ered, both on tape and on film.  Extraordi- 
nary photographs of the earth (Fig. 5) have 
been obtained from altitudes up to 900 miiee 
which have revealed interesting weather 
patterns and which have paved the way for 
more research into meteorological and 
reconnaisance satellites. 

APPLICATION TO PROTECTION 

The use of foamed plastics for the pro- 
tection of delicate equipment during the 
handling and transportation phase is not new. 
Many nujiufacturers have utilized this tech- 
nique a. id have effected considerable savings 
as a result. 

The ability of foamed plastics to absorb 
energy i s put to good use in packaging. 
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Fig. 5 - Photogra|A of earth from altitude of 3S0 miles 

recovered from data recovery capsule

B*r«, coBtoored foamed-ln-place packafes 
as mil as sUtted slab irtock can be used. It 
'.s cflocelYab)-* that parachute dallvery of 
sappUes and equ4>ment could be nutde (aster 
and more accurate if the allowable Impact 
velocity of the packages could be increased. 
With proper foaming techniques, descent 
velocities of parachutes could be increased, 
thereby lessening the vulnerability c( large 
packages to enemy acttca.

Klsctronlc equlpaent used for homing or 
guidance purposes, such as a radio beacon 
or flashing Ughts as utillaed in the Data 
Capsule could be dropped accurately on an 
enemy beach without parachute retaruaUon 
of the impact velocity. For example, a OaU 
Capsule of apeclal design was dropped from 
an aircrait from aOuu feet upon a sandy 
beach. The capsule impacted the wet sand 
at a velocity of 420 1^. The radio beactm 
wltuut urn lujKuaned just as well as
it did before the test even though it had ex­
perienced a shock of 10,000 g*s.

There has been speculatton recenfly about 
the feasibility of a "logistics missile;" that 
is, a missile which could accurately deliver 
hyi^rcrltlcal smqplles or possibly personnel 
to an embattled ouqxwt where all other con­
ventional methods of deUvery had been 
deemed Impossible. T je missile would have

a am>arable nose cone which would "home 
in" on electronic equipment set up on the 
ground station, it is proposed that a para­
chute be used to retard the descent of the 
cone with its payload protected by fOamsd- 
in-place {OasUcs, both rigid and semi-rl|pd. 
The principle of energy absorbing by shock 
collapsing of semi-rigid foam to protect 
delicate instruments has been found to work 
welL The ativantage of using plastics for 
this application rathar than hassycoudb als- 
mimm structirse, for instance, lies is the 
ease of handlii\g of the foam and tta abOl^ 
to fill all voids In a structure tbsrsby sflmd- 
ing uniform siqNMirt to tbs payload. Tba bl^ 
"g" toieraace of the payload would ttaer^Cre 
be increased since tiie tendency for dUfersn- 
tial deflections in the poyloed would be mtet- 
mised. bi addition, renuTval of the pi^oad 
from the foam protection la quickly and 
easily accomplished aimpiy cutttng the 
piasuc away from the package. In the caaa 
of a human cargo, a coatoorad foam seat 
oriaatod properly upon Inqiact would serve 
as adequate protection., fludiee involvtey, 
apace capaules for human occupancy iiitve 
Indicatsd the feasibility oi this approach.

bitsrestlng military a|v cations of the 
use of controUed-denaity irettume foasu 
have been under a^rimeat at the Daeton 
flidiber Co. A aeries of teata were conductsd
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In which rubber tire tubes were filled with 
foam.  To test the tire, holes were drilled 
through the sidewall and pie shaped wedges 
were cut across the tire to simulate battle 
damage. The tire remained Intact during 
subsequent driving. The foam-filled tire 
shoved greater stability and better shock 
absorption without the reciprocal "bouncing" 
effect shown by air-filled tires. 

Another technique involving use of ure- 
thane in creating protective foxholes for 
wartime use has possibilities. By using a 
portable mixing machine, the shoulder-depth 
foxholes can be sprayed with urethane foam 
which sets in a matter of minutes. When 
hardened, the foam forms a rigid coating 
that provides excellent insulation and pre- 
vents water seepage. A dome-shaped cover 
complete with vision slit can then be formed 
by using strips of preformed flexible ure- 
thane and wrapping paper as a base coated 
with several successive layers of rigid foam. 
The resulting foxhole cover is strong enough 
to support several hundred pounds of weight 
and to afford protection from stray shrapnel 

and debris. The use of a similar technique 
to construct fully-Insulated and water-proofed 
storage depots and bomb shelters has been 
under ccnsideraticn. 

CONCLUSION 

The successful application of the use of 
foamed plastics for the protection of sensi- 
tive electronic equipment from high-shock en- 
vironments has been adequately demonstrated 
by the recovery of many Data Capsules. A 
reliable, yet simple method lor analytically 
determining the design "g" levels for compo- 
nents packaged in this manner has also been 
formulated and verified by a series of unique, 
controlled water-impact tests. 

A few interesting and perhaps thought- 
stimulating suggestions of military applica- 
tions of this technique have been presented. 
Undoubtedly, these, or similar concepts will 
be utllleed in the near future as our "know- 
how" and technology in the field of foamed 
plastics increases. 
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DISCUSSION 

Mr. Cordes (Lockheed Aircraft Corp.): 
Do you have any data on the frequency re- 
nponae of your instrumentation, and how long 
were these shock impulses? 

Mr. Mawnr; Actually, we know that the 
copi»cr ball iype accelerometer s probably 
gave us a rebound effect and, the g levels 

that we read were possibly too high. The 
pulse time actually was about two to three 
milliseconds in this second phase of impact. 
However, the g levels experienced were so 
high that if actually we did read 3000 g's 
instead of 2500 g's we felt that in design of 
the components the difference was insignifi- 
cant 
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DEVELOPMENT OF A COMBINED 

CLIMATIC, STATIC, AND DYNAMIC 

ENVIRONMENTAL TEST FACILITY 

J. J. Hendrix, E. H. Moore, and K. M. Murphy 
Missile Division 

North American Aviation,  Inc. 

The Missile Division Testing Laboratory's capability for combined en- 
vironmental testing has long permitted the combination of climatic 
environments such as temperature, altitude, humidity, etc. The Lab- 
oratory has employed this capability effectively in numerous ways 
without ever seriously considering the addition of both vibration and 
linear acceleration to extend the capacity for testing under multiple 
environments. Some eighteen months ago, however, several Inquiries 
were received Including one from USAF BMD as to capabilities for 
testing under combined sustained inertlal and vibratory loading. Pursuit 
of these Inquiries revealed a strong Indication that such combinations 
of environments are to be significant In future missile and aircraft 
development testing. An adequate capability for such combined testing 
therefore appeared to be desirable, and means for acquiring this ca- 
pability were considered. It Is the purpose of this paper to outline 
factors which entered Into this consideration, to describe design and 
development of the facility, and to Indicate   the   degree   of capability 
achieved. 

CONSIDERATION OF FACILITY 

The ccinb!»wüon of vibration and su»- 
tained acceleration can be obtained in two 
ways.  First, by placing an accelerator on a 
vibrator, Süd aecoad, Ly fevereing the proc- 
ess and providing some method of vibration 
excitation on the accelerator. Consideration 
0* w>C HICMIOUD c*tau.;u iiwOVc w<tn uiiy«i'iicü by 

the following design precepts: 

1. Existing equipment was to be used 

2. Development cost waa to be held to a 
minimum 

3. Faculty was to be available for use in 
six months 

4. Facility capability to be 25 g's in the 
frequency range, 25 to 2000 ops, with 
15 g's of sustained acceleration, 
additive 

5. Equipment used was to retain its capa- 
bility for general use 

A survey of existing test equipment based 
iui tue above design precepts dictated that 
the means of vibration excitation should be 
mounted on the accelerator. No decision 
was required relative to providing linear 
acceleration since only one piece of equip- 
ment suitable for this application (a Genlsco 
Model C-159 accelerator) was available. 

Conversely, several possible mean» of 
providing vibration excitation were consid- 
ered. Mechanical methods of excitation 
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were evallable but their use was rejected 
because of their limited range of frequency. 
Hesonant beams were attractive from the 
standpoint of wsight but the number required 
to cover fully the frequency range was con- 
sidered excessive and they were also re- 
jected. B was decided that the most practi- 
cable means of providing vibratory excitation 
would be the conventlonil electrodynamic 
ahaker, and design consideration proceeded 
upon this basis. 

Since the source of sustained acceleration 
was to be a Genisco MoJel C-159, it» capa- 
bility was evaluated In terms of the design 
precepts. A preliminary static and dynamic 
analysis of the accelerator beam led to the 
following observations: 

1. The manufacturer was conservative In 
rating the capacity of the accelerator. 

2. Additional beam torsional stiflneB» was 
required for compatibility with antici- 
pated requirements. 

3. The beam would not withstand the ex- 
pected dynamic test loads. 

4. The moment acting through the e.g. of 
the exciters accounted for greater than 
90 percent of the total moment 

As a result of the above analysis, it was 
concluded that the accelerator beam would 

SLIP RIM MMMBLY 

SPtCIAL STAINLESS DRIVfSHAFT 

need to be stiffened or, alternatively, that 
the dynamic load would have to be restrained. 
This latter alternative was selected in the 
expectation Uutt It would entail the expendi- 
ture of less time and money. OuriKg test, 
the accelerator required both static and 
dynamic balancing, so the decision was made 
to mount two identical, dynamically-opposed 
shakers on the accelerator beam. The MB 
Model C-S-C shaker was found to satisfy 
basic problem conditions cf size, weight, 
force output, and frequency range. Addittona.' 
considerations which influenced the selectlcn 
of this type shaker Include an adnntagsous 
"force output to mass" ratio, a wide fre- 
quency range (5 to 5000 cps), and electrical 
requirements which were compatible with 
the rated capacities of the silver alley slip 
rings provided on the accelerator. 

The selection of the C-6-C shaker limited 
test-spacimen gross weight, exclusive of the 
armature table, to approximately 5 pounds. 
Heavier specimens reduced vibration lev«IM 
below the required 25-g maximum. A sketch 
of the accelerator-vibrator combination is 
shown in Fig. 1. 

With decisions regarding equipment selec- 
tion accomplished, attention turned to ways of 
putting the equipment to optimum use. Orien- 
tation of the vibration exciters on the accel- 
erator beam and incorporation of provisions 
for climatic environment« were primary 
considerations in this new decision phase. 

SWIVtL JOINT 

FLUOOUT 

ACCELERATOR   IflENISCO C »S) 

SHAKER 
CRADLE 
SUPPORTS 

• IIHIH uAttt' 

PftCStUNE 
TwutsoMctr 

Tmrrrrrr i       i 

Fig. 1 - Configuration of combined environment test 
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1
standard procedure for the combinatlcm 

of vibration and sustained acceleratton in 
orthogonal axes usuallv includes exposure 
in all orlwitatlons. As previously mentloBed, 
however, analysis showed the accelerator 
beam to be weak In torsiaai, and for this 
reaacm It was not considered advisable to 
vibrate In the axis tanfunlai to accelerator 
rotatton. Therefore, two axes of vlbraticn 
with respect to the axis of suoteined accel- 
eratioc were chosen, nnmely, the axes normal 
to and coaxial with ttet of linear acceleratton. 
Any diaadvaatape arising from the elimination 
of taapsnHal vlbratlan was expected to be off­
set by careful eansideratlon of component 
symmetry In fixture design.

Because of apace and weight llmltaticma,
It was found neceeaary to restrict msans of 
Imposing climatic mivtrc&mests to the slm- 
plaat form poa^le. The msans evolved 
eoMlated simply of wrapping coovuBtlQnal 
lanlatlon matarlal around the teat veclmsn 
ana permeating this materUl with heating or 
caullat fluid, as the eaau dsotanisd. 4pum 
Uaaltatian further dictated that hot and cold 
fluid bu stored outulde tim accelerator and 
be piped through swlvula to the dasirud area

cf heating or refrigeration. Some additional 
modUicatlona (rf the accelerator were found 
to be refulred to perform this imictlon but 
inlti., plhantng proved the feasibility of the 
seawal aebame.

EQUlPIttNT aSOSEFICATIOIf 
AND DESEON

Removal of tht accelerator optical oyatom 
and replacement wife SOOC-pai vfeinleaa ated 
lines and swivels for conveying climatic con­
trol fluid was one of the first accelerator 
modifications. Some difficulty was experi­
enced wife performance of awtvels in Eds 
service and the problem demanded ipiaUic 
design ettoi-t for aolutloai. An outgrowth of 
this effort !ws be«i a superlmr swivel, wbleh 
cannot be diacussad in this piver becaeaa 
patent protection has not yet been obtafesd.
It will suffice to say that fes resultast spsfem 
has provui to be highly aattsfectory.

Other modIfleatlonB mads to tbs aeealar- 
ator tnclwSed ratatsg of tbs ptetoctlve enclo­
sure sides (fig. 2), rotaforcesRuaf of tbs 
beam to increase tormonal stlffnesa, and the 
replacement of maoual operation wife servo

1

/ ? • * ■ *
“V- *. w

Fig. 2 - Vibration normal to centriftigal %c?i«l«rmties axi*
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controL AciditioiKl lUi) rlofs vere inatallad 
to peroilt more eztenstve laatramKitotioii, 
and the wiring was cLanged to allow (^sration 
at higher temperaturee. Tbe change to re- 
mete control wan made necerjary by the 
Laboratory Shfety classification of the facility 
as "dangerous."

As fiu: as stinictural Intogrity of the ▼!- 
bratton exciters was soncemsd, no major 
problams with toe IS-g sustained acceler­
ation re4ttirement cf the design precepts 
were envisiooed. A yoke deriee (Fig. S) 
was designed and fabricated to strap toe 
shakers together at c.g. locations, both to 
avoid imposing moment loads upon the beam 
incidental to the impoaltion of suotstoed 
acceleration and aleo to aesare simplicity 
of the (tyaainlc igstsm. a means at pre- 
stresalng toe accelerator beam in bending 
was also incorporated in the design of this 
strap for better control of load paths. A 
final modification consisted of toe redesign 
of vibration exciter cradles to provide a 
means of more posttlve looking in a given 
orientaUoo and also to lower toe c.g. as

much as possible, apUn tor mlMiitiiatten 
of centrifugal load in toe beam.

A prc ‘ :em of major concern caused by 
the imposition of vibration and stea^-stats 
acceleration in the same axis was the pro­
vision 0* a means for keeping the 
armature centered in its magfiettc fleUL 
Conventional fissures are dESigaed fur per­
forming this function under normal gravita- 
tional loading mly. The flexures tor the 
Intended ap^catlmi were rctyilrad to have 
a range of stfifimss some fifteen times 
greater than that required tor nornml <g>er- 
atlott and to be aCbustable over tbs mitire 
range of vibration and acceleration as w^
It was decided tost pneumatic strings oOsrsd 
the nest means of providing ins dsstrsd 
range of acfiusinbflity. ActustmTs sulWblu 
for this miplleatlon were adapted in accord­
ance with toe deelgn in-ocedure cf Appundhr 
A. A modiflcatlm) arising lr«n the choice 
of actuators was the removal of the vibrator 
degaussing coils to provMs apace for nmunt- 
ing of the pneumatic cylinders. Ftgnre S 
shows toe welters mounted for esnslal vi­
bration and toe actustors in use.

' ■■ ■ '■

t.:I-

Fig. S - VlbratlM coaxial to centrifugal acceleration axis



FACILITY SHAKEDOWN 

After all major design and modification 
Probleme were resolved, a series of tests 
was pluuMtd to prove design.  Figure 2 shows 
the assembled facility ready for tte first 
shakedrwR test With the vibration exciters 
orientod as shown, with the combined system 
instrumented with strain gages as described 
in Appendix C, and without operating the 
sha'iers, the accelerator was rotated and 
retidlng« of load data were taken in single g 
increments.  As will be seen in Fig. Cl, the 
prestress beam load in ueutraliaed by cen- 
trifugal action in accordance with the re- 
quirement set forth in the preliminary final- 
ysis.  The stress recorded in tne straps was 
well below design limits. 

The procedure described above was re- 
peated with the shakers oriented fcr coaxial 
vibration as shown 1c Fig. 3. Loads were 
considerably greater for this caee since the 
radius of gyration as measured to the shaker 
armature decreased while the distance to the 
e.g. of the exciter remained cocsttnt. HOT 
ever, total loads were still within the safe 
operating limits of the ti« rods. 

The facility was now ccaildered ready 
for dynamic study under conditions of the 
simultaneous application of vibration and 
linear acwleradon.  For this purpose, the 
beam, tie rods, and qwclmen jigs were in- 
■tru!?*n>d with accelerometors to permit 
detection of resonant response, and the sys- 
tem was set in operation. Initial data were 

extremely noisy because of ground loop and 
line bundling problems. 

One source of noise was identilied as a 
voltage Induced by the magnetic field of the 
shaker as it passed the instrumentation 
terminal strip. Figure 4 is a schematic 
presentation of the configuration which pro- 
duced this problem. It also shows how the 
difficulty was corrected by rerouting the 
coil hot wire to indue« opposing voltages in 
two legs of the looped instrumentatioo line, 
instrumentation signals were further im- 
proved by provldlsg maximum separation 
between power leads and Instrument leads. 

Vibration data taken In the course of 
facility shakedown showed dynamic response 
throughout the rang« of operational frequency. 
Violent response was noted at several fre- 
quencies below 25 cps, but in geairal the 
response above this frequency was easily 
controlled by the test operator. A check of 
system simplicity aga'nst the analysis 
(Appendix B) showed good agreement 

Checkout of the pneumatic spring fl-^ires 
on the vibration exciters was successful with 
minor modifications. Some mlsalignmant 
between the armature and firing axas eausnö 
binding of piateo rods »nitiaUy, bat the imtai- 
lation of ssU-allfning rod-ead btartaft cor- 
rected this dKBcutty. The only othar prob- 
lem wa» dot to excaasive fricU« of pistoc 
O-rings. This sltoatfon was eatUy corractad 
by removing two at three O-rings on the 
piston. Success In the use of these pneumatic 
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Fig. 4 - Induced voltage caused by shaker magnetic field 
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${iring6 for ceatering ^ armatora In its 
magnetic field at all sustained accelerative 
loads to 15 g's confirmed the design pro­
cedure of A^>endiz A.

ProvisimiB for remote control (Figs. 5 
and 8) proved to be highly satisfactory. 
Control of accelerator load to within a tenth 
of one gravity permitted good load regulation, 
and vibration sensed at the shaker armature 
could be controlled with the same accuracy 
either with or witlunit the influence of sus­
tained acceleratitm. Tlmt is to say, Insofar 
as Tibration control was ccmcerned, that 
operation of the accelerator had no deleteri­
ous effect

CCABKirrS AMD CCXNCLUSKlie

The equipment just described has demon­
strated its importance to qualificatimi testily 
thrcu^iout tl» past year. Its operatimml 
verKittlity in the combination of environments 
has been shown to be a matertel contributioa 
to the continuing effort toward more utithful 
reproduction of tactlmd envir<mnmnts in the 
Laboratory. Its size lends itself well to the

testing df many conajiOheats and small assem­
blies and, although it has not to date been 
used as a portable unit, its convertibility, 
in accordance with the design precepts, 
mates pose 3 this highly desirable uSe.
The ct«vertiu’i;.ty feature also permits 
otter than combined testing use of all ele­
ments of equipmeht Integrated Into this test 
unit, l^cility rentals required to be absorimd 
by test costs are therefore less. Combined 
testirig is very extensive at best, but It is 
aiqiarent that the use of cmivertible equipment 
results in minimum combined test equipment 
rental and lower test cost.

eiae limiiaUoas are found to contribute 
both favorably and unfavorably to use of tts 
facility. A costwlse advantage Is realized, 
of course, from the mlnimizaticai of ^lecln^ 
size range, since the use of a small ttciUty 
for testing small ^g>ecimen8 is economical. 
This oecomes a serimis disadvantage in aiqr 
case where apeclmen size ezeoeds facility 
capability. Needs in this regard, pertiaeid 
to a e^ven i^Ucation, are worthy of careful 
stwlir.

Ite facility irtdeh resilted frmn tte effort 
described, hM be«B foumi to be close to

—
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Fig. 5 - Control and inftrvunsntation panel
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Fig. 6 - Vibration power supply and control console
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optianim cteiign, ia tertas of tbe above con> 
bideraiiOinB. Although several tests have 
b^i rejected t^tm the basis d facility size

Umitati(^ the equipmeot has bem afinoift 
complete^ occtqtied since its c«qptettOB 
and is sdiedaled heavily for fiittre wozt>

APPENX8X A

vmam of a pmeumatic

Tte geometry of a i^eaimtlc sprb^ is 
^oira in Fig. Al, where,

R ■ radius to cratribi^ cmter,
ii s sues of siui»r armature, Jig, 

^cimen, etc.,
-t M piston clearuice

* statk; (mean dyramic) piston 
clearance,

P„ • static (mean dynamic) cylinder 
pressure,

A » plsttm area,
F m caHtrifugal force s s

■ e rotatlMial vetecity 2^(rp®)/80.

If a polytroptc c^rimmic proceiB ti 
assumed, then

pv" m coostant, 

p « iaBtantane<ms pressure,

V m iMtastaneous vdlume, 

n - ptOytropic process coefficient 

By differentiating.

PnV"*‘ d¥ + v" dP = 0 .

P ndV + V dP = 0 .

dV
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Fig.  Al  - Schematic of pneumatic spring 

The iprlng contant of the pneumatic 
spring !• 

.      AF . AAP . AP .2 Pn .2 

X 

P „nA 
k = —r— • 

For the range of audio frequencies, an 
adlabatlc proceaa may be aaaumed.  This 
assumption also applies, without serious 
error, In the range of frequencies to 5 ops. 
Employing a value of n ■ 1.4, an expression 
useful for design purposes, from tha above 
derivation, is as follows: 

i-1. Po* - Li   JjS 
365Ö ^ 

tirp*)1 

2.     PnA Pn 
Tk 

and referencing to mean pressure and 
clearance. 

The spring may be designed In terms of 
limiting dimensions, available actuators 
which may be employed as cylinders, etc. 
The procedure is to select values of non- 
critical parameters which are compatible, 
in terms of the above expression, with those 
which are fixed or sharply restricted in 
range. Simple system natural frequency, 
proportional to the square root of this quan- 
tity, should be kepi below 10 ope for this 
application If possible. 

APPENDIX B 

ACCJLERATOR/8HAKKR SYSTEM 
REBPOhSE FREQUENCIES 

Figure Bla shows the principal features 
of the accelerator/shaker system for shaker 
orientation in the axis normal to that of the 
accelerator arm. A similar schematic ap- 
plies for shaker orientation in the uü: par- 
aliei tc that of the accelerator arm.  Figure 
Bib shows a simplification considered to be 
valid in consideration of the system and 
anticipated forcing-function symmetry. 
Not« that this simplification combines strap 
stifltaess and that of the beam Into one spring 
constant  Thi^ it, done since it is not ex- 
pected fitftt l1* vfdue will need be obtained; 
the analysis belr.g in terms of Hignifioaat 
frc-quoücie*..   Figu.« E<c ek&yz :',» equiva- 
lent two-degreti-of-freedom system employed 
as an analytic.■-! model.  This analysis pro- 
duced a determinant as follows: 

(a) Schematic of ac-s!^rator/«haker aystem 

L a 
■, 

(b) Simplified schematic of above system 

'i      t 

12 

^ 

0) • _ üJ J 

3 n 

0 , 

where 

kj k2 
ll2 " kj f kj 

,       kl 

(c) Analytical model of above syatem 

Fig. Bl - Geometry and analytical mpdsl of 
the accelerataj'/shaker system 
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This determinant may be expanded to the 
form of a quadratic as folio*«: 

IT. this form, it U convenient to insert ob- 
served frequencies for Identification and 
verification of design assumptions embrac- 
ing system simplicity, constituent stiffness, 
etc. 

'n'-W* *ia) * vT^ 2 2 4 ujj   - 0», )  ♦ «JJ 

APPENDIX C 

DETERldNATION OF MINIMUM 
PRELOAD TOR CENTRIFUGE 
DEAM 

As noted In the body of this paper, a yoke 
device was designed to counteract the severe 
loading of the centrifuge beam which would 
result if the forces acting on the vibration 
exciters under sustained acceleration were 
reacted by the beam only. lu order to de- 
termine the minimum preload in the yoke 
system which allowed safe ope; «tion of the 
system at 15 -g sustained acceleration, 
strain gages and load transducers were 

installed on the centrifuge beam and load 
straps or the yoke device so that preload 
and bending stress in the beam was read 
as the centrifuge rotated. 

Tfce straln-guge-type load transducers 
Installed on the load straps cf the yoke «ere 
calibrated by loading in a universal testing 
machine and recording strain resdlngs vs 
load throughout the usable range of the 
straps.  The beam stress was measured by 
installing eight A-7 type strain gages at 
critical locations on the beam structure as 
shown in Fig. Cl 

CIMAftM 

SHAKER VERTr 
SHAKER HCRI7. - 

Fig. Cl - Strain gage lo( ation and stress curven 

ISO 



During the tests to determine the mini- 
mum preload requirements, all strain gage 
and load insti umentatlon was set to zoro 
readings with the yoke device unloaded ana 
the centrifuge not rotating.  Prior to starting 
the centrifuge, the yoke was tightened to 
approximately 2000 pounds load, and aü 
iMBtnuaentatlon readlnge were recorded. 
The centrifuge was then rotated at various 
speeds between aero and that which produced 
16 g, and all tMtrumentatlon readings were 
recorded at each speed. At the conclusion 
of the test, the beam stress vs acceleration 
curves were plotted and examined to verify 

the loading characteristics. A typical 
stress-acceleration curve is shown in 
Fig. Cl. 

it can be seen from the curve in Fig. Cl, 
that the beam Is deflected upwards by the 
preload and, as the centrifugal load is In- 
creased, the stress in the beam approaches 
a balanced condition at approximately 15 g. 
With this preload, the beam is therefore 
subjected to a minimum bending stress at 
the actual 'jperating speed. This condition 
of operation agrees with requirements of 
the design precepts. 

DISCUSSION 

Mr. Johnstor. (Wsatern Electric Co.)- I 
have three questloni.  one, what dföjdu find 
in your test results that would have been 
different from the testing in the individual 
environments ?  Two, did you have to provide 
any special protection to the shaker because 
of the additional side thrust stress you placed 
on it ? And three, how did you cboone the 
planes of vibration and sustained accelera- 
tion?  We normally test In the three different 
pianes for vibration and In two directions in 
each of those three planes for a sustained 
acceleration.  How do you mix these up and 
what results did you get? 

Mr. Htndrix: If I may work btckward and 
answer number three first, the choice of 
axes.  This was of our own choice, because 
the beam showed Itself to be very weak in 
torsion.  If the shaker was oriented for tan- 
gantlal vibration In regard tn the beam, then 
this would give us our maximum torsional 
loaoß.  This we decided to do without  As It 
turned out, all our components so far have 
been symmetric and we can get the third 
axis by changing a fixture rather than reori- 
enting the shaker.  Question number two, I 
believe, was the side loads.  One thing thai 
did arise was that the velocity coils of the 
shaker did get iiiiu side load, and we removed 
them.  And question number one, here I don't 
know if we can reach definite conclusions. 
We did ona Job for an outside concern that 
had claimed to go up to 40 g in cold envlron- 
mei^s with no sign of failure, with 25 g's of 
vibraüon and 15 g's of acceleration com- 
bined. We failed four out of four units.  The 
exact reasons for failure, we don't know. 
This is up to the customer. 

Mr. Griffith (Bendix Aviation): Did you 
consider using hydraulic shakers at all ? 

Mrjfcndrlx: Yes, we did.  One of our 
ground rule« was that we tried to use our 
own equipment.  We do not have a hydraulic- 
shaker.   We did approach Wiley Test Labo- 
ratories on the West Coast, but their asking 
price for their small hydraulic shaker was 
way beyond our means. 

Mr, Grtlfitfa: What was the maximum 
specimen else that you tested? 

Mr. Hendrix:  The maximum In our case 
has been up to tills date one and a half pounds 
actual spacimen. We have been up to four 
pounds Including the Jig. 

Mr. Keller (U. S. Naval Avionics Facility): 
Do you have anyUäü er information on cross 
talk? 

Mr. Hendrix: Yes, we do. Itisnotpre- 
sentedin this paper, but in 5öü;e of the pre- 
liminary runs we inatrumented the jigs for 
cross talk and we don't feel that vou get any 
more than you would normally get thib de- 
pends on fixture design. 

Mr. Shipley (Jet Propulsion Laboratory): 
- .~,c .i Gmamn BODMraHf' uie vaiue of 
this combined environment testing.  It seems 
to me this would be extremely valuable for 
testing inertlal components.  We found some 
very significant differences In the perform- 
ance üf an acceierometer Just due to a skewed 
amplitude distribution in shaking.  The rec- 
tification characteristics wero entirely dif- 
ferent  I Imagine the same thii^ would come 
out in a combined test like this. 

Mr. Hendrix: The wave iorms through the 
coiüpiete range of frequency looked pretty 
well, although I believe temperatures prob- 
ably bother It more than the acceleration or 
anything like that 
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HYDROOYNAMIC IMPACT TESTING OF 

A RADIOMiTTRIC SEXTANT RADOME 

S. Leonard Spitz 
Allied ReBearch Associates, Inc. 

Boston, Massachusetts 

A new method has been established for water-impact testing of those 
devices subject to hydrodynamic loading. The appropriate test struc- 
ture is described as it specifically relates to the hydrodynamic loading 
of a radiometnc sextant radome. Instrumentation capability of the test 
structure especially with reference to the radome is discussed. Data 
recordea during the radom- test program are presented and analyzed. 
Both the structural integrity of the radome under simulated hydrody- 
namic impact loads and that of the test structure are verified. 

INTRODUCTION 

The radar antenna (or a radlometrlc sex- 
tant navigational aid for new submarines is 
to be encapsulated in a radome which is sup- 
ported by a retractable mast and extends to 
position the radome above the surface of the 
sea when navigational data are required. 

The radome employed for the antenna en- 
closure must be capable of withstanding the 
hydrodynamic wave-impaci loadß assoclÄted 
with heavy seas wlthcut structural failure 
and without excessive deflections which 
would cause spurious signals and concomi- 
tSilt nkvitaiioiivil prrnr«     Tn a/Mltlnn    nl 

course, the radome must be capable of fab- 
rication within the elope tolerance bore- 
sight limits prescribed for satisfactory 
antenna operation. 

Allied Research Associates, Inc. has 
been engaged ir. a program to develop the 
test equipment and to conduct such tests as 
are necessary to determine the stresses and 
deflections produced to radomes by the hy- 
drodynamic loadings associated with various 
water-impact conditions. The wave-impact 
loadings aasociated with particular sea con- 
ditions were simulated by attaching the 

radome to a pendulum which was raised to 
predetermined heights and allowed to (ill, 
thereby Impacting the radome on the surface 
of a body of water. Different wave-impact 
conditions were simulated by releasing the 
pendulum from various heights. Sufficient 
inertia is incorporated in the pendulum 
through a mass attached to the (ree end to 
preserve the impact velocity within 5 percent 
during radome water penetration. The ra- 
dome was instrumented so as to measure 
radome deflection, radome stress. Imposed 
water pressure, the total moment and lift 
and drag (orces on the radome, the speed o( 
impact, and the radome internal pressure. 

Because o( the large system Inertia and 
the concomitant high system energy required 
to preserve the entrance velocity within 5 
percent of its initial value, it would have 
been extremely difficult and costly to stop 
the radome-carrying pendulum by mechani- 
cal means a(ter water entry. However, cal- 
culations showed that hydrodynamic braking 
could be efficiently accomplished by the use 
o( a triangular shaped member (entering the 
water apex (irst) at the end o( the pendulum. 
Accordingly, the inertia providing ballast is 
wedge-shaped and it, together with the buoy- 
ancy of the pendulum, was designed to 
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arrest tte structure within 20 feet of 
wi^er penetration.

To obtain ^ desired impact velocities 
associated with a State 5 Sea (42,7 fps) a 
dn^ height of at least 34 feet was needed. 
The size of the necessary test prnidukun 
obviously required an outdoor test installa- 
tl<m. A study of possible test sites showed 
abandoned flootkKi quarries to be almost 
ideal. Such quarries provide a natural 
foundation for the InstallattMi of the test rig, 
aid the depth of water is sufficient to pre- 
chidc reflecticn eKects and to bring the pen­
dulum to rest after radome penetration tmt 
before contact with the boitma. Nelsmi's 
Quarry, which Allied Research selected for 
the program, is located in CHoucester, 
Massachusetts, tt has good accessibility, an 
ideal rock ledge 34 feet high, and a water 
depth varying f«»n 49 to 100 feet. A photo­
graph of the quarry is shown in Fig. 1.

DESCRIPTION OF PROTOTYPE 
RADOME

The radcmie chosen as the prototype 
that which is to be installed on the new

submarines is made of layers of Number 181 
Volan ftberglas clrth (per Mil P-8013C) and 
Number 828 Resin (per M11-R-93CUA). It is 
essentially yllndter 30 inctes long ciq)ped 
on one end with a hemisphere and mounted 
on the other end to a ccmic tome. The final 
thickness of the laminate is improximately 
0.380 inch. Although inherently rigid, the 
radome was internally pressurized to 75 ps^ 
to further insure its stability.

To determine whether toe mechanical 
properties of toe fiberglas fell within toe 
range specified in Ref. (1), standard tensile 
specimens were prepared and subjected to 
axial loading in tension until fracture. A 
typical stress strain di^p-am is shown in 
Fig. 2 and the modulus of elasticity from 
E = s/s was found to be 3.259 x 10^ psi.
This elastic moduhis is in good agreement 
with the referenced values.

DESCRIPTION OF TEST EQUIPMENT 

Test Structure

Naval ^clflcMicms require a radome to 
functimi s^sfactorily whoi exposed to toe

Fig. 1 - Nelson's Quarry, Gloucester, Maecachueette
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hydrodynamic loadings aasociafed with a 
neovlng submarine operating In a State 5 Sea. 
The wave velocity ctaracterlxea by the State 
5 Sea together with the operating velocity of 
the submarine define the relative velocity 
between the radome and the wave as 42.7 (ps. 
The test equipment therelcre la required to 
simulate this velocity both at impact and 
during penetration of the radome into the 
water. 

The final design concept of the drop-test 
structure is illustrated in Fig. S. The ra- 
dome was to be mounted to a pendulum which 
would be raised to various heights and al- 
lowed to drop, thereby impacting the radome 
on the surface of a body of water. The struc- 
ture consisted of four primary members, via: 
the main pipe acting as the pendulum and 
contributing buoyancy to the structurt; the 
hinge by means of which the pendulum was 
attached to the quarry wall while providing 
the axis of pendulum rotation; the wetfce to 
contribute both the inertia macs for main- 
taining impact velocity during water ptnetra- 
tlon and also to absorb together with the pen- 
dulum buoyancy the high system energy and 
so arrest the structure after water entry; 
the support beam providing a rigid cantilever 
support for the radome. The two secondary 
members were the sting balance, an instru- 
mented pipe for measuring total forces and 
the Instrument support structure within the 
radome. However, the actual choice of ma- 
terial, sine of primary and secondtry mem- 
bers, method of joining members, wedge 
inertia mass were all in whole or In part 
dependent upon the loadings imposed upon 
the radome and wedge as they Impacted the 
water. 

Fig, 3 - Field test area 
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The hydrodynamic forces on the radorne 
and the wedge were predicted by calculations 
based on the work described In Ref. 2.  The 
expression for the impact force of a body 
penetrating the surface of a liquid at constant 
velocity In terms of the virtual mass, as- 
sumed to be variable Is 

where 

(C,) = a semiempirical force coefficient 
and is a function of the dead-rise 
angle ß and the shape of the pene- 
trating mass, 

P = the fluid density, 

V0 * the impact velocity. 

A cur«« of hydrodynamic loading on the 
radome as a function of penetration time 
after impact is shown in Fig. 4. It may be 
seen that the predicted maximum force with 
the radome impact velocity of 42.7 (ps is 
81,000 pounds occurring 0.01 seconds after 
impact. Solution of wedge loadings Is simi- 
larly obtained by Eq. (1). An iterative pro- 
cedure is utilized for the final wedge design 
whereby having chosen the shape, dimensions 
are assumed and attendant loads calculated 
until the final geometry-load configuration 
is compatible with the strength capability of 
the main pipe and the inertia mass required 
for maintenance of Impact velocity during 
penetration. The maximum predicted force 
on the wedge was 230,000 pounds. 

To absorb these large predicted hydrody- 
namic loads without failure, the pendulum 
was fabflcated from United States Steel T-l 
(tensile strength of 118,000 psi) into a pipe, 
it feet long and 3 feet in diameter. The 
wedge cross section is an Isosceles triangle 
with an altitude of 5 feet, a base of 7.5 feet 
and having an over-all length of 8.5 feet. 
The total weight of the entire structure is 
16,710 pound» and is carried by the hinge, 
5.5 feet high and 6 feet long, which in turn 
is bolted to the quarry's granite wall with 84, 
1-1/8-inch diameter bolts. A photograph of 
the structure as it is installed is shown in 
Fig. 5. 

1 
60 
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the hydrodynamic force. 

tj 40 

the cross-sectional area normal 
50 

to the applied force. 

20- 

Fig. 4 - Impact force on fiberglas 
radome (V0 s 42.7 fps) 
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Auxiliary Equipment 

To lower the drop- test structure to a 
predetermined position in preparation for a 
free fall and for retrieval after a fall, a 
30,000-pound capacity, donkey engine driven 
winch was attached on the upper level of the 
quarry and to the rear of the pendulum with 
a steel cable 3/4 inch in diameter connect- 
ing the pendulum to the winch drum. To ini- 
tiate the drop, a remote-control cable cutter 
was hung from the pendulum and in cutting 
position wfis attached to the winch cable. 
The cutter derived its energy from an ex- 
ploding cjjtridge, electrically fired and re- 
motely energized. A work platform was 
cantllevcred over the top edge of the cliff 
for «May access to the radome and a second 
was attached to the wall near the hinge. 

Instrumentation 

The radome was instrumented so as to 
measure radome deflection, radome stress, 
imposed water pressure, the total moment 
and lift and drag forces on the radome, the 
spued of impact and the radome internal 
pressure. Stress, deflection, and pressure 
measurements were made at such stations 
en the radome as are required for reason- 
ible determination of the maximum values 
of these quantities and their distribution in 
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Fig. 5 - Drop-test

the Tichtlty of the maximum. Tl» majority 
of the presaure, deflectiosi, and stress meas­
urements were made on the impact side of 
the radome. Some measurements were also 
made at the side and rear of the radome. R 
should be noted that since the radome is 
geometrically symmetrical about the plane 
0-D (Fig. 6) a symmetry of pressure, stress, 
and deflection measurements about this plane 
was ejqsected. This symmetry has been uti­
lized to minimize the number of transducers 
that were used. A complete pressure, stress, 
and deflection survey was made oc one side 
of the plane d-d centerline and only pilot, 
correlative measurements on the other side. 
Radome deflections were measured by seif­
aligning translatory potentiometers whose 
shafts were attached to the radenne skin and 
whose bodies were ccxmected to a central 
instrument carrier within the radome as 
shown in Fig. 7. A placement pattern of the 
potentiometers is shown in Fig. 6. The 
potentiometers employed were a modifica­
tion of a standard translatory potentiometer

manufactured by Technology hMtrum»t Cor­
poration that Allied Research has redesigned 
to withstand the antichmted acceleration 
forces imposed at impact.

The water pressure inyiosed gq the ra­
dome was measured by using small, Ugiit’ 
weight (0.062 pound) pressure transducers 
installed so as to have their pressure- 
sensitive face flush with the external surface 
of the radome. The locaticms of the pressure 
transducer staticms are abown in Fig. 6. The 
pressure pickups that were used for impact- 
pressure measurements and for monitoring 
the radome Internal air pressure are Con­
solidated Electrodynamic Corporation's 
Model 4-312A.

Stresses were measured on rigid ra- 
^me with conventional Baldwin-Lima- 
Hamilton strain gages. Two-gage rosettes

other were used at the locations shown in 
Fig. 6 and the gages were cemented directly |
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1 
PRESSURE TRANSDUCER 
(TYPICAL) 

OCFLCCTKM 
MUOC 
(TYPICAL) 
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PRESSURE SEALED 
INSTRUMCNT 
CONNECTOR 

INSTRUMENT LEAD 
COKOU'T 
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-RAOOMC 

r 
MAIN PIPE- 

STING BALANCE STRAIN 
OAUOE (6 REOUlRtD) 

Fig. 7 - Radome "atring" balance 

to the Interior skin surface of the flberglaj. 
The angular displacement and velocity of the 
pendulum were measured by an Ohmtte Type 
R-500-watt rotary potentiometer which is 
connected to the pendulum hinge shaft. 

Fifty data-recording channels were re- 
quired for the Instrumentation described 
above. Of these, twenty-two were used for 
strain-gage data; twelve for external- 
pressure measurements; one for recording 
intemai-pressure data; eleven for deflection 
measurements; three for net lift, moment, 
and force as applied to the sting balance and 
support beam; and one to record pendulum 
velocity. One sixteen-channel and two 
twenty-four channel recording oscillographs 
were used to simultaneously record all data. 
The amplifiers and galvometers which were 
used for data recording have flat frequency 

responses to 3300 cps.  This insured an ac- 
curate, undistorted record of all impact data. 
The recording equipment was controlled so 
as to operate the instant the pendulum was 
released and continued to do so until the pen- 
dulum had come to rest. A block diagram of 
instrumentation and recording circuitry is 
given in Fig. 9. 

TEST PROCEDURE 

The events describing a typical drop test 
include lowering the pendulum by means of 
the winch to a predetermined height from 
which free fall would be initiated, balancing 
and calibrating all instrumentation, remotely 
firing the cable cutter, and simultaneously 
starting the recording equipment which was 
manually shut off when the structure assumed 
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a floating position.   Figure 10 illustrates a 
typical drop sequency from drop initiation to 
final flotation. 

To predetermine the drop height an upper 
and lower bound of impact velocity as a func- 
tion of height was predicted. The upper- 
bound velocity is calculated from v •- JTJTr; 
the expression for a freely falling body in our 
gravitatiomil environment. The lower-bound 
velocity is an inertial type calculation based 
on the conservation of energies for a pendu- 
lum system and la given by P.E. ■ 1/2 i^2. 
The actual velocity of impact was meuured 
by a rotary potentiometer attached to the 
hinge shaft as described above. 

TEST RESULTS AND DATA ANALYSIS 

A total of nine drop tests was made during 
the field program wherein all active trans- 
ducers were monitored.  The drop height 
varied from about 3 feet to 41 feet providing 
an impact-velocity increment to maximum 
averaging 3 fps. The fundamental objectives 
of the experimental program, viz:  measure- 
ment of radome deflection, strain and pres- 
sure under the hydrodynamic loadings asso- 
ciated with a State 5 Sea, were effectively 
realized. 

Reproductions of the oscillograph traces 
recording the transducer data for that drop 
test simulating State 5 Sea conditions are 
shown in Figs. 11, 12, and 13. The numbers 
that miy be seen adjacent to the traces key 
the particular trace with the position of the 
associated sensing transducer on the ra- 
dome. Velocity at impact and at full radome 
penetration, hydrodynamic loading, radome 
deflection and strain have been determined 
by reducing the above recorded data and re- 
ducing similar records taken during other 
teat drops. 

The relationships between mesäured im- 
pact velocity and drop height and a compari- 
son of these results with the upper- and 
lower-bound calculations described above 
are shown in Fig. 14.  It may be seen that 
at relatively low drop heights having low 
impact velocities, the measured velocity 
closely conforms v?ith the upper-bound 
values; however, as tne drop height in- 
creases with its concomitant increase in 
impact velocity, the measured velocity be- 
comes even less tiian that predicted by the 
lower bound. This m&y be explained by the 
fact that the lower-bound calculations neg- 
lect the hinge friction which becomes more 

significant as the drop height increases and 
is most important when the pendulum is 
close to the vertical. 

The hydrodynamic loadings were calcu- 
lated by means of a dynamic analysis based 
on energy conservation wherein '.he work 
done by the externally-applied load is related 
to the internal strain energy in the structure. 
Such an analysis is described in Ref. (3). The 
load-time history for the actual maximum 
Impact velocity of 41.7 fps yielded by the dy- 
namic analysis is sbown as a curve in Fig. 
15 contrasted with the predicted load pulse 
at the same velocity. It is apparent that the 
predicted values for both the load magnitude 
and time pulse are conservative by a factor 
of about two. Maximum load on the radome 
as a function of impact velocity is shown in 
Fig. 16.  The curve shows the load increasing 
exponentially with velocity. 

Translatory potentiometers measured the 
deflection of the radome due to imparted 
motion from the deforming radome skin. The 
position of principal interest is the impact 
face of the radome. Figure 17 ihows the 
relatixiship between the deflection at this 
point and the velocity of impact. It can be 
seen that impact face deflection increases 
almost linearly with Impact velocity. A sur- 
vey of maximum radome deflection with re- 
spect to the position of this deflection on the 
radome was attempted for each velocity; 
however, because of potentiometer failures 
insufficient data were recorded on. the simu- 
lated State 5 Sea drop. A deflection distribu- 
tion curve associated with a radome impact 
velocity of 21.5 fps is shown in Fig. 18. The 
section illustrated refers to section A-A from 
Fig. 6 with the positions noted corresponding 
to those on the section. It can be seen that 
the radome deforms locally at the impact 
—~c  miSW "v.&»..B Sv d pGuiL WJUUI a«    away 

from the impact face. It also appears as if 
the deflection pattern is symmetrical from 
the similarity of deflection at positions 9 and 
11.  It would be reasonable to expect this 
deflection pattern to be reproduced similarly 
with an increase in magnitudes at greater 
impact velocities. 

As a first approximation for the determi- 
nation of radome stresses and assuming that 
the direction of the principal stresses are 
coincident with the orientation of the radome 
two-gage rosettes, the equations associated 
with membrane theory are utilized. These 
equations which neglect bending are given 
in Ref. (4) as 
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Fig. 11 - Strain data 

Fig, 12 - Potentiometer (translatory and rotary) data 
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/u = Poiason's ratio (0.17 from 
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«„ and ty ■ the principal strains in 
in./in.  (The subscripts i 
and y refer respectively to 
planes perpendicular and 
parallel to the longitudinal 
axis of the radome.) 

Principal stress-time histories associated 
with the simulated State 5 Sea impact veloc- 
ity are shown in Figs. 19 and 20. The strain 
measi'rements were taken at positions 5 and 
6 aa noted in Fig. 8. From Fig. 20 It can be 
seen that the maximum stress is 5000 pal in 
compression perpendicular to the longitudinal 
axis of the radome. 

CONCLUDING REMARKS 

This new method of simulating water- 
impact loadings on bodies by means of a 
free-falling inertia-driven pendulum has 
provided significant data for the parametric 
Btudy at a radiometric sextant radome. Ac- 
cordingly, it is expected that the facility can 
bo employed in other water-Impact test ap- 
plications. Submarine radomes o> all types 

including flexible air-supported radomes are 
prime candidates for this facility. Shipboard 
bubbles located close to the water and thus 
expoced to heavy seas lend themselves to 
such testing. Capsules, recovery systems, 
and launching systems may also be tested. 
It 1? possible that such testing can provide 
design criteria for ejection seats, sonar 
transducers and housings, torpedoes and hull 
elements. Although the maximum attainable 
free-fall impact velocity is about 42 fps, an 
initial velocity can be imparted to the pen- 
dulum by an auxiliary device such as a jet 
booster to provide an impact velocity of 
close to 100 fps.   accordingly the structure 
may be applicabl»' to prototype or model 
nose-cone testing.  Heavier and larger de- 
vices than radomes may be tested by minor 
modifications to the mounting pad. 
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A CRITIQUI OF THE TECHNIQUES USED IN THE 

MEASUREMENT, ANALYSIS, AND SIMULATION 

OF MISSILE VIBRATION ENVIRONMENT 
Merl R. Beckman 

Laboratory Department, U. S. Naval Miosile Center 
Point Mugu, California 

The vibration qualification tests performed on missile equipment in 
the laboratory typically are very different from actual llight environ- 
ments. Some causes may be found in the confusion that exists within 
the fields of vibration measurement, data analysis, and laboratory 
• im'ilRtlon. Even mere ii'iipoii<iui. is the lack of coordination thM exists 
between these specialties. 

INTRODUCTION 

This paper dealb primarily with the shock 
and vibration problem in missiles, but It 
would not be out of context to apply many of 
its conclusions to other electromechanical 
devices. 

WHY VIBRATION MEASUREMiSNTS ARE 
MADE 

In polite philosophical circles, it would 
generally be agreed that the ultimate rea- 
son for measuring missile vibration is 
either to prove or Improve the product by 
using added knowledge the measurements 
would bring to light. 

In actual practice, the measurements oc- 
casionally are made because "the contract 
says we have to." Or sometimes "we have 
serious trouble and can't seem to find It. 
Let's measure the flight shocks and vibra- 
tion. While the experts are arguing about 
the true significance of the data, we'll have 
six months to come up with a fix." In short, 
the motives for measuring missile vibrsticn 
are often not very scientific. 

However, the poor initial attitude is only 
the beginning of a long series of 

misconceptions and technical errors that 
typify a vibration environment program. The 
telemetry system to measure vibration is 
typically designed and adjusted with little 
regard for system information capacity, 
system noises, and system distortion char- 
acteristics. 

The data analysis is performed and the 
data presented In a format that will satisfy 
the data requestor.  Frequently, the format 
is determined by equipment availability and 
by the personal prejudices of the analyst. 
Rarely !« the format determined with shock 
or vibration simulation In mind. 

Following the analysis, someone from 
somewhere converts the data into taat pro- 
cedures to be used by the shock and vibra- 
tion laboratory. Those charged with per- 
forming the laboratory tests typically are 
preoccupied with obtaining or fabricating 
the right Jigs, fixtures, adaptors, and mounts 
that mate the test specimen with the testing 
equipment. There is also concern about 
scheduling equipment time, assignment of 
personnel, and the funding of the test. There 
is usually little interest in what the original 
data looked like, the limitations of the equip- 
ment that measured the vibration or ana- 
lyzed it, the manipalation of the data by the 
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/ 1 
analysts, or the conversion of the data Into a 
test procedure. 

To state It briefly, nobody seems to care 
what anybody else Is doing, or why. As a 
result, the laboratory vibration tests com- 
monly bear no recognisable relationship to 
the (light vibration environment. One could 
ask In such Instances, "why bother?" 

Unfortunately, there Is no easy road to 
achieving a good laboratory simulation of 
flight shocks and vibration; however, with a 
consistent attention to fundamentals, mean- 
ingful simulations can be achieved. 

data.   However, the process is not without 
its pitfalls and dangers. 

A block diagram of a typical vibration 
data channel with commercial hardware Is 
shown In Fig. 1. The amplitude and distor- 
tion characteristics of a channel with a 
70-kc subcarrler Is shown In Fig. 2. The 
various curves Indicate some of the highly 
Important characteristics of band-limited 
fm systems in general and fm-fm telemetry 
In particular. For example, the distortion 
is highly frequency sensitive. Another 
interesting characteristic can be noted from 
the curves If the fundamental information 
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Fig. 1 - Standard »ubcarrier Byttem 

HOW FUGHT VIBRATION MEASUREMENTS 
ARE MADE 

"T.cn it is decided to measure missile 
flight vibrations by radio telemetry, there 
often seems to be some initial confusion. If 
IRIG telemetry standards are adhered to 
literall,' the WOTlWWffl Iriforniation frequencv 
that can be accommodated is about 2 kc.  A 
question then arises as to whether the 2-kc 
response is adequate (it is not) or whether it 
might be possible to increase the response a 
little, still using DUG standard equipment. 
Another possibility is to use systems com- 
pletely at variance with IRIG standards. 
Because of limitations of time and space, 
only systems "expanding" the nominal IRIG 
frequency limitations will be discussed at 
any length.  Various systems of this type 
and others are described in Ref. (1). 

The nominal frequency response capabil- 
ities of standard IRIG fm-fm telemetry can 
be expanded'considerably for the purpose of 
accommodating high-frequency vibration 

frequency component is added to its har- 
monics.  Under these conditions (which 
would normally prevail) the rms output of 

INFORMATION FREQUENCY (KC) 

Fig. 2 - Amplitude and distortion character- 
istics of a channel with a 70-kc subcarrier 
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the subcarrler discriminator does not drop 
as the signal frequency is raised to the point 
of maximum distortion. This means that a 
flat information frequency response is not 
an indicator of good systvm performance. 

An important point to note is that these 
distortion products do net arise from the 
use of nonlinear circuit elements, but are 
fundamental to the fm modulation process 
followed hf predetection filtering. The effect 
is not simi'ar to filtering the original infor- 
mation, and the distortion effects are not 
similar to simple amplitude distortion of the 
original information. Stated differently, the 
final data cannot be corrected by any simple 
scheme of frequency response correction or 
amplitude correction! 

Opposing this idea, there is a persistent 
notion among mathematical sophisticates 
that if the detailed operating characteristics 
of a system are known, ail the data errors 
can be corrected. They are to be reminded 
that after (and if) the ingenious data correc- 
tion schemes have been reduced to practice, 
they can do no more than would be achieved 
by using a different band-llmiiing filter in 
the first place. 

Except as a rather pointless exercise in 
time consumption, it is not recommended 
that any corrections be applied to data modi- 
fied by fm band limiting; instead, band- 
limiting effects should be avoided or mini- 
mized by careful attention to, and coordina- 
tion of, the relationship between the deviation 
of the subcarrler and the band limiting em- 
ployed in the analysis station. 

And now to discuss some of the proposed 
schemes for reduc:n(? the required informa- 
tion handling capacity of vibration telemeter 
systems.  To set a proper framework of 
perspective for considering these systems, 
some fundamental principles should be borne 
in mind.  First, whenever vibration data is 
operated on, i.e., "reduced" or analyzed, 
Information is lost in the process. That is 
to say, when the data has been broken down 
to seme form that is easy to study, invari- 
ably some salient features of the original 
data are missing and it is impossible to re- 
construct, in detail, the original vibration 
information function. In short, when the 
original data is simplified for easier human 
comprehension, an irreversible loss of in 
formation has occurred. 

The second point is simply an extension 
of the first: The information loss may or 

may not be imoortant. Whenever the vibra- 
tion information is tc be analyzed, or re- 
duced, or encoded (all meaning the same 
thing) before transmission from the flight 
vehicle, extreme caution should be exercised 
in determining the suitability of the system 
for use in the particular missile. The rea- 
son for this emphasis on the limitations of 
in-flight data analysis system is that In- 
flight analysis is basic to most bandwidth 
reduction schemes. 

Spectrum Analyzer 

One system gaining in popularity ana- 
lyzes vibration by essentially tuning a filter 
slowly across the vibration spectrum and 
telemetering the magnitude of the filter volt- 
age. To achieve adequate frequency resolu- 
tion, the filter must sweep quite slowly, 
typically t&klii* äeverai eeCofcui for one 
sweep of the spectrum. It is obvious that 
the system is not usable if significant spec- 
tral changes occur within the period of one 
frequency sweep. This renders the device 
useless for transient or impulsive type 
shocks or a rapidly changing random type 
function. This means it is not suitable for 
short burning motors (the motor should burn 
for several frequency sweeps). Also, it is 
not suitable for use in missiles where ord- 
nance explosions or other intermittent 
mechanical shocks may occur. 

Amplitude Analyzer 

This device determines what portion of 
the total time a number of different ampli- 
tudes are exceeded. When the vibration is 
similar to random noise, the data is useful. 
However, as was true with the sweeping 
spectrum analyzer, impulsive shocks of truly 
catastrophic magnitude may show up in the 
data as only minor or unnoticeable perturba- 
tions. 

Analog Frequency Meter and Volumeter 

There is a certain attractive simplicity 
in the idea of feeding the vibration signal 
into two simple data converters. One puts 
out a voltage proportional to the vibration 
frequency; the other puts out a voltage pro- 
portional to the amplitude of the vibration 
signal. The significant point to romember 
is that analog frequency meter a can read 
one frequency, usually by the process of 
summing ap the number of polarity reversals 
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per unit time which occur in the Input func- 
tion. Thus, the syitem yields no spectrum 
data and cannot handle random type signals; 
It yields nothing usable with Impulsive type 
Inputs; it does not even work with discrete 
frequency Inputs, if more than one significant 
frequency compoasnt is present. In short, 
the system works only in the highly improb- 
able circumstance that the vibration consists 
of a single discrete frequency. 

Before any of the airborne data analysis 
scheues can be used, as an absolute minimum 
precaution, the nature of the missile vibration 
first should be determined by some wideband 
system; one that transmits the vibration in 
its "raw" form to the ground. Even after this 
precaution is observed, a strange situation 
exists. As long as the band reduction systems 
yield similar data flight after (light, they can 
reasonably be trusted.  However, when the 
data suddenly departs from the expected pat- 
tern, a dilemma arises. What does the new 
vibration envlronmeni; really look like?  The 
environment obviously has changed, but has 
It changed its basic nature to the point where 
the particular type of in-flight analysis is no 
longer valid?  In short, unusual or unexpected 
data cannot be trusted.  This characteristic 
may be of no Importance or it may prove to 
be a fatal deficiency, depending on test 
objectives. 

An extremely Important point to remem- 
ber Is that only if the nature of the vibration 
function is already known is it possible to 
use orlrÜBl any of the band-reduction 
schemes. Assumptions, guesses, and as- 
surances are not a permissible method of 
determining the nature of the vibration func- 
tion. This can be accomplished only by 
measurement with suiiaule, wiue-u&ud (high 
information capacity) systems. There are 
no short cuts! 

DATA ANALYSIS OF FUGHT VIBRATION 

The data analyst has the job of trans- 
forming a measured vibration function into 
a form suitable for easy human comprehen- 
sion and suitable for creating a laboratory 
test procedure to simulate the flight environ- 
ment. 

The responsibllitlea of the analyst obvi- 
ously are very great. Perhaps they are too 
great. He must be schooled in the basic 
data gathering systems so he can determine 
the validity of the data. He must have the 
courage and ingenuity to operate on the 

particular data the best way; not Just the 
easy way or the habituiU way.  He must have 
a thorough knowledge of the characteristics 
of the simulation equipment. He must also 
have a good "feel" for the general nature of 
vibration or shock susceptibilities in mis- 
sile squipmant. If he is forced to ue»lgn ulo 
tests to use unsuitable simulation equipment, 
he must have the competence and courage to 
label the simulation tests as inadequate or 
unsuitable, or even as having no validity 
whatsoever. Such protestations are almost 
always justified but are very rarely heard 
and even more rarely heeded. Meanwhile, 
buck In the laboratory, the simulation tests 
continue in the same old way, with the same 
old equipment, using the same old proce- 
dures, with the same old lack of meaning. 

CHARACTERISTICS OF VIBRATION DATA 

The type of vibration most commonly 
produced by rocket motors is essentially 
random in nature. The most common data 
format for this type of information is the 
familiar power spectral density presenta- 
tion. The averaging time for each presen- 
tation may range anywhere from millisec- 
onds to minutes. The spectral data for an 
entire flight may sometimes be found pre- 
sented on an inch or two of 35-mm film, or 
other times, on a stack of large sited sheets 
of graph paper, with still other presentations 
falling between these two extremes. But the 
variety of ways in which this data appears 
Is not the important point. The important 
point is "Are power spectra useful or 
valuable?" The answer is not yes or no. It 
Is "usually." Now we are reduced tu talking 
about probabilities and likelihoods.  To put 
the prcblem in perspective, consider the 
two following examples. If this city were 
wiped off the map by the simultaneous ex- 
plosion oi ten cf the largest fusion bombs, 
the atmospheric pressure during the day 

here at sea level; or, one could safely say 
that the man who was beheaded one mimite 
ago "usually" has his head firmly on his 
shoulders. 

Tliöön remarks are iatended to emphasise 
that although missile vibrations are usually 
random, this provides no excuse whatsoever 
for assuming that all significant missile 
vibrations are random in nature. They are 
not!  Discrete frequencies, damped waves, 
asd impulses can occur at destructive 
amplitudes even if it is not the usual case, 
but to jump bade a moment, beheading Is not 
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tht usual way to din, but it certainly influ- 
ences the personality of the person on whom 
it is practiced, ever if it happens only rarely. 

There has, so far, been some discussion 
of the use and misuse of telemetering infor- 
mation capacity and some comments about 
the possible nature of missile vibration data. 
Because these things have been essentially 
technical in nature, it would now be profitable 
to look at some problems arising from human 
idiosyncrasies. 

ANALYTICAL SCHOOLS 

All too often, the data analyst clings to 
analysis methods and data formats which are 
really a matter of habit rather than technical 
appropriateness. Many analysts are dis- 
tinctly classifiable as belonging to a certain 
"school" of analysiG, to the exclusion of all 
others.  Here is a list of some of them: 

Power Spectral Density 

The adherents of this school apparently 
have had most of their experience with long- 
burning motors having essentially a random 
vibration output. Typically, they have yet to 
stumble at some of the pitfalls already men- 
tioned. 

Amplitude ProbabiUty Distribution 

Those who are preoccupied with amplitude 
probability distribution (to the exclusion of 
other methods of analysis) are dangerous in 
the extreme.  Typically, they are interested 
in statistics but not ii simulation.  For 
example, it has happened in the past that an 
analyst has gone out to perhaps three sigma 
on the amplitude distribution curve and used 
this g level for the alow sweep (single fre- 
quency) vibration level specification. By 
this means, data indicating a mild flight en- 
vironment can be converted into a ground 
simulation which is guaranteed to turn high- 
priced missile electronic equipment into 
high-priced junk. 

The "g-Frequency" School 

The members of this school are believers 
in simplicity and, typically, they convert all 
data (whether transient, random, or discrete 
frequencies) into a pair 0/ numbers; namely, 
g and frernsency. An analyst of this school 
would do well to ask what kind of mind read- 
ing a stranger would have to do, to reconstruct 

the original Information from the two num- 
bers.  The answer Is consistently embrassing. 

The "g" School 

To pervert the words of the Ute Gertrude 
Stein, many people seem to believe that "a g is 
a g is a g." It is sad almost beyond measure 
that many of the people of this school are sen- 
ior administrators or executives who have at 
last found a amall area of the engineering 
disciplines where they can quote concrete 
numbers as well as anyone else. The situa- 
tion is worse when the guilty party is a 
competent engineer.  It is totally inexcusable 
when the guilty one is an environment engi- 
neer. Yet it conünues to happen, almost as 
a rule instead of an exception. In summary, 
missile shocks and vibrations can take nvisy 
dlfferent forms.  Any stereotyped approach 
to data analysis is going to run into trouble 
sooner or later. 

LABORATORY SIMULATION 

Vibration Testing 

One basic tool in most simulation labora- 
tories is a vibration shaker. Typically, it 
ie used to Impress sinusoidal vibrations of 
various or varying frequencies on the mis- 
sile or missile component. This test Is 
ordinarily used to iiaauiata the flight vibra- 
tion which most often is random (not slout- 
oldal) in nature.  For those who disäain 
abstract or analytical arguments about the 
deficiencies of a single frequency simulation 
of random vibration, the following example 
Is presented. 

Let us assume we have a structural ele- 
ment with a resonant frequency of 1 kc and 
a Q of 100.  This means that H we excite the 
el'enent properly at 1 kc, with say 5 g, the 
pointii of maximum deflection can build up to 
a maximum acceleration of 500 g. But even 
more important, to a first order approxima 
tion, the system responds only to frequencies 
between 995 cps and I00S cps, a bendwidth of 
10 cps. 

So with 1-kc drive, we are putting is 5 g 
and finding a maximum response of 500 g. 
Now, let us distribute the same input energy 
over the relatively narrow range of 900 cps 
to 1100 cps. This modest spectral dispersion 
of the energy reduces the maximum response 
from the original 500 g to slightly over 100 g. 
Spreading the driving energy over the range 
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of 500 cps to 1500 cps reduces the maximum 
response to 50 g.  (Moving ail these fig-urea 
down a couple of octaves, one encounters the 
very practical case of quartz crystals used 
for frequency cuuü ul. Saovuig up through 
nearly five octaves, many vacuum tub« 
-—•»•bpnuiltv pmUiSuta tut. ucoct ilucu. /    AUt 
ilguificant point la that anything, but any- 
thtaj, that will spread out the vibration spec- 
tnim, will provide a better simulation of 
random vibration than does a single fre- 
quency. Stated differently, a single frequency 
la Just about the poorest simulation of a ran- 
dom function that could possibly be created. 
Why, then, is the single frequency (or slowly 
sweeping frequency) used as such a popular 
substitute for reality. Historically speaking, 
only a few years ago missile components 
were qualified by shaking at a alagla fre- 
quency of 55 cps, a standard evolved for 
equipment in propeller driven aircraft. 
When it became obvious that such a standard 
was inadequate, the frequency '•p.nee was 
simply Increased, but the feature ot essen- 
tially single frequency shaking wrs retained. 
U remains ir.valid wherever high mechanical 
Q is encountered. 

What, then, can be done to simulate ran- 
dom vibration by using present shakers or 
vibrators? A direct approach would be to 
generate a random electrical function and 
drive the shaker with it. This technique is 
in use, and it works. The random function 
may be derived from noise generaters or 
from tape rocordlrge of actual flight vibra- 
tions. 

It should be noted that a good simulation 
of the effects of random vibration can be 
achieved by using a distributed but not nec- 

ssarily contlnucus 
function can be generated by frequency mod- 
ulating the oscillator which drives the 
shaker. As a point of economic interest a 
substantial Increase in the rr.ia g level can 
be achieved by using a frequency modulated 
signal instead of a true random function, 
assuming that a fixed maximum force can 
be generated by the shaker. Reasonable 
simulatione of flight vibration can be made 
without buying whole new laboratories full of 
equipment. 

Shock Testing 

The lead ball, the drop table, the sand pit, 
and probably many other devices and instal- 
lations have been used to induce impulsive 
accelerations. Again, however, one en- 
counters a serious dinwrity tw(«««n flight 
test results and the usual shock test pro- 
cedures. 

in flight, the shocks produced by metal- 
to-metal banging, and by ordnance explosions 
of various sorts, can contain powerful fre- 
quency components up to many kilocycles, 
indeed to tens of kilocycles. The "average" 
shock specification allows «ich long rise 
times for the shock that the test could be 
tailored to produce virtually no frequency 
components above 1 kc. 

For those who wish to argue the advisa- 
bility of shock testing equipment by applying 
really «harp impulses, an example may be 
in order. One of the first subminiature 
ceramic tubes was afflicted with a very seri- 
ous microphonlc susceptibility at 22 kc. 
Standard shake tests and soft shock tests 
would never show up this susceptibility. A 
description of one device for producing 
broad spectrum impulses may be found in 
the paper "The Air Shock Tube as a Shock 
Testing Facility," by Stanley R. Melchar.* 

GENERAL REMARKS 

To avoid becoming too embittered by the 
present inadequacies in many vibfation en- 
vironment programs, it is well to remember 
that In the not too distant past, missiles 
have goue uiruugh uowigu, production, and 
obsolescence without once imving the flight 
vibration adequately measured.  Unfortu- 
nately, we have not progressed as far as we 
should have since then. The employment of 
uiinU empirical fixes for environmental 

C4iClCUV.10D   111   UllOOlICD   WVUXU   BOCUi  UiU 

fashioned In this day of lunar probes, 
ICBM's, megaton bombs, «nd *<orth satel- 
lites. But, the blind empirical fixes will 
continue until the various specialties in the 
field of environment are merged into a 
meaningful whole. 

*Sae P. 94. 
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DISCUSSION 

Mr. Salberta (Gulton Industries): You men- 
tloned that prior to using an airborne spectrum 
or amplitude distribution analyser the proper- 
ties of the signal must be very well understood 
awi in order to understand these properties 
you need a wide-band channel. My question 
is what method of analysis do you use to de- 
termine the properties of this signal? 

Mr. Beckman: Often one of the things 
which will keep you out of trouble is an ele- 
mentary eyeball look at the data. That is 
certainly one method. Thi« I a not a quanti- 
tative teat, but it is certainly indicative of 
whether you have something which, for ex- 
ample, has discrete impulses in it. That is 
the thing that can kill you which you won't 
see with the more sophisticated inflight 
analysis schemes.  You have to be sure that 
none of these exist and indeed when they 
don't exist you can often economise on your 
htr^h-idth by a very, very large factor by 
using the inflight data reduction scheme. 

Mr. KMoppamaki (Lockheed): When you 
speak abouf ycur missile environmental 
data, you speak, of course, of flight data. 
Now in flight data we are limited in frequen- 
cies and baodwldths and our techniques don't 
go very much above 2 kc. You speak aboui 
20 kc. What techniques do you suggest for 
us to get the information from the higher 
regions? 

Mr. Beckman: They are very, very pain- 
ful. The telemetry people and the procure- 
ment people almost turn blue because about 
the only technique you can use is to go com- 
pletely nonstandard In your high-frequency 
sobcarriers.  Ycu can get substantially more 
than 2 kc out of a 70-kc subcarrler, for 
example.  You can get quite easily 15 or 
20 kc provided, In the first place, you have 
no adjacent subcarriers and /our data analy- 
sis equipment has baridpass filters that are 
wide enough to accommodate it,  These are 
not standard at the stations. 

Mr. Kuoppamaki:  Don't you use the stand- 
ard channe » 

Mr. Beckman: Well, the only limitation 
on the bandwidth of these channels is in the 
receiving station. Ordinarily the equipment, 
the airborne equipment, is not particularly 
limited. You can use any deviation you want. 
Typically the voltage «nntrol oscillator, for 
example, can cover, if you desire; a full 
octave range, with a reasonable linearity, 

but ordinarily you would only use much 
smaller deviation than that and modulate 
with the higher frequencies and then use a 
wider bandwidth filter in the play back and 
it stretches out to the order of 15 or 20 kc 
this way. 

Mr. Kaoppamakl: I first wanted to point 
outlhat the techniques which are available 
for analysis of data during flight and for 
transmitting the data down in a different 
form. This, of course, effectively expands 
the bandwidth. By using these techniques, 
you can exceed the bandwidth within any 
practical limit at frequencies above 2 kc. 

Mr. Beckman: Oh, indeed, there are cer- 
talnly non-standard techniques of both dig- 
ital a;.d indeed analog which have appeared 
In the literature which are capable oif going 
far beyond the normal DUG limits. As a 
matter of fact, you can go to an almost infi- 
nite capacity if you want to pay the penalty 
and the penalty ordinarily is bandwidth. My 
peinonal impression is that it is worth pay- 
ing almost any penalty to g«t the information 
we are after. Unfortunately, this attitude is 
not completely supported by people who have 
to provide the room, provide the m>xiey for 
the new equipment, and sacrifice the channels 
of data that are necessary to accommodate 
the new data. There is not universal agree- 
ment that this should be done. 

Dr. Morrow (Sfrace Technology Labora- 
tories): I would )ust like to make one or two 
comments.  First of all, I think this points 
out that it is very easy to find dlfficuitiss in 
the techniques we are using and I have 
pointed them out occasionally,  i think ihia 
should be done from time to time. 

Mr. Beckman: Annually, if I might inter- 
rupt. 

Dr. Morrow: It is alao very much more 
difficult to point out something constructive 
to do about the situation. I would like to 
extend one bit of comfort, however, and that 
is that miasiles 50 percent or more reliable 
are not uncommon. While we would like 
these to be better they can be effective 
weapons even if they are not the most eco- 
nomical weapons.  Furthermore, if you 
translate these overall system reliabilities 
into isubsystem and equipment reliabilities 
a little bit crudely, you can get some quite 
high numbers and the bulk of the subsystem 
and components, therefore, are surprisingly 
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good.  So even though we would like to do very 
much better I thLik we can draw the conclu- 
sion that we are building better as things are 
than we know how to build. 

Mr. Beckman: If I may interject, no one 
can argue that we are not building better 
automobiles than we did in 1910, although I 
don't think the people building them are too 
terribly much smarter than they were then. 
It was a little bit gradual, a little bit too 
gradual. 

Dr. Morrow: One other point which has 
been touched upon already in the question 
period - the question of the high-frequency 
limit on dat»   I don't want to take much 
time, but there is a question about what you 
are going to do with data, to 20 kc or so, if 
you get it.  Now in addition to the fact that 
there are many pitfalls in getting it, even if 
you are presented with the data you can't be 
sure you can trust it this high for a number 
of reasons even if the accelerometer cali- 
brates flat to 20 kc, but once you have got it 
there is a good deal of question what you 
can do with it, and the simulation equipment 
that we have available now certainly is not 
capable of doing much more than 1500 cps 
or so on large items and maybe 3,000 cps 
or so on small ones. There is a certain 
amount of waste effort involved in gathering 
large amounts of such data. 

Mr. Beckman: 
concur. 

May I interject again, I 

Dr. Morrow: And it is not possible either 
in connection with equipment design prob- 
lems to use the data in any straightforward 

design approach.  So one suggestion I have 
here is that we should take an occasional 
look at the high-frequency data, be alert for 
problems that may arise there, but trying to 
get data in a routine manner to frequencies 
much higher than we do now could very well 
increat.8 the dollar expenditure without very 
much return. 

Mr. Beckman: I wish we could disagree 
but I largely agree with what you said.  1 
don't think we do disagree particularly. 

Mr. Shipley (Jet Propulsion Laboratory): 
! second most of the things that Dr. Morrow 
Just said, and I would like to point out that 
on the Explorers there were no failures due 
to any vibration or shock problems. With 
the Sergeant missile we have never had a 
problem attributed to shock or vibration. 
And with regard to the telemetering problem 
If you dc Viint to look at this wide-band data, 
occasionally, you can always go to carrier 
modulation by using channels A + B, and get 
this data without increasing the net informa- 
tion bandwidth of the system. This can be 
done by using essentially no increased power 
requirements for a long-range communica- 
tion system. 

Then with regard to amplitude distribu- 
tion, having used an amplitude distribution 
analyzer for some time I find it very un- 
common to find anything that looks much 
different froni a gaussian amimibüi* distri- 
bution even when we have low-level sliding 
tones, 

Mr. Beckman:  Then you have a perfectly 
legitimate reason for using it and I think 
you should. 
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APPLICATION OF A S^IAL TEST FIXTURE 

TO VIBRATION MEASUREMENT DURING 

STATIC FIRING OF ROCKET MOTORS 

M. W. Oleson 
U. S. Naval Research Laboratory 

Measurement of vibration induced during rocket motor static firings is 
one technique for obtaining environmental data applicable to rocket 
vehicle components. However, tue uiefulnuss of such data may be 
compromised by conditions peculiar to the static test itself The ac- 
curacy of data obtained may be improved by the use of special tcBi 
fixtures during the static firings, as shown by measurements on two 
different types of rocket motor. 

INTRODUCTION 

In attempting to provide pertinent vibra- 
tion data early In rocket development pro- 
grams It has become common practice to 
Instrument developmental static firings with 
vibration pickups. The usefulness o? *!♦« »n 
obtained depends upon an assumed correla- 
tion with flight vibration.  At present it Is 
difficult either to challenge or verily this 
assumption in general.  Previously reported 
data have shown good correlation in some 
instancefl. and none In others. 

It seems obvious that a major deterreat 
to correlation is the diffsrence which exists 
between most static test configurations and 
the subsequent flight configuration. During 
static testing, the rocket structure Is seldom 
completed, rigid mechanical restrnints are 
employed, and acoustic excitation is exag- 
gerated by nearby reflecting mirfaces. 

In the last year and a half a series of vi- 
bration instrumented static firings have been 
completed, with the motor and an assembled 
structure mounted in a special test fixture. 
The fixture, which has been dubbed "coffin," 
was designed to (1) accommodate payload 

structures attached to the motor, (2) provide 
flexible mounting restraints which would not 
inhibit vibration at frequencies above 75 to 
20 cps, and (3) provide acoustic Isolation of 
the motor casing and attached structure. 
The "coffin" static tests, it was anticipated, 
would provide conditions approximating those 
of flight tn-so-far as motor-Induced vibra- 
tion was concerned.  This report will discuss 
experience In the application of the coffin 
fixtures. 

riXTURE DESIGN 

Two differ «JUk   AWW^Alk   lAAVlUA D   UUV 

fired in coffins.  The Arcon motor (Atlantic 
Research Company) had a cylindrical steel 
case which was approximately 6 in. in diam- 
eter and 8 ft long.  The X~248 motor (Alle- 
gany Ballistics Laboratory) had a fiberglass 
case which was approocimately 18 in. in di- 
ameter and 3 ft long.  Fixtures employed for 
the two motors were similar in principal, 
but differed in detailed deisign because of the 
necessity of accommodating the different 
motor and payload configurations. 

Both fixtures were of welded aluminum 
panel construction (Fig. 1 and Fig. 2). Ribs 
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Fig. 1 - X-248 motor and attached payload 
in coffin fixture



and longitudinal beams were employed for 
strength, and also for panel rigidity.  In 
cross section, the fixtures were rectangular 
on three sides, wlüi 2 "V" shaped bottom 
which conform d to roller V-blocks In use 
at the rocket test sites. The top panels, 
removable for motor Installation and work- 
ing access, were secured by a large number 
of bolts during firings.  luieriors of the 
coffins were lined with fiberglass for acous- 
tic absorption. 

For the Arcon motor thrust was trans- 
mitted to the coffin through commercial type 
vibration Isolators, and a collar secured by 
payload mounting bolts at the head end of the 
motor (Fig. 2). To prevent excessive for- 
ward motion upon development of thrust, and 
at the same time allow a low natural fre- 
quency of the suspension, the Vibration Iso- 
lators were preloaded In the thrust direction 
with a force somewhat less than that of the 
motor thrust  Laterally, the motor was sup- 
ported by the forward thrust collar and bv a 
loose-fitting vibration-isolating clamp some- 
what forward of the tail fin assembly. 

Restraint of the X-a48 mntor was compli- 
cated by the necessity of taking thrust on a 
forward fitting having a smaller diameter 
than that of the motor case (Fig. 1).  Thrust 
from this fitting was coupled into a larger 
diameter collar by a number of extra-flexible 
steel cable strands (aircraft control cable), 
and thence through four thrust springs to the 
coffin. Bmilar to the Arcon arrangement, 
these thrust springs were preloaded to pre- 
vent exesssiv? forward motion. 

During the coffm tests, it was also nec- 
eaaary to prevent the gravity torque load of 
the X-246 simulated payload from being ap- 
plied to the motor.  For this purpose the pay- 
load was neutrally suspended by four counter 
Weighui which hung down outside the comn. 

FIXTURE APPLICATION 

The coffins were designed for Incorpora- 
tion into standard static firing procedures 
with minimal interference.  Measurements 
of operating pressure and thrust were taken 
during all of the firings. Thrust measure- 
ments, taken at the forward end of the coffin, 
were not effected by the coffin itself (except 
in frequency response) since the entire as- 
sembly was free to move on roller V-blocks. 
Handling of the coffins at the test sites re- 
quired no more than regular motor handling 
equipment  The X-248 coffin, heaviest of the 
two, weighed about 600 lbs. 

Motor handling time, important in the 
case of temperature conditioned motors, 
depended considerably upon familiarity with 
the assembly techniques. Alter »ome prac- 
tice, the motor insertion, mechanical assem- 
bly, final Instrumentation check, and securing 
of the lid could be accomplished in about SO 
minutes. 

EFFECT ON DATA 

In the case of these two motors, it appears 
that the introduction of acoustic Isolation by 
the coffin was of major importance. Sound 
pressure levels measured in the Arcon and 
X-248 test bays were in the order of 145 to 
150 db. The coffins introduced about 25-* 
attenuation, resulting in acoustic fields near 
the payload structures of 120 to 125 db.  In 
addition the spectral profiles of acoustic 
energy were modified from approximately 
uniform spectra outside the coffins to spec- 
tra which maxtmised at frequencies below 
400 cps Inside the coffins (Fig. 3). 

The effect of acoustic isolation on the 
Vibration Ktai was most clearly demon- 
strated by a set of measurements taken 
during the Arcon tests.  The Arcon rocket 
employs an end-burning grain which is in- 
serted into a cylindrical steel case. Accel- 
erometers were attached directly to the 
case wall. During the course of normal 
burning, the grain backing the case wall at 
the pickup station was burned away resulting 
in a marked increase in vibration level. In 
the standard static test configuration the 
rms level of vibration increased from 1.5 g 
to 15 g.  Most of the energy was distributed 
in the frequency range from 500 CDM to 3000 
cps.   For the coffin firings, the correspond- 
iug rms levels were .75 g to 3 g, and the 
energy was concentrated at several case 
modal freuendes (Fig. 4). Cosspärativs 
maxima in spectral density values were 
1 gVcps and .01 gVcps respectively. (It 
should be noted that these measurements 
were made on the motor case and are not 
necessarily an accurate representation of 
the change in payload vibration level. How- 
ever, in the normal static test a payload is 
not included). 

In addition, the character of the vibration 
induced in the two test configurations was 
quite different. In the coffin shots, the vi- 
bration appeared as a series of damped 
transients, probably caused by particle im- 
pacts in the nozzle area. These transients 
had been obscured in other measurements 
by the large acoustically-induceu vibration. 
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Fig.   3 - Spectral analysis cf sound pressure leveh 
measured during Arcon firing (SR 158) 

~föoo 

1.0- 

1000 4000 Ü000 3000 

FUEOUCMCY (CP8) 

Flg.  4 - Effect of coffin on vibration of Arcon motor wall 
during  static fiylug 

CORRELATION WITH FLIGHT DATA 

The correlation between vibration meas- 
urements taken during ihe cüfflii tens ana 
vibration meamrementB taken during flights 
aDOearS Quit* annti*     AiralUKI» J~t- I—1..J-. 

that from three Arccs csZlz rir^ga, uue 
Arcon flight, four X-248 coffin firings, and 
two Javelin rocket flights in which the X-248 
motor was the final stage of a four-stage 
vehicle. 

%»ectral analyses of vibration at the base 
of the Arcon payload show the same general 

♦It should be noted that the flight vibration 
environment includes aerodynamic turbu- 
lence as a possible source. la some situa- 
tions, aerodynamlcally induced vibration 
has obscured lower levels of motor induced 
vibration. In which case the correlation of 
results as cited here   cannot be expected. 

profiles and levels both during the coffin 
tests, and during flight (Fig, 5 and Fig. 8). 
In addltln«, the iimwlsive transients observed 
from the coffin data were also evident from 
the flight measurements. 

The coffin firings had Indicated that the 
X-248 motor induced quasi-periodic vibra- 
tions of significant amplitude, but no random 
vibration of consequence.  Quasi-periodic 
vibrations are characterized as "alinost 
periodic." but of varying frequency or am- 
plitude. As pertaining to the X-248 motor, 
they are associated with oscillatory burning 
modes in the gas cavity.  These modes, in 
turn, are functions ol the cavity dimensions. 
During the coffin tests, measured vibration 
levels at the payload attachment plane ranged 
as high KH 50 g rms at frequencies above 
2000 cps, and averaged 4 g to 10 g rms. 
Comparable measurements during the flight 
produced quasi-periodic vibration levels in 
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Fig. 5 - Motor induced vibration at base of 
Arcon payload during coffin firing (SR 159) 

the same frequency range to 00 g rmc. 
Flight data also mibstantlated the absence of 
random vibration excitation which w«s noted 
from the coffin data (1). 

CONCLUSION 

The difflcultlee of obtaining reliable 
environmental vibration data are familiar 
to many whose concern is rocket reliability, 
and measurements obtained daring itntlc 
firings provide one way of circumventing at 
least some of theee difficulties. The cost of 
statically fired motors Is comparatively 
modest, their scheduling precedes and U 
more flexible than that of actual flights, and 
there is no immediate limit to the Instru- 
mentation which can be employed.  From 
the evidence cited above, it appears that the 
use of special test fixtures such as those 
described, can contribute materially to the 
reliability and accuracy of such measure- 
ments. 

AUNCM PUB ?5 SEC. 

1000 2000 

FREQUENCY (CPSI 
3000 4000 

Fig. 6 - Vibritioa at base of Arcon payload 
during flight (SEL 47) 

REFERENCES 

1. M. W. Oleson, "Preliminary Report on 
Acceleration and Vibration Data from 

Javelin (8.01) Vehicle," NRL Memoran- 
dum Report No. 1024, February 1960. 

DISCUSSION 

Mr. Charles SklUae (Bendlx Aviation): 
Have you found any degree of correktion 
between the vibration data you have taken 
on the static flringß with that taken from 
actual flights of the same motors ? 

Mr. Oleson: Yes. We found a substantial 
cor relation. Of course, flight data are some- 
times difficult to come by BO that in the sta- 
tistical sense our flight data are Inadequate. 
However, what flight data we have does agree 
very well with the measurements we have 
taken during the coffin tests. 

Mr. Stern (General Electric): In the de- 
sign of the fixture from an acoustic stand- 
point, did you consider the fact that the coffin 
might have acted as a Helmholtz resonator ? 
It seems that when you got your correlation 
between the free flight and the box that you 
might have introduced an en-ui-, I wonder 
If this was considered? 

Mr. Oleson: The answer to that question 
is no, we didn't consider it. To the best of 
my knowledge this wasn't a condition inas- 
much as the measurements inside the coffin, 
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while they did Indicate certain maximum 
frequonciee of acoustic energy, might well 
he attributed to the reflection inside the 
coffin even though we did have acoustic ab- 
sorbent material In there. 

Dr. Frlcke (Bell Aircraft Corporation): I 
think this question can be answered   I think 
the motor casing resemDles more or less an 
UMchoic chamber having a very high absorp- 
tion.  For this reason no standing waves can 
be expected. 

Mr. fclpley (Jet Propulaloa Laboratory): 
I noticed oo the Vaaguard motor that the 
notile was running separated. I wonder if 
you ran the same test in a vacuum chamber 
or with a lower expansion ratio noule and 
if you saw any difference ? 

Mr. Olesoo: We did.    The X-248.  Of 
the four coffin firings we made, two of 
them had altitude noxsles such as the one I 

pictured, and two iiad sea level nozzles in 
which the nozzle was cut oft to prevent over- 
expajiBlon.  It was interesting to note that 
there was a difference. I mentioned In the 
talk that we saw little random vibration of 
consequence. The only time we did see 
what appeared to be random vibration, this 
ii In the payload area, was on the two firings 
In which we used altitude noszles. This 
maximised at somewhere between two and 
four hundred cycles and had levels on the 
order of, we will say, less than .01 gz/cps. 
Generally, we didn't see it in the sea level 
noules. With flight data one has an addi- 
tional problem, the signal-to-noise ratio 
becomes difficult at times, but to the best 
of our knowledge, or to the best of our in- 
strumentation I should say, there was no 
random vibration induced during flight above 
the level of 1 g rms which means again that 
it would be of little consequence and in 
essence this substantiates the coffin meas- 
urements. 
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THE SIGNIFICANCE OF POWER SPECTRA 

AND PROBAIILITY DISTRIBUTIONS 

IN CONNECTION WITH VIBRATION 

Charles T. Morrow 
Space Technology Laboratories, Inc. 

Los Angeles 45, California 

The two most fundamental descriptions of random vibration are in 
terms of power spectra and probability distributiont. Usually, the two 
are not of equal importance. Which is more significant depends on the 
application « nand. In respect to describing the environment of 
equipment mounted in a miasile. ordinarily the power spectrum, not the 
distribution, is significant. In respect to laboratory testing to deter- 
mine material properties under random stress, the rms stress and the 
probability distribution of the stresses have particular significance 
Likewise, in respect to failure of the airframe, the rms stress and the 
probability diatrlbution of stresses at the point of failure are likely to 
be more important than the details of the power spectrum. 

INTRODUCTION 

It may be taken as a fundamental principle 
that the details of the probability distribution 
of a vibration (1. s., the devlatlons from a 
Gaussian distribution) are of primary Impor- 
tance only when the measurements are made 
at the point where the failure or malfuncücs 
under consideration would take place. The 
details of the power spectrum, on the other 
hand   arp ** 4«MMA«UnMHM —.u*.. «h. ...IU—AI^.. 

cannot be associated with one or two major 
resonances of the structure where it Is 
measured, for purposes of the failure or 
malfunction under consideration.  Three 
different cases are considered in this paper. 
As the considerations and conclusions perti- 
nent to each are somewhat different, they 
will be treated separately, in succession. 

EQUIPMENT ENVIRONMENTS 

Equipment falls under vibration primarily 
because of excitation of mechanical 

resonators. As typical equipment resonates 
at many frequencies, the shape of the power 
spectrum at various frequencies is important 

On the ether hand, the protability distri- 
bution of the motions or stresses at any point 
of failure or malfunction within the equipment 
tends to be mdepenuent of the diauribution of 
the excitation at the mounting poinla of the 
«r<uipment; thus detailed meaüuremente of 
the diEiribuiion of the exciting environment 
are of minor significance.  Linear filtering, 
which Is one of the Influences Involved in the 
transmlssiün of vibration from any one point 
in the cirframe structure or equipment to 
any other, tends to change the distribution if 
it le not already Gaussian. Usually, the 
sharper the filtering accomplished by a 
resonator, the more nearly Gaussian the 
response becomes. Simple aoniinearitles 
tent! to produce deviations from the Gaussian 
distribution. Imagine a vibration transmis- 
sion path, through a lightly-damped resonator 
and through a nonlinear element to a region 
uf »tress concentration, as shown in Fig. 1. 
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Fig.  1 - Mech«nic*l »yitem with filtering 
and nonlinearity 

Whether the origmal dlrtrlbcüon was Geues- 
lan or not, the reaooator tenda to have a 
Qauaalan raqranee.  The nonlinear element 
In turn producee a non-Gauaeian distribution 
at the point where failure, if any, occurs. 
Thus, the final distribution may be non- 
Gauselan, but it tends to be Independent of 
the distribution at the input of the system. 
In short, testing with Gaussian random vi- 
bration may ordinarily be expected to have 
the same effects as testing with the actual 
distributions of flight  Even in exceptional 
cases, the differences in the effects are still 
likely to be much less than the differences 
inherent in the policies for deriving test 
requirements from flight data. It is doubtful, 
as a practical matter that any data on flight 
vibration distributions are of use even in 
evaluating the realism of vibration test re- 
quirements.  Thus, for application to envi- 
ronmental testing, it is sufficient to assume 
that the excitation of equipment in flight la 
Gaussian even when perceptible dlucrepan- 
cies can be observed. 

The development of equipment to with- 
stand shock and vibration is accomplished 
primarUy by testing and redesign.  The en- 
gineer who would like to use more sophisti- 
cated techniques and actually calculate 
reapoows, taking chang«» in probability 
distrlbatloss intc acccuat Is theoireücal de- 
tail, faces föi'mliumip nj-nhinmn.   To be sure, 
exceptional cases can be devised where fil- 
tering^does not make vibration more Gauss- 
ian. There are mathematical techniques 
that can be applied to the altei-ation of dis- 
tributions by filters or nonlinear elements, 
but they are cumbersome, in general they 
assume special properties such as statistical 
independence in different frequency bands, 
which are least likely when the vibration is 
distinctly non-Gaussian.  Some investigation 
of distributions for the sake of fundamental 
understanding is to be encouraged, but there 
is little practical utility to routine detailed 
measurements of distributlonB at pointg, 
such as the mounting points of equipment 

to the alrframe, where few of the equipment 
failures or malfunctions are expected. 

MATERIAL PROPERTIES 

There has been some discussion recently 
of the possibility of measuring the fatigue 
properties of materials with random excita- 
tion as opposed to periodic.  This would 
avoid either the somewhat difficult problem 
of denying random fatigue characteristics 
from periodic fatigue characteristics on 
theoretical grounds or provide a better un- 
derstanding of the relationship so as to put 
theory on a firmer basis. 

Fatigue, especially in equipment, fre- 
quently occurs as the result of one dominant 
resoaance. ft is seldom that more than two 
or three contribute significantly. It would 
a/jjpe&r that a somewhat pessimistic basis 
to» estimating fatigue is readily obtainable 
by considering the overall rms vibration to 
be concentrated at ths highest frequency of 
resonance that contributes significantly. 
Thus, a logical first step, at least, in Inves- 
tigating random fatigue is to excite materials 
with a narrow-band random vibratlün of an 
approximately Gaussian distribution and a 
prescribed rms stress. So long as the band 
is narrow, one-third octave or preferably 
ACSS, the uitlgUc data will be affected little 
by the detailed shape of the power spectrum. 
The details of the probability distribution, 
on the other hand, may be more significant 

Consider such a question as, "Will steel 
under random excitation have a fatigue 
limit ?" K the tails of the probability dis- 
tribution at the point of failure are sharply 
limited, the answer is a clear-cut yes, * If 

♦However, electronic limiting of the current 
to a shaker does not result in similar sharp 
limiting at the failure point if there la a 
mechanical resonator in the transmission 
path. 
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thore i» ;;o deviation from the Gaussian dis- 
tribution, it is dilflcult, without actual data, 
to say whether there would be a random 
fatigue limit-some fatigue might occur for 
all rms levels of excitation.* 

Careful examination of the cooditloius 
where fatigue is expected in the airframe or 
within equipment during flight may very well 
diKloM 10010 deviations from the Gaussian 
distribution, well out on the tails. The non- 
linearities Inherent in fatigue and the non- 
licearitlei of the test apparatus also tend to 
produce these during test If their influence 
is not cootroiled. Isolated half cycles of high 
strain or stress seldom occur under random 
excitation.  Usually, large stresses or strains 
are attained in the course of a long series of 
cycles of progressively Increasing magnitude. 
The duration of the wave train, until the 
largest cycle is reached, is of the order of 
the response times of the resonators through 
which the vibration was transmitted.  Fatigue 
la an energy absorptive mechanism, with 
little tendency to scatter nnergy tibüut um 
spectrum In comparison with chattering. Its 
absorption is particularly effective In a res- 
coator that otherwise has little damping. 
When the wave train builds up above a fatigue 
limit, for example, energy is absorbed from 
successive cycles so that the maximum 
stress finally attained is much less, as 
suggested by the sketch in Fig. 2. Thus, 
when tfas tails of a Gaussian distribution 
reprtMatliig gtreH in a lightly damped res- 
onator extend beyond a fatigue limit, they 
will tend to be roUed off. 

It can be seen tha'. fatigue data will be 
quite dependent on the character of the tails 
of distribution, especially with materials 
that tend to be brittle or exhibit definite 
fatigue limits. Some standardization is nec- 
«■•tarv h«fnr« meaaurAmAnt of rantlnm fn- 
tigue becomes a routine materials test Tvpo 
approaches appear promising, One is to 
test with a dlrtribuuun as close to Gaussian 
as precticaL Just what actual compromise 
is possible without affecting the data can be 
determined by preliminary experiments with 
typical materials.  Small amounts of tail 
clipping may result in large discrepancies 
for fatigue by low-level excitations. It may 
be necessary to decide on the range of levels 
of greatest interest and place tolerances cm 
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Fig. I - Effect of fatigue on the occurrence 
of a large etresu 

the probability distribution accordingly. The 
other approach is to shape the tails of the 
test distribution as closely as poeaible after 
the distributions that occur where the mate- 
rials are in use, with the Intent of making 
the simple comparison of rms levels as in- 
dicative as poMible of the fatigue propertlss 
of materials as they are u«ed. 

AIRFRAME FAILURE 

b respect to fatigue of an airframe struc- 
ture, measurements of vibration at some 
distance from the point of failure have lim- 
ited significance. It may be poeaible to es- 
timate the power «pectrum at the point of 
failur«. On the other hand, it will seldom be 
practical to compute deviations from the 
Gaussian distribution at the failure point 
from deviations at other points in the struc- 
ture or from deviations in the exciting 
acoustic noise or turbulence outside the iMa. 

__ -i_ -A At. nimii meäMif «scsäis are uliue hi um pöim 
of failure, it is ll^sly that the vibraücn will 
be found to be concentrated in a small number 
of resonances.* If so, the details c£ the 

♦Some Bte-ls, in particular, exhibit no fatigue 
for s&ussicUl stresses below a certain 
level: this level is known as the fatigue 
limit. 

♦It does not follow that the excitation of 
equipment mounted to the airframe can be 
considered to be concentrated in a small 
number of re»on*iice8. Equipment is not 
ordinarily mounted where the nolle level Is 
high enough to Induce vibration fatigue of 
the airframe. Even if the equipment were 
mounted exactly where this fatigue takes 
place, the equipment would have resonators 
of its own. These could easily accentuate 
portions of the spectrum that do not happen 
to be Important to the particular airframe 
fatigue problem under consideration. 
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power spectnim at other frequencies are of 
little Importance.  The most significant fac- 
tors appear to be the frequencies of reso- 
nance, the corresponding rms responses, 
and the overall probability distribution. 

Some nonlinearities tend to broaden the 
tails of a distribution.  However, the nco- 
llnsarltles associated with faUgue tend pri- 
marily to absorb energy from the cycles of 
larger amplitude, especially for materials 
exhibiting a definite fatigue limit  Thus, for 
low and moderate-level excitation they tend 
to narrow the distribution and decrease the 
damage. 

A brief survey of the distributions ai pos- 
sible alrframe failure points would be help- 
ful either in determining the best distributions 
to use in fatigue testing of materials or in 

ifetei niiiiuig the best corrections to apply to 
fatigue data measured with an essentially 
pure Gaussian distribution. 

CONCLUSION 

It thus appears that for the excitation of 
equipment, the power spectrum in detail, 
but not the over-all probability distribution 
nor the distribution within any restricted 
frequency band, is of significance. As fatigue 
measurement can be accomplished by reso- 
nant excitation, details of the power spectrum 
are unnecessary, but some aspects of the 
distribution are important  In relation to 
alrframe failures, some details of the power 
spectrum and some details of the probability 
distribution will undoubtedly be found to be 
Important 

DISCUSSION 

Mr. MusUin (Norair Division. Northrop 
CorjjJ: I was interested in Pig. 2, Dr. 
Morrow, where you showed the decay of the 
response.  This is a type of picture I would 
get when I put excitation into an airplane 
panel and then take the excitation off. Obvi- 
ously you kept the excitation going but your 
response was going down. I don't understand 
what caused the decay. I wondered if par- 
tially this is material damping, nonlinear- 
ities? Would yuu clear me up on that ? 

Dr. Morrow: Well, this would not neceo- 
sarlly happen tn pracUce. but It could happen. 
There 1? a »laeable interval Jn the figure 
when excitation goes above the fatigue limit 
and during that Interval energy is absorbed. 
Now It is quite possible then that once the 
excitation comes down below the fatigue 
limit, UM response eng gets would be lees 
than It would be 11 this energy had not been 
absorbed.   Furthermore it is quite possible 
for the response to go on dccre-slng much 
at» ii would have ü the absorption had not 
taken place. I won't guarantee that thl« will 
occur in all cases because just what happens 
will depend on a lot of details. You can have 
beating effects between the transients re- 
maining when the thing comes below the 
fatigue limit and the excitation still persist- 
ing.  This is one possible thing that can 
happen. 

Mr. Moore (North American Aviation): In 
istenlng to your paper, Dr. Morro^Twas 

i eminded of two things.  First of all was mv 

recollection of the student's prayer, "Oh, 
Lord, please make nature linear and Gauss- 
ian." This, of course, you emphasized in 
your paper. The other was that I was won- 
dering if you had extended your thinking to 
the nonllnearlty that exists in the higher 
acoustic levels-an explanation of this non- 
linearity perhsps along the same lines. 

Dr. Morrow: We can expect nonllnearlty 
at high acoustic levels for the reason that 
the pressure can never drop lower than a 
vacuum, and so if we arrive at levels that 
are high enough to suggest peaks greater 
than 15 pounds per square inch we can ex- 
pect positive peaks to exceed the negative 
peaks.  However, there is no reason to ex- 
pect the same situation to persist by the 
time you look at the excitation In the air- 
frame.  There is enough filtering that takes 
place in between, perhaps nonllnearlty too, 
to make the situation look quite different. 

Mr. Stera (General Electric):  The theme 
of tEepaper was quHeTlnteresting. This 
brought up a question asked me about a month 
ago and I think a lot of designers are con- 
cerned with this. In many designs people 
have, let's say, satisfactorily designed a 
chassis that would take 10 g's (10 to 2,000 
cycles per second) and they have done this 
successfully. Siddenly someone comes along 
with a random spec and we would like to 
know what is the equivalent in damage be- 
tween the sinusoidal spec and the random 
spec we have now been asked to perform. 
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I wonder if you can give a number, say 10 g, 
10 to 2,000 cycles per second equals xgVcps. 
What is x? 

Dr. Morrow: i can say on (rood authority 
that I don't know, fLaughter] However, I 
would like to say that If one looks at the 
Gaussian distribution very literally and 
makes a criteria on the basis of a chance of 
collision in a particular length of time such 
as a missile flight, one can often arrive at 
an extremely conservative design criteria 
which is not very realistic and I think part 
of the point is that when you do get fatigue 
there will be some reduction in the tail. A 
little investigation of this might be helpful. 

Mr. Galaf (Radioplane): I was wondering 
Ju»t how nonlinear some of the equipment 
that we are talking about might actually be. 
It would appear that if the stresses are well 
above the elastic limit they will cause ex- 
cessive ^formation and almost immediate 
damage. If the stresses are down sufficiently 
low that fatigue is a consideration and I be- 
lieve this Is usually the case, our equipment 
will be very close to linear and the probabil- 
ity distribution at the base will then be im- 
portant.  Now how nonlinear are these? 

Dr. Morrow: I disagree that the distribu- 
tion at the base is important if the equipment 
is linear.  The distribution gets reshuffled 
BJnyHSy.   I«. t\im>, JfCo tmmSBsA li a dmereiu 
manner and the filtering by itself will be 
shuffling. 

Mr. Galef; Perhaps it would be appropri- 
ate to arbitrarily us« a Rayleigh distribution. 
I think the probability distributicn Is defi- 
nitely Inportant inrth from the point oi view 
of extreme limitfi at the edge of your tail 
awd also from the point of view of fatigue. 
The Rayleigh distrlbutlor might be as close 
as we csui possibly ruia; in some cases you 
may be able to find something a little better. 

Dr. Morrow: Well, one thing that I have 
indicated is tfiat even though the distribution 
at the excitation point in flight may be non- 
Gaussian, the fatigue or malfunction produced 
by a Gaussian excitation may be quite 
common. 

Another point I think we should be clear 
on is that if we have a complex wave shaker 
system and use it to apply a random test and 
we limit the distribution to, say, 3 agma, it 
does not follow that the distributions at the 
point where the failure or malfunction oc- 
curs are limited at 3 Sigma and there is 

pretty good chance they will never know that 
limiting took place. 

Mr. Curtis (Hughes Aircraft): Before we 
get away from using the probability distribu- 
tion entirely, I think for data analysis m 
need it, or correlation analysis, or some 
method that enables us to determine what 
kind of a time history we have so that the 
data analyst doesn't express sine waves in 
terms of power spectral density and random 
functions in terms of slnewtve. ft seems to 
me that probability distributioo is one of the 
most useful techniques of doing this. 

Dr. Morrow: I quite agree that we should 
no» try to use periodic techniques in the anal- 
ysis of random vibration or vice versa. 
However, there are more powerful techniques 
for telling the difference than looking at the 
probability distribution. 

If you want to take the time to examine 
these things closely the correlation function 
is a better indication than the distribution, 

Mr. Curtis: I agree with your comments 
although! I do believe that the expense of data 
r&ductlon using correlation techniques at 
this time is much greater than for the prob- 
ability distribution. 

Dr. Morrow: Let me point out there is a 
great deal of difference between (1) Just tell- 
ing whether vibration is random or periodic 
when you are presented with a curve and no 
other information about it, and (2) saying 
whether vibration is random or periodic 
when there is a flight about to take place 
and you are trying to guess what is going 
to happen.  If you know a little bit about what 
the sources of the vibration are, you know a 
good deal more about what to expect than 
you tan decipher Just from looking at a rec- 
ord.  I think in working with a particular 
rocket engine, especially if there have been 
some captive firings, one can get some idea 
in advance of whore to expect quasi-periodic 
iunctioiiu due tc combusilon instability and 
look for them.  In between one can expect 
primarily a random excitation. 

Mr. Gurus: Right, but I always fsel that 
when we are talking about how should we 
analyze the data, let's assume the worst 
condition, that the analyst has absolutely no 
idea what is on that tape and what are its 
characteristics; because often I think he 
really doesn't. Maybe he should; perhaps 
he suoulu talk to a isw other people around 
the company, but usually I think he is flying 

175 



blind and so he should have the capability of 
doing tills. 

I am not saying that the way to do It is 
probability distribution.  I am merely say- 
ing, let's find out these things, let's not just 
keep on assuming them the way we often do. 

Dr. Morrow: I think the data reduction 
engineer shoulä be Informed about what he 
is trying to analyse thereby saving him from 
making mistakes. I think that one should 
take a real good qualitative look at the vi- 
bration before one attempts to produce spec- 
tra, but I think of toe probability distribution 
as a relatively weak tool for discovering 
quasi sinusoids and there are a number of 
other things that are quite informative for a 
small amount of effort.   For »»»ample, you 
can play the thing into a loud speaker and 
listen.   While this will not disclose the feeb.e 
periodic content It will certainly disclose the 
more violent things.  You can look at what 
happens when you put the thing through band- 
pass filters which you can do very quickly 
before you begin an elaborate routine data 
reduction and the sinusoids will tend to stand 
out. 

There was a device that was Invented 
several years ago at JPL* which could be 

.OCA ami  Vlbr«iion Bulletin No. £4, p. 99. 

used to track a quasi sinusoid produced by 
a solid propellant and it locked on that thing 
and tracked It.  If one has a device of this 
nature one can givo It an initial tuning roughly 
where one expects difficulty and see whether 
it tracks, and with a little skill with a device 
of this nature one can get a rather sensitive 
indication of whether there is periodic con- 
tent or not. 

Mr. Brown (Douglas Aircraft): I would 
Just like to comment on the correlation 
method of finding periodicities.  It Is not 
necessary to go through the effort of com- 
puting a whole correlation function but Just 
to look at the correlation function for very 
large time differences which is not a great 
deal of effort and can be accomplished very 
rapidly. 

Dr. Morrow  Yes.   Just to elaborate a 
little further, if you have purely random vi- 
bration then the correlation function is some- 
thing that tends to decay very rapidly over a 
time interval that corresponds roughly to the 
response time of the resonators involved, 
whereas if you have some periodic content 
then the thing persists much lunger. 

Now there is a little bit of a problem here 
if the frequency Is changing at the same 
time, as it would be In a solid propellant 
rocket, but I think there are a number of 
techniques here that can be used and used 
fairly quickly that are more powerful, than 
Just investisating the probability distribution. 

176 



MEASUREMENTS FOR THE RESPONSE OF 

SUBSTRUCTURES TO THE EXHAUST 

NOISE OF A TURBOJET ENGINE 

H, J. Parry 
Lockiieed Aircraft Corporation 

California Division, Burbank, California 

This paper describes some recent measurements ol the near noise 
field of a turbojet engine and the response characteristics of complex 
panel specimens. The work reported is part of a program concerned 
with developing methods for predicting response and fatigue life ot 
aircraft type atructures. 

INTRODUCTION 

The problem of acoustic fatigue of air- 
frame structures and components Is well 
known. Recently work has been completed 
(1) on the Initial ph&sea of a study program 
to develop methods of predicting the re- 
sponse and fatigue life of complex struc- 
tures excited by turbojet engine noise. This 
program may be considered to consist of 
three phases:  theoretical, laboratory test, 
and field test.  The purpose of this paper is 
to describe the field test portion of the pro- 
gram, associated data processing techniques, 
and a few of the results obtained. 

RATIONALE OF TEE EXPERIMENTS 

The main objective of the field tests to be 
described was to nrnvide dats for determin- 
ing the validity of theoretical response pre- 
diction methods. A secondary objective was 
to obtain information on the near sound field 
of the engine both inside and outside the jet 
wake. These two objectives were the basis 
for establishing the types of measurements 
that were made, 

REQUIREMENT FOR CORRELATION 
MEASUREMENTS 

Consider a test panel having an area A 
and excited by a force F(t). In essence, 
simple theory says that the mean-square 
deflection, {^), in mode will be proportional 
to the mean-square force, F2(t), acting on 
the panel.  Thus 

7* ^ F2(t). (1) 

Also the total force may be considered as 
the sum of the forces acting on a set ai ele- 
iUcnt«jry areas which comprise the total 
panel area, 

ft) = Pi(t)+F,(.t)+Fj(t) + —♦FB(t)  (2) 

and 

Fk(t) = (Pk) (4). (3) 

where n = the number of elementary 
areas, 

Fk(t) = force on an elementary area, 
Pk = pressure on an elementary 

area. 
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For example if n = 2 the total force is the 
sum of two pressure-area products 

F(n - F,(t)  ♦ Fj(t) = yPj(t) +^Pj(t) 

T(P,(t) *P2(t)) 

(4) 

In this case the mean-square force is given 
by 

TO = (4) (p?+ p?+ 2P, P2) . (5) 

These equations and the notion of elementary 
area« define data processing and field test 
requirements for evaluating the panel forc- 
ing function. 

The relation between mean-square force 
and panel deflection implies the requirement 
for measurement of panel motion. The fa- 
tigue aspect of the problem dictates the ne- 
cessity of measuring panel strain. 

FIELD TEST METHODS AND 
PROCEDUFFS 

A general expression for the mean-square 
force considering (n) equal areas Is 

^(O   Mn PT + p?+ pJ+ --- + p7 
IIS n 

♦ 2P1P2 + W^P~3 f --- + W^t 
(6) 

+ 2P2P3 + 2?^ + + 2P.,p, 

+ 7?    . p 
n-1    n 

This involves the product of an area factor 
and a quantity including the sum of (n) mean- 
square pressures plus a series of n(n -1)/2 
pressure cross-products. 

For stationary random processes the 
mean-square and cross-product terms may 
be evaluated (2) thus 

and 

PjtTP^T) =1     P^t) P2(t) dt , 
Jo 

P2(t) = I     P2(t) dt 

(7) 

(8) 

The normalized correlation function, a cor- 
relation coefficient, r, is given by 

Pi(t)P2(t) 

(Pj rms) (P2 rms) 
(9) 

Corresponding relations for the steady state 
sinusoidal case are 

PjCt) P2(t) = (Pj rms) (P2 rms) cos a, (10) 

and 

r = cos a , (ID 

A close-up view of the yj-79 engine with 
the free field survey microphones is shown 
in Fig. 1.  The engine is an axial flow turbo- 
jet with afterburner and a variable Converging- 
diverging exhaust nozzle.   Engine R?M and 
exhaust gas temperature were selected as 
operating criteria since thrust instrumenta- 
tion was not available. Jot velocities com- 
puted from the operating criteria and manu- 
facturers data on thrust and airflow, were 
1740 fps and 2290 fps for Military and after- 
burner engine conditions respectively. 

Measurements to determine the panel 
forcing function were performed at two loca- 
tions in the noise field; 40.1 feet and 14.2 
feet aft of the nozzle-exit and 15 feet and 10 
feet respectively from the jet centerllne. 
Test panels were placed parallel to and at 
the same height as the centerllne of the jet. 
The panel holding and backing frame with 
microphones and test panel are snown in Fig. 
2.  T!»i» photo illustrates a typical arrange- 
ment of six Altec-Lansing 21BR microphone 
systems used to obtain simultaneous sound 
pressure recordings.  Similar test setups 
were mauc at both field locations for several 
boundary conditions:  free field, rigid panel 
and various panel specimens.  The panel 
shown in Fig. 2 (Flat Panel A) is a skin- 
stringer substructure 20 by 40 inches with 
individual skin panels 6 by 9 Inches. 

Panel deflections were measured indirectly 
with Glennlte miniature barium titanate ac- 
celerometers. SR-4, F25 type strain gages 
were used for measurement of panel strain. 
Maintenance of electrical attachments on 
these transducers presented one of the most 
serious problems encountered during the tests. 

Figure 9 show« tue jeiwakeprGbftCüütäMiig 
three flush-mounted water-cooled microphones, 
manufactured by Photocon Resenrch Products. 
This assembly was used for measurements 
of sound pressures inside the engine wake. 
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1

Fig. 3 - Jet wake probe assembly

Signals from all tra&sdacers were re­
corded on a 14-channel Am|wx Type FR-114 
t^ie recorcter. hidividaal attenuator and 
amplifier systems were employed with each 
data ciumnel to allow a 15-db peak overload 
factor.

DATA PROCESSmC

Two dida processing systems were used 
to analyse the ti^ recorded sigmUs. hi 
order to tetermine correlation coefftelents 
end wide-band mean-square quantities a 
q^lal purpose analog correlation ctunputer 
was constructed, Figs. 4 and S. This com­
puter is a major part of the correiauon data 
processing system ci Fig. 6. Marrow-band 
results in boUi logarithmic and mean-square

forms were prcikiced with the system shown 
in Figs. 7 and 8.

The special p>irpose analog computer uti­
lises comme ally available components 
with the exception trf the Tape Transport 
Ctmtrol unit and special switching circuitry 
for tape channel, computation function, filter 
band selection, and card punch programming. 
The cperational integrator is time controlled 
allowing a 30-second averaging interval.

The punched card output of ttie analog 
computer together with transducer callbra- 
ticm data and information regarding field- 
test conditions complete the input to an IBM 
70B digital computer. This conqtuter is pro­
grammed to solve the data system perform­
ance equations in terms of the desired results; 
i.e., mean-square, root-mean-square, pres­
sure level or correlation coefficient.

RKULTS AMD DISCUSSION

During tlm investigation cross-correlation 
measurements were made for three souimI- 
fleld boundary conditions: free field, rigid 
lanel, and representative substructure test 
panels. Measurements were performed at 
two field locations, as mentioned previ<msly, 
for most of these boundary conditicms. The 
field test recordings were analysed with the 
correlatitni computer described above by 
using a pair of 1/S-octave band filters. These 
results have been plotted as correlc^rams 
of correiatimi coefficient against rolcrophone 
longitudinal s^iaration. A r^resentative 
set of these correlograms are presented in 
Fig. 8. Ihe Row C sad Row D notatims re­
fer to the two einnaples of area-pair se- 
quences of Fig. 10. That is, these correlo­
grams are ail referred to the Mumi presntre

Fig, 4 - Simplified block diagram 
of correlation computer
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Fig. 5 - Special purpose analog correlation computer

Fig. 6 - Block diagram of correlation 
data processing system



Fig. 7 - Block diagram of aarrow-baad 
analysis system

Fig. 8 - Narrow-band analyzing equipment
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(a) Rigid panel, Row C; engine condition- 
military operation; Location: Aft — 
40.1 ft, Radial- 15 ft 

o      ot     04     a«     a*     io     n     1.4     1« 
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(b) Rigid panel, Row D; engine condition- 
military operation; Location: Ait — 
40.1 ft, Radial-15 ft 
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ot       04       at       a«        1.0       11 
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(c) Free field, Row C; engine condition- 
military operation; Location: Ait- 
40.1 ft, Radial-15 ft 

(d) Rigid panel. Row D; er.gine condition- 
afterburner operation; Location: 
Aft-40.1 ft, Radial-15 ft 

Fig. 9 - Longitudinal sound pressure correlation 
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ELEMENTARY AREAS 

TOTAL NUMBER OF AREA PAIRS•i^ ■ 20^|0'1) • 180 

EXAMPLES: 

(1) ROW C, PclPcl,PclPc2,PclPc3,PelPc4,...PclPclO 

(2) ROWCO;P5Pa,RiMli
5eiN3,pHPa4,...PciP3ro 

Fig.   10 - Correlation over the  panel area 

of area Cl.  Consequently, the initial coef- 
ficient for Row C would be expected to be 
unity, whereas the initial coefficient for 
Row D is the vertical correlation between 
areas Cl and Dl. 

These correlograms all have the form of 
damped cosine functions. If the exciting 
pressures bad been steady state, the cor- 
relograms would be simple cosine functions. 
For the Military condition the correlograms 

for both Row C and Row D approach cosine 
functions at the 40.1-feet aft location.  At 
the same location, for the afterburner condi- 
tion, the correlograms decay to an uncor- 
related stale quite rapidly.  This of course 
implies a significant sound source change 
between the two engine conditions. Also, at 
this same location, t^.e decay of vertical cor- 
relation is more apparent for the afterburner. 

Longitudinal sound pressure correlations 
14.2 feet aft of the nozzle-exit and 10 feet 
from the Jet centerline are presented in Fig. 
11.  These are for Military, Rigid Panel 
conditions. Row C and D. Compared with 
the data for 40.1 feet aft these correlograms 
approach the uncorrelated state much more 
rapidly in all cases. Since these effects are 
related to boundary location, they are indi- 
cative of "apparent" changes in source char- 
acteristics with position. In other words, 
close to the nozzle-exit the source tends to 
appear to be a spatially distributed random- 
phase phenomenon while farther downstream 
the source tends to resemble a simple generator. 
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(«) Rigid panel, Row C; eagln« conditioa- 
millUry operation; Location: Aft- 
14.2 ft, Radial-10 ft 
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(b) Rigid panel, Row D; engine condition- 
miütäiry uperatlon; Location: Aft— 
14.2 it. Radial-10 ft 

Fig, II - Longitudinal oouad preooure correlation 

Narrow-band sound pressure spectra for 
three boundary condltiona at two locations 
are presented in Fig. 12 (or the afterburner 
only. The ordlnate for these curves has 
been reduced to spectrum level (re; 0.0002 
dynes/cm2) and have been redrawn from the 
originals which exhibit normal plotting scat- 
ter. The general shape of these curves Is 
characteristic for the locatlonf selected, 
greater low-frequency content downstreun 
and increased high-frequency content up- 
stream. Average overall sound pressure 
levels shown do not account for correlation 
but are ensemble averages for a large num- 
ber of engLnc runs. 

Typical sound pressure excitation and 
response spectra for Flat Panel A; described 
previously, are shown in Fig. 13. OnUnates 
for these curves are In mean-square units 
per cycle (power spticirai density).  The 
strain gage and accelerometer were attached 
to the center-left-half and center respectively 

of an Individual akin panel 6 by 9 inches. The 
difference in mode response is obvious.  In 
particular, the resonant frequencies for the 
fundamental end 1 by 3 mode (first two peaks) 
are observed to occur more nearly at the 
same frequency for the strain gage location 
compared with the accelerometer location. 

Jet wake spectra and constant sound preo- 
sure level free-fleid contours for a limited 
set of conditions are presented In Figs. 14 
and 15.  The frequency bands referred to are 
the center frequencies of the octave band fil- 
ters used for these analyses. Sound pressure 
level» have been reduced to spectrum level 
values (re: 0.0002 dynes/cm^). 

Spectra for microphone locations along 
the jet centerllne show a slight decrease in 
high-frequency content with increased dis- 
tance from the noaale exit (1). Nearly all of 
the sound energy appears to be concentrated 
in the frequency range below 200 cps.  In this 
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• I K)        It        14 
FRfHItHCY (CM/100) 

(a)  Afterburner operation;  Location; 
Aft-40ft, Radial-15 ft 

li 
"E»o 
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(Q 

M« 0«(MIX!.» 
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«        •        W        IC        M 
FREOUEMCY (CPS/IOO] 

10 

(b)  Afterburner operation;  Location: 
Ait-14,2 ft, Radial-10 ft 

Fig. 12 - Comparison of sound pressure spectra (10-cps bandwidth) 
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Fig. 14 - Jet wake sound spectrum analysis (2-cps bandwidth) 
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Fig. 15 - Sound pressure iso-level contours, free field 

respect the spectra are similar to the spec- 
tral density of turbulence data of Ref. (3), 
for distances greater than 16 nozzle-exit 
diameters. 

The constant sound pressure level con- 
tours iii the reKion outside the exhaust exhibit 
the now well-known form of the near noise 
field of a turbojet engine (5)   The present 
results, however, include contours for the 
interior of the exhaust wake.  Since the pri- 
mary objectives of this program were con- 
cerned with structural response, no serious 
attempt has been made to explain these por- 
tions of the contours.  However, even casual 
observation reveals a certain degree of con- 
tinuity along the nominal wake boaad&Ty. 
Also, the general form of the wake contours 
appears to be in agreement with the idea of 
inward radiated sound suggested in Ref. (4). 

CONCLUSION 

Measurements of excitation and response 
of substructures in the near-noise field of a 
turbojet engine have been completed.  These 
have served a useful purpose in providing a 
basis for determining the validity of theoreti- 
cal prediction methods. Also, some meas- 
urements of sound pressures within the en- 
gine wake were obtained. Further investigmtion« 
in this research area are being both planned 
and proposed including additional correlation 
and response studies, effects of multiple jet 
sources, and development of improved meas- 
urement techniques 

The work described in this paper was 
supported under Air Force Contract Number 
AF 33 (616)-5546. 
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DISCUSSION 

Mr. Trotter (Boeing Airplane Co.):  I 
would like to ask if you have made any 
narrow-band cross correlation measure- 
ments where your bandwidth was of the 
order of a panel resonance perhaps? 

Mr. Parry:  No. 

Mr. Stem (General Electric):  At the 
open'iig of your paper ! get the impression 
you were going to give some correlation be- 
tween random and sinusoidal damage, and I 
tried to follow your talk very closely and 
perhaps you Indicated it someplace but I 
didn't get it. So I would like to ask a spe- 
cific question again. If, as a result of this 
work (a man) came to you and said he had a 
10 to 2000-Inch bandwidth, 10 g excitation 
and he wanted an x g2/cps equivalent for 
when the thing would be likely to fail these 
panels, what would x be? 

Mr. Parry:   This is a good question.  I 
don't feel ashamed to say I can't answer it. 
I really don't think there Is anybody here who 
can.  In fact, I think irom the way things are 
going it will be some time before it can be 
answered, but I would like to say this, that 
the problem of sonic fatigue is not a simple 
one, at least I don't think it can be nailed 
down to one number. 

What I am trying to do here this morning 
is to show you the measurements that we 
made, why we made them, what we are trying 
to get at, what the actual numbers are. There 
are some people back at Lockheed, unfor- 
tunately they are not here with me, but there 
are people who have been working on theory. 
They have got some pretty good theories. 
They feel they can predict, for instance, the 
resonant frequency of a complex structure, 
such as we showed, to about 10 or 20 percent. 

They are always a bit on the low side, and 
right now they don't know why,  I don't know 
why either, but there are essentially two 
problems.  One is, do you have a fatigue the- 
ory which says essentially why, in the first 
place, does the material fall? How many 
cycles of lo<uilng do you put into it and which 
way do you put them in and so forth, to make 
it fail consistently »o you can predict that 
failure?  Secondly, you have to know in com- 
plex panels like these, bow does the darn 
thing move.  In other words, how much stress 
are you getting at what frequencies so you 
can compute how much and how many cycles 
you are putting into it for how long? Then 
in a complex structure like this you have a 
third problem, can you locate the strese 
concentrator? Because really you can't say 
Just because you know how it is moving that 
you know exactly where the thing is going to 
fail. So It is pretty complicated.  That is the 
best I can do for you. 

Mr. Mustain (Norair Division, Northrop 
Corporation]? I have a question.  I am used 
to seeLig values of 0.1 maybe up to around 1 
g2/cp3.  You showed values up to 2000 g2/ 
cps which to me is of earthquake propor- 
tions.  Would you clear me up on that one ? 

Mr. Parry:  Well, I don't really know what 
data you are used to looktag at.  All I can say 
is if, for instance, you have on one of these 
curves here, a mean-square density o! a 
thousand, then >ou have about 30 g:s in that 
particular mode. I really don't know what 
your data is so I really can't compare it. 

Mr. Mustain:  Kc am concerned 
with your data, not mv data. ! just don't see 
values like yours.  That is what I don't un- 
derstand.  You have g2/cp8 in values of 
2000, and we are usually talking in values 
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wound 1 gVcps which are considered fairly 
high. 

Mr. Parry:   Let me say this.  On youi 
visual observation if you look at the panel, 
for inatwice, the panel from which this data 
WM taken, if you observe it, look at It, see 
how it Is moving, if you look at the acceler- 
ometer that Is mounted on it you see that it 
is moving on the order of two-tenths to a 
quarter of an inch double amplitude under 
this sort of excitation. So really it depends 
upon how much excitation Is that you have on 
it. If you don't drive It very hard it won't 
move very much, you know. 

Mrjlustaln: [Shakes head negatively. ] 

Pr. Morrmri  I think we can add one or 
two comments to the question of levels of 
power spectral density.  What we have been 
talking about here is not typical of the exci- 
tation of equipment for two reasons.  In the 
first place, you don't normally mount equip- 
ment on the portions of the alrframe that are 
real close to the Jet exhaust. You try to avoid 
It if you can, and yet these areas are of in- 
terest in connection with acoustical fatigue 
of the alrframe. In the second place, if you 
did mount equipment there it would load the 
alrframe and the vibration observed would 
be very much leas than it is now. So for 
these reasons I don't think there is a con- 
flict. It's Just that the vibration we are con- 
cerned about at the moment - is not typical 
of equipment excitation. 
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»^ERSONIC AHt-TO-SURFACE 

MISSILE VIBRATION PROORAM
J. L. Frarey and P. W. Kinnear, Jr. 

North American Aviation, Downey, Cali£.

This paper gives some results of the rather critical vibration test pro­
gram of the "Hound Dog" missile carried bythe B-52. The data showed 
strong discrete signals at the electrically coincident frequencies of 400, 
800, 1200, and 2400 cps. Some aspects of the effort to establish con­
fidence in this data and to separate electrical noise from vibration will 
be treated.

INTIiraJUCTION

The Dog Is an air-to-surfoce 
cruise missile, about two tfainte tbe sise oi 
a small fii^iter aircraft, powered by a single 
convoitional turbojet engine and carried in 
pairs by a B-52. The missile is moimted 
between the B-52 inboard engine pod and the 
fuseli^e with tbe aft porticm of ttie missile 
aft of the inboard engine nossle and about 10 
feet from ^ migine. Figure 1 shows the 
missile locaticm w^ mated to the bmnber. 
Hiis locatkm prothices a very severe acous­
tical and vibraticsial envlnmment (hiring 
ground run-up and tahe-off. The runway and 
B-52 wing serve as reflectors, actually form­
ing a chamber tor tbe acoustic energy. As 
the Bound Dog becomes standard armament 
on later model B-52 aircraft, c^ratUmal 
missiles must withstand tbe stresses a very 
large number ot take-offs and many hours of 
camive in-flight cruise envircmment. This in­
flight «ivir(»ment is also severe; therefore, 
these factors made toe obtainiag vibraticm 
ami acoustic dida of prime importance.

One ot the most important questions asked 
during a fli^ test program is ’'How ^>od are 
toe djto obtained?" hi ordinary meaaire- 
ments, such as the many temperatures and 
pressures secured dur^ a fii^ test pro­
gram, this question can be resolved by a 
detailed error analysis. Then, a figure may

Fig. 1 - Acoustical energy chamber. A one­
sided outline of the B-52 Aircraft with a 
Hound Dog missile attached. The aircraft 
body and engine nacelle form the walls of a 
chamber for acoustical energy while tbe 
wing and runway complete the box effect.

be (poted for toe accuracy ot toe data. 
this type ot analysie may be made <hi vibra- 
ticm (tata as well, an even more Inqmrtmit 
first step is to have a general feeling of con­
fidence or trust in toe re<»sded datm. The 
ability to s^arate the vtoration data from 
the syetem noise is prime la^ortance.
Tbe ({uesticai is not the accuracy of the data 
(^stained but whether the slpial to uw^ dida 
or system noise. The GAM-?7 ^tcraid Dog) 
missile vibration program is the ntoject of 
this paper, with emttossis placed on toe ^fort 
made to estatdish confidence in toe dnta.



In obtaining early vibration data, full- 
scale dummy missiles were used.  The 
prime objective o( these dummy missiles 
was to obtain Initial captive flight load data 
and the use of these same tests for vibration 
and acoustic data was a bonus, both in time 
money. Full-scale dummies allowed direct 
mass-ccntei of gravity simulation of com- 
ponents, hopefully assuring realistic vibra- 
tion response.  Spatial simulauon of compo- 
nent« afforded, again hopefully, acceptable 
acoustic response.  Aiihough there were no 
operating missile systems or engine, it was 
known that the missile engine should add less 
than three decibels to the overall sound pres- 
sure level, while the major contribution from 
the operation of missile systems should be 
the generation of discrete frequencies.  Using 
information obtained from these dummy 
flights, and data from later powered missile 
flights, a reliable basis for evaluation of the 
vibration and acoustic environment was 
expected. 

In making vibration measurernenta on 
powered missiles, enough measurements 
had to be taken to establish discrete system 
inputs as well as to verify the dummy mis- 
sile data obtained previously.  The major 
effort on powered missiles was to have been 
on early missiles so that, after a few flights, 
enough data would be available to either 
validate or change the environmental criteria. 
Because erf instrumentation malfunctiops and 
enough surprises in the data to reduce the 
confidence in early dummy missile data, 
totally acceptable data has only recently 
been available to either validate or change 
the environmental criteria.  As detailed 
later, the dummy data differs from the pow- 
ered missile daU in a predictable manner. 

frequency of approximately 10 kc.  These 
units had a minor resonance at approxi- 
mately 4 kc and were listed by the manufac- 
turer as being good to 3500 cps.  No filtering 
was used in the system.  The cathode fol- 
lower WM powered by +38 volts on the plate 
with »he cathode returned to -36 volts in the 
transistorized amplifier. The amplifier had 
a variable gain up to 100 and was flat ±1 per- 
cent from 5 cps to 4000 cps and ±1 db to 12 kc. 

The Instrumented powered missiles con- 
tained s telemeter sometimes u§»d for vibra- 
tion measurements.  The top three standard 
IRIG (narrow) telemeter channels have a 
normal frequency response of 1050, 790, and 
600 cps respectively.  To widen the response, 
the filters in the ground station demodulators 
were changed.  Several methods of improving 
frequency response of a telemeter were dis- 
cussed by Beckman (1) in a previous Sym- 
posium.   The telemetry was used to check 
discrete responses and low-frequency ran- 
dom signals during free flight. 

The B-52 contained a receiver (or the 
reception of the telemeter signal.  The com- 
posite audio signal output of the receiver wa« 
recorded on the B-52 recorder for a backup 
or check on the ground recorded telemeter 
data.  In obtaining the necessary frequency 
response to record the telemeter signal, the 
recorder was run at 30-lnch per second. As 
this tape speed in turn sets the frequency 
response of standard fm electronics used, 
the frequency response of the vibration 
measurements recorded In the B-52 was 5 
tn 5000 cps. This wide response exceeded 
the accelerometer manufacturers specified 
frequency ran{;e by 1500 cps. 

INSTRUMENTATION SYSTEM 

The vibration measuring system employed 
was a conventional arrangement.  It consisted 
of piezoelectric acceleromcters, cathode fol- 
lowers, and amplifiers.   The B-52 contained 
an instrumentation capsule located in the 
bomb bay and a one-inch tape recorder in 
the crew compartment to allow tape changes 
In flight.  The missile data amplifiers, for 
measurements recorded in the bomber, were 
located in the B-52 bomb bay capsule.  This 
arrangement facilitated caiibrittioK of the 
system and provided a temperature con- 
trolled area. 

The accelerometers used were medium 
output, high-capacity units, with a natural 

GENERAL INSTRUMENTATION 
PROBLEMS 

Before detailing some of the more subtle 
points in the data that caused concern, a few 
of the more obvious problems will be ex- 
amined.  While results from the early tests 
were plainly not data and necessary system 
modifications were straightforward, although 
not always easy, these problems delayed the 
schedule.  Probably more important, they 
caused the data to be analyzed more criti- 
cally, particularly for any electrical inter- 
ference. 

The most common problem in any air- 
craft instrumentation system is the necessity 
to minimize 400-cps electrical noise.  The 
problem was compounded in this case, because 
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both the powered missiles and the bomber 
have their own electrical generating sys- 
tems and the Instrumentation is one of the 
few common points of both systems.  The 
dummy's instrumentation was, of course, 
powered from the B-52. 

Time code generator pulses In the B-52 
occur at rates of 10 pulses per second, 1 
pulse per second, and 1 pulse per 10 sec- 
onds. These are heavy current pulses and 
are used to advance counters and cameras 
In the B-52. Transients at all these rates 
were observed in the instrumentation sys- 
tem u.itil electrical contact no'se suppres- 
sors eliminated this problem. 

Loose connectors in the system can of 
course produce transients that are easily 
mistaken for actual mechanical transients. 
Coax connectors were the moat common 
offenders in this respect.  A positive method 
of locking these connectors was necessary. 
Also, any momentary interruption in the 
power supply voltages to the amplifier would 
produce large transients. 

DATA ANOMALIES 

After eliminating or reducing the above 
Probleme, the data still showed several 
anomalies. At times, an analysis of these 
anomalies was made difficult because of the 
data reduction equipment available. The 
equipment available (or frequency analysis 
had a 160-cps bandwidth filter and a o.ie- 
seccnd sweep time. Since considerable 
trouble had already been experienced with 
the measurement system, unexpected results 
always made the measurement system 
suspect. 

Data were expected to be below 2000 cps. 
uOtns iKGaSureuiciuS inuicittcd cönsidef üble 
vibration energy in the range of 2000 to 5000 
cps. At the time It was not known that the 
accelerometer had a minor resonance at 4000 
cps. but a subsequent report from the accel- 
erometer manufacturer Indicated the possible 
presence of this resonance.  Thus, at the time 
the data appeared to go all the way out to 5 
kc and peak at the higher end.  Filters which 
cut off at 2 to 3 kc could have been used since 
the accslerometers were being used beyond 
the manufacturers recommendation. How- 
ever, the use of filters at this point was re- 
jected until the nature of these high-frequency 
signals could be determined. 

High-frequency system noise is most likely 
to be obtained troM either of two sources: 

acoustic pickup in the accelerometer and 
cathode follower, or from the reproduction 
of discriminator hiss in an fm recording and 
playback system.  Acoustic response was 
checked in two ways. The transducer and 
cathode follower were tested In an acoustic 
chamber. The results of this test showed 
that the sound pressure level at a single 
frequency would have to exceed 163 db in 
order to produce signals of the magnitude 
measured in the 4000-cps region. As a fur- 
ther test, the accelerometer was shock 
mounted in the dummy missile and another 
flight was made.  Thus, any signals above 
the cutoff point of the shock mounts would be 
either electrical noise or acoustic response 
of the accelerometer or cathode follower. 
Only small signals at the electrical power 
frequency and the odd harmonics of this fre- 
quency were observed. 

Many locations in both the powered and 
dummy missiles produced complex signals 
larger than predicted. These large voltage 
signals, when injected into an fm voltage 
controlled oscillator, would over deviate it. 
In the ground playback of these signals, the 
frequency modulated signal is passed through 
a bandpasH filter.  D the frequency modulated 
signal exceeds the response of the bandpass 
filter, the discriminator sees the equivalent 
Of an open circuit and the familiar discrimi- 
nator hiss occurs. To insure against over 
driving the fm oscillators, the measurement 
ranges were increased to better contain the 
complex signal.    Later, when the high- 
frequency random vibration had been prop- 
erly identified, it was proved that there was 
no fm distortion. 

Dummy missile data also showed a strong 
discrete signal at 800 cps for some 'ocations. 
This 800-cps signal varied in magnitude with 
applied B-52 engine power just as would be 
expected of a vibration signal.  However, re- 
gardless of the fact that the 400-cps power 
showed only odd harmonic content, the rea- 
sonable doubt that this signal was the result 
of some spurious electrleai inierference 
could not be erased.  To further complicate 
the problem, powered missile data, when it 
became available, showed strong signals at 
1200 cps and 2400 cps at many locations. 
One location also indicated a very strong 
400-cps signal. 

SPECIAL DUMMY MISSILE FIELD 
TEST PROGRAM 

The confidence level in the data obtained 
by this time was low or at least controversial. 
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Tests had been run on the measurement sys- 
tem In the field and In the laboratory and all 
these tests seemed to indicate that the dis- 
puted discrete signals were not electrical 
noise.  However, the coincidence of obtaining 
these frequencies seemed too great to be- 
lieve. Alto, the presence of high frequency, 
high-amplitude broadband data was still ques- 
tioned. In order to establish confidence in the 
data or correct any measurement system 
problems, a special program was Instigated. 
The prime objective of these special tebU 
was to investigate the vibration data gather- 
ing system. An instrumented dummy missile 
and a B-520 aircraft were assigned to this 
program for one month. It wae agreed that 
ground run-up tests would be the most ad- 
vantageous to this program. 

To investigate electrical interference in 
the B-52 on-board recording system, a com- 
oletely independent ground recording system 
was established to be used during ground 
engine run-ups. While the selection of a 
Aimrny missile for this test was a schedule 
necessity, it proved an advantage because 
all 400-cps power could be removed from 
the missile during these ground tests and 
Instrumentation could be powered from 80- 
cps sources. 

Test Descriptions and Results 

The ground run-up tests were conducted 
in two parts: data were recorded on the 
ground recorder for one part, and on the 
B-52 recorder for the second part. Data 
from these tests were then analysed and the 
next tests were determined. 

The existence of three main sources of 
error was investigated.  These were the 
production of beat frequencies or harmrmic 
frequencies of legitimate signals; the ex- 
istence of electrical interference which 
could be amplified only under certain con- 
ditions, and the general content and source 
of random noise. The production of beat 
frequeneles was checked by mixing two sig- 
nals and feeding them into both the ground 
and airborne system. One signal WM held 
constant while the other signal was swept 
over the frequency range.  The amplitude of 
these signals was »Iso varied. Tue data 
were then annlyieed to detect the presence of 
any algaiis at the sum or difference frequen- 
cies. No beat frequencies were detected. To 
investigate harmonic generation, missile ac- 
celerometers were excited at given frequen- 
cies and the reduced data was examined for 

the presence of harmonics.  The excitation 
ot the accelerometers waa first tried by 
striking a tuning fork and placing the base 
on the top of the accelerometer.  Unfor- 
tunately however, to produce a significant 
signal, the forks had to be struck quite hard 
producing a tone that was itself rich in har- 
monics. The test is recommended however, 
if anyone cares to elicit the kind of Interest 
that is aroused when one Is observed de- 
scending on the missile with an armload of 
tuning forks. The pure signal was finally 
produced by Installing a small, 2-pound psak 
force, Goodman shaker in the missile and 
mounting an accelerometer on the shaker. 
No harmonics could be detected in any of 
these missile shaker tests. 

The search for electrical Interference 
was centered mainly on the SOO-cps signal 
found most strongly at the aft attach point 
between the missile and the pylon. Various 
tests were conducted at this and other loca- 
tions. Accelerometers of different natural 
frequencies, manufactured by different con- 
cerns, and a velocity pickup were mounted 
side by side at the aft attach fitting. The 
accelerometer systems were powered both 
from the ground and from the B-52. Output« 
of these Instruments were recorded both on 
the ground and in the B-52. 

A black box, containing a battery powered 
cathode follower and amplifier, was installed 
in the missile. The accelerometer connected 
to this system was mouuted side by side with 
an accelerometer that was routed to a nystem 
powered in a conventional manner. The aig- 
nals produced by these two Instruments were 
recorded both on the ground and in the 
bomber. 

Ground loops were simulated In the sys- 
tem by placing a resistor to ground from the 
ground side jf the signal and also by shorting 
the signal shield to the missile frame at sev- 
eral points.  This was done to simulate the 
condition of the missile at the beginning of 
the test after it had been flown in captive 
flights for six montlui with little instrumea- 
tation maintenance. Data was scanned after 
each test by use of photographs taken of each 
signal, both on a Psaoramic Sonic Analyser 
and on an oscilloscope. 

Figure 2 shows the comparison of the 
ground recording and the B-52 recording of 
the station showing the SOO-cps discrete 
frequency. The ground recorded signal was 
produced when all «öü-eps power had been 
removed from the missile. This comparison 
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1
along with supporting data from the velocity 
pickup and battery powered system con­
firmed the fact that the signal was an actual 
mechanical vibratitm and not electrical pick­
up. When eipiipment became available which 
utilized a two-cycle wide filter, it was fmmd 
that this apparait discrete fretpency was 
actually composed of two signals, 650 cps 
and 740 cps. Had this reaction equipment 
been available early in the program, much 
more confidence in the data cmild have been 
ol^ained without these special confidence 
tests, b particular, this 800-cps problem 
would not have occurred.

Fig. 2 - 800 cycle data comparieoa. Diacrete 
reapoB-te measured at the aft attach fitting 
between the missile and the pylon. The top 
photo is a B-52 recording while the bottom 
photo wae recorded on the separate ground 
recording system.

Signals showing high-frequency broadband 
data were checked to inwre that they were 
not aimrious in ni^ire. Figure 3 is presmded 
to show th^ hi|^-fre<piraey sigsAls were 
l^srat when toe fm system was nm bamg 
overdriven. Early r^reeentations ot the 
high-frequency data had tenctod to over­

emphasize it because ct the display tech­
nique chosen plus toe error introtoiced by 
toe high-frequency req^tonse of the acceler­
ometer. This response is plotted In Fig. 4. 
Thifc a^-frequency data is now considered 
to be of no greater ampUtede than would be 
expected when the missile is in a high-level 
acoustic field.

No definite conclusions could be deter­
mined from the attompt to simulate a poorly 
maintained instrumentation system. K>w- 
ever, the data produced at some locations 
were of different character thm earlier d^ 
and toe only esqslanation could be the poor 
condition of the instrumentation. After the 
grmmd run-up tests had been concluded and 
the data from the above tests analyzed, the 
first truly "acceptable" data was ftoidly 
recorded during taxi runs and mrtual ttdee-eiKs.

POWERED MBSXLE DATA

The suq^icton that 400-cps harmonies 
still existed in tlu vibration si^utls did not 
end with toe dummy missile data. Powered 
missile data sbowi)^ a stremg 4(K)-cps out­
put bad been all but discarded as being in­
valid. The location of this 400-cps signal 
was a rack used to sunport instrumentatiem 
componmts. Upmi furtoer investlgittion in 
tlm Isboratory, It was found ttist tois rack 
had an in«qqx>rtune resonance at ^ cps wltti 
magnifications brtween 5 and 10. Iliis rack 
bas since been redestgoed. Furtoer, large 
1200-cps, and occaaicmally smaller 2^- 
cps si^ials, appmred in the powered missile 
data and were traced to the constant ^ed 
hydraulic motor used to drive toe alternator. 
This motor is a nine-plsttm woUMe plate unit 
turning at 8000 ipm, or 13S cps. Tlnis, if n 
impulse is crested when the idsttms are either 
driving or exhausting, an impact rate of 1200 
per eectmd is created. ” a hydraulic dia- 
b^»m:e is created by boto toe inlet md 
aa^ttst stroke, 2400 iB^aets per seentd are 
cnated.

At this point a description oi the hydraulic 
iipstem will aid in appreciating the scape at 
this problem area. The system is conven­
tional; It aaea a piuap drlrea sy toe Jet en­
gine torough a gear box and a cmabtoattoa 
sbi^ port sccTisuiater-rsservoir. The 
system drives the confitant qpeed hydrsulfe 
meter, toe fU|^ surfaces Inclusteg the for­
ward elstetor, and toe jet engine air inlet 
Qpilm positimter. Since ttie hydraulic motor 
is located in the aft compartment, hydraulic 
lines must be routed to, or through, all



Fig. 3 - High-frequency data. Oacilloacope Panoramic 
Sonic Analyzer representation of a signal showing high- 
frequency data.

Fig. 4 - Accelerometer response. This figure 
indicates the response of the accelerometers 
used in the majority of the vibration program. 
The curve was made by using a high natural 
frequency accelerometer as a standard. There­
fore, it is only an indication of the actual re­
sponse ejqterienced.
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compartments. Thus, all Ime tie-downs, or 
bulkhead feed-throughs, may become poM 
sources of vibration.

The magnitude of this 1200-cps vibration 
varied from ±10 g or more in the aft com­
partment to ±0.5 g or less In some forward 
secUmiB of the missile. Figure 5 shows the 
wave form and magnitude of this vibration 
In the aft coi^partmeat. Magnitude varied 
with the distance from the hydraulic motor 
and the local line tie-down conditions. The 
2400-cps vibration, vdien it appeared, was 
small by comparison.

An unfortunate facet of this problem is 
the inverse relation of vibration magnitude 
to electrical load; i.e., the lighter the elec­
trical load, the greater the vibration mag­
nitude. This is important because the al­
ternator is running light during most of the 
ground checkout peri^. Of course, dur­
ing captive and free flight the electrical 
loads are higher, thus minimising this 
problem. Figure S shows the 1200 cps still 
predominate but of much lower magnitude in 
aigM at a midbody statian.

Fig. 5 - 1200-cycle vibratioa. Top; 
Almost pure 1200-cps vlbratioe ob­
tained at station 472 in the aft body. 
Bottom: 1200-cps signal lor :om-
pariaon.

With the determination of the source of 
the 1200-cpa and 2400-cpe signals, the prob­
lem of confidence In data showing fretpiencles 
coincident with the electrical power frequency 
and its rmonics wu resolved. One other 
stroi^ discrete signal that noses a serious 
problem should be noted as a matter of in­
terest. This vibration currently ^ipears to 
be generated by the missile hydraulic pump. 
Knowing the messured rpm and the pump 
gear box ratio, nnd again working with a nine 
piston unit, the pump impact frequency can 
be calcttlaM. This discrete vibration signal 
was found to have magnitudes which vary 
from ±5 g to ±15 g and frequenctes, depend­
ing on engine rpm, i^ch vary from 385 cps 
to 530 cps. An unfortunate, but not unex­
pected condition, is that the pump vlbndion 
is a maximum at a low engine rpih, i.e., at 
engine Idle the pump must Increase its stroke 
to maintain system pressure. Whou It is 
recalled that the Hound Dog will operate at 
engbM idle durLig most of the captive phase 
of its mission in order to keep all systems 
powered and ready, tbs iovortsnce of this 
proUsm is obvimu. TUs high-aovlituds 
vlbratian generated by the nump is also evi­
dent during missile dive-in when the engine 
is windmilling. An example of this vibrstlon 
is given in Fig. 7.

CONCLUtaON

Instrumsntation of a dummy mmslla wm 
vital to tbs vtevdian program bscaose of its 
early axailsbtUty. The use of the dsauny 
missile to trouble shoot the meaanremsat 
system sad to obtain confidence in the data 
produced a syatMa that was virlaaUy fanK- 
free early in the powered mtaslla program.

m-

tm-n (an. o«*> 
MlOr UUL 
ma FLNkTCMM

meaumcY. CPS

Fig. 6 - Fr«a-flight data. The average random 
leveia are related to the /cycle ecale whiie 
the discrete g levels are related to the g sero- 
w-peak scale.
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Fig. 7 - Dive-In d»U. Data obUined during the 
dive-In phaeeof a free flight ahowlng the atrong 
diicrete vibration obtained from the hydraulic 
pump. The random leveli are related to the 
gril,/cp scale while the diicrete frequencies 
are related to the g rero-to-peak scale. 

Satisfactory answers to tie problems might 
never have been worked out in powered mis- 
siles alone because of snuch tighter schedule 
demands.  While the yibs-ailory response of 
the dummy minslle was siibsuu.tlally compar- 
able with the powered missiles, as predicted, 
the random vibration level was fcund to be 
somewhat higher than that ot the powered 
missiles. This difference was probably due 
to Improper spatial simulation of components. 
Figure 8 shows a comparison of the data ob- 
tained during take-off of the B-52 with a 
±.~.z±y mill m puwered missile. 

The program was plagued with two unpre- 
dictable and very misleading problems. These 
problems were coincidence of vibration fre- 
quencies and 400-cps electrical harmonics, 
and the high-frequency response of the test 
acceierometers, which indicated a large mag- 
nitude of high-frequency broadband and ran- 
dom vibration,  MydrtuUcaliy generated vi- 
bration had totally unexpected high-level 
magnitudes and provided frequencies and lev- 
els beyond the regime of the predicted envi- 
roi mental specification. 
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Fig. 8 - Dummy VB powered missile com- 
parison. This data is for an aft body iocs 
tion. The B-52 was using water injection 
and take-off power for the dummy missile 
data. The B-52 engines were running dry, 
at take-off power, aiid the missile engine 
was at maximum continuous power for the 
powered rr. Issile. 
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SHOCK DATA HANDLING SYSTEMS 

AT DAVID TAYLOR MODEL BASIN 

Mri. S. C. Atchison 
David Taylor Model fiuln 

Wiihington, D. C. 

The David Taylor Model Basin ha. recently revamped ita m.thod» nf 
handling large quantities of shock data. New methods incorporate high- 
speed digital computer technique» and t/pes of compooente which may 
l>« useful to others involved in correcting, reducing, and interpreting 
large quantities of transient data. Computer orograms for computing 
the response of mechanical systems to transient inputs, e.g., shock 
spectra, are also available. 

INTRODUCTION 

Maee World War n the Dtvld Taylor Mo- 
ds} Basin has been conducting full-scale shock 
tests to measure tue response of ships' struc- 
ture 4nd equipment to uLdenrater explosions. 
Test data consist of transient motions lasting 
from 50 to several hundred milliseconds. The 
seismic velocity meter has gensrally proved 
to be the most useful sensing device for ob- 
taining a history of the ahock motion.  This 
meter, which Is not too bulky for moat ship- 
board applications, is a simple device con- 
sisting of a bar magnet selömicaliy mounted 
inside a rigidly mounted coil.  Meter output 
is recorded on magnetic-tape recorders and 
on electromagnetic oscillographs, the latter 
without amplifiers. 

Usually two objectives sought from test 
data are: 

1. Accurate documentation and correla- 
tion of the shock motions of the entire target 
with the explosion parameters and observed 
üämage; 

2. Derivation of input motions to equip- 
ment for use in the design of equipment and 
specification of desip criteria. 

Selection of a data-handling system was 
based on the preceding objectives In conjunc- 
tion with the known characteristics of the 
recording and measuring instruments. 

Desirable computations Include (1) statis- 
tical combinations of large groups of motions 
as function« of the explosion parameters to 
reduce the data to a comprehensible unit, and 
(2) computations of the response of both 
linear and nonlinear mechanical systems 
simulating equipment to the Input motions. 

The fortuitouu circumstance that the Bu- 
reau of Ships computing facility is located 
at the Model Basin meant that digital handling 
of the data could be effected without costly 
outliiy for equipment. A variety of equipment 
as well as the advice of trained personnel 
wert readily available. Therefore, it was 
decided to utilize the open-shop program of 
the Applied Mathematics Laboratory In de- 
veloping needed computer programs. With 
thifl &TZ*fiR£r^ffV«AM* »««>Mn^.».MnAi-M «__ 1.x.^  Mite Ai * «jig;;*«««,gti p* v#a* «*.uuu*xiiK IUI   UAV CUUi- 

puters is done by the engineer or physicist 
initiating the problems by using one of the 
scUmtlflc compilers. In the examples dls- 
cusned herein the computer was the IBM- 
704 and the compiler was Fortran. 
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COLLECTIUN OF DATA DATA-HANPLING 3YSTRM 

Generally shock data Is collected at sea 
(hiring full-scale underwater explosion tests 
against a combatant-type ship and occasion- 
ally from model tests conducted at the Model 
Basin and elsewhere. Some 20 to 100 veloc- 
ity meters may have been tristallcd through- 
out the ship to measure the response of ships' 
structures and equipments to one or more 
«hot»,  The mimber of instruments and shots 
would depend upon the purpose and extent of 
the tests. The output of the velocity meter 
will always differ from the actual motion of 
the structuie to which it is attached by the 
motion of its seismic element.  If large dis- 
placements are encountered, an additional 
error is introduced by the bottoming of the 
meter against its stops.  Thus two correc- 
tions may need to be applied to measured 
data before further computations car be 
made with it. 

The two recording systems commonly 
employed for velocity- meter output Introduce 
negligible error; they are (1) electromagnetic 
oscillographs and (2) magnetic-tape 
recorders. 

The first step in processing the data is 
pieptratlon of a single computer Input from 
one or both of two quite different media. Be- 
cause it was anticipated that part of the data 
would be processed more than one time on 
the computer, binary digitiaed magnetic tape 
of a specified format was selected as the 
standard input for all shock-ikia-reduction 
programs. Binary magnetic Up« is handled 
more efficiently by the computer and can be 
stored more compactly than punched cards. 

to Pig. 1 is seen typical test records which 
were recorded on an electromagnetic oscil- 
lograph.  The handling system for such opti- 
cal records is diagrammed in Fig. 2.  The 
typewriter is simply a monitoring device. 
The essential components are the Data Re- 
ducer on which amplitudes of the recoris are 
read at even increments in time and the 
Telecordex which takes output from the 
reader and converts It Into input for the IBM 
Summiry Punch.  A record of 200 to 300 
points is digitised in approximately 30 min- 
utes with this system. The next step in the 
reduction of oacillograph data involves 

f-OMSEC - 

5« 

BASE  OF PCRT MAGAZINE 

BOOSTER IN PORT MAGAZINE 

BOOSTER IN STARBOARD 

Fig. 1 - Typical shock motions 
on missile  ship 
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1 
processing of the decks of cards through a 
short computer program to make the biliary 
input tape. 

An alternate method of data reduction is 
available for data which is recorded directly 
on analog magnetic tape.  These records will 
be proceRsed through the Computf r Language 
Translator (1) which is roughly diagrammed 
in Fig. 3.  This f&clllty of the Math Labora- 
tory Is Just becoming operational; however, 
Irinl runs with this equipment are promising. 
For the test runs, sampling rate and playback 
speed were adjusted to yield WOO points per 
second of real time, and the dlgltieed output 
agreed quite satisfactorily with playback of 
the original analog record on a string 

oscillograph.  Once the input tape was prop- 
erly positioned the 9600 points were obtained 
in 32 seconds.  It is hoped that the processing 
time per record allowing tor such things as 
mounting and alignment of Input tape will be 
no more than 3 minutes per record. 

The second step In data hir.dllng Is proc- 
essing of the binary Input data through se- 
lected IBM-704 programs.  Each of the pro- 
grams contains one subprogram to correct 
for motion of the seismic element and another 
to correct for possible meter bottomlngs. 
The output of such programs Is normally ob- 
tained In the form of tables cf corrected and 
uncorrected velocity, corrected and uncor- 
rected displacement, and an average 

: 
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acceleration, each corresponding to a listed 
time.  In addition, time histories of shock 
spectra may be obtained. 

In addition to the usual tables of output 
from the computer, graphs of amplitude vs 
time can be obtained with the Charactron 
Plotter (2) which operates as an on-line 
component of the IBM-7Ö4.  The essential 
components of the Charactron Plotter are 
the charactron shaped-beam tube similar to 
the familiar television picture tube, a Traid 
high-speed camera, and a Kelvin Hughes 
fast-developing camera. The maximum 
plotting rate is 15,000 points per second with 
an accuracy of 0.5 percent.  Because time 
histories of motions are preferred, most 
computer output from shock analysis pro- 
grams will eventually be in graphical rather 
than tsihular form. 

displacement and acceleration are used in 
design criteria while velocity of the mass is 
used mainly in correlating observed motion 
of an equipment with observed motion of its 
foundation.  Output from this portion of the 
program consists of graphs of the time his- 
tories and tables of peak absolute values only. 

A program for finding the bodily velocity 
of a ship from the digitised measured mo- 
tloiig has been used.  By proper choice of 
constants the same program will compute 
relative displacement and has been used to 
find relative diaplacement across shock 
mountings from the observed motion of the 
equipment and its foundation. 

FUTURE EXTENSIONS OF THE 
SYSTEM 

ANALYSIS PROGRAMS 

Several shock «Liaiysis programs for the 
704 have been In use for the past year.  A 
block diagram of the latest version of the 
most commonly used program Is shown In 
Fig. 4.  Beyond the point at which plots and 
tables of corrected velocity, displacement, 
and acceleration ire obtained the output be- 
comes both optional and variable with the 
user. The response of a single-degree-of- 
freedom system can be computed for a 
maximum of 20 values of frequency and 10 
values of damping. Output consists of rela- 
tive displacement across the spring and ac- 
celeration and velocity of the mass. Relative 

The data-handling system was set up so 
that it could be easily extended in the direc- 
tion of more sophisticated analysis programs. 
The standard input and subprograms readily 
lend themselves to response calculations for 
nonlinear systems or for multldegree-of- 
freedom linear systems.  It Is planned to 
extend the system In the area of simulation 
of nonlinear equipment mountings particularly. 

Future plans Include greater use of 
magnetic-tape recording of test data to per- 
mit more statistical analysis in the deter- 
mination of sets of typical shock motions for 
a given type of ship.  The displacement pro- 
gram mentioned above has been extended in 
tha* rtlrppHnn    «mH CUT?!!*'" "J? '"'♦•">«•'•"•• M{ 
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of magnetic-tape records from a cruiser 
mode! test are being processed to obtain 
typical shock motions for use in weapon ef- 
fects predictions and shock design criteria. 

In conclufllon It should be noted that this 
data-handling system has resulted from co- 
operative pooling of Idea» from personnel 
involved in the design of sensing devices, 

collection of data In the field, and analysis 
and use of data In the laboratory.  There has 
been a constant feedback of information in 
the three areas as the procedures and capa- 
bilities in each area either limit or extend 
the capabilities in the other areas. Thus the 
handling system itself will be continually 
changing to make use of improvensents In 
other areas. 
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DISCUSSION 

Mr. Abstein (Hughes Aircraft):   Would you 
describe the nature of the correction that is 
applied to take into account the bottoming of 
velocity pickups ? 

Mrs. Ati:hison:  It's really a very simple 
correction.  We Indicate where we want the 
correction applied in the data, and the com- 
puter as it processes the data applies the 
correction. When the meter hits the stops, 
there is a reversal of velocity. The output ia 
completely reversed and the correction that 

needs to be applied la simply shifting the 
record at some point up to its previous level. 

Mr. Curtis (Hughes Aircraft): L» Ihls a 
conventional MB pick-up or one especially 
designed by DTMB ? 

Mrs. Atchison: One especially designed 
by DTMB. The frequsncies of our meters are 
six cycles and under ordinarily and well, one 
meter has a travel of four inches, another has 
one Inch, so we can find when we need to cor- 
rect it actually by looking at the displacement. 
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A THERMAL POWER DETECTOR' 

B. L.  Mattes 
Lockheed Aircraft Corporation 

Misailes and Space Division 
Palo Alto, California 

A thermal power detector has been developed to measare intense, 
transient heat levels. This detector was designed to operaf.e at close 
T!\rZt m the h-.-at environment generated by the Polaris missile at 
launch, but its use is readily adaptable to other, similar requirements. 
Its main features as a thermal power detector are: (1) broad spectral 
senaitivity (0.3M to 20M ), (2) fast transient response (10 Msec or better), 
(Stability to withstand intense heat levels for short periods (i000 watts/ 
in. for 0.5 sees), (4) continued use for succeeding tests without cali- 
bration, and (5) ease of installation, requiring a minimum in circuitry 
to record the heat levels. The thermal power detector consists of a 
pyroelectric ceramic disk plsced in a shock-absorbent mount. The 
Ceramic disks used were either barium titanate or lead zirconate- 
titanate, depending upon the thermal power level.t 

THE TRANSDUCER 

The transducer detects thermal power- 
''onvective and radiative heat by insiantane- 
ously responding to the average temperature 
rise of the detector element.  The detector 
element is a pyroelectric ceramic.  The 
ceramic generates a current output directly 
proporüoimi to the net thermal power 
absorbed. 

The response of the ceramic to the ther- 
mal power absorbed can be explained ther- 
modynamically as follows (l):  The rat^ at 
which the heat energy Is absorbed Into the 
ceramic determines the rate of increase in 
temperature.  Thermal agitation results in 
the individual polarized domains of the ce- 
ramic (the ceramic is composed of many 
sintered cryBtalllne grains polarized In one 
direction, each grain consisting of several 
domains).  The rise in temperature within 
each of these domains decreases the net 
polarization. As a result of the decrease in 

polarization (P), a charge (Q) is induced to 
the electrodes (electrodes are on two sides 
of the ceramic, forming a capacitor). The 
rate of change in charge (dQ/dt), or current 
(i), is directly related to the rate at which 
energy is absorbed Into the ceramic: 

i - dQ    4 dP 

where A = area of the electrode. 

(1) 

The current is related to the rate in change 
of temperature (l): 

i = A (fl. 
or 

V      'ive 

where y is the pyroelsctrlc coefficient. 

(2) 

*This paper was not presented at the Symposium. 
TWork carried out under U. S. Navy Contract NOrd 17017. 
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The average rate of Increase in temperature 
follows from the transfer of heat Into the 
ceramic: 

/dT\ 
pAd (3) 

where 

W = thermal power absorbed, 

c » specific heat o( ceramic, 

p =■ density of ceramic, 

d * thickness of ceramic, 

A = area of electrode. 

Hence, the curreri output is directly propor- 
tional to the thermal power absorbod: 

pcd (4) 

Several different pyroelectric ceramics 
have been used as the detector element. 
Table 1 lists these ceramics and their 
sensitivities. 

TABLE 1 
Some Pyroelectric Ceramics Used as 

Detector Elements 

Element 
Thickness 

(In.) 
Sensitivity 
(JI a/watt) 

Upper 
Average 

Tempera- 
ture Limit 

(C)t 

BaTi03 0.125 0.023 90° 

BaTi03 0.0625 0.046 90° 

PZT-5* 0.125 0.030 300° 

Typical values of the constants 
for BaT103 are: 

in Eq. (4) 

7 * 2.0 x lO-8 coulombs/cr a2°C 

ex 0.12 Cal/gm 0C 

P - ii.7 gm/cm3 

♦Clevite Corporation trade r.ame for lead 
zir coaate -titanate. 

tThe upper average temperature limit (lim- 
ited to below the Curie temperature) is the 
temperature at which either all or partial 
polarization is lost within the ceramic 
element. 

The ceramic elements are circular disks, 
varying in thickness depending on the sensi- 
tivity required.  Typical elements were four 
inches In diameter and 0.125 Inch thick. 
Each element has silver electrodes bonied 
to the ceramic. Leads were attached to the 
electrodes by means of a phosphor-branee 
clip. 

A high emissivlty surface with broad 
spectral sensitivity Is required to absorb 
the Incident heat energy into the detector 
element.  Black Qlyptal enamel* met this 
requirement as well as being resistant to 
high heat levels, corrosion, akxl abrasion. 
Figure 1 gives the spectral sensitivity for 
the enamel's emissivlty. The enamel's total 
emissivlty Is independent of temperature 
from 0oC to 100CC and increases slightly 
above this range.  This enamel bonded ex- 
cellently to the silver electrodes or to the 
ceramic and could be applied in thin layers. 
The thickness of the enamel layer limits the 
time response of the detector because of Its 
low thermal conductivity. 

The detector element is housed in a rigid 
container, as shown In Fig. 2.  To reduce 
the response of the ceramic to shock and 
vibration, the ceramic element was placed 
between two layers of glass wool. The glass 
wool served also as an electrical and thermal 
insulator for the element. 

The ceramic element acts as a current 
generator when shunted with a resistance 
low compared with its output impedance (on 
the order of 1011 ohms).  Thus the output 
signal can be fed directly Into regular coaxial 
or twin lead shielded cable to a higli-seneitivity 
recording galvanometer. A C.E.C. 7-339 gal- 
vanometer (4.6 M a/In.) with a coil resistance 
of 30 ohms, shunted with 350 ohms, was used 
In the recorder. 

The time response of this galvanometer 
was considerably larger than the Inherent 
time response of the detector.  The time re- 
sponse of the detector ia determined by Its 
capacitance plus the cable capacitance and 
the shunt resistance across the cable.  The 
capacitance foi a four-Inch diameter and 
0.125-lnch-thlck BaTlOs disk is about 0.02 
Ml.  With a shunt resistance of 1000 ohms, 
the response time ot the detector is about 
20 yusec.  The lower limit in time response 
has not been determined. 

♦Manufactured by General   Electric   Com- 
pany, Schenectady, New York. 
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Fig. 1 - Enusalvity of Black Glyptai enamel 
for perpendicular incidence

1

Fig. 2 - The detector element and it* aeaemblage

Tlw dofactorg do not require cnllbntiOB in 
ttaa field. Once calibrated in the laboratory, 
their calibration haa remained within 5 per­
cent of their original value after a year in 
the field. Some elemente were used twelve 
times without any maintenance. Should the 
average temperature of the element exceed 
the upper average temperature limit (Table 
1), then the dlA has to be replaced (this is 
very uncommon for transient heat measure- 
meats of short duration). Ail elements o( 
the same composition, diameter, and thick­
ness are Interchangeable within a few per­
cent difference in calibration. Ths labora­
tory calibration eras accomplished by 
calibrating a 2C0-watt heat lamp at a given 
point over a knmvn area with a calorimeter 
consisting of a c^tper disk and a tbarmo- 
coupla. The ceramic element was then 
plaesd at this point, and ths current output 
was recorded.

APPLICATION

The thermal power detector can be readily 
applied to measure either convective or ra- 
dintive heat. A quarts window can be placed 
in front of the detector to measure radiant 
heat if convective heat is also present. With 
an open detector (directly exposed element 
within the container), the sum of convective 
and mdintlve heat can be measured. The 
field of measurement to be covered by a 
detector can be varied by the anid* subtended 
through the aperture of the coatair.er. In 
addition, a 4rr detector could be constructed 
if a hollow, spherical ceramic elsmsnt vara 
used.

The toermal power detectors in the field 
have besn subjected to atvsrsgs heat rates as 
high as 1000 watts/ln.^ for a period of 0.5 
sac; yst there was no observable change in
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their calibration and time response.   How- 
ever, the Black Olypta! enameled surface 
had burned off. 

Figure 3 is a typical set of recorded data 
as obtained from these detectors. The ra- 
diative component of energy can be noted 
preceding the convectlve heat from turbulent 
gases. The large peaks are associated with 
large swirls of gases.  The lower record is 
from a thermocouple-type heat energy de- 
tector used to evaluate and to verify the 
thermal power levels indicated by the 
pyroelectrlc-type detector.  The front and 
rear surface thermocouple outputs are 
analysed by the "Schmidt diagram" method 
(2). The thermocouple-type heat energy 
data gives an integrated thermal power 
level.  The results were in kgreement be- 
tween the two detectors.  The advantage of 
the thermal power detector over the 
thermocouple-type Is that the heat rate 
levels can be read directly from the 
recording. 

Figure 4 shows data combined over a 
series of different tests. The radiant heat 
level drops off approximately with the in- 
verse square of distance.   The convective 

1 
heat levels drop off much more rapidly be- 
cause of the mixing with cooler gasee.  The 
gases also lose their translational kinetic 
energy per unit area as the inverse square 
with distance, as shown in Fig. 5. 

The thermal power detector cnould, in 
addition, provide accurate data for purposes 
of correlation with skin Hash burns. The 
ceramic acts as a thermal insulator as does 
skin. The combined fact time response and 
broad spectral sensitivity should give almost 
instantaneously the surface absorption rates 
of heat energy. 
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A DATA SYSTEM FOR THE DESCRIPTION 

OF MISSILE ENVIRONMENTS 

D. Brown 
Douglas Air i'aft CompUtyT 

Santa Monica, Calif. 

A compiehensive net of digital computer program! is being developed 
for u»e on IBM 709-7090 computers to produce environmental descrip- 
tions for quasi-stationary random data and transient data. The pro- 
grams are expected to be appUcable to shock, vibration, flutter, and 
acoustic environmental description. 

GENERAL 

The collectlcr. of data on the environment 
of a ayster is most often for one of two 
applications - the design of laboratory tests 
that aim in some sense to simulate the envi- 
ronment, or the presentation of data that will 
give an engineer information for redesign. 
Most environmental description is the direct 
presentation of measured daU- temperature, 
u IJftn  ji   ..        . . ■ .      —a uuuiiuii;, IIICDOUIC, I'tuiiHiiun leveiB, sic.   ine 
problems occur primarily In the description 
of transient effects or a ccrtinuous process 
having a wide bandwidth.   The direct presen- 
tation of the measured data from these 
sources results In long time-history plots 
or tables of figures that are extremely dif- 
ficult to interpret and apply.  This is the 
situation in the area of shock, vibration, and 
acoustics.  The data system must operate on 
the data in a manner that will produce con- 
cise, meaningful descriptionä öf these phe- 
nomena.  A simpmicaiion Is the notion of a 
standard source or driving function. 

The simplest satisfactory description for 
these processes is shown in Fig. 1. Note 
that for some purposes, the real system may 
be nonlinear.  However, the linear model may 
be sufficient to reconstruct a typical wave- 
form for laboratory testing.  The specifica- 
tion of the environment thus reduces to the 
specification of a linear "black box," and a 

standard source, which is very good for re- 
construction or simulation of the environment 
In the laboratory. 

Tbe most common description for these 
"black boxes" is in the frequency domain - 
th» frequency response or Fourier spectra. 

V(f) '    f x(t) e 2i-ift d^ (1) 

There are additional advantages gained by 
frequency presentations:  the transducers 
employed for shock and vibration inatrumen- 
taticn are linear filters. Also, all data- 
transmission schemes have a limited chan- 
nel capacity.  If the frequency handling 
capacity of these systems is exceeded, some 
form of distortion results - frequency fold- 
ing in time sampled systems or nonlinear 
effects (for example, crosstalk, or amplitude 
distortion) in continuous systems. To avoid 
these effects, data-transmission systems 
contain filters which modify the data.  Com- 
pensation for these filters and for the reso- 
nant effects of environmental simulation 
devices is most straightforward in the fre- 
quency domain. 

An alternate description that has some 
definite advantages in the- Simulation problem 
is the expansion of the shock waveform in 

203 

I 



-«^ 

STANDARD 
SOUKI J 

LINIA« 
ITJTIM  ♦ SYSTfM     1 

UNIT IMVUII5\ /flfailCAl AND/O*^ 
VMKHAMCAI mmy 

M-»f •■»• 

Fig. ! - Environmental model 

Lagucrre polynomials. Here we describe 
the source, shock, and shaping network by 
an orthogonal expansion of the form: 

g(t)  .  e"1"  £   anLn(kt) (2) 

However, frequency representations have 
advantages In familiarity and In availability 
of design techniques; therefore they will be 
treated here. 

Stationary random data can be treated In 
a similar manner, except that direct Fourier 
transformation involves too much computer 
effort, and statistically is not as meaningful 
as a (smoothed) power spectral density 

Some amplitude descriptions are also 
desirable, especially If there Is a good 

possibility that the amplitude distribution is 
not gaussian.  For this purpose the frequency 
of occurrence of amplitude of a selected por- 
tion of data may be counted and a standard 
statistical hypothesis test accomplished. 
Another useful description for fatigue anal- 
yses is the number of peak accelerations as 
a function of »mnHtiid»' in a transient waveform. 

THE DATA 8Y8TCM 

Once the meaningful descriptions are de- 
cided upon, it is then possible to design the 
data collection and reduction machinery. 
Manual computation is out of the question - a 
aMAA^wnl      in ii i ■ ii ,lmHmm   _-#**... ^  |1r-|- ÜMi i»|/**^k*ui V.\/UA|/U««»VAWII wtfccii iv;i|ii*«;B» \Jii use 

order of 105 multiplications - jome form of 
automata Is required. The three most com- 
mon approaches are diagrammed In Fig. 2. 

rUNSDUCR 
hANAlOO      t ANAMO 

coMvum 

ANALOO 
DATA 
mnM -♦ 

ANAIOO TO 
DKNTAl 
COfiVuitH 4 DNMTAt 

COWUTIH 

ANAIOO TO 
DWTTAil 
CONVMTH 

Fig. 2 - Data systems 
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The analog computer has a number of 
disadvantages compared with the digital 
machine: 

1. Programming Is mort difficult - the 
various descriptions outlined each require 
an entirely new computer set-up. 

2. The machine la less versatile in iv-< 
compllshing frequency resolution and ac 
curacy trades and In hgndling data at very 
low irequencles. 

3. The computation is considerably 
slower than that possible on the newer high- 
speed digital computers. 

4. The use of previously computed cali- 
bration Information Is difficult. 

''ho ideal data system would accomplish the 
analog-to-digital conversion directly at the 
transducer, as a digital transmission system 
Is less suoject to noise effects in transmis- 
sion and storage. 

INVMQtWINT 

jrumoüca ] |TaANiooc«i ^   J 

HMOBM-LJ   im~\ 
gam ritttegiBl 

{TAPf TOTAKl 
i wrrTjiiiiff i 

I 

ntn 
PlATiACK 

(MOUND 

Fig. 3 - Tlie present data systeir. 

A block diagram of the present system at 
Douglas Aircratt Is shown In Fig. 3.  The 
weak link is the fm/fm modulation and trans- 
mission system.  This system has a very 
narrow dynamic range for gausslan data - 
only a 22-db range in " for the best tapes 
analyzed to date; and ai. inflexible and insuf- 
ficient frequency capacity.  If time sampling 
and analog-to-digital conversion Is accom- 
plished directly at the transducer filter out- 
puts, the system flexibility, dynamic range, 
and fiequency capacity can be greatly im- 
proved. The information is transmitted as a 
sequence of frequency of phase shifts of a 
rf carrier representing a train of binary num- 
bers. The binary numbers are coded in float- 
ing point (fraction and exponent) to Increase 
dynamic range, wnd bits for error correction 
added. This is a PCM/FM or PCM/PM datt 
system.  A 200,000-blt/8econd PCM/FM 
system may be transmitted In the 220-mc 
telemetry band. 

If each sample of data is coded into a 7- 
bit fraction and 4-bit exponent, a system may 
be constructed with a 104-db dynimic range 
for gausslan data and with 5400 cps of usable 
frequency response, divided among any rea- 
sonable number of channels. 

THE ENVIRONMENTAL COMPUTER 
PROGRAMS 

The computer programs are diagrammed 
iii Fig. 4. 'Pb6 fouowing nsLrtyraphf treat 
some of the details generated'by the digital 
spprcach to an envlrosmentsl data systeai. 

Digital Sampling Requirements 

If the data is to be analyzed in a digital 
computer, it is necessary to time sample the 
data at some point in the data system. If the 
data is sampled at a constant rate, f,, any 
frequencies higher than the Nyquist folding 
frequency f ,., will be folded into the inteival 
V" i t/Ji, uieruuy euiuuuuing me poesioauy 
of computing a unique spectrum. It is there- 
fore necessary to filter before sampling with 
a low-pass filter   The required sampling 
rate may be chosen as shown in Fig. 5. 

Calibration 

As long as nonlinear effects are small, 
the entire data system may be considered as 
a "black box" with a particular frequency 
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transfer function on each channel.  The 
availability of Fourier transform programs 
allows for a simple automatic system cali- 
bration:  a known time function, x(t), (for 
example, s. unit step function) io simultane- 
ously applied to all data channels and the 
output, y(t) recorded.  The system transfer 
function, Y(f), is then Just the ratios of the 
transforms, i.e., 

Y(f) 
JP     f f 1 * yV ' / 

F,(f)  ' 
(3) 

providing rx(f) f o la the desired range. 

It is usually difficult to apply a known in- 
put to a transducer installed in a missile, so 
the transducer response, yt(f) may be de- 
termined in a teöi i«ijoiatory.  Then x(t) is 
a voltage pulse   applied by a simulated trans- 
ducer, and 

Y(f) ^vo («) 

The spectral computations are very simply 
corrected for the data system's response, 
i.e., if r(t) is the time data function in the 
computer, and F^f), u^t) a shock spectra 
and power spectral density computed from 
z(t), then the corrected spectra are: 
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F(f)    :- 

-(0    -- 

IAH 

".(0 
[Y(f)]3 

(5) 

(6) 

Amplitude presentations may be corrected 
by filtering the data with a time weighting 
(uftctlun 

.,., ■ / ^ 
Jwlft 

f) 
df (7) 

which again may be computed and applied 
automatically. 

Statistical Considerations and 
Computing Effort 

In any sampling procedure, we obtain the 
most Information per data point If the sam- 
ple points are statistically Independent, I.e., 
th? autocorrelation, l(lAr) Is zero for i t o, 
AT ■ L f,.  Then each point corresponds to one 
decree of freedom.  The number of degrees 
of (reedom (or Independent samples), n. Is 
then 

f.T (8) 

In a data t.ample iA length T. 1/ such is not 
the case, the Information is redundant, i.e., 
the data has fewer degrees of freedom In any 
given time Interval. If we wish to compute 
the spectrum at M equally Mnarprt f re^uenc 
points In the Interval (Mt«), then the spec- 
tral estimate at each point kas at most N0 

degree of freedom where 

fj 
u (§) 

Now, if the spectrum ib computed by direct 
transform methods, the process Is to com- 
pute the Fourier transformation (requiring 
approximately n2 multiplications) and then 
square and average F(f) over a finite band- 
width (approximately n muUiplicationB).  By 
computing an autocorrelation funciior. tj^st 
(averaging before Fourier transformation) 
and then the power spectral denaity by 
Fourier transformation, considerable time 
may be saved (approximately n + (M + l)2 

multiplications).  The trick is to compute 
R(T) with the minimum number of statistics. 
The following formulation is one possible 
method: 

V 
R(T') = N~   £ "(»MAt) -xUsM + UAt] ,      (10) 

Typically, the computer time saved by the 
autocorrelation approach is on the order of 
a (actor of 100 over direct Fourier methods. 

Smoothness and Fitting CoMiderations 

Suppose the data contains a periodic (or 
almost periodic) function, i.e., x(t) = y(t)*g(t)I 

where g(t) is periodic and y(t) is white noise. 
The autocorrelations and power spectra for 
these parts are additive. Suppose y has a 
variance, CJ2, and 

8(t) A  sin  Jwf. t (ID 

The true (aliased) power spectra from digit- 
ized data are: 

-(0^^   A   f(f-f°). (12) 

However, cutting off the correlation compu- 
tation at T   results in the following smoothed 
spectrum (Fig. 8): 

"(0 .*2 + 
i-in- (f-f 

2"(f-f„) 
(13) 

Although the frequency resolution of this 
estimate Is I/T., it is easily seen from Fiff. 
7 that the spectrum is distorted for a con-" 
siderable distance beyond that. 

The truncation of the autocorrelation func- 
tion may be viewed as forming the product 

*(r) ■ R(T) D(T) (14) 

The smoothed spectra Is then as shown In 
Fig. 7, where Q(f) is the Fourier transform 
of D(T).   D(r) is often referred to as a "lag 
window." By the proper choice of a window, 
the spectra computation will be accurate for 
a 20-db power range.  These windows are 
discussed In detail in the literature.  Cross 
spectra ajid transfer vatios will be attacked 
by similar methods. 

Numerical Filtering 

If the computed spectra encompass a wide 
power range and the lower levels contain 
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Fig. 6 - Remit of truncation 
of the autocorrelation 

Fig. 7 - Smoothed spectrum of a gine wavi 

useful information, It Is necessary to filter 
("prewhlten") the data and recompute the 
power spectra.  Numeiieai filtering Is ac- 
complished by weighting the digital values. 
i.e., 

(15) 
x(nAt) =   £ k(iat) x([3 + n] A t) . 

■ 

The following is a basic low-pass filter: 

H(f) =1,    f < fr 

= T^T '     fc < f < fr      (16) T c 

=0,     f > fT . 

The weighting function for this filter is 

k(nAt) = 
cos 27r fc nAt - cos 27rfTnAt 

2Tr2n2At(tT - fc) 
(17) 

HO) = (fc + fT)At. 

This filter may be converted to other func- 
tions as follows: 

1. Band paaa around ^ : 

k^  (nAt)  i k(nAt)  cos  (^nAt) .    (18) 

2. High pass: 

k'(nAt) =  Sn - k(nAt) 

S„ = 1.    n = 0 (19) 

= 0,     n f 0 . 

3. Band reject around: 

KAnLt) = Sn " k(nAt) cos (w0nAt).(20) 

For a finite summation, it may be desirable 
to normalize the filters so that the frequency 
transfer function at some frequency, m., is 
unity.  For this, the weights may bu dividlsd 
by C, where 
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C s k(0) « 2 £ lc(nAt) cos (nwjAt), (21) vTFF (24) 

Note that üiese filters are symmetrical in 
time, therefore unlike physically realizable 
filters, they do not phase shut data. 

Fourier Transforms 

The computation of frequency spectra by 
Fourier transformation is straight-forward 
for band-limited sampled data 

F(f)  '- At   £ x(nM)  e"2'""'1' .       (22) 
n 

In many cases, it is more convenient to 
compute an integrated spectra: 

for white noise.  If the shock spectra is suf- 
ficiently smooth, the effect of added noise 
may be reduced by averaging adjacent spec- 
tral values.  The effect of noiae decreases 
as v/ÄT- This averaging may be accomplished 
by taking finite üüferences from the integrated 
spectra. If periodic or narrow-band noise is 
present, it may be desirable to "cut off" the 
transient by a time window. 

Amplitude Description 

From data sampled at a minimum rate, it 
is necessary to interpolate between points to 
find the peak values. The interpolation func- 
tion for band-limited data is 

H(f) =    f    F(0 df 

2T71 *-'        n v 

(23) 

This function haB somewhat better conver- 
gence properties.  If some smoothness as- 
sumptions can be made, it is then also prac- 
tical to reduce computing effort by computing 
fewer frequency points. 

Transient phenomena in a missile system 
are almost always accompanied by quasi- 
stalionary ranciom processes. The effect on 
the Fourier transform is diagrammed in 
Fig. 8. Here Fyf) has a Rayleigh probability 
density in amplitude and a uniform density in 
phase.   The expected amplitude is just the 
rms (T) value of the noise at that frequency 
and is 

x(t)  =   2]  »("At) 
sin jr (t  - n A t) 

At (t - nAt) 
(25) 

Interpolation between all points to locate 
peaks is possible but wasteful of computer 
time.  Peaks may be located by noting that 
there can be at most one peak between ad- 
jacent points and that if a peak occurs in the 
closed interval (jAt, [j +1] At), then 

^(JAt) -^([jMlAt <0;        (26) dt dt 

from Eq. 23 

d» ,,Afv _  V  (-i)k Mil ^] At) 

k 

Once it has been determined that a peak 
lies between two points, the approximate 

mmHtpy 

yiCTOtFN(l) 

MAL 

Fig. 8 - Effective random noise on the 
shock spectrum 

214 

%■■- % 



tim« of the peak 
the intersection o 
slopes (Fig. Ü)-   K 

applications of Eq. 
value as a function 

, may be- determined from 
the reciprocal of the 
t ) is then determined by 
?3.  The error in the peak 
i frequency due to this 

Ät   » 21 (26) 

approximation is pi   ted in Fig. 10. The 
number of peaks in v fivers amplitude region 
is then counted and di »laved. 

Probability Densities 

If the data is a sample  mm a gaussian 
process, the power spect.tv U aufficient to 
describe it.  However, it is )Uei! desirable 
to verify the gaussiun assun ilioii - especially 
near-narrow spectra.1 teaks, vhere the driv- 
ing function may be pesiodic.  ^or this pur- 
pose, the (filtered) data is (urt er quantized 
and the digital values lying bei: e >n these 
levels are counted.  A E .mdarci cht-aquared 
test may be used to decide if  ht data is 
gaussian. 

Note that In order to apply the chi square 
test, the time interval, At, between sample 
points must be sufficient to injure ^de- 
pendence if the data is narrowband gaussian. 
If B is the bandwidth of the (filtered) data, 
then 

SUMMAI Y 

The pograms described above have all 
been run ifl m «r^erimental basis on the 
IBM 704 .; Beniix G-15 computer.  They are 
at present beinc programmed Into an inte- 
grated pac itge for the IBM 709 computer and 
are expect« d to stirt producing environmental 
data in Apr 1 I960. It is hoped that as side 
effects to btter environmental descriptions, 
we will be i lie to learn more about the de- 
sign and uti' Mt ion of simulators and test 
fixtures by t e use of these methods.  In the 
future we ex, ect to add programs for the 
computation   f ensemble averages, i.e., a 
presentation   f the expected or average en- 
vironment (», h confidence limits) that is 
automaticallv ipdated as a series of test 
progress. 

The author «ishes to express appre- 
ciation to W. A, Kunkei for the consid- 
erable effort hfc has put Into this program, 
and to V. S. N irton, H. Purvis, and J. 
Korhonen for titolr assistance in prepara- 
tion of this patoc 
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Fig. 9 - Devennination of peaks 
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DISCUSSION 

Mr. Trotter (Boeing Airplane Co.): lam 
curious to know what a data system like this 
would cost. 

Mr. Brown:  The problem here is that we 
have looked at the cost per plot of data rather 
than the overall cost of the system. We found 
that the cost of producing a power spectral 
density is very roughly equal to the cost we 

have at present by using our Techhical 
Products Analyzers. Tho savings in time 
by automatic computation, the fact v;« can 
automatically calibrate the data, reduces 
considerably, the man hours involved, al- 
though the equipment cost itself is initially 
considerably higher. I think in our labora- 
tory, the anaiog-digltal conversion equip- 
ment has cost us roughly $125,000.  Of course 
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e 
this is spread over a large number of firings 
and represents probably a lot more capability 
along with versatility than with a lot of other 
installations. 

Mr. Treadwell (University ofCalUornU 
Radiation Laboratory): I would like to know 
some specific sampling rates that you do 
plan to use and what type of equipment do 
you plan in the analog-digital conversion to 
accomplish the large number of digital input 
points per unit of time required for digital 
computation of power spectral density. 

Mr. Brown:  The analog-digital conver- 
sion equipment we have on hand now had 
been operating fo> quite some time.  We have 
been using it for various data reductions. 
Most of our data reduction now is handled in 
the digital computer.   For example, our PDM 
data is digitized by a similar system.  The 
equipment we have is EPSCO front end with 
variable sampling rates up to 40,000 per 
second and used in a multiplex mode with up 
to 15 channels simultaneously - it will handle 
a total rate of 32,000 per second.  This goes 
into a tape-to-tape converter which was built 

for us by EECO to produce the tape format 
for the IBM 700 series computer. 

Mr. KuoppamaKi (Lockheed): What sam- 
pling rate do you use when you convert the 
output o( your Technical Products Analyser 
to digital terms? 

Mr. Brown:  We don't actually convert the 
power spectral density plots to digital. We 
do this In the computer by sampling the raw 
data. The sampling rates we use are roughly 
about four. In an fm/fm system with stand- 
ard 48 db per octave cutoff filters we are 
using roughly 2.7 times the cutoff frequency 
for a sampling rate.  This is on the basis of 
these folding characteristics.  For Gaussian 
filters we need roughly 3.3 ümes the sam- 
pling frequency. 

Mr. Kuoppamaki:  Yon did this before 
feeding it to the analog analyzer itself ? 

Mr. Brown: Right. All the computing is 
done in the digital computer by autocorrela- 
tion and Fourier trar, ^formation. 
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1 
SOME INSTRUMENTATION REQUIREMENTS 

OF A NONPERIODIC 6-ms SAWTOOTH PULSE*' 

R. C. Woodbuiy 
Jet Propulsior«   IJtV-cratory 

California Intitule of Technology 
Pasadena, California 

Six-ms sawtooth acceleration pulses have been demonstrated to be 
particularly suitable for jhuck testing in the laboratory. The accuracy 
to which shock machines can oe. calibrated is related to the spectral 
characteristics of the sawtooth acceleration pulse generated by them, 
Failure to observe these characteristics may introduce largo calibra- 
tion errors which may result in serious over testing of a given specimen. 

INTRODUCTION 

Considerable attention has been directed 
towards shock testing utilizing 6-ms saw- 
tooth acceleration pulses. As a result of an 
investigation by Charles T. Morrow and H. I. 
Sargeant (1) thl* waveform was demon- 
strated to be particularly «-"able for shock 
testing In the Laboratory, ltd use as a stand- 
ard pulse shape for shock testing was pro- 
posed, bared upon "the smoothness of the 
spectrum which results from the extreme 
asymmetry of the puJse shape" (2) and the 
ease and simplicity by which it may be pro- 
duced. To this end, shock machines have 
been developed and are commercially avail- 
able.  The accuracy to which these machines 
can be calibrated is related to the spectral 
characteristics of the sawtooth acceleration 
pulse generated by them.  Failure to observe 
these characteristics may introduce large 
calibration errors whicA may result in 
serious overtesting of a given specimen. 

Shock work necessarily involves the 
measurement of transient accelerations, 

i.e., pulses of finite duration not subject to 
the laws of periodic phenomena.  In partic- 
ular, the sawtooth pulse will always yield a 
continuous frequency distribution in time with 
a greatest value kl zero frequency, with con- 
tributions from higher frequencies decreasing 
toward zero as the frequency rises. The 
spectrum will always have the fundamental 
property of a broad frequency distribution 
tor a pulse of short duration and a narrow 
one for a pulse of long duration. 

The fidelity of reproducing a sawtooth 
pulse is directly related to the diittortionless 
transmission of all significant frequency 
components. Deviation from this require- 
ment introduces waveform distortion.  The 
peak amplitude will he suppressed.  This 
suppression is analogous to the failure of a 
series to sum to the correct value if certain 
terms are eliminated.  In shock work, it is 
the peak acceleration that is of major interest. 
The peak acceleration determines the maxi- 
mum inertiai stress applied to a specimen 
and, hence, is a measure of design integrity. 

• Xhia paper was not presented at this Symposium. 
'This paper presents the  results  of one phase of research carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, under Contract No. NASw-6,  sponsored by the 
National Aeronautics and Space Administration. 
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For a sawtooth pulse, the degree of amplitude 
attenuation depends greatly upon which end of 
the spectrum Is attenuated.   As the pulse 
width Increases, more and more energy Is 
concentrated In the low-frequency domain. 
Consequently, the low-frequency components 
contribute more to the overall pulse geometry 
than do the higher frequencies. Conversely, 
a sawtooth pulse of narrow width with a wide 
frequency distribution will (within limits) be 
less dependent on the lower frequencies for 
accurate reproduction. 

The desirability of estimating the arupll- 
(ude reduction or error which will occur 
when significant low- and high-frequency 
components of a sawtooth pulse are atten- 
uated is evident when one considers that the 
accelerometer used to measure this partic- 
ular forcing function will either have high- 
er low-frequency limitatlouä, depending on 
whether or not it is 01' the strain gage or 
piezoelectric type. 

AMPLITUDE FUNCTION OF A SAWTOOTH 
PULSE 

A sawtooth pulse can be transformed 
from the amplitude-time to the amplitude- 
frequency domain by means of Fourier 

transform analysis.  The result is a com- 
plex function of the form G(w) - A(w) + jB(w) 
and is completely speciiied by Eq. (1), 

G(w) = —-J [(cos wT +wT sin wT- 1) 

♦ j(wT cos v/T-sin wT)], 

(1) 

where w is the angular frequency variable 
and T is the pulst width.  This form is not 
completely useful since instrumentation 
will respond only to its absolute value. This 
value may be derived by extracting the 
square root of the sum of the squares of the 
real and imaginary parts of Eq. (1), from 
which it may be shown that the absolute 
value of the spectrum of a tawtooth pulse 
is given by 

!G(w)i 
A 

Tw2 
(WT)J 

+ 2 ■2j(WT)J + l sin (wT + tan-1 -M T 

(2) 

This equation is plotted in Figs. 1 and 2 
(curves ?.) for pulse widths of 6 and 12 ms, 
respectively.  It can be seen that a 6-ms 
«awtcoth pulse contains significant frequency 
components from zero frequency to about 
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Fig. 1 - Amplitude error vs bandwidth of a 6-rns pulse 
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FREQUENCY, cpf 

Kig. 2 - Amplitude error vs bandwidth ol a 12-ms pulse 

2000 cp«.  This in contrast to a 12-mB pulte, 
which requires a bandwidth to only 1000 cps. 

PEAK AMPLITUDE ERROR OF A SAWTOOTH 
PULSE VS BANEWIDTH 

The difficult mathetnatica) problem of 
determining the peak amplitude of a sawtooth 
pulse as a function of bandwidth may be 
obviated through the use of a simple computer 
in the form of a gated linear sawtooth gener- 
ator driving a bandpass filter terminated by 
a dc-response oscilloscope.  By establishing 
the pulse width with the gate generator and 
inserting known bandlimits, it is possible to 
measure the peak positive and negative 
(undershoot) amplitudes.  The block diagram 
of Fig. 3 represents the system used ir. this 
investigation, together with typical wave- 
forms.  The first picture (1) typifies the 
input pulse to the bandpass filter and is the 
standard of reference.   Extending the high- 
frequency cutoff beyond 2 kc and the low- 
frequency response to dc will produce no 
measurable change in the reference pulse, 
providing evidence that these frequencies 
are not significant. The extreme left-hand 
column portrays the effects of low-frequency 
cutoff, while the top row shows the effects 

of high-frequency cutoff. The remaining 
pictures are intermediate effects. Com- 
parison to Fig. 4 shows that as the pulse 
width increases, the pulse distortion be- 
comes greater for a given bandwidth, and 
that the low-frequency cutoff is indeed very 
critical. 

Curve b. Fig. 1, is a plot of the ratio of 
the measured peak amplitude to the true 
peak amplitude in terms of low-frequency 
cutoff,  K all significant frequencies are 
passed, there will tj no pulse distortion 
and hence, no amplitude attenuation.  If all 
frequency components below 4 cps are 
suppressed, the peak positive amplitude 
will be only 80 percent tl the true value. 
V'ubling the cutoff frequency to 8 cps 
reduces the peak amplitude to 60 percent of 
the true value.  Curve c is a plot similar to 
cam b, except that the parameter is the 
high-frequency cutoff, A system cutting off 
at 500 cps will introduce a &-percent error 
in the data, while a system responding to 
only 200 cps will produce a 25-percent 
error. Curve d emphasizes the fact that a 
constant error will exiut for a given low- 
frequency cutoff. This error is compounded 
as the high-frequency response is reduced. 
In general, accelerometers and asHociated 
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InatrumenUtion will hav« baadwidtha falling 
within the limits defined by curves c and d. 
The low-frequency roll-off may be Inherent 
in the instrumentation. The high-frequency 
response may be intentionally restricted. 
Consequently, errors as great as 35 percent 
could easily be encountered.

Curves e and f predict undershoot. They 
are plotted as the ratio of peak negative to 
peak positive amplitudes. The high frequen­
cies contribute less to undershoot than do 
the low-frequency components. Obviously, 
attempts to measure "negative" acceleration 
may lead to large errors if the low-frequency 
reqionae is insufficient.

The curves of Fig. 2 are similar to those 
oi fig. 1. They are mchided in an attempt 
to show that the high-frequency requlresaents 
of the accelerometer instrumoitatlon tend to 
become less severe as the sawtooth pulse

width is increased. This U in contrast to the 
low-frequency requirenaents.

ACCBLS1KM1BTBRS

Acceleration is generally measared by 
one of two types of accelerometers: pleso- 
electric or strain-gage. Either accelerom­
eter has advantages not foand in the other. 
For shock work, the choice of accelerom­
eter may greatly influence the accuracy of 
the data. Such a choice must be guided by 
the nature of the accelendion pulse, ft can­
not be overemphasised that tlie brosAmss of 
the Fourier ^ectrum of a given pulse bears 
an inverse relationship to its pulse width. 
Ihus, narrow acceleration pusses (less than 
1 ms), possessing bread 9«'^tra, might be 
adequately monllored by ptoi oelectric 
accelerometers, whereas a p Use of large 
width (in the 10-ms region) n^lght be
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completely distorted because essential low- 
freqnency components are attenuated. In 
snch an event, a strain-gage accelerometer 
may prove adequate.

A large and easily available literature 
exists on accelerometers. Therefore, a 
detaUed discussion of these transducers 
would be redundant. However, there are 
certain salient points which bear reiteration 
and must be considered in the selection of 
an accelerometer system for pulse work.

Piesoelectric Accelerometers

The large dynamic range (to 10,000 g) 
and extremely hi^-frequency response (to 
SO kc) are unique characteristics of pleso- 
elsctric accsierometsrs. A serious dis­
advantage for pulse work involving large 
pulse widths is their low-frequency limita­
tions. A piezoelectric accelerometer

generates a charge by virtue of Hie deforma­
tion of its pienoelectric crystal. Tints, it is 
an inertial device. A continuous acceleration 
must produce a continuous deformation, and 
hence, a voltage. In practice, however, the 
zero fre-iuoncy reqwnse is only approached 
because the reactance of the crystal becomes 
very high when conqiared with its low resist­
ance end the input inqiedance of the Mtwork 
which terminates the transducer. In other 
words, the low-frequency response is deter­
mined by the input impe^ce of the required 
matching amplifier. The best available ac- 
celeronieter has a low-frequency response 
within tS percent to 0.6 cps, subject to the 
condition that it sees an in^dance of 100 
meg. If the input signal characteristics 
cause grid current to flow, the effective 
input impedance will decrease, causing an 
increase in die low-frequency cutoff. The 
correspondiiqc attenuation of low frequencies 
may introduce pulse distortion. This may be 
greater than that experienced under the same
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conditions If the generator exhibited a low 
internal impedance.  Another (actor (often 
neglected) which will reduce the efftctive 
input impedance to plate-loaded triode 
'tiatching amplifiers is the efiect of grid- 
to-plate capacitance. If the plate load is 
partially reactive, the input Impedance is 
equivalent to a capacitance and a resistance 
in parallel from grid to cathode. The effec- 
tive Input capacitance is directly propor- 
tional to the grid-to-cathode capacitance, 
the grid-to-plate capacitance, the gain, and 
the cosine of the phase angle by which the 
voltage across the load Impedance leads the 
equivalent voltage acting in the plate circuit. 
The effective input resistance is inversely 
related to the product of frequency, grid-to- 
plate capacitance, and ehe sine of the phase 
angle described abow.  The loading effect of 
'aas dynamic input Impedance Is usually not 
Important when the signal source has a low 
impedance but may be serious when the 
generator is a piezoelectric acceleromfiter 
which has a very high internal Impedance. 

The evaluation of piezoelectric transducer 
syetems for use in shock work by periodic 
wavci'orms (sinusoids, square waves, etc.) 
may not be sufficiont to describe perform- 
ance in terms of nonperiodic phenomena. 
One reason for this is that nonperiodic func- 
tions are composed of a continuum of frequen- 
cies In contrast to the discrete spectra of 
periodic functions. Thus, for example, a 
system cutting off at 10 cps will transmit 
accurately a 6-ms periodic sawtooth wave 
which contains all of its energy above 166 cps 
but will introduce considortb.'e distortion to 
its nonperiodic counterpart, vfaid contains 
most of its total entr^ below 100 cps. 
Indeed, testing the sai. ». systieir will. % non- 
periodic pulse may not be sufi.lcleiit   Thus, 
the above system would lall to pass a 500-ms 
sawtooth pulse which has I narrow spectrum 
but would pass a 12-ms sawtooth pulse which 
has a broad spectrum.  In adoluioa, an ampli- 
fier that will pass a pulse generated by a low- 
impedance generator provides no assurance 
that it will iraiu»mit the »ame pulse if it is 
delivered by a high-impedance source such 
as a piezoelectric transducer. 

In general, instrumeütlng shock machines 
with piezoelectric acceleronaeters may result 
in data subject to large errors because the 
true forcing function may ur dergo degradation 
through dynatäl? shifts In tie response charac- 
teristics of the matchi'u amplifier and accel- 
erometer. 

Strain-Gage Accelerometers 

Strain-^age accelerometers have a fre- 
quency rsspunse from dc to an upper value 
determined by the seismograph system com- 
prising the accelerometer. Invariably, 
commercial accelerometers are damped at 
0.707 of critical damping. This is an opti- 
mum value which glws a flat frequency- 
response curve cue to about J.JS times the 
natural frequency of the seismic mass. The 
response will be down 3 Jb at the natural 
frequency. In addition, this value of damping 
provides a more linear phase-shift curve 
than is possible with other value«. One 
commercially available accelerometer has 
a natural frequency of 1560 cps. Its useful 
frequency range extends from zero frequency 
to about 1092 cps.  This bandwidth will intro- 
duce an 8-percent error if the forcing func- 
tion is a 6-ms sawtooth pulse.  iSince the 
accelerometer is damped at 0.707 of critical, 
it will net ring, and all frequencies beyond 
the natural frequency will be attenuated. 
This may eliminate the need for external 
filtering. 

The sensitivity and output impedance of 
strain-gage accelerometers are low.  These 
characteristics simplify instrumentation 
problems. Hie output voltages ai e In the 
millivolt region. Consequently, electrical 
overload problems do not exist (lu contrast 
to piezoelectric accelerometers, which may 
generate volts). The low output Impedance 
permits the use of direct instrumentation, 
eliminating the necessity for complicated 
matching amplifiers. One possible limitation 
for pulse work is the high-frequency response. 
Strain-gage accelerometers may noi. be suit- 
able for pulses which contain appreciable 
high-frequency components (narrow pulses, 
for example). The nature of the pulse must 
be established before these accelerometers 
can be used with confidence. 

CONCLUSION 

It was shown that the low-frequency require- 
ments of a 6-ms sawtooth acceleration pulse 
demand careful selection, calibration, and 
operation of the transducer system used to 
measure It. The use of a piezoelectric ac- 
celerometer may Introduce large errors 
because of the difficulties of maintaining 
the necessary high Input impedance to the 
matching amplifier under transient condi- 
tions.   A lO-psrcent error in ths penk 
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amplitude of a 6-m8 sawtooth pulse requires 
a bandwidth from 2 cps to 2000 cps.  Experi- 
ence has shown that a system having a 2-cps 
response, as measured under steady-state 
conditions, may actually have a response to 
only 8 cps under transient conditions.  This 
is sufficient to introduce a 36-percent error 
in the peak amplitude of a 6-mB sawtooth 
pulse.  By contrast, strain-gage accelerom- 
eters respond to do but have high-frequency 
limitations.  However, commercial accei- 
erometers are available with sufficient high- 
frequency response to insure errors no 
greater than 8 percent. In general, strain- 
gage accelerometers are to be preferred In 
the instrumentation of 6-ms sawtooth 

acceleration pulses because of their stable 
frequency characteristics under steady- 
state or transient conditions. 

It must be emphasized that, regardless of 
the type of accelerometer instrumentation 
used to monitor a sawtooth acceleration 
pulse, any evidence of undershoot which is 
not demonstrable "negative" acceleration 
must ultimately lead to the conclusion that 
the bandwidth is not commensurate with the 
frequency requirements of the pulse. Indeed, 
the existence of undershoot implies ampli- 
tude attenuation; the greater the undershoot, 
the greater the error. 
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INTRODUCTION TO SHOCK AND 

VIBRATION SIMULATION 

R. M,  Mains 
Knoll« Atomic  Power Laboratory 

Schencctady, New York 

S'nui-k and vibration teatinfl er simulation are essential for demonstrat- 
ing what inprovement« can be or have been made in the design, for 
determining the adequacy and acceptability of the design, and for con- 
trolling th« quality of the  product.   These  various  functions   of testing 
or simulatinn arr HiscuasrH in th-"- paper. 

INTRODUCTION 

The service life of many kinds of equip- 
ment today involves exposure to dynamic 
loads. These dynamic loads are referred to 
as "shock loads" when they are of short 
duration and produce trsäsient respcnBGS of 
the equipment, and as "vibration loads" when 
they persist long enough to produce essen- 
tially steady-state oscillatory responses of 
the equipment.   With equipment that is struc- 
turally complex (many possible modes of 
response), the structural responses to dy- 
namic loads are difficult to predict by cal- 
culation with any surety.   Even more difficult 
to predict is the damage produced by the 
structural responses, so that some substitute 
for calculation is desirable.  The natural 
substitute for calculation is testing, of the 
actual equipment if possible, or of portions 
or scale models of the equipment if the actual 
equipment is too big to test or not available. 

THE PROBLEM OF DYNAMIC DESIGN 

Before we pursue the subjects of shock 
and vibration further, let us look briefly at 
the overall problem of dynamic design, so 
that we may see how much of the picture in- 
volves testing and where it fits.  For this 
purpose consider Fig. 1, which Is an at- 
tempt to portray the dynamic design problem 

a/i z ilcw chart from concept to finished 
product. The problem begins with the con- 
ception of a need for an item which can per- 
form a desired function with some minimum 
reliability and within some limiting cost. 
The next step, area ! in the chart, consists 
of defining the loads to which the item will 
be subjected In service.  From these loads, 
a design basis and a set of failure or damage 
criteria are then distilled, as in area 2 of 
the chart.  Then a preliminary design is 
developed and its responses to the design 
loads are calculated.  Parallel with this, a 
test Is devised eo that responses to various 
loads can be ncisured as a check against 
the calculations.  Discrepancies between 
calculation and meai.u; ement are resolved, 
and the design is refined and carried through 
the production sequence to the finished article. 

Now let us consider portions of this over- 
all picture that are properly included in what 
we call testing or simulation.  Of first con- 
cern is the measurement of the service en- 
vironment, with Its attendant problems of 
Instrumentation and data processing, since 
special tests may need to be devised in order 
to measure different aspects of the environ- 
ment. The Interpretation of environmental 
measurements and their translation into 
design requirements ^re properly associ- 
ated with testing or simulation since the sig- 
nificance of data is so intimately dependent 
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Fig. 1 - Flow chart for dynamic design 

upon the end Instrument« uaed, their location, 
their calibration, and the whole data gather- 
ing and processing operation. 

The establishment of a design basis in 
terms of loads, design procedures, test 
procedures, and failure criteria again In- 
volver testing and simulation. It may well 
bf iiecessary, for example, to devise some 
tests that simulate- the environmental loads, 
and then to subje :t various items that will 
be Involved in the design to »hese tests in 
order to determine modes of failure and 
significant parameters.  In other words, the 
failure or damage processes for items in the 
design must be underBtood (to some extent 
at least) before intelllgem failure criteria 
can be established.  Ideally, what is desired 
is a test such that the same damage proc- 
esses are developed (perhaps at an acceT 
erated rate) in the test as would be developed 
in service.  This is true simulation or envi- 
ronmental testing. 

The next step In the design chart involving 
testing or simulation is the set of tests de- 
vised to provide measured responses of a 
prototype or model for the purpose of check- 
ing the design calculations.  This Is design 
development testing for which a high degree 
of simulation of environmental loads may 
not be required: load intensities may be re- 
duced, durations may be shortened, and the 
environmental loads may be separated or 
simplified so that better checking of the de- 
sign calculations can be done. 

Then after the design is refined and made 
final, we come to the box in the chart labelled 
"Check Test." This is the operation of "type 
testing" or "prototype »ceeptance iestLig," 
for which the ultimate in realism of simula- 
tion is desired. The more environmental 
loads that can be combined in this test the 
better, for In this way the interaction of 
various damage processes -s developed. 

The production and quality control box in 
the chart involves testing, but not neces- 
sarily a simulation o! environmental loads. 
The best quality control test is the cheapest, 
quickest one which insures adequate quality. 
It does not need to bear any direct resem- 
bl nee to an environmental load. 

So it should be clear that simulation of, 
or testing within, a shock and vibration en- 
vironment is interwoven through the whole 
dynamic design problem, from measuremsat 
of loads to quality control of the final product. 
in all of this, the key words are "damage 
process," since the objective of design is to 
produce a required levsl of reliability of 
function (or lack of damage). This objective 
can only be fulfilled if we can establish what 
factors in the service environment are poten- 
tially damaging to the item being designed, 
in what way such damage develops, and how 
it can be reduced or eliminated. At present 
we have but a small understanding of damage 
processes and consequently rely heavily on 
experience, intuition, and testing. With 
proper observation and accumulation of 
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quantitative data our understanding can be 
significantly Increased In a relatively short 
time. 

THE FUNCTIONS OF TESTING 

In every dynamic design problem there 
are but thre2 factors operaUn^:  (1) the 
excitation or load, (2) lh» responae of the 
intervening structure to the excitation, and 
(3) UM resistance of the particular item to 
damage. To minimiie damage we have the 
choice of alleviating the excitation, reducing 
the response of the intervening structure, or 
increasing the damage resistance of the 
item. Shock and vibration testing or simu- 
lation are essential for deniüflatratlng what 
Improvements can be or have been made 
In the design, for determinlr.g the adequacy 
and acceptability of the design, and for con- 
trolling the quality of the product.  These- 

various functions of testing or simulation will 
now be discussed In more det&ll. 

Design Development Testing 

Testing during design development has 
two usuiü functions:  the determination of 
the fragility levels and the damage proc- 
esses for various items to be used in the 
design, and the determination of the re- 
ayvuoc CuJuäCicri&LtCd of lilt; ucsigil.    Tlie 
determination of fragility levels and dam- 
age processes may be Illustrated by the 
following example: 

Consider a relay to be used in the elec- 
tronic control «ystem of a mlssila.  As- 
sume that a study of service vibratlcr, and 
shock In missiles of similar speed and 
propulsion oieuiod, but different in size, has 
revealed that: 

1. Transportation, stowage, and storage 
of the missile (1) will probably Involve long 
continued periods of relatively low-frequency 
and low-amplitude vibrations.  Theae vibra- 
tions will be essentially at discrete frequen- 
cies, but of varying amphtude over long 
periods of tluic.  The frequency will range 
from 2 to 500 cps at amplitudes from 0.5 g 
for trucks and ships to 10 or 12 g for rail- 
roads and aircraft. 

2. Transportation shocks are likely to be 
as great as 200 g over the spectrum from a 
I'ew cycles to 1000 cps, according to the par- 
ticular carrier involved. 

3.  Missile flight vibration (2) is likely to 
consist of a broadbanded noise-type excita- 
tion with an hcceleravlon spectral density of 
0.1 to 0.2 g2/cps over the range from 10 to 
3000 cps. 

Of course the relay will see as its excita- 
tion the responsea of the Intervening missile 
structure to these excltailotw, so we are con- 
cerned over the types of excitation rather 
than the specific "amplitudes. Our problem 
is now defined as: bow does the relay react 
to discrete frequency vitiation, noise-type 
vibration, and shock? In so reacting, at what 
level of excitation does the relay begin to 
malfunction, by drop-out, clatter or fracture ? 
The answers to these questions are deter- 
mined by mounting the relay on a rigid (first 
mode resonance above 3000 cps. If possible) 
fixture and applying the different excitations 
to it at increasing severity until malfunction 
occurs. Specifically, if chatter is called 
damage level 1 and drop-out is called dam- 
age level 2, a sinusoidal vibration test could 
produce curves like Fig. 2.  A vibration test 
with 3 sinusoids in fixed frequency and am- 
plitude ratios could produce curves like Fig. 
3. Noise-type vibration testing with flat 
spectra could produce a curve like Fig. 4. 
Shock testing with a half-sine pulse could 
produce results like Fig. S. Data such as 
these are needed for each of the items in- 
volved in the design and can be obtained only 
by testing with a proper simulaticn of the 
character of the excitation, carried to levels 
which produce specific damage. 

It is particularly worthwhile to note that, 
for this kind d testing in which the damage 
characterlstica of a component are sought, 
the test fixture must be rigid enough (first- 
mode resonance sufficiently high) that its 
behavior does not affect the results.  K a 
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sufficiently rigid fixture cannot be devised, 
then the instrumentation must be so ar- 
ranged that the excitation of the component 
is measured, not the input to the fixture. 
Otherwise the data are specific for the fix- 
tuFe and testing machine used, and carinot 
be carried over into other situations. 

For the second part of the design- 
development testing problem, we are con- 
cerned with the responses of the structure 
intervening between the components and the 
eAtiittüuii »uurce.   Tue puriMoe ut tu ueiet- 
mlne by measurement the response charac- 
teristics, either for verification of predicted 
behavior or because the structure la too com- 
plex to permli a reliable prediction. The 
Items of particular interest are: resonant 
frequencies, mode shapes at resonances, 
magnification factors or truifmiselbUlties, 
effect of nonlinearitles on these properties, 
and shock-reuponse characteristics. In 
Wft&UOB, it may be desirable to compare the 
relative merits of alternate designs, so as 
to be able to select the moat favorable de- 
sign. All rf these things can be done with 
sinusoidal testing, provided that one is will- 
ing to do some computing.  This is so be- 
cause, at least for linear responses, the 
normal modes and frequencies and the trans- 
inissibllity spectra are enough to predict the 
response to any excitation. Noise-type vi- 
bration testing and shock testing are needed, 
however, to determine the effects of non- 
linear responses and of excitations which 
are in between vibration and shock. 

Consider, for example, the same missile 
control system into which the relay of our 
previous example is to fit. The intervening 
structure between the relay and the excita- 
tion source might consist of a portion of the 
missile ainrame, a control package frame, 
a chassis plate or deck, and a relay muonting 
bracket. The problem is to determine the 
responses at the mounting bracket, with the 
relay in place, of this series of structures 
to various excitations of the airframe. Where 
does one start ?  With what specimen and 
test fixture ? 

The procedure here 1B depenftent upon ti>e 
available testing equipment.  With sufficiently 
large capacity equipment, the entire missile 
could be shaken while the tramimisslbility 
from the service source of excitation to the 
relay bracket were measured.  This is rarely 
possible, either for lack of machine capacity 
or because of the nonexistence of a complete 
missile at the design-development f tage. 
Fortunately, alternative procedures are 
available. The portion of the missile airframe 
to which the control package frame attaches 
plus a length from 1/2 to 1 airframe diame- 
ters on either side of the package mounting 
points can usually be used to get good trans- 
missibillty data. Also the various links in 
the structural chain can be measured for 



mechanical impedance va frequency sepa- 
rately, or In cunvenient combinations.  To 
measure mechanical Impedance between 
two points in a structure, it is necessary 
to measure the ratio of force to velocity for 
various trequencies at point l while point 2 
is held fixed. The ratio of force to velocity 
at point 2 is then measured for various fre- 
quencies while point 1 is held fixed. These 
measurements then establish the four-pole 
parameters (3) for the structure from which 
the transmlssiblllty can be calculated. Ttds 
is a good procedure since it requires smaller 
equipment than the previously discussed 
methods, and It has the virtue of making it 
easier to determine which link in the struc- 
ture needs modification and in what way. 
Whatever the method used, the transmls- 
siblllty (or aaipllflcation factor vs frequency) 
from the service source erf excitation to the 
point of interest Is the desired function, 
since this is sufficient to establish resonant 
frequencies, amplification factors, and re- 
sponses to U-.e various shock and vibration 
inputs. 

Prototype Acceptance Testing 

The sole purpose of prototype acceptance 
testing is exactly implied ')y the name; to 
determine the capacity of a design to with- 
stand Its Intended service environment so 
that its acceptability may be evaluated. 
Ideally, such testing would reproduce exactly 
the various damaging effects of the service 
environment, both in kind and in magnitude. 
Practically, it is rarely possible to do this 
because: 

1. The service environment is not known 
exactly for a new design. 

2. The service environment is too costly 
to reproduce in the laboratory In all oi Its 
details and complexity. 

3. The service environment may cover 
years of time, while laboratory tests must 
be completed in a much shorter time to be 
of use. 

As a conanmiwice, if prototype acceptance 
testing is to fulfill its purpose, it must pro- 
duce the same damage processea in the 
equipment as the service environment would 
produce, and usually at an accelerated rate 
of damage. 

As an f!58!9J?laj consider the SiBU relay 
in 5 guided missile control packago astafofe. 

In discussing design developmen. testing 
above, the transportation vibration, trans- 
portation shock, and missile flight vibration 
were defined in kind and magnitude. The 
design develcvMent tests of the relay would 
have served to establish that the relay would 
malfunction or be damaged by one of the fol- 
lowing procedures: 

Drop-out or chatter resulting from exces- 
sive acceleration in shock, or from too high 
a s^ctral density in noise-type vibration. 
The same failure could occur under sinus- 
oidal vibration at too high an amplitude or at 
a resonance frequency. 

Fatigue and fracture of BCT.V part of tlw 
relay, structural or electrical, as a result 
of sustained vibration of either type. 

Fracture of acme b'ructural or eiectrical 
part of the relay as a result of excessive 
shock. 

Specific levels erf excitation at the relay 
at which these phenomena develop are not 
the problem in acceptance testing. Rather 
it Is the excitation level at the snvlronmentiJ 
source when the failure occurs that is of 
interest. Consequently, the test must be 
designed to produce this answer, and to de- 
termine the margin of safety between the 
ouviiuiuaeniai excitation level and the (allure 
level. To do this properly requires elthsr 
the complete control package, or some por- 
tion of it for which the electricnl functioning 
can be monitored during tastinj;. This com- 
plete package, or portion o. the package, is 
then mounted on a correct structural mock- 
up (test fixture) of the support of the package 
such that: 

The test article and its support show the 
same mechanical impedance to the testing 
machine as the actual miasile component« 
would show tit the comparable support points. 

The testing machine shows the same 
mechanical impedance to the test article and 
its support as they would see in the missile. 

The point of attachment of the test article 
and its support to the testing machine i« 
such that the motion of this point in service 
is eitner known by measurement or predict- 
able by reliable calculation. 

Once these conditions have been satisfied, 
it remains to apply through the testing ma- 
chine the various kinds of service loads. 
These loads «howid be commenced at about 
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half the service magnitude, and Increased in 
steps until a failure occurs for each kind of 
load.  (It may be dsuirable to repair the first 
failure and continue until more failures are 
deteloped.) It should be observed that it is 
not enough simply to conduct a go-no-go test 
at service magnitude, because failures have 
a statistical distribution. The fact that one 
prototype passed such a test does not assure 
that sny other article will paea the ssme 
test - in fact the probability of such guccese 
is only 50 percent. The stepwise testing to 
failure recommended above does make pos- 
sible a determination of the margin by which 
the prototype passed the test «A3 a bettor 
determination of the probability of success 
of subsequent articles. 

For the determination of the margin of 
safety, account must be taken of the tact that 
a series of leste ol increasing severity have 
been administered. On« rule for establish- 
ing the margin of safety under such condi- 
tions that has been proposed (4) but is as yet 
unchecked by tests la: 

m - MS 

In which MS - margin of safety, 

S, » severity of the ith test step, 

S, ■ severity of the standard or 
specification test, 

k > 5 if stress fatigue in the mode 
of failure, or 2 if plastic strain 
fatigue is the mode of failure, 

L is performed for all the test 
■   steps to failure. 

This relationship assumes that ah test steps 
have the same duration or involve the same 
number of stress or strain cycles. Additional 
factors could bs included to account for dif- 
ferent time durations, such as: 

ft. I. 
instead of  hj 

in which tj is the duration of the ith test 
step and ta is ihe duration of the standard 
test. For example. If the series of test 
severities, Sj/s , each at 1/2 the standard 
duration were: 6.5, 0.76, 0.90, 1.00, 1.20, 
1.30, 1.40, failure at 1.50, then the w? would 
be 1.24 for k = 2 and -0.S3 for k ■ 5. This 

serves to lllustrnte the importance of es- 
tablishing what the mode of failure is, or 
perhaps more properly, whai the value of 
kis. 

For the determination ol the probability 
of success of subsequent articles, it is nec- 
eamry to use the theory of finite »«mpllng 
and reliability. These are available in stand- 
ard text» (3) and need not be discussed in 
detail here. 

Quality Control Testing 

Probably the best quality control testing 
would consist of the application of the proto- 
type acceptance test to a properly sampled 
sequence of production articles.  Much has 
been done in this fie'd (6), so much so that it 
would be presumptuous to attempt a brief 
summary here.  A discussion of other feasi- 
ble quality control teats would seem to be in 
order, however.  For this purpose, the aim 
of quality control testing will be stated as 
the surveillance of production in such a man- 
ner as to insure a high probability of success 
in the event that any production article is 
subjected to a prototype acceptance test. It 
Is not generally economical to strive for 
nearly 100 percent probability of success - 
rather some acceptable failure or rejection 
rate should be established as a compromise 
between the cost of producing reliability and 
the cost of probable failure, lach problem 
is different in this compromise, and so 
should each solution be. 

For illustration, let us return once more 
to the control package for a guided missile. 
For this kind of equipment, it usually works 
out that some form of vibration test is best 
for quality control. In order of effectiveness, 
this quality-control vibration test would con- 
sist of: 

1. A short-duration noise-type vibration 
test —perhaps with the excitation spectrum 
shaped to emphasize particularly trouble- 
some frequency bands. 

2. An automatic sweep of a sinusoidal 
excitation from high to low frequency - 
with amplitude and sweep rate cootroUed 
automatically to emphasise those frequency 
baads most likely to produce sign» of 
failure. 

3. A manually controlled sweep of a 
sinusoidal excitation - used in place of the 
automatic sweep as an interim measure. 
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Comments made above wlüi regard to the 
teat fixture in the section on prototype ac- 
ceptance testing also apply to quality control 
testing.  In addition, it is eopccially desirable 
to establish the severity and duration ot the 

wOk> 

portion of the probable life of the package is 
consumed in the test, say 10 to 20 percent. 
This may be determined only after prototype 
acceptance tests to Mto/* have been con- 
ducted to establish what the probable life of 
the package is. A relationship such as 

s x r ■ o.i, 

T x tn = number ol cycles at resonance, 
fn, in time r. Then ii T x fn » 0, or mag- 
nification factor and since 

0-Tf-. 

1 

II the sweep rate is • cps/sec, then 

in which st ■ severity level of test, 

s, = severity level of standard ac- 
ceptance test, 

tt = time of quality control test, 

ti ■ time to failure at standard ac- 
ceptance test level of severity, 

k = the same material constant 
discussed in the section on 
procotyp« acceptance lesi.iitg, 

would serve to establish the quality-control 
test level at the outset, until experience ac- 
cumulated to dictate a change. 

Som i precautionary comments on sweep 
testing are offered here for their applica- 
bility to quality control testing (and accept- 
ance and development testing as well).  For 
a slngle-degree-of-freedom system, a num- 
ber of cycles equal to the magnification fac- 
tor is required for the simpiltude response 
to rise from zero to 95 percent of Its maxi- 
mum.  If this time is called r, then a sinus- 
oidal excitation swaep which stayed within 
the bandwidth, Afn, of the resonance of the 
system for a time T «hould allow nearly full 
response of the system to develop. 

02 

This result suggest* that the proper way to 
program a sinusoidal excitation sweep is to 
determine the largest valus ai Q that needs 
to be allowed to develop to near-maximum 
response, and tht.n program the sweep rate 
to be maintained at f'/qL-, This would In- 
sure that high-frequency systems did not 
receive an unduly long excitation and so 
seem to be poorer in quality than they ac- 
tually were. 

This principle of sweep-rate control, to- 
gether with the previously discussed one of 
limited life consumption control should be 
sufficient to point the way toward quality 
control testing which control* quality, rather 
than wears out the test article before it can 
see service. These same principles are 
Important also in design development testing 
and In prototype acceptance testing.  How 
much weight to place on these factors, and 
others discussed above, is « matter for in- 
dividual judgment, to be carefully checked 
against experience with any particular arti- 
cle and modified as ncccoeary all the way 
through the dynamic design problem. Dy- 
namic design requires a dynamic anproach 
to the testing that goes with it. 
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PARAMETRIC STUDY OF RESPONSE OF BASE- 

EXCITED TWO DEGREE-OF-FREEDOM SYSTEMS 

TO WHITE NOISE EXCITATION* 

Allen J. Curtis and Thomai R. Boykin, Jr. 
Hughes Aircraft Company 

ihe response of a two degree-of-freedom system to white noise exci- 
tation is obtained analytically for a wide variation of the dimensionless 
parameters of the system. The interrelations of these parameters on 
the response are illustrated and shown to be very significant when the 
uncoupled natural frequencies of the system are of the same order. 
The limitations of approximation methods based ci a single degree-of- 
freedom systetii motlel are indicated. The applicability of the study to 
dynamic vibration absorber principles is evident. The responses are 
compared with previously published experimental results. 

INTRODUCTION 

In the study of the response of mechanical 
systems subjected to arbitrary inputs, ide- 
ally it is desirable to know the precise mo- 
tions of all the masses in the systems.  When 
the systems themselves are generally un- 
known, and when the inputs are random, then 
the assumptions made in estimating the ef- 
fects öl! the excitations sometimes become 
excessive. 

To achieve some understanding of the ef- 
fects of random vibration in general, one of 
the first obvious steps is to determine the 
response of a single degree-of-freedom sys- 
tem.  This is easily found by a simple closed 
expression.  However, although the expres- 
sion for this mean-square response is easily 
obtained, there Is no indication of the effect 
of other masses when added to the first, and 
of course no indication of the response of 
these added masses. It is to extend this un- 
derstanding that the two degree-of-freedom 
system has been studied. 

Figure 1 illustrates a two-degree-of- 
freedom system excited by motion of the 
bafle. A number of practical vibration prob- 
lems may be analysed in terms of such a 
system.  For example, the lower mass may 
be visualized as basic structure excited by 
the random motion of the base while the up- 
per mass represents an equipment mounted 
on that structure.  Alternatively, the base 
motion may be considered as the structural 
excitation of the equipment represented by 
the lower mass while the upper mass repre- 
sents a chassis or component mounted within 
the equipment. 

The dynamic characteristics of a two- 
degree-of-freedom system are determined 
by the following dimensionless parameterß: 
(1) the mass ratio M = m2/m1, (2) the frequency 
ratio * ■ Wj/wj between the uncoupled natural 
frequencies of each spring-mass system, and 
(3) the damping factors, s, and s2, associ- 
ated with each spring-mass-dashpot system. 
The variation of the response of the system 
to white-noise excitation is examined for a 

♦This paper was not presented at the Symposium. 
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Fig. 1 - Base-excited two-degree- 
of-freedom system 

wide variation of these dlmenslonlesB 
parameters. 

DERIVATION OF RESPONSE 

The two-degree-of-freedoir. sysiem ina- 
lyzed in this study Is shown in Fig. 1, to- 
gether with the single degree-oMreedom 
system used for normalisation and compari- 
son purposes.  The usual assumptlons re- 
garding linearity, rigid masses, massless 
springs, and viscous dampers are made. 

The equations cf motion of the two-degree- 
of-freedom system are 

mjXj + c^Xj - x) + c2(x,-x2) 

+ kjCxj - x) + k^Xj-Xj) = 0 ,   (1) 

m2x2 + c^ij-ij) + k^Xj-Xj) = 0 , 

(2) 

while the equation of motion of the one- 
degree-of-freedom system is 

rajSj + c^Xj-x) + k^x,-x) = 0 . 

It is convenient to express these equations 
In terms of the following dimenslonless pa- 
rameters: 

Ai/mi 

Sj B Bj/a», 

^2  " V*^^ 

S« ■ Cj/inijLüj 

M 

V 

m2/mj 

Vwi 

undamped natural fre- 
quency of lower mass 
with upper mass removed 
(rads/Mc). 

viscous damping factor 
of low-r mass with upper 
rnaas removed. 

undamped natural fre- 
quency of upper mass if 
lower mass is blocked or 
fixed (rads/sec). 

viscous damping factor 
of upper mass if lower 
mass is blocked or fixed. 

undamped natural fre- 
quency of one-degree-of- 
freedom system. 

viscous damping factor of 
one-degree-of-freedom 
system. 

mass ratio of two-degree- 
of-freedom. 

frequency ratio of two- 
degree-o' -freedom system. 
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Equations (1) and (2) may then bo written In 
the form: 

- ÜSJWJMX-, - (J2
2MX2 ■ 2S,w,x + üJ|X (3) 

- 2Sf>2xl-(*>**! * Xj+2SjW2i2+ w2
2x2 = 0, 

for the two-degree-of-lreedom system and 

itj  + 2Sjai1x1 + ü)^X1 ■ 23^^ + w^x .    (4) 

(or the one-degree-of-freedom system. 

Response to Harmonic Basic 
Base Excitation 

If the motion of the base is harmonic, 
x(t) = Xe1""', the response of the upper and 
lower masses are well-known to be 

XjCt) « Xje1"« . X^ 
iC-t-»,) 

(5) 

where 

Xj. 

V 

(-r2 +  ir2S2W + W2) (ir2Sj  ♦ 1)X 

(2irS2W + i2) (ir2S1 + 1)X 

|D|  =   f-r2 + (l+W2!!) + ir(2S1+2S2W¥)] 

where 

(-r2 + ir2S2W + W2)-M(2irS?W + W2)2 , 

V^T 

r - oj/uj * the ratio of the excitation 
frequency to the undamped natural 
frequency of the lower mass. 

|D| ■ 0 is the frequency equation of the 
system. 

Xj and x2 are the response amplitudes, 

dj and i92 are the response phase angles. 

For the single degree-of-fraedom system, 
the response to harmonic excitation Is: 

xs(t)  =  Xst.-'  =Xse
iC","S') (0) 

where 

*. « 
(218^ tl)X 

(1-r2 + 215^) 

The ratio of response amplitude to input 
amplitude for harmonic excitation as a func- 
tion of the dimensionlese excitation frequency, 
r, is defined as the transmisslbliity curve, 
i.e., X,/X and x2/X for the lower and upper 
masses respectively and x/x for the one- 
degree-of-freedom system. 

Response to Random Base Excitation 
(1,2,3,4) 

If the motion of the haue Is a random ex- 
citation   hose instantaneous values in an 
arbitrarily narrow frequency band have a 
Gausslpn or normal probability density func- 
tion, the excitation may be expressed by the 
displacement (or power) spectral density 
A(f), (with units ^.7)/cp^, for example). 
Constant spectral density, A(f) = A is termed 
"white noise." 

For linear systems, the displacement 
apectral density of the response is obtained 
from the product of the input spectral den- 
sity and the square of the transmisslbliity 
curve. Therefore, in the case of white-noise 
excitation, the response spectral density is 
directly proportional to the square of the 
transmisslbliity curve.  The mean-square 
response is equal to the area under the re- 
sponse spectral density plot (1). 

Thus, for the two-degree-of-freedom and 
on*-degree-of-freedom systems of Fig. 1, 
the mean-square displacement responses of 
the two masses to white noise may be ex- 
pressed as 

<t>i = (Xj)2 = A j^   (Xj/X)2 df. 

•  ra> 

^2 =  (x2)2 = AJ      (X2/X)2 df. 

 _ re» 

*i = (x2)2 s A I     (X./X)2 df. 

{•7a) 

(7b) 

^^^dMS^A^f^/nACc) 

"2 fl 2g:A = I flQlA' 
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when fj is the undamped natural frequency 
of the one-degree-of-freedom system aiid 
0l = 1/2S,   Is approximately equal to the 
maximum value of the transmisslbllity ruryp 
at resonance for light damplng. 

From Eq. (7), the values of fa/h and ^J/A 
are equal to the areas under the transmls- 
sibtllty curves plotted in Fig. 2(a), (b) cjid 
(c).  The integrals of Eq. (7) are most readily 
evaluated by use of the Cauchy Residue The- 
orem (5), although graphical techniques may 
also be employed. 

The asymptotic values of «, and <p2 for a 
mass ratio M = o are obtained for M - o in 
the following sense.  If m2 is zero, the sys- 
tem of Fig. 2 becomes a single degree-of- 
freedom system, and thus the mean-square 
response <^ of n, Is *,, and the spectral 
density of this renponse is proportional to 
the square of ihe transmisslbllity curve.  If 
It Is now aädumed that the upper spring- 
mass-dashpot system responds to this spec- 
tral density as a single degree-of-freedom 
system, then the mean-square response ^ 
of m2 will be proportional to the area under 
the product of the transmlssiblllty curves of 

1 
the two single degree-of-freedom systems 
with damping factors i1 and s2.  In other 
words, m2 has been assumed to be zero in 
the sense tnat Its motion does not eftert the 
motion of nij, i.e., the systems are decoupled. 
Mathematically, the mean-squiire response 
of ni2 becomes 

n«); df (8) 

This equation may be evaluated by the use 
of the Cauchy Residue Theorem. If 0* from 
Eq. (8) is divided by f], i.e., <Pt evaluated 
for the parameters of the lower mass, the 
ratio of responses is 

S,\ I 4SJSJ SJS2 

1 11+*: 

m 
Q2    Q.       1 

Qj J 

Fig. 2(a) - TransKiissibility of base-excited, two- 
degree-of-freedom system with maes ratios and 
damping fr.rtors varied 
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Fig. 2 (Continued)(b) - Tranamisaibil- 
ity of base-excited, two-degree-of- 
freedorr. gygtem with masB ratio» and 
damping factor« varied 

1000 

Fig. 2 (Continued)(c) - Transmissibil- 
ity of base-excited, two~degree-of- 
freedom system with mass ratios and 
damping factors varied 
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Results 

In order to study the effects of variation 
of the dimensionlesa parameters of the two- 
degree-of-freedom system, i.e., maes ratio, 
frequency ratio, susd dacpLng factors, eval- 
uation of the integrals of Eq. (7) was pro- 
grammed for an IBM 709 computer. Figures 
3 and 4 show some of these results and will 
be explained later. The values of the 

between one- and two-degree-of-freedom 
systems are more readily determined. 

Figure 2(a), (b) and (c) shows plots of the 
square of transmissibllity curves, (Xj/X)2 

oTiu (Xj/X)    Vciöuö  r, wiicii tue uMJjJpiiig i«C 
tors are 0.02 in each spring-mass system. 
The mass ratios art 0.01 and 0.10, (or the 
three frequency ratios of 0.5, 1.0 and 2.5. 
The curves nuy also be regarded as the 

Fig. 3 - Lower mass rms reaponee ratios,/^T^., for combinations 
of. damping factors, Sl, S. (Table 2), as a function of maas ratio M, 
at W = 1.0 

i 

dlmensionless parameters chosen are the 84 
combinations of 

M x 0.01. 0.02, 0.05, 0.10, 0.20, 0.50,1.00, 

Si x, 0.01, 0.02, 0.05, 0.10, 

S2 = 0.01, 0.02, 0.05, 

calculated at a sufficient number of points in 
th? frequency ratio range 0.20 < W < 10.0 to 
permit the plotting of fy/tfi, and ^j/tf, versus 
w. Some additional values, shown later in 
Table 2 were calculated for l = 1.0 for com- 
parison with previously published experi- 
mental results. 

It is convenient to normalize the values of 
0j and (p2 with respect to 4>t, where </>, is the 
mean-square response of the one-degree-of- 
freedom system with the same dynamic char- 
acteristics as the lower mass of the two- 
degree-of-freedom system, i.e., to calculate 
^i/^,, and tfyty,. Not only are the resulting 
plots more tractable, but the differences 

20 

© S, .COt Sj- Q064 

® $, • Ofil i, Q064 

®  S, ■ OD-; ?j > Oßi 

Fig. 4 - Ratio of rms response of upper 
itiass to rms response of lower m&ss 
\l4>2/f[ for frequency ratio W = 1.0 as a 
function of mass ratio, M 
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response spectral density plots of the re- 
spective masses for whlte-noiro excitation 
of the base. 

Figures 5 thru 28 are plots of the nor- 
malised mean-square responses of each 
mass for the 84 combinations of damping 
factors and mass ratios as a function of fre- 
quency ratio. Successive pairs of odd and 
even numbered figures «how 4>1/4>t and tfy«*,, 
respectively, for the seven mass ratios con- 
sidered and for a particular combination ot 
damping (actors. The actual values of ^ 
and *j may be obtained for a particular set 
of parameters by use of these curves and 
evaluation of <*   from Eq. (7). 

DISCUSSION OF RESULTS 

The results in Figs. 2 thru 28 are pre- 
sented In terms of the displacement re- 
sponse of the masses to a displacement 
motion of the base. It is evident that they 
may also be considered as the velocity re- 
sponse to velocity base motion or as ac- 
celeration response to acceleration base 
motion. However, it should be emphasized 
that relations between, for example, dis- 
placement response and acceleration motion 
of the base will differ considerably from the 
results presented, because of ihe different 
transmisslblllty curves (or transfer func- 
tions) involved.  Further, the mean-square 
relative motion between the two masses, i.e.. 

is not obtained by the simple subtraction 
<P2 - <pl, although under certain circum- 
stances, this may be an adequate approxi- 
mation. 

Because of the interrelationships between 
mass, stiffness, and damping coefficient in 
dynamic systems, some care is necessary 
in interpreting the effects of parameter 
chartges.  Thus in considering Figs. 5 thru 
28, a change in m2 only (Fig. 1) will affect 
the three dimensionless parameters, M, w, 
and S2. Conversely, if the effect of mass 
ratio for a given w, Sj, S2 combination is 
examined, it is tacitly assumed that m2, 
and k2 (or mlt c., and kj have all been 
changed appropriately to preserve the values 
of w, Sj, and s2. 

General conclusions which may be made 
from examination of Figs. 5 thru 28 are 
as fellows: 

-.?> 

1. As the frequency ratio w becomes large 
compared with 1.0, i.e., the upper mass has 
a high natural frequency compared with the 
lower mass, the responses of masses asymp- 
totically become equal to each other, i.e., 
(/>, = 4>2, and approach a value: 

*i *i  .   i r_M i 

which is very close to unity for values of Qj 
and M likely to be of interest. 

2. For values of w below approxucttely 
2.0, the response of the lower mass is con- 
siderably different than the one-degree-of- 
freedom system, even for mass ratios as 
small as 0.01, i.e., *,/*, t i.o. 

3. The mean-square response of the 
lower nass $j is always less than <t>t, i.e., 
the upper mass "loads down" the lower mass, 
or acts like a dynamic vibration absorber. 

4. The frequency ratio for maximum 
"loading" of the lower mass decreases as 
the mass ratio increases.  For small u, 
maximum loading occurs at w % 1.0. 

5. Significant loading of the lower mass 
occurs over a wider range of value»; of fre- 
quency ratio w as the mass ratio u increaaes. 

6. For small w, and independent of M, the 
response of the upper mass is small com- 
pared with the lower mass, i.e., it is vibra- 
tion isolated. 

7. The maximum value of 02/^i occurs 
at approximately w ■ 1.0 and decreases as M 
increases. For small damping, the maxi- 
mum value of 4>2/<t>t is, to a crude approxi- 
mation, inversely proportional to M. 

8.  For constant s., the value of V*.l8 
closer to 1.0 for all w as s, increases, i.e., 
as the damping in the lower mass increases, 
the upper mass, for given M and s2, is less 
efficient as a dynamic vibration absorber. 

9. For constant Sj, the value of <pl/<t>t is 
closer to 1.0 for all w a* s. dacreaiu*«. in.. 
as the damping in the upper mass increases, 
it is more efficient as a dynamic vibration 
absorber for given M and s1. 

10. The families of curves for varying M 
and a given ratio of SJ/S-J are very similar 
for both tfj/tf, and 4>2/4>s, except at w ft 1.0. 
For example, compare Figs. 5, 15, and 25 
and Figs. 6, 16, and 26. 
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■unKn^in HBM 

The above general coiiclusione were 
^rawn on the basis of the mean-wtuare re- 
ßposMses of the two masues. Howevar, It 1B 
also VmportaHt to eoriOJder tl» spectral 
donsltyX^ggodate,} with the mean-square 
i-esponseX Figure 2(a), (b). and ft lb.», 
ttates the ^««ner in which the spectral 
mü L« ^"P^M Is affected by both 
«DMB ratio and frequency ratio. 

japfcs that the c^^m of the mvonse 
iL..^f egre!"0f'(re\Mbm »y^r«. Vlthough 
5£2Xj,2ä i8 «^VoneMmlag; The 
^^^^uf™*^* * ciulatlons 

upper »ass is smaU enough ^ its "lolling" 
c< the lower mass may be negleWe* Unde* 
^8JIlISmpt,?' IVs ^^t0 cVp«te the respemse spectral densities for *beV^-o 
m«Mes by use <£ the tranamiesibmty Vurves 
tor the two uncoupled single degree-of-\ 
freedom systems   Thus, compute th« speV 
tral density A,(flBl) of the lower maas fron^., 

A1(f.n.1)=A(f)(^) , (iO) 
X    /srri 

•»d the spectral density Aa(f .m.) of tte up- 
per mass from 2 

u*re r, and -j indicate the »-atio between 
i.i" frequency at chicks the spectral density 
it desired and tht natural frequencies of the 
m.oupled systems -, and ^, »d A(f) is 
till spectral density of UM base motion. 

a the case of white noise base excitation 
t'« netn-square response of the lerer mass 
van Id be *a and the mean-square respoase 
of U > upper mass would be appratiaalntf by 
Uio i }gpoaae of a single degran-ol.fmettota 
tftbn, with characteristics f, snd 8., to 
wWU noise whose spectral density is equal 
to the response spectral density of the lower 
raaej it fj, given by Eq. (S), I.e., 

(«) 

Tabli 1 shows the comparison between 
uppnaii ate values of spectral density at the 
natural i equencles obtained by Cqs. (8) and 
(9) and ti * correct values taken from Pig 
2(a), (b), \nd (c). The approoclmate mean- 
square re 'ponses from Iq. (12) are com- 

. pared wltl the correct values from Pin 17 
Vnd 16. 

A^f.mj) = A(f) 

TABL/j 1 
Comparison of BMMt aa^Appronlmaf ion Resuttr; 

\The vali es in the first three cobimas in- 
caeil te that IOT a frequency ratio • - O.B, -'He 
»^/.roximatim formulae yield quite neeumte 
yjsults for i mass ratio as high as 010 
//or larger » tines of ■, the errors In fc* 

391,«76/7,400 

/i.O 

o.'6it 

12. / 
(m'/ji; * 205 at 

/ j {max« 21,000 
!Rtr»0.96) 

O.iOt 

2.5 

0* 

0.16 
(max-280 at 
r - 0.85) 

7,4fl0 
(max» 21,000 
Zi T m 0.95) 

97 
(max - 3,eoo 
at r - Ö.5«) 

61« 

0.01t o.iot 

610 
at r - 0.09 

650 
at r.0.95 

97 
(max a 3,000 
at r ■ 0.85) 

IB7.1 

22 e 

890 
Str. 0.99 

910 
at r>0.9S 

0.52 

58. 

i.o 

coe! L5 

0.974 

1.38 
♦Approximation value*/., loadino nf ir,.- m=. = = K 
'Exact values - M* F/gfl. 2*^ u       "^^ by Upper maas "«^ ***> »V  (8). (9), (10). 
'h - h,r- 0-02 aasv/ned for all cane«. 
Spectra density of /.«.e motion = A (whit. noi«e). 
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Incurred will increase as shown by Fig. 15, 
although from Figs. 2 and 16, It appears that 
the error In ^-M, will remain small. For 
smaller values of w, the accuracy of the ap- 
proximation formulae will improve. 

The values in the last three columns In- 
dicate that for a frequency ratio ff ■ 3.5, the 
approximation formulae (Bqs. (6), (9), (10)) 
yield quite accurate results for the spectral 
densities of each mass for values of M as 
large as 0.10. Also, the mean-square re- 
sponse of the lower mass is quite accurate. 
However, the mean-square response of the 
upper mass is quite inaccurate, since, re- 
ferring to Fig. 2(c), it is seen that the greater 
part of the area under the squared transmls- 
sibllity curve is in the region of f. rather 
than In the region of f^, the natural frequency 
of the upper mass. Again, for larger values 
of M, the error in <t-l/$t from the approxima- 
tion formulae Increases. In this cue, the 
error in <p1/4>t will increase as w Increases 
since the response at f 2 will become a less 
and less significant part of the total response 
of the upper mass (Fig. 2c). The approxi- 
mate values of ^z*. and the spectral densi- 
ties will improve in accuracy its ff increases. 

The values in the middle three columns 
for ff - 1.0 demonstrate the large errors In 
the approximation formulae when the frequency 
of the upper mass is toned to that of the tower 
mass. The mean-square response of the 
lower mass is reduced by a factor of approx- 
imately two and the maximum spectra* density 
is reduced by factors of three for M - 0.01 
and a little over two for M > 0.10. Also Im- 
portant is the changed shape of the response 
spectral density compared with that for a 
single degree-of-freedom system as shown 
in Fig. 2(b). The implications of these 
changes with respect to the problem of spec- 
ifying an adequate vibration test of a com- 
ponent or an item of equipment which might 
be represented by m. are self-evident. 

COMPARISON WITH PUE'IJSHED 
EXPERIMENTAL RESULTS 

The response to v* '•'* noise o* the two- 
degrte-iMretciittm system shown in Fig. 1 
has been obtained expe; imentally by Crede 
and Lunney by using an analog computer 
(6,7). The mass ratio employed was not 
specified although it was stated a» being 
quite small. The experimental method pre- 
cluded the measurement o( the taprt spectral 
density. It was bsU constant for each ex- 
periment to enable comparison between ex- 
periments, rather than to make absolute 
measurements. A frequency ratio of ff > 1.0 
was used throughout. Table 2 lists the values 
of the system parameters together with the 
measured responses of the two masses. The 
column titled ^li/4>li tabulates the lower 
mass response ratios, I.e., the ratio of the 
rms responses of the lower mass <*>. for the 
different damping factors associated with 
the experiments i and j    The se>.t column, 
titled /s^'S.j is the square root of the in- 
verse ratio of the damping factors sl for the 
lower mass, corresponding to the experi- 
ments i and j. 0 the mass ratio u is aero 
In the senne that the lower mass is not loaded 
by the upper mass, then the lower mass re- 
sponds as a single degree-of-freedom system, 
and \l4>,i/4>u - v/Sij/S,,, by Iq. (7c). From 
Table 2 it Is evident that UK experimsatal 
values agree quite closely with the theoreti- 
cal respoote of mich a system. Figure 9 
shows plot« of the lower masc rms response 
ratio /<t>li/4>lj calculated from Bqs. (7a) and 
(7b), as a (unction of mass ratio M, when 
f ■ 1.0 and the (S.^s,,) and (S 

'I 
Sj.) com- 

biiations as tabulated In Table 2 are"vised 
In the limit Ms. becomes aero, i.e., !•* o, 
the values of 7?jJ73>7] are equal to the values 
of VSij/s^ tabulated In Table 2. However, 
for nonsero mass ratio, this relationship no 
longer hokis and changes very rapidly In the 
region 0 < M < u.Ol. The actual value de- 
pends on the damping factors s, and s2 for 

TABLE 2 
Comparison of Äxperimental* and Analytical Results 

  _ 

Experi- 
ment M ff sl S2 

Experiment 
Numbers 

(Experi- 
mental) 

& % \^ 
V^j/^l (Experi- 

No. l i 
Mu (IM0) mental) 

1 g 1.0 0.04 0.064 1 2 0.57 0.50 7.8 2.8 6.25 8.8 
2 I 1.0 0.01 0.064 1 3,4 1.57 1.37 7.8 2.8 7.33 8.7 
? 1.0 0.075 0.04 2 3,4 2.77 2.74 12.5 3.5 7.64 16,2 
4 1.0 0.075 0.01 3 4 1,00 1.00 50.0 7.1 17.65 25.0 

«■After Crede and Lunney, Ref. (6). 
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each mass.  The dotted horltontal lines rep- 
resent the experimental values from Table 2. 

For each experiment of the referenced 
report, the ratio of the rms responses of the 
upper and io^er masses was measured and 
is tabulated In Table 2 as v^y^. 

It Is of Interest to compare the mean- 
square response of the upper mass with that 
of the lower, when the frequency ratio w - 1.0. 
Figure 4 Is a plot of the ratio of the rms re- 
sponses of the misses, /*/£, as a function 
of the mass rat'o M, for three combinations 
of damping factors from Table 2. The curve 
for experiment 3 was almost identical to that 
fur the damping factors of experiment 2. The 
values plotted for n - 0 were obtained from 
Eq. (9), I.e., for a "decoupled" system, and 
are also tabulated in Table 2, along with the 
experimental results of Crede and Lunney. 
Also tabulated nr? the values of Q} and v^ 
for the four experimental values of g.. From 
Fig. 4, It Is evident that 7^7*7 for W ■ 1.0 
Is little affected by the values of s, and s2 
until the mass ratio M becomes lest than 
about 0.02. Values of Ji^ calculated from 
the curves of Figs. 5 to 28 for a number of 
damping factors confirmed this small varia- 
tion. From the shapes of the curves in Figs. 
5 to 28, it Is apparent that J$J& is close to 
Us maxUL-^m value when ff - 1.0 so that Fig. 
4 may be used M aa approKlmate upper bound 
tor the value of 7^7^ which will occur, in- 
dependent of s,, s,, and w. 

When the mass ratio M is very small (less 
than about 0.02), the ratio v^T^ls more 
strongly affected by the damping facti"». 
From Eq. (9), it Is seen that the ratio is not 

proportional to either Q or V? for the upper 
mass, even when M = 0, and, for the casüs 
considered, lies somewhere between «^ ^td 
\W2. However, the important point Is that 
the variation of 0, with S, cannot be approx- 
imated by the simple expression for a jigle 
degree-of-freedom system (Eq. (7c)) except 
for small frequency ratio, f < 0.5 and small 
mass ratio K ^0.10 (see Table 1). 

The experimental values of v/^V^i t,,'Bu" 
lated in Table 2 are consistently higher than 
the analytical values tor M ■ 0, and Mais for 
any other value of M (Fig. 4). From this re- 
sult and the comparison of the experimental 
and analytical values of the lower mass rms 
response ratios in Fig. 3, It would appear 
that mass ratio used in the experiments of 
Crede and Lunney was effectively aero. 

CONCLUSION 

The response of a two-degree-of-freedom 
system to white-noise excitation of the base 
is shown to be strongly affected by the In- 
terrelations of the dlmensionless parame- 
ters, i.e., mass ratio, frequency ratio, aau 
damping factors. Approximate methods to 
compute the response must be used with cau- 
tion and do not give satisfactory results 
when the frequency ratio is in the neigkbor- 
hood of unity. The effectiveness of the upper 
mass as a "dynamic vibration absorber" 
for random excitation of the lower mass 
over a broad frequency range is demon- 
strated.   The response magnitude is found 
to be very sensitive to small variations In 
mass ratio M for M < 0.02, for a frequency 
ratio ff - 1.0. 
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Fig.  5  -   The   response   of a   base-excited   trwo-degree-of-freadom 
system to white-noise excitation 
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Fig. 6 - Ths rssponfie of a base-excited two~degree- 
of-freedom system to white-noise excitation 
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Fig,  7  -  The   reapome   of a   base-excited   two-degree-of-freedr.m 
gyRtem to white-noise excitation 
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Fig.  10  -   The response   of   a   base-excited   two- 
degree-of-freedom system to white-noise excitation 

244 



MCAN SOUAn CESf-ONSE lA^M OF THE U»»Pt 

MASS (m,l. KOR CONSTANr DUMPMC FACTORS 

■h Stl. AS A FUNCTION OF T« RAT» OF 

UNCOUKEO NAT URAL FR€OU€NCIES   (HI 

S,   ■   0,1    S,   ■ 001 

i 1 l    I   l 

Fig.   11   -   The  reiponie  of a   base-excited two-degree-of-freedom 
system to white-noise excitation 
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Fig.   13   -   The  reoponse  of a   base-excited two-degree-of-freedom 
»ygtem to white-noise excitation 
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Fig.  14 ~  The   response   of  a base-excited  two- 
degrfce-of-freiädom system to white-aoise escitatioa 
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Fig.   15  -   The   reiponie  of a   ba»e-excited two-degree-of-freedom 
• yatem to white-nolie excitftion 
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Fig.  16  -   The   responBe   of  a bass-excited   two- 
degree-of-freedomsydtcm to white-noise excitation 
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Fig.  21   -   The  respome of a   b*ie-exclted two-degree-of-freedom 
■ yttem to white-noige exci'.ation 
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Fig. 23  -  The  reiponie  of a   b^ic-excited two-degree  of-freedom 
•ystem to white-ncise escitatioa 
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Shock and Vibration Data 
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Panel  Members: 
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Dr. T. P. Rona, M.l.T. and Boeing Airplane Co. 
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Concluding Speaker:   Dr. 1. Vignens, U.S. Naval Research Lab. 

FOREWORD 

In the course of their visits to government laboratories and to contractors' plants, the 
staff of the Centraliring Activity (CA) became aware of some discontent among workers 
over the problems of data collection, analysis, and presentation. Thi« discontent appeared 
to be primarily concerned with shock and vibration data. Because it is one of the aims of 
the CA to highlight problems as they arise so that solutions may be found, some means 
were sought to focus attention on the problem. A study group was org&nia«d and met at the 
U.S. Naval Research Laboratory in January I960. The group discussed the evident dis- 
content citing their own evidence, and determined some probable causes. They discussed 
possible improvement» in current c-ganiiation and methods and planned a panel presenta- 
tion and discussion of the subject for the 28th Symposium. 

That the subject was of considerable general interest was evident from the numbers 
who attended the seminar and who took part in the discussion. But whether any tangible 
results were achieved mu«t be left to the reader to determine. The material that follow» 
consists of the panel presentations, a narraüve version of the main points brought out in 
the discussion and a summing up of the tspics discussed at the panel icasion by an expert 
in the field. 

Not all of the comrrc;-.ts made during Ihe panel sesuion have been included in the nwr- 
rative. Instead, an anempi has been made to consolidate comments on similar subject 
matter. Written comments on this topic or suggestions concerning this kind of session will 
be most wslcome. Address all correspondence to Code 4021, U.S. Naval Research Labo- 
ratory, Washington 25, D. C. 

CHAIRMAN'S PRESENTATION 

Study Group Findings - Dr. Mains 

Welcome to our panel session, ladies and 
gentlemen. This session was planned by a 
study group called together by the Central- 
izing Activity for Shock, Vibration, and 

Associated Environments.  The group was 
chosen to represent a cross section of the 
Interests and activities ordinarily repre- 
sented at the Shock and Vibration Symposia, 
and it decided on the following procedure for 
this session. The Chairman will open with a 
survey of the situation as determined by the 
group and of possible action to improve 
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matters.   The panel members will then be 
introduced by asking each a specific ques- 
tion, the answers to which are Intended to 
bring forth each panelist's Interest and 
background.   The meeting will then be 
thrown open for questions from the floor. 
Finally, Dr. Vlgness will summarize for us 
his Impressions of what has been said this 
afternoon. 

In the committee discusoion of the present 
situation with regard to the collection, anal- 
ysis, and presentation of shock and vibration 
data, there were about three points that stood 
out very strongly as being worthy of discus- 
sion this afternoon. During yesterday morn- 
ing's session, yesterday afternoon's session, 
and this morning's session in particular, the 
participants played right into my hands. They 
gave me excellent material for the first point 
that there Is a crying need for Improvement 
of communication between the various disci- 
plines involved in this business.  For exam- 
ple, it would seem quite possible for a man 
to spend his days doing tests and have no 
notion d what It Is he Is testing, or why. How 
many times In the last two and a half days 
have you heard a question asked for which 
the answer was, "Well, I am sorry, that's 
not my department.  I don't know the answer 
to that question." Well, this Is a sad state 
of affairs. This Is hiding behind a compart- 
mentulasilon. This is saying that because I 
do tenting ! don't have to bother ayself with 
analysis, or because I do analysis I don't 
have to ever go get my hands dirty. I au. 
sorry. This won't work. We have reached a 
sltui tion In which half of you can't talk to the 
other half. At the time the study group met 
we didn't know quite how far tnis had gone, 
but apparently it is a much more advanced 
disease than we had realized. 

Now the second item ts me that I think 
may be recognized also cm the basis of what 
we have heard in these discussions during 
the last two and a half days.  The) point is 
that there is a severe need for standardiza- 
tion of nomenclature, techniques, and data 
prpnent>tion so that experience in one pro- 
gram cun be carried over to another pro- 
grara.  We must start talking the same lan- 
guage.  When we say spectral density, or 10 
g, it should mean the same thing to all of us, 
and 10 g must be iiccompanied by some 
oualifyips' words. 

The third item 'hat came forth In the 
study group was th > fart that there is a nped 
for devising an org uilzatlonal structure 
which fosters rather than hampers cross- 

fertilization between these various special 
interest groups.  I don't know how It happens 
that a chap can get into the business of doing 
ahjck and vibration work and, let's say, 
spend all of his days doing nothing but run- 
ning a shake machine. This was Incompre- 
hensible to me until a few years ago when I 
got Involved In industry. Around universi- 
ties, you see, everybody had to be his own 
technician, his own calculator, and his own 
test setup man   He had to do the whole job 
because he never had anything but a shoe- 
string to work on and a scrap pile for equip- 
ment. Apparently, In Industrial work every- 
body gets compartmentalized Into a little 
slot.  Perhaps a man spends several years 
buying pumps.  He knows all there is to know 
about pumps, but that Is all he knows.  This 
gets to be real unfortunate. We need then a 
means of organizing ourselves in our work 
so that cross talk between us is fostered 
rather than hindered. 

The purpose of collecting, analyzing, and 
presenting shock and vibration data is really 
quite clear to me, and It seemed clear to our 
study group. We want these data to define 
the "loads" for the problem. Now I am using 
the leroi "loads" here in quotes In a gener- 
alized sense.  Whether you think of shock. 
Impact, vibration, transients or steady-state 
loads, I am not sure that it ts worthwhile 
trying to distinguish between them. They 
»re all Just loads. They should all be defined 
statistically, just as the failure problem Is a 
statistical problem that we should treat from 
a larger point of view than to make one test 
and try to draw general conclusions from that. 

We want to use these data in specifying 
the design environment, then In designing 
the equipment, and then in testing the result. 
Data that are gathered are only useful when 
they contribute directly to these functions. 
We are, therefore, concerned with getting 
shock and vibration data iiiio a form which 
enables us to predict the response of me- 
chanical structures. 

Now someone will immediately say, "But 
I am interested in vacuum tubes." Well, 
isn't a vacuum tube a mechanical structure ? 
You get into difficulty In a vibration test 
with a vacuum tube not because it happens to 
have electricity in it, but because the grid 
element happens to bang into the plate ele- 
ment and cause a short, or because tin grid 
wires go into resonance and cause malfunc- 
tion. It is a mechanical structure problem, 
so we want to use iiic data for the purpose 
of determining the response of mechanicsl 
structures to alrock and vibration. 
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The form for the data need« to be such 
that we can use it either with normal mode 
and frequency analyses or \7<th test response 
information such as a measured response 
spectrum.  We can then go on to predict the 
behavior of the structure when it is subjected 
to this environment. The process is really 
quite simple, especially since we have such 
things is digital machines to do computations 
for us. We can solve 12, 15, or 20 degree 
systems that we would never think of doing 
by hand and ash the machine to do a thousand 
computations on that system because it does 
so in a couple of minutes. This is a very 
handy tool. 

The things we are concerned with in terms 
of response of this mechanical structure to 
the excitation are stress, iicceleratlon, veloc- 
ity, and displacement. I tlink everything else 
that we would like to derive from these data 
can be tied on to one of th< se four quantities, 
and probably we can leave the stress out be- 
cause it depends upon either acceleration, 
velocity, or displacement. 

Once we have predicted how the structure 
is going to respond to the excitation which we 
have determined by the data gathering proc- 
ess, what is the next thing? Well, the next 
thing 1» to predict damage, or its inverse, 
reliability. This Is the part of the picture in 
which the ttate of the art Is least well de- 
veloped. K does us no good at all to argue 
about whether a spectral density picture looks 
like this because we have used a ten-cycle 
bandpass instead of a one-cycle bandpass. It 
'tees us no good tc argue how that spectral 
density is going to affect a response unless 
we know T;h&t the response mcuis when we 
get through.  K you can't define the damage 
process then how are you going to predict 
damage?  If you can't predict damage you'd 
better quit.  The whole design process is 
aimed at getting something which survives 
with a given amount of reliability. Unless 
you know what the damage process is and 
hc~ it progresses you can't do this. 

Let's take a slightly different tack.  Let's 
ask the question, why do we measure a shock 
and vibration environment ? The reason for 
measuring a shock and vibration environment 
is to define the motional environment, be- 
cause we suspect that it affects the reliabilitv 
of equipment. We would like to anticipate 
this, to design for it, and to test for it.  For 
example, U we measure the motional envi- 
ronment of a missile that we are interested 
in during the manufacturing processes, and 
the shipping processes, during storage, and 

the firing of the missile, we may well find 
quite diffsrent motional environment« in 
those four cases so that different design re- 
quirements derive from them. 

We might also ask the question of where 
to measure these environments. Well, you 
could debate this one for quite a while. I 
believe the p!ace to measure Is on the pri- 
mary structure. Or. a ship, for example, 
you don't measure on a bracket; you meas- 
ure on a floor, an inner bottom, or t bulk- 
bead so that you can find the impedance of 
the primary structure and deduce what is 
going to change in the responae when you put 
on a load in the form of the equipment you 
are concerned with. In making these meas- 
urements, it doesn't matter what instruments 
you use as long as they are rugged enough, 
have range enough, and have the necessary 
response.  Each of us has his own pet 
instruments. 

As to which recording system to use. well, 
the important thing is selecting one that has 
good fidelity.  If you nappen to like FM F*» 
telemetering for missile work and the ground 
station happens to have a good Ampex re- 
corder, this is fine, but I am sure there are 
other ways to do it that work well, too. 

What kind of analysis should one do ? 
Well, one should analyse for vibration in 
such a way that you get curves of rms ac- 
celeration spectral density versus frequency. 
In trying to do this you may find that you do 
not have random noise at all, but you still 
would like to have rms values and you still 
would like to know at what frequencies.  In 
addition, you need histograms, probability 
plots or amplitude distributions at various 
frequencies.  YOU need • time history of the 
variation in rms values, tha area under the 
spectrum, or some other function which 
define« the change in environment with ma- 
neuver status as in the airplane, with the 
UBMBf of fuel that has been used up in a 
missile, or a similar aituation for other bits 
of equlpuiniit.  For this you need either the 
excitation or the response at some point 
where the impedances are known. Just put- 
ting a gauge on a structure and hoping that 
when you get through it will mean something: 
wont' help you. You may get specific data 
that is i>fle?ble *nr tfest "iTticuinr &£&£• *""' 
that particular piece of equipment, but that 
is all you will get. H, on the other haad, you 
know what the impedance at that point is, 
both looking back into the structure and 
looking ahead into the package, then you can 
do souiethlng with it. 
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For shock, these analysec1 need to pro- 
duce motion versus time for the rms or for 
the mtxlmum shock Intensity, or a shock 
spectrum of maximum motion versus fre- 
quency.  If you like, a Fourier analysis of 
the rms, or the maximum, shock Intensity 
may be used. The significance of a Fourier 
twüysis of an rms shock would make an 
interesting question to debate. For shock 
also, it is necessary to measure either the 
excitation or the response at some point on 
the struct-jre where you know tlw Impedance 
looking ooth ways,  Otherwise we can't carry 
It orer Into the next problem. 

When the data has been worked over the 
specification writer nwds to Co an analyals, 
an operational analysis If you like, to deter- 
mine how much to ask for in design and In 
test. The economics of the project are es- 
tablished right »i this point bectuiae the 
specification establishes a celling and a 
floor between which the design must fit. If 
m Mk for a shock capacity which turns out 
tc b« unrAaannBhU   »KM ..«,. M«  

sonabie cost for the equipment when you don't 
really need to. Similarly, you may not get 
good enough equipment If you don't keep your 
requirements high enough.  The specification 
writer has a real tough Job. 

Once the specification Is written the de- 
sign engineer uses the speciflcallon data to 
determine the str^tural characteristic» 
that his equipment must have in order to stay 
within spcciiled daamge iimits under the re- 
quired excitation. As often as not he must 
also make some supplemental studies to de- 
termine what the damage process Is and what 
the damage limits are for the subcomponents 
he intends to use in the eqalpmairt.  This is 
a key part of the design process. 

He also needs to live within functional 
requirements entirely ü -pectlve of what 
the otbei speclücatlon had to say; shock or 
vibration or no, il the radar fails Just when 
you want to shoot back, you are going to be 
unhappy. 

Now tfee «Mt engineer takes this specifi- 
cation and tries to apply the specified envi- 
ronment to the equipment and to measure the 
resulting damage. The test engineer needs 
to know something about the damage process 
iliü, Ucauiie proper simulation of an envi- 
ronment consists of Just ore thing, and that 
Is proAiclng similar damage processes. You 
may want to prodacQ these at an accelerated 
rate in order not to have to wait ten years 
for a failure, but unless the test dep«nd« 

upon oti equivalent daumge process you are 
making the wrong approach.  If the failure is 
in structural fatigue, say a stress fatigue 
fftll'ire, and your test is geared to produce a 
static tensile fracture, you are testing the 
wrong way. 

Another link in the chain Is the production 
engineer who tries to produce In quantity 
Items that were as good as the prototype that 
passed the test. This Is sometimes quite a 
problem, because the one that passed the test 
may have been carefully hand selected and 
babied through the tests In order to get that 
contract. Then the production engineer is 
stuck with trying to produce «terns that will 
live up to that one test. The quality control 
engineer then sees to It that the production 
items continue to pass the test if he possibly 
can. 

Each step in this chain is dependent upon 
the other, and It is necessary that they all 
be coordinated from the beginning. We need 
improved cross-talk between the various 
disciplines and an organisation to foster It, 
so that we each understand the other fellow's 
work bettei and don't have to say, "Well, I'm 
sorry, that's not my department." When we 
get through with that we need to have some 
commonality of nomenclature, some common 
verbiage to use so that we oti» understand 
each other.  We need standardised techniques 
■o that when we talk about a shock test we 
are all talking about the same thing. And, 
we need unüorm presentation of results so 
that pewjir epsetral density, and so on, means 
the same to each of us. 

PANELISTS' PRESENTATKMJ 

Instrumentation - Dr. Rona 

Dr. Mains: Our first panelist Is Dr. T. P. 
Rona of MIT and Boeing Airplan«; Company. 
Dr. Rona, what kind o! Instruments do we 
need to determine the response to a in-g 
excitation? 

Dr. Rona:  Well this is a very Interesting 
question. It's like trying to do a crossword 
piisszie when only one clue is available. 

This question, how to determine what klna 
of Instruments you would need to determine 
response to a 10-« excitation, contains a 
numbs/ of undertones and catches. My firjit 
reaction would be. if we don't know anythini; 
etae about the problem then we had better 
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take the best Instrument that exlsta, a pencil 
and paper, and try to figure It out theoreti- 
cally.  3 we have any iniorination on the 
Btructur« concerned, probably one of the beat 
methods is the analytica.1. approach. Since 
this was not specified in the question, I as- 
sume that we are looking (or something else. 
Is this 10 g a trwslent, a steady sinusoidal 
excitation, or a random excitation? When 
we talk about response, are we faced with a 
one-dlmensiontl, multidimensional or pos- 
slbly a noninalytlcal structure wnere we can- 
not freely talk about degrees of freedom 7 
One must not forget that we are more often 
than not faced with structures which fall at 
points which are precisely nonanalytlcal. 
Therefore, I will attempt to sneak o-t of the 
difficulty by simplifying the problem con- 
siderably. 

First, I will assume that we do have test 
equipment on hand that will produce at the 
location we arc Interested )n an arbitrary 
force or acceleration input. K you have 
snytuüig tö do wiih teating you realize this 
Is a bif; assumption and, in general, this 
facility is not available. Second, I will as- 
sume titat the system Is linear. This in my 
Judgment is the only condition for which we 
can apeak freely of response, although many 
nonlinear systems are often used in such 
definitions. Third, I assume that we did 
select with proper care the point where 
measurement of response is significant 
from the viewpoint of impedance analysis. 
After the above is accomplished, which may 
represent several weeks or months of work, 
only then are we in a position to specify 
Instrumentation Intelligently. 

Instrumentation for this purpose will 
consist essentially of a device which will 
sense the response under a specified force 
input. This we will call a transAicer. Cri- 
teria on transducers are rather well known 
UM nt nnya   Thi« is "^obably the strcr.Tst 
portion of our wealth of information. Trans- 
ducers must be such that they v?i\l give in 
formation output WHSSBA ihteiieihi*, wiiii 
the essential phenomena. This means light 
weight, sufficient frequency response, suf- 
ficient dynamic range, accuracy, and envi- 
ronmental behavior. This means, for in- 
stance, titat if this structure has to operate 
at high temperature the transducer will not 
be affected. 

Usually the second portion of our instru- 
mentation will consist of a line which could 
possibly intikde preamplifiers, amplifiers, 
premoduiators, modulators, and so forth. 
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You will notice that each time electronics 
speclallats touch iaetrunientatlon systems 
the discussion Invariably centers around 
multiplexing bandwidth, FM FM, and so 
forth, even though these are not really es- 
sential to the measurement process. Al- 
though we are basically interested at the 
present time In missiles, we should not for- 
get that a great number of very Important 
vibration problems do not Involve telemetry 
at all. So for the sake of simplicity 1* us 
forget about telemetry and assume that the 
signal is obtained at the place where we can 
analyse it.  There is some question whether 
we should record it first and analyse there 
after or whether we should analyse directly. 
My personal belief Is that, if we are Just 
looking for an Indicatioh, it is better to ana- 
lyse immediately.  However, it is often not 
possible to do this.  Thus, recording is a 
necessity, not (or theoretical reasors but 
because instruments with sufficiently fast 
Urne response are not available. Recording 
usually deteriorates the data and olavback 
will give ue the signal, or a distorted ver- 
sion thereof, which will ultimately be sub- 
jected to analysis. 

Finally, analysis la performed, fit anal- 
ysis we mean either simply determination of 
the peak signal, peak acceleration, or dis- 
placement after suitable conversion, or the 
display frequency, power spectral distribu- 
tion, amplitude probability distribution, or 
possibly even more sophisticated data. 

Well, this is the kind of thing I would do 
to determine the response tc a 10-g excita- 
tion. I hasten to add that the answer would 
probably be the same for Just about any value 
of input excitation. 

Data Analysis and Presentation 
Kennard 

■Mr. D. C. 

Maine:  Our second psnclist is Clint 
Kennard from the Wright Air Development 
Division, Air Research ir.d D£vclGpn;cr.t 
Command.  I will ask him how he would ana- 
lyze a 10-g signal and bow he would present 
ihe findings. 

^t*, mucxciii ui Uli!« igUitS- 
tlon, I think, Is one gem that Is very difficult 
to uncover in a group like this, and that is 
an area of mutual agreement- I think every- 
body would agree that we cannot specify vi- 
bration by g alone - g is a motion that ha» to 
be expressed in terms of a frequency, hi 



other word«, a 10-g vibration at 10 cpa is 
certainly an entirely dltterent situation from 
IC-g at 10,000 cps.  Or If we go to 9uix.k, a 
tC-g shock for 10 milliseconds Is certainly 
different from a 10-g shock for one-tenth of 
a millisecond. So, in our method of presen- 
ts'* Ion we mutt be sure that we tre com- 
pletely defining the phenomenon and our first 
concern is to match up some sort of a fre- 
quency or time function with the motional 
properties. 

Now if the 10-g load is a «teady state 
vibration, we simply analyae it for frequency 
content. We might present it in terms of a 
spectrum rlth an array of discrete frequen- 
cies, fci example.  D our load is a random 
vibration, we may present thlb iata in terms 
of a spectrum which is a continuous spectral 
plot of motion versus frequency, such a« 
mar.y of the power spectral density plots. 
However, in so dotng we must be very care- 
ful that we specify all the Inherent charac- 
teristics of the data reduction process.  For 
example, bandwidth, frequency range, etc., 
may be Important to define the limitations of 
the analysis equipment so that we know within 
certain ranges that c-jr analysis is done with 
a certain amount of accuracy.  It is going to 
be ve-y difficult to reach a point of stand- 
ardiaing analysis and presentation, but we 
can go a long way in that direction, I think, 
if we very carefully specify the character- 
istics of the equipment we are using and the 
limitations of it so that others will be aware 
o>' these iimltatlons in reviewing and using 
the data. In other words, we should follow 
the scientific precept that we should endeavor, 
Insofar as possible, to define the phenomenon 
of shock and vibration In basic terms that 
are independent of the methods of measure- 
ment, analysis, and presentation. 

I think the data presenter has to consider 
a little bit what the people who are going to 
use the data are going to look for.  The 
designer may not always be satisfied with a 
simple frequency spectrum or power spec- 
tral density plot.  In the first place, he may 
not understand It.  A lot of designers don't 
understand g2/cps.  In the uecotm pUce, It 
represents a vibration at only one point, in 
only one direction and under only one set of 
conditions. It does not Indicate ithe value of 
Inafnnfnvmmin  ««AMG^  IAAJ.-     0«.  tt. „    J 1  •••uuuiuui^uua yea» luitua, ou uic ucoigiitii 
may want some further information. We 
tend to go to a histogram type of presenta- 
tion to give him more of a statistical look at 
the phenomenon. The hlatogrinm will show 
quantitative data on load rspetitlor. charac- 
teristics, amplitude or acceleration levels 

at certam frequencies, and so forth.  This 
can be done either in teru.s of rms response 
fur maximum values, or a similar type 
presentation Li terms of individual load 
counts which occur instantaneously. The 
histogram presentation has the advantage of 
being able to combine masses of data so that 
you can get a broad look At the conditions 
that you are faced with in service. In other 
words, you can group locations in various 
vehicles, directions, condition« of operation, 
and things of this type to obtain a wide sta- 
tistical view of an operational profile. 

Of course, one of the important problems 
in presentation is to consider the use that 
the data will be put to, for various types of 
presentation lend themselves to different 
uses.  For example, you have a situation 
where. In an operational profile, the condi- 
tions that you encounter may be a series of 
stabilised conditions as far as vibration is 
concerned.  You cm conceitdwly treat euch 
stabilized conHltlnn as a fttearfy state, or 
something similar to a steady state, vibra- 
tion. But then you have the other condition 
wher- the vibration is continually varying, 
according to a continually varying opera- 
tional cycle. Dr. Mains pointed out the ex- 
ample of a missile going through its profile. 
You have a continual change from launch to 
reentrv ind landing. We may want to have a 
different form of presentation for that. I wm 
leave it to your imagination what would be 
the best way to present a profile of that type. 
Perhaps we shall have soiae questions on 
that later. 

The Designer's Viewpoint - Dr. R. T. Othmar 

Dr. Mains:  Our next panelist is Dr. 
Othmär of Sandia Corporation. I am sure 
.X uiB Oueii lüiu DOIUCUHC cuuu; lu iiiui wiiil 
this question, how do I deaign for 10 g's? 

Dr. Othmar:  From what the previous two 
panellsü have said i will assume that we 
now have the 10 g's defined extremely well 
either in terms of sinusoidal vibration, ran- 
dom vibration, or shock. Cf course, we have 
left out the man between the two previous 
panelists ai>d myself, the specification writer. 
The designer is always interested in knowing 
what the actual conditions are ttftt he Ma to 
design to since many times the specificaticn 
writer will slip in a little amplification or 
factor of safety that the designer isn't always 
aware of. When faced with a particular 
specification the designer also is apt to 
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throw In an additional factor or margui of 
safety.  He also has to have some Idea as to 
what damage Is going to be Involved. 

Not only the people that are concerned 
with shock and vibration, but the people 
that are concerned with the function are 
involved in the complete desigD. Many times 
the designer who first start« to work on a 
given problem is someone like an electrical 
engineer who Is concerned primarily with 
the function.  He has got to get out a com- 
ponent that will perform in operation.  He is 
not well versed in shock and vibration analy- 
sis, Ao he concentrates on the functional 
aspects of design.  The Individual who has to 
deal with the control of that Item to survive 
the various shock and vibration envlronmentu 
has the problem of taking what is already 
designed and trying to fit a box around It, or 
some sort of a mount, so that It will be well 
protected 

Here, I think, is another good place for in 
Improvement in communications.  The elec- 
trical and mechanical engineers should get 
together early in the program and discuss 
each others problems. Just as we need bet- 
ter communications between those concerned 
with instruments, data reduction and presen- 
tation, design and test, so we also need bet- 
ter communications within the design group 
itself. Once the mechanical engineer under- 
stands better the problems of the slectrlcal 
enwlwmr be can help influence ho« the design 
goes instead of having to work with an item 
that is already designed  This, obviously, 
will take a lot Of diplomacy. 

In the final anajyiie of the design, then, 
Uiere are many different means available all 
the way from straight theoretical analysis to 
various models or complete tests. 

I think that we are quite often like a cer- 
tain gentleman quoted in the Readers Digest 
who was describing intelligence test«. He 
said that, the way they used to weigh hogs la 
Texas was to find a plank and a crossbar; 
catch the hog and th hint on one end of the 
plank and than lind a aßnä» rock or stone 
to balance the hog. After li was balanced 
they would guess the weight of the stone. 

I think that in our design« we are often 
doing the same thing. That is, we have a lot 
of complex äystems, which are not possible 
to treat as llitisar cystems, or as single 
degree, two degree, or three degree of free- 
dom öystems. We have to guess at what we 
are to use los the parameters. Wh«a we 

guess we are somewhat like the Individual 
who is weighing the hog; that la. we have a 
better Idea of what tin we ght of a «tone Is 
than what we have for the weight of the llv; 
hog. 

The Test Engineer s Viewpoint - Mr. R W. 
Blevins 

Dr. Main«: Our fourth panelist, Ralph 
Blevins from the Applied Physics Labora- 
tory, Johns Hopkins UniTenity, repreMBt« 
the test engineer's point of view. The cpen- 
tlon I ask him Is, how do you make a 10-g 
test? 

Mr. Blevins: In discusatng the test proh- 
lem I want to eraphaslee four points, and In 
doing so I am going to duck the Issue of what 
do wc mean by 10 g. The other panelist« 
have covered this, and we will assume that 
we have the equipment available and that we 
know what we mean by 10 g.  Ulis is a big 
assumption. 

The first point that I would like to bring 
out Is the question of where to measure the 
10 g. Our moderator touched on this when 
he was discussing the problem of acquiring 
vibration data, but it Is rather important lor 
the test man to agree upon the point on the 
structure Into which he want« to put a spec- 
ified Input A« an example, if we are te«ttng 
a complete missile we want to apply the ac- 
celeration in the trannverae plane, the 
structure will respond somewhat as a free- 
free beam, not ideally of course, but there 
will be some point on that structure where 
the excitation is zero or close to aero. 
There will be other points on the structure 
where the excitation will be quite high. 
When I test this at 10 g, can we agree that 
tills is 10 g maximum or is it something 
else ? Agiln when we consider the sub- 
aAsembly or the smaller component we face 
the. same problem. Where do we msaaure 
th« input ? This Is generally done by choos- 
ing rathar arbitrarily a support point on this 
particular structure. I think the important 
thing to emphasise here is that at a very 
minimum, we must in some way simulate 
the support of the individual component to 
the basic tirframe when we test it. 

• 
Now the second problem that I would like 

to mention is the fixture problem. If you 
will recall last year in £1 Pa«w (here was a 
panel which spent considerable time dis- 
cuaslng this. The specification generally 
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reads that we are required to apply 10 g 
along a particular axis.  It says nothing 
about crosstalk.  It seems to me there are 
two points of view here, and 1 am not going 
to stand on either one. But the first argu- 
ment is that if we are able to apply the ac- 
celeration in one plane and one plane only 
without any crosetalk in the other pbmes, 
then we have a little better chance at per- 
forming some damage analysle, or we are 
closer to a theory that we understand. On 
the other hand, the argument goes that if you 
have a little bit of croevtalk you are much 
closer to an actual simulation of flight. I 
think the point I would like to emphasise 
here is that it Is very Important that we 
understand just what is the test excitation. 
In addition to the plane In which the 10-g 
excitation is to be applied, the motion in the 
other two planes should certainly be meas- 
ured and understood. 

A third point has also been mentioned by 
Dr. Mains, and that is a queullon of the def- 
inition of failure. If we are testing an item 
which falls by breakage or fails by yield, 
generally we have a pretty good chance of 
understanding this.  However, in many equip- 
ments that we are asked to test, the criterion 
of failure Is one of performance. It is a 
gyro, and failure Is defined as a certain drift 
rate; or it is an amplifier and failure is de- 
fined as a certain signal-to-nolse ratio   I 
think the Important point here is that the test 
engineer must work very closely with the 
other disciplines involved to understand the 
Implications of what he Is defining as failure. 

not |)iSc the test, or exceeded some pre-set 
value under 10-<? excitation, this gives the 
designer really very little information.  It 
doesn't tell him whether that component 
would pass 5 g, 7 g or something else. 

Therefore, in looking for information 
useful to the designer, I think we have to 
realise that in addition to passing an arbi- 
trary specification we should be analysing 
the equipment to obtain the method of failure 
and the points at which it failed. 

Now we have found that the so-called 
"g-to-fallure" test, which results in an in- 

verse resonance curve as the test result, is 
a very useful type of investigation.  Here we 
determine the force level at which the com- 
ponent falls as a 'unction of frequency. This 
has the advantage of telling the designer 
where the critical points on that piece of 
equipment are. 

Obviously these are not all of the prob- 
lems the test engineer runs into, but 1 believe 
they are the major ones. 

Organisation - Dr. A. J. Curtis 

Dr. Mains: Our final panelist is Dr. 
Curtis of Hughes Aircraft Company and he 
will tackle the question how do you orgsntae 
so as to best integrate the whole shock and 
vibration business in a company of any given 
size? 

As an example, assume you have an am- 
plifier which is a part of a guidance system. 
You realize that you will have a certain 
signal-to-noiae ratio coming out of the am- 
plifier under vibration.  It Is a rather com- 
plicated analysis to determine an acceptable 
amount of signal-to-noise ratio that wil) 

syctcin and how the effect MA«.W<./k    Mil,     £N 

upon the guidance system will change the kill 
probability of the missile.  The test engineer 
Is here dependent on coopcrauün with the 
other diecipllnes Involved.  He must under- 
stand the problems and understand the impli- 
cations of his test. 

The last point I would like to mention 
concerns the type of data that we ought to 
get from our tests.  I think we caa all agree 
that the type of data we want is some kind of 
data that is useful in design.  Here I am 
thinking arimarUy ca data from the so-called 
type tsst, not a routine acceptance test. If 
we simply say a component did not work, did 

Dr. Curtis: I think we must give this 
question a broader context than simply the 
integration of efforts on shock and vibration. 
Shock and vibration certainly is a very im- 
portant part, but really it is only a part of 
an environmental program which, in turn, is 
one part of a reliability program for any 
project.  Since it is such a part it must be 
integrated then with the whole reliability 
program of a given project 

How can we go about integrating all these 
various efforts, the ones that have been de- 
scribed by the previous panellnts ? I think 
we have to start applying the weapons sys- 
tem concept to thesti efforts. We need some- 
thing like a system integration department. 
Most projects of any size have something 
which may be called a system analysis de- 
partment or synonyms therefor.  They say 
that this bird shall have a given probability 
of hit or It shall last so long. They define 
all the system parameters.  What we need 
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then is some organization that decides the 
system parameters lor environmental mat- 
ters, reliability matters and, as part of that, 
shock and vibration requirements. 

I am sure we are going to have to retain 
our usual organisations of flight test, 
irstrumentatlon-aata analysis, and design 
departments.  We can't get away from It. 
But we need in addition to this a »ystem 
activity. 

What must this system activity be able to 
achieve and what kind of people can make up 
such an activity ? Certainly they have to 
have a very broad area of technical compe- 
tence. I am sure qualified people exist, but 
I am also sure they are going to be pretty 
hard to find, since they must fully appreciate 
the problems of the designer, the instrumen- 
tation man, the flight test man, etc.  This 
appreciation must be in tne sense of being 
able to conduct a technical evaluation, not 
merely to smile and nod knowingly. They 
must fra pretty sharp cookies altogether. 

Novr to whom should this organization 
report? Well, certainly they ccrne uruter 
the project manager for any project that 
they are working on. But sometimes project 
managers are a little biased in theh outlook. 
They kind of fesl that their project is the 
moHt important one that the company haß in 
hand, and so I think It would be well that this 
organliation report to top management di- 
rectly and perhaps the project manager indi- 
rectly. In this way they can maintain a fairly 
impartial and objective view.  For example, 
If the boss asks, "Well, how is this project 
coming? Is it going to be a reliable systoui? 
Are we going to be able to market this? - 
they can engvsr truthfully and objectiyely. 
Certainly these people must have some proj- 
ect loyalty, but this ghcwld net b« overdose 
Otherwise we will lose the abil ty of trans- 
ferring the knowledge that we gained on proj- 
ect A tv ffie »9x1 project B whichcorc-jb 
raoaff. We must hopefully learn by our past 
I ixtsfakso and make our giant steps forward 
hiB-«ad of in the usual backwards directioa. 

Another thing they have to do is to make 
sure that the degree cf effort which is put on 
the particular phases of this reliability pro- 
gram are kept in balance. Within the limita- 
tions of the chree M's - standing for mifin, 
money, and months - a good wer all balance 
should be maintained.  For example, let's not 
spend every available data channel to meas- 
ure the environment of one vacuum tube of a 

whole 15-fcot missile.  That's an extreme 
example, but I am sure you get the point. 
Also, we are always short of channels.  So 
let's use each one to its optimum extent A 
system type organisation should be able to 
insure that, with appropriate choice of In 
strumentatlon and data analysis, this one 
channel can be made to serve the purposes 
of several of the psnäliuts that you heard 
from before. Both the test engineer and the 
structural designer, for instance, can get 
the same Information from the same data 
channel. At the present time in many proj- 
ect« they wind up competing for channels', 
let's gat them together and sharing channels. 

The things I have said are colored by the 
fad that I havo worked on projects which 
have beer, largely In huuse where tlie control 
and flexibility required is quite feasible. 
When we have ' project which Iß larsrely Out 
of house or subcontracted with a system.-, 
aunagtmeui ury^uiifcaiion, I think you can 
see a s'milar organization to the one I have 
just propose •? «* part of a systems manogs- 
meri'. ^ «t  Eil when you have small sub- 
conü«      ai tht .beginning of the program, 
how do yoo arrive at a reasonable set of 
requirements upon which a potential subcon- 
tractor Is willing to bid, when you still do not 
know tba enviroument ? You have to toll him 
something, othei-wise he won't give you a 
reasonable price or bid on the contract If 
you are overly conservative it can be pretty 
costly and, if you are not caawrvatto 
enougt.. this can be even worse. You usually 
Und out right at the end that you are in 
trouble, and it is pretty expensive to correct 
ycur mistakes. 

W*!i, how ran we Imgiw: thlt ait of es- 
timating environments before we have «.»en 
begun to design some vehicie.  B*r8 i think 
i£ the point where we resiiy nwed üUB SUUM- 

ardizatlon of data analysis techniques,  Per- 
htps it means we have to do it two ways. If 
you have a pet way of doing it, perhaps y&u 
do ihat, but also do it in a more standard way 
so that other people con understand it aod 
your 3xi,>erleac0 can be relayed to them. We 
should have some organisation which could 
keen track of what kind of date and meamrn- 
ments have been made an various projects 
%nd types of vehicles. If this data or a 
description of what was measured where. 
\?hes *!id on what kind of a vshicle or .«•true- 
ture could be collected together, we might 
do better in this preliminary estimating of 
environments. 



NARRATIVE OF THE DISCUSSION 

The Problem of Compartmentatlon 

Mr. H. J. Parry, Lockheed, Burbank, 
commented that he agreed with Dr. Main's 
■tatemeats about the need for more commu- 
nlcatioo between the varioua groups working 
on programs. However, it is probably un- 
avoidable to have some people saying, "That 
part of it is not In my area and I don't care 
to get into if finch a statement is n.jte 
natonu sinoe no one likes to Ulk for some- 
one else.  The only people W'JO can cover the 
field are those who know all facets of the big 
programs. 

Dr. C. Morrow of flTL commented as fol- 
lows: "I agree heartily that we have to have 
some way of getting around the present de- 
gree of comparlmentation that has Infected 
us In our Industrial work on the shock and 
vibration problem.  It Is quite essential if we 
are to make progres«, that we each learn a 
little bit of the other fellow's problem and a 
little more about what he does. But after we 
have exerted our best effort in this direction 
It is very likely that some compartmentatlon 
will still persist, though hopefully a little 
less than there is now. Some minimum level 
of compartmentatlon is quite characteristic 
of Industry, so I would raise this question: 
Do we have a good solution to the shock and 
vibration problem unless it can be applied 
with a reasonable degree of compartmenta- 
tlon of effort? The work we do in solving 
the shock and vibration problems should not 
be based on any misconception of the organ- 
ization problems involved." 

Mr. H. W. Cordes, Lockheed, Sunnyvale 
commented as follows: "My question Is 
simply, why should we change our present 
plan of operation? At an earlier session we 
heard that we should measure higher fre- 
quencies.   From tbe floor came the ques- 
tions: Why should we measure them, we 
haven't had any failures ? Who has had any 
failures? No one responded and I don't 
think anyone has had any failures.  Perhaps 
our present method is pretty good We look 
at some previous data, use I crystal ball and 
come up with design criteria. Experience, 
at ICüDI 11 om what has been said here, seems 
to have Sucrwu thai m failures occur.  Per- 
haps the way to get management behind us is 
to crystallize this problem of compartmenta- 
tlon. Actually the five representatives on 
tills panel represent only a small portion of 
the people involved. Communications, data 
r^d;\ciion, and other parts should also be 

linked.  Maybe our present system Is all 
right until we advertise our failures Instead 
of our successes." 

Dr. Curtis responded: "I don't think we 
are suggesting a change.  The suggestion I 
made, hopefully, earlier this afternoon was 
Just to make ourselvef more efficient. A 
few years ago the customer was reasombiy 
happy if you could design a weapon system 
which had an overall reliability of 60 or 70 
percent. I don't think we can afford the 
luxury of that 30 -percent unreliability any- 
more. We are now striving for reliabilities 
of 95 percent and our objectives for environ- 
ments, which are more severe than they 
used to be, are several orders of magnitude 
more difficult to achieve. I don't believe we 
have the time, the men, or the money to be 
as Inefficient as we are.  These are the 
main reasons why we should modify and im- 
prove our approach." 

Dr. Mains also responded to Mr. Cordes' 
remarks.  "— I remember calling atten- 
tion to a particular piece of shipboard gear 
not long ago and commenting that it was 
poorly designed and not adequate for shock. 
I was told that these items were on several 
ships and had not failed yet On asking 
whether any of them had received a shock, I 
was told, 'Oh, no; but none of them have 
failed yet' If you are designing to withstand 
combat conditions and during noncombat 
conditions you have had no failures, this is 
no test We have got to break down some of 
this complacency and satisfaction with the 
status quo. The way to ensure that our sons 
have a chance of returning from the next 
scrap is to build the stuff right - now. And 
this dees not mean 'rule of thumb'." 

To which Mr. Cordes replied: "May I 
add, for the record, that I am 100 percent 
behind tb^ necessity of your approach. The 
point I ^m trying to bring oat is that since 
we fly very few instruments in our space 
vehicles, how can we tell if we have had a 
vibration failure ? It is extremely hard to 
prove that we have had a vibration failure at 
one point when we measured at another. Nor 
can we prove that we can save a lot of weight 
by reducing our design criteria. I am striv- 
ing in practically the same direction as you 
are - to get the same sort of cooperation 
and soordinatlon-because I think it is very 
essential." 

Mr. R. M. Hurt of ABMA also commented 
on the points Just raised. He pointed out 
that although it had been »aid there were no 
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failure«, in fact thla wae not so.   There had 
been failures and valuable lessons had been 
learned from Uvem.   A very serious effort 
must be made to ootaln environmental data 
to ensure tint specifications are realistic. 
At AfiMA attempts are made to ciefliw envl- 
ronmentsl condltioat early enough to do 
■cue good In the design stage. Often'rule 
of thumb' applies but 'they try to apply what 
data they can when they can.' 

Feedback of Information to the Designer 

Mr. TreadweU, University of California 
Radiation Laboratory, brought out the point 
that power spectral densltv Cpsd) plots, 
although most useful for measuring Input 
excitation, seem rather inadequate when 
dlscuMlng the response of an item with a 
design engineer.  As an example, if a de- 
signer is shown the psd plots of the mpui 
and o* the response at cslected, possible, 
weak points on a piece of gear, tested to a 
requirement of say 0.1 g^ per cps over a 
certain bandwidth, his reaction is often, "So 
what ?" Be does not know how jto relate 
these plots to damage.  H the equipment 
survived without damage he does not know 
i»?w much he bad orerdesigned. Conversely 
If the piece filled he does not know how much 
rtroa^ be should make It How then should 
i.v<ah lafonc^uoo be presented to make It 
meaiJngful to LKe design engineer? 

Mr. Blev>s luaMed testing at increas- 
ing levels of p*.' to the pc«nt of failure. This 
gives the designer, <n goners' terms, the 
kind of safety factor Iw vaate - how much 
above the specification level the lt*>-»i will 
take In terms of psd. 

Mr. Treadwell complained about ü!>B 
answer since, In general, Itemr are not 
available for testing to destrucüon.  He 
suggested several possible ways for pre- 
senting the information.  Psd plots, prob- 
ability density of peak "g" or probability 
dlatribu'doa of peak stresses.  He wanted to 

' what other people used and how design- 
ers ^SS^PP^ sucb data to improving their 
design. 

Mr. GBJ-ACI c^Ji*ed Research Associates 
commented that imjte^wjf08 related to fatigue 
could provide the *»Jp5^ith a K00«1 teBig& 
technlriue. The probiero, offö^F'8 Ä»rt|n for 
otractures, using faügue or endS^6 

curves, has boc-i: y'th the aircraft dSSiF*18 

&r years. They Dm attempted to elabSIK^ 
cn m effects of raadom amplitudes in terSlT 

of cumulative fatigue damaße.   When a struc- 
tural system, probably with a very high 0, 
Is subjected to a random vibration, it will 
reload essentially slnusoldally at Its reso- 
nant frequency. Neglecting other modes for 
simplicity, the missing link la how to reiate 
the fatigue from random amplitudes to a 
slagU frequency sinusoid of conftu* snqpii- 
tude that would produce the sf me damage. 
The data here Is incomplete and incooclurive. 

Dr. Mains pointed oat again that the real 
problem here is that the dunage process is 
not yet clearly defined so that the question 
cannot be answered. 

Mr. Ktiley, Kerley Engtoeerlng, felt Oat, 
from the staa^wlnt of a destgnsr, the pass- 
ing on of data a»] other Information Is not 
directed to the proper places.  There must 
be an Integraler of effort from the prefect 
uianigar right down the line.  Although the 
designer Is responsible for producli« the 
design - It is his fmaglaatloo which mutt 
create it - he is rreqnently well down the 
list for receipt of technical Informatton.  be 
Onmm r** h«ve suftlclvfit reajicaalMllty h fhe 
organisation «»d 'iirtll he &»«, the qanlity of 
design will continue to suffer. Also, those 
in management should retain cloae coaiact 
with laboratory teats and field tests so that 
they can appreciate the destgasr's problems. 

Mr. Yaegor, Chrysler Corporaaoo con- 
tinued the (UKUSSIOIL He commented that 
tlw great bulk at the design of military hard- 
ware today was done by 'rule at thumb.' 
People do not calculate electronic chassis 
assembly frequencies.  They design by («idiig 
a pencil and putting lines on pieces of paper. 
They are unimpressed by specifications in 
terms of 'g' values, irequencles, noise isvpls 
or any other description of vibration.  The 
orly way to Impress them is to get them into 
tu:« laboratory to work with the laboratory 
penpi?.  The answer then to Mr. TreadireU's 
(i^stion in to get them in the lab, test a 
gadg«.* they have designed and when it fails, 
work oui ♦hrse acceptable fixes for it.  This 
gives the fe3fWK: a feel for what should go 
into a good dWupt job .ind the only way to 
give it to them is lu the UA 

Dr. Mains agreed that ürsigners should 
be exposed to lab environment' teaX 

Mr. Yaeger went on to suggest thav' wha.1 

designers really need is a handbook of 'hlnto 
and kinks.' This is 'ibe level of infomrdon 
which they deal with.  This they can untfor- 
stand.  He lUustrated bis statement by ?>n 



example.   He was asked to give a ib-session 
course to designers on the work of the vibra- 
tion lab.  About 15 minutes of this course 
was given over to a man from the structures 
branch who spoke on how thick panels should 
be and how you should avoid sharp corners. 
"Needless to say this 15 minutes was voted 

the most valuable Item on the course." 

Dr. Morrow, STL, went on to comment on 
the phrase 'knowing the mechanism of fail- 
ure.'  "In practice with equipment, we don't 
often know much about the 'mechanism of 
failure', whereas in structural problems of 
airframes we usually know a good deal.  I 
don't think we are going to get quickly io the 
point where we understand all the necha- 
nisms of failure in in-eat detail on particular 
pieces of apparatus.  This is probably one of 
the main reasons why we put eo much empha- 
sis on tests in the equipment problem.  It is 
easy to define what is meant by failure in 
terms of ihe test results, the inspection of 
the item afterwards, related to the 'black 
box specification for the item.  It is much 
eaaier to do this than to explain in detail 
what corresponds to failure at every Interior 
point" Dr. Morrow then posed this quesUjn, 
"Is not our interest in the capability of com- 
puting responses to vibration often more re- 
lated to a desire to evaluate the significance 
of a particular test than to provide a method 
to be used by design engineers?" 

Dr. Rona replied that it was his personal 
opinion that the tendency was definitely to 
attempt to correlate vibration test remits 
wit! design criteria. However, as yet, there 
had not been much progress in this direction 
and he did not know of any case where slg- 
nificant results had been obtained.   For the 
time V)eing he would agree that the answer to 
Dr. Morrow's question was, yes. 

Mr. Gaief, Radioplane, discussed the 
problem of the designer.  "U any of us here 
bfH'.amA designers and were KIVSR the task 
o! ileslgnlng to the mythical 10 g, perhaps 
we could design something, but I question 
whether it would be any different if we had 
been asked to design for 12 g. Now either 
the 10 g design is not good enough for 12 g 
or it is good enough for 12 g and therefore 
overdesigned for 10 g. There is, of course, 
the third way which in fact the designers 
are always giving us. This is the design 
which is good for neither 10 g nor 12 g, but 
which we test, find the weak points and then 
beef up locally for 10 g or 12 g. Maybe 
there is a lot to be said for this cut-and- 
try approach, unless any cf you here think 

you can design something to take 10 » and 
not 12 g." 

Nobody offered to do this but Dr. Mains 
argued that excitation times, required reli- 
ability and other information must be speci- 
fied and that when they had been, this could 
make quite a difference in the design. 

Mr. Forkois of the Naval Research Lab- 
oratory suggested that 95 percent of the 
environments) information made available at 
the symposic, etc. was never used in tta 
initial concept and design of any sort, of ve- 
hicle. He went on, "Actually a missile is a 
concept which hivolves a certain rang)*, a 
certain paylo«! and other requirements. 
Based upon taese requirements weight esti- 
mations arc made which ultimately allow e 
certain weight for the structure.  The design 
engineer U then told to design a structure 
to meet the general requirements but which 
must not exceed this weight   So regardleM 
of any other requirements all he can do is 
to optimize the design for the wel;ht condi- 
tions given.  He does this by getting the min- 
imum stress for the amount of material 
which is kvailable. I don't mind how many 
figures you give him, this Is the best that 
can be done." ".... Tht basic hull of a 
missile is very weak and I am awfully sus- 
picious of a structure wnich cannot support 
its own weight. It's possible that a source 
of Improvement in the reliability of missiles 
will have to be in more weight being appro- 
priated for the structure Itself. If this is 
done maybe we can get seme different kinds 
of simulation which may not be as severe as 
the ones we are contending with at the p—a- 
enttime." 

Standardization of Data Presentation 

Mr. Oleson of the Naval Research Laoo- 
ratory raised the question of what we mean 
by ätaüuäFuizauou öf diiia presentation and 
analysis techniques.  He suggested we may 
be going beyond what we are technically ca- 
pable of understanding. He posed the ques- 
tion, "What does the panel mean by standard- 
ization and how far do they propo/je to try 
and push it now ?" 

Mr. Kennard replied, "i agree that it is a 
pretty big order to standardize oa data anal- 
ysis and preeentaticn. That is why I said 
earlier that I don't think we will ever achieve 
standardization in its true essence. I don't 
think we would want to because we do not 
want to restrict our thiaklng in m evolving 
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technology.   But I think sometimes we lose 
bight of the precepts of good scientific 
methodology -we consider instrumentation 
infallible or we consider machines infallible. 
You have a machine to perform a frequency 
anaiysiD and all you have to do is to feed the 
data Into It and take the output. That li your 
answer. We must remember that the machine 
is only the process of our mental efforts and 
that, In considering the use and output of 
'».».chines, we must establish limits and 
tolerances and be very conscious of these 
at all times.  In doing this we aren't really 
standardising, but we are expressing our 
information in tens« of fundamentals that 
can be used in a standardized manner." 

Analysis of Random Vibration 

Mr. R. W. Mustain or Northrop Corpora- 
tion stated that he fe.'t that there has been a 
lot of power spectral density work accom- 
plished without aayone defining the rms-to- 
peak values and that possibly a lot of past 
data may be wrong.  He asked Dr. Morrow 
to comment on this.  He also asaed Dr. Allen 
Curtis to comment on why he is backing 
probability density analysers. 

Dr. Curtis responded as follows: "I did 
not wish to appear to be backing one method 
of analysis or another. I think the point I 
was trying to make this morning was that 
often, when we analyze data, we pass the 
data through a filter whose bandwidth is 
known. We look at the output of the filter 
on a meter of some kind which gives home 
sort of an average value, but we really don't 
know what it is the average of.  In other 
words, Lhe usual methods of spctral analy- 
cis do not provide enough Information to 
know whether you have A random iunction, 
a sinuaoidal function, a phase-coherent func- 
tion, a quasi slr.usoid, or a mixturt! of 111 
these tilings.  If the test engineer is going 
to bf cble to use this data, ma data analyst 
must, during the analysis procaBa, do suffi- 
cient analysis to determine what kind of a 
process he is analyzing. Thar-, are many 
ways of doing tliis.  My only point is that 
we don't do li often enough. I don't back 
any one system. I urn just talking about 
principles.  Let's really find out what kind 
of a signal we have." 

Dr. Charles Morrow of STL ccmecnted 
as follows: "As Allen Curtis states his 
position now, I agree with him.  Regarding 
the question from the floor, I think there 
probably is quite a bit of power spectral 

density dati taken to date that could be im- 
proved.   However, Uus is probably not 
connected with whether the probability dis- 
tributions were measured or not.  In many 
cases there has been insufficient care taken 
with the examination of raw data before the 
power spectral density analyses were done, 
as Dr. Curtis has been pointing oat. In tak- 
ing the «ku there baa been insufficient care 
with the bandwldths used aud the averaging 
times used,  Now, KB I think has been empha- 
sised in the past, one of the virtues of the 
power spectral density plot properly used is 
that it tends to make the result Independeni 
of the apparatus used in getting the power 
spectrum.  Hovrever, this is true only if the 
vibration ia random, if the bandwidths are 
narrow enough to reveal the detailed interest 
in the power spectrum, and If the averaging 
time is long enough to correspond to the 
bandwidth that was selected." 

Acoustic Noise Testing 

Mr. D. E. Brewn of Connolidated Electro- 
dynamics Corporation asked for comments 
from anyone with experience in the field of 
acoustic noise testing-  He had found no evi- 
dence of standardisation in this field. He 
wanted to hear about the reasons for noise 
testing and something about the effect of the 
type of chamber and the type of excitation 
upon tiie final results of the test. 

Comments on acoustic testing were mad« 
by Mr. a W. Mustain of Northrop Corpora - 
tion, Mr. W. D Trotter of Boeing Airplane 
Company and Mr. G. S. November, General 
Electric, Lynn, Massachusetts. 

Mr. Mustain said, "On the Snark missile 
the regular qualification program Included 
the usual vibration tests such as resonance, 
flight cycle and a launch test which was fairly 
fcevere.  In addition, after the sinusoidal vi- 
bration testing, we decided to invRFtlgate the 
acoustic effects on the equipment:   :,e had 
previously qualified something like 200 com- 
ponents by vibration testing and we now se- 
lected 20 and tested them acoustically.  For 
flight simulation testing we used a speaker 
systpm (130 db overall) and to simulate the 
launch phase we used pulse jets which gave 
ISO db. I thuiL the tygs of laclUty saaot de- 
pend on what you are testing, electronic 
equipment, etraetüres, or something else." 
As an example, Mr. MustaL. said they had 
had panel failures on a trainer.  To test the 
panels high-pressure air was supplied to a 
modulator consisting of an orifice plate with 



numerous holea In It, driven by an MB C5 
shaker.  Thlti gave random signals similar 
to those obtained on an airplane.  This par- 
ticular problem was cleared up satisfaao- 
r'ly but It was hard to specify a particular 
testing facility. 

Mr. Trotter spoke of an interacting de- 
velopment, a small air bell which gewrates 
high acoustic lewis. They are being con- 
sidered for generating high acoustic levels 
in a Jacket around a mini!» section. In this 
way it is felt that the actual launch excitation 
can be simulated as accurately as It has 
ever been done. 

Mr. November said he had done acoustic 
evalukUon of Jet engines which might be of 
interest since the same things can happen on 
missiles.  "In these examples you have organ 
pipes which are excellent sources of excita- 
Uon.  The problem Is that the frequencies 
are always changing with iunJ cuudition and 
with time.  So If there Is a mechanical i eso- 
aance Just cltanging due to a part becoming 
loose, or because of a temperature change, 
and there is also acoustic excitation, you 
may test ana day and everything works well. 
Then the neat day you have a great big fire. 
What has happened Is that the resonance 
frequencies and the acoustic frequencies 
have come together." 

Comments of General Interest 

Dr. Charles Morrow of STL commented 
that there la a great tendency to bring up 
problems in connection with random Vibra- 
tion and infer that they are new, when they 
have been with us for aome time. It im- 
pressed him a great deal the number of 
people who ask, "How can you compute a 
respoaie to a random vibration?" when they 
have no Intention of doing so and wouldn't do 
so for the periodic case eithar.   Probably 
some of the Interest in safety margins 
toucuBB uu a aimiiar problem. 

Mr. John Salter of the Armament Research 
and Development Establishment, Fort BU- 
?t»ad, England made the following comments; 
"Back home we have been bedeviled by two 
problems; the generalized speciiication and 
is» cuüiüüiUicB which prüuuce these specifi- 
cations. I was quite shattered to hear earlier 
In this session that you proposed to follow us 
nto that morass. 

I do really ask you to look back on your 
previous eaperience.  Let's start with the 

committee that writes the sp* clflratk i 
Eveiy flstabilshment, as a niuttt.'r of pride, 
has to have a representative OJ it.   There- 
suit Is that the sise of the commltuse is 
already well into the fourth Parkinson area, 
where it is self propagating,  in genera) 
there are two members of the cowLiiltee 
who have pet ideas. One is all in favor of 
spectnl densities and a few other technical 
term* and the other is In favor of simple 
sinusoids.  The meeting starts, goes on for 
a hot two hours with arguments between 
these two, and at the end of the day the sec- 
retary goes away and writes the specifica- 
tion. 

In general we have found that the specifi- 
cations which emerge are bawd, roughly 
speaking, on the worst vital statistics which 
can be achieved  Most ol the Inforniation we 
use, I'm sorry to say, originated in past 
years at this distinguished pfherlng.  By the 
time that the curves have been enveloped, 
families of curves have bees r«. -enveloped, 
and factors of safety hare been added - 
usually a factor of two but some of the fac- 
tors have a standard tisviation of about 2-1/2 
- we have found in England tint we ha •> 
ended up with power requirements to tiake 
quite moderate articles of hardware which 
would need the whole resources of our na- 
tionalised industries. Unfortunately there 
is a real danger that once a committee, 
officially sponsored and set up, IKS put some- 
thing on paper it then becomes a whip for 
the backs of everybody. If in doubt, play sate, 
call for your generalised specification.  The ' 
result is that things which may be given 
quite a happy ride on a missile are treated 
as if they were going to be fastened on the 
tail of the Jet itself. It really does lead to 
nonsenses." 

The following comments were sent in 
after the session by Mr. K. Kuoppamaki, 
Lockheed, Sunnyvale: The reduced weight 
Mr. Forkois referred to is an interesting 
subject. (They tell us that »n agent for a" 
foreign power staring at Washington Monu- 
ment shouted: "Impressive all right, but 
they'll never get it off the ground") Redacing 
weight by parformlng an analysis of vibration 
characteristics has an increased importance 
in missile design, especially in the ballistic 
missiles, compared with the vibraüon analy- 
sis performed earlier on piloted aircraft 
The volume of data collection is growing to 
new dimensions. In flight testing of one IRBM 
model alone the number of vibration channels 
is counted in hundreds and the analysed 
events are counted hi üiousandä. 



In addition, the requirements lor expedi- 
ency In cuta presentation are Increasing In 
the present-dsy hlgh-prlorlty projects. This 
add« a fourth one to the ♦►>!■?» Ki'j Allen 
Curtis described: Money, Men, Months (for 
preparation) and Minutes (for presentation). 
The answers are required Immediately after 
the test. 

in order to obtain the answers in minutes 
In a tightly scheduled series of tests the 
preparation for obtaining the required infor- 
mation on shock and vibration has tu be di- 
vided among a number oi departments each 
one taking care of Its own portion of the 
specific steps involved, such as: establish- 
ing the objectives, planning the measure- 
ments, designing the circuits. Implementing 
the Instrumentation and determining the 
performance characterlotice of the meas- 
urement system, getting the calibration data 
for scaling and corrections, performing the 
test, reducing and presenting the data, run- 
ning the analysis of the measurements, 
writing the reports for presentation of the 
conclusions drawn and recommendations 
made, using the information obtained for 
the benefit of the present design and to ad- 
vance systems being developed. 

Allen Curtla gave a cleur-cut picture of 
the integrated effort necessary in mawgtng 
the continuous flow of "the game" involved 
in making large-scale vibration measure- 
ments. In management of a high-priority 
project the ball cannot be carried succeis 
fully from individual to individual within 
one department and further from department 
to department without östablished rules of 
the game. 

In preparing the rules for the game two 
categories of measurements are considered: 
first, determlrstion of the overall system 
characteristics obtained by the Integrated 
ucpartmcutsllsed euort IiHted above; second, 
the special projects which have to be steam- 
rollered through or around the departmental 
sysiftms as a one-shot deal. It id advisable 
to fctart preparing ths ruW foi' the first 
category of meaouremeats as an integrated 
effort. OIK Important step in standardised 
procedure has already been taken at Lock- 
heed: the overall system characteristics 
have been determined by caacsntrating the 
measurements so ae to indicate the response 
of the primary structure at Indicated points 
and In indicated directions. A second step 
towards standardized procedure is being 
taken in the area of data reduction: (a) the 
response of the primary structure is bsing 

presented in the form of shock spectra, in- 
dicating the zero to peak i^plltudes In the 
frequency ranges of Interest with specific 
damping ratios; (b) the response to station- 
ary inputs is being measured by the root- 
raean-squsre value of the vibration smpiltadi 
taken with a specific averaging time; (c) the 
frequency characteristics of a apeciflc time 
in'*rval of the rms value Is being presented 
in form cf a power spectral density plot 

In establishing the above starting points 
for the ground rules of ths ball game the 
continuing task of the Integrated departmen- 
tai effort consists of assuring that the meas- 
ured values have the same meaning in 
expressing the expected variability in the 
frequency levels and vibration ampiltafes. 
Information of this variability Is being deter- 
mined among the various vehicles of the 
same model.  Attempts are also being made 
to determine the variability between different 
models of the same weapon sysUm as well 
as models from different weapons systems 
of the same general category. 

Two papers, presented this morning, are 
of significant nation-wide Importance from 
the standpoint of standardised data iamLhig 
techniques. The paper of Atchlsoo* shows 
possibilities of standardised techniques in 
the presentation of shock spectra. The paper 
of Brownt indicates that hsndling of vibration 
c'ata is also approaching a new era of stand- 
«rdlsatics.  Those papers emphasised the 
use of digital computer facilities. These 
facilities have high potentials for improving 
the resolution characteristics and rapidity 
of data presentation and for «rep^ndlng the 
usefulness of the presented data in the ana- 
lyzing effort 

Once the data is in digital form a wide 
variety of compulations are within easy 
reach and fast access.  The main portion of 
caiioratlon data is available prior to flight 
Intelligence for corrections in respect to 
mount resonances, transducer response 
characterlstiCB and distortion of the trans- 
mitted signal can be processed before the 
flight to be ready for computer use. This 
reduces the time necessary in processing 
the intelliypnce for corrections for system 
noise and for effects of temperature and 
altitude on measurements made during the 
flight. Once the intelligence for corrective 
computations is in the computer then the 

*Ref. to position in Bulletin. 
TRef. to position in Bulletin, 



measured data In corrected form becoire 
available In only minutes of time. 

Because ol the expense of preparing 
computer programs, the use of digital com- 
puters makes It nuuuktory to sUndardite 
the techniques cf measurements and methods 
of analysis. Program« for the uee of Fourier 
u.iejti klb Mud autocorrelation function have 
already been adopted as standard routines. 
It can be predicted that the possibility of 
correlation of data for elimination of biased 
errors for increasing the statistical signifi- 
cance of the measurements made by using 
digital computer routines will lead towards 
uniform techniques employed by the various 
projects within one company as well as 
within the missile and space programs na- 
tion wide.  It can be stated that contacts 
made at the DOD Shock and Vibration Sym- 
posia will have an important role in getting 
techniques formulated for uniform presen- 
tation of shock and vibration data. 

SUMMARY OF PANEL SESSION 
AND DISCUSEON 

Dr. Vlgness 

Dr. Maine: At this stage I would like to 
call on Dr. Vigness to summarize briefly 
for us his reactions to this afternoon's 
seMloc 

Dr. yignens: When one summarizes 
something Ifia difficult to keep from inject- 
ing ones own opinlona, so I expect you will 
find some personal bias In what I am going 
to say. 

I will not try to cover the individual pan- 
elislr presentations, but I will say a word 
about the 10-g specification. Of course It 
was a gag, but quite a sensible gag at that, 
because in almost all our specifications and 
our taJking we say, rather glibly, "How many 
g is it?" This is only permissible provided 
something is implied about the waveform 
aiid the ü.2se fcaction of that g. E this isn't 
understood by the person to whom you are 
talking then 10 g will make no sense to him 
end he will be *mble to proceed with a 
design.  If you have a sinusoid of 10 g ampli- 
tude at a certain frequency and you are going 
to design a system which might be resonant 
at that frequency, you have one problem. 
If the 10 g is an equivalent static accelera- 
tion you have another.  If the 10 g is the 
maximum value of a pulse you have a third; 

and there are many others.  I have eight or 
nine points 1 will try to cover.   They are not 
necessarily In a logical order, but simply In 
the order I wrote them ao*n. 

My first point Is compartmentallution. 
Presumably thl.'.i is bad becauae, li you are 
in a compartnuat, you don't know wiat otter 
people are dolug, and if you don't know wtet 
the others are doing you may not be abb to 
do your own ich properly.  However, some 
compirtmcntallzatlon may be necessary and 
good. One person can learn only DO much. 
If the person performing terte la required 
also tu know all about the field shock condi- 
tions, the methods of shock analysis, and 
how the specifications are written, then he 
won't have any time to do his tests.  He can 
be an expert of good fompetesce in only one 
particular phase of the whole problem.  I 
believe a degree of compartmentation Is 
necessary so that a .nan can find time to be- 
come an expert In a particular area.  How- 
ever, a good soatturing of knowledge In 
other areas is necessary so that his special 
knowledge can be dovetailed into the general 
problem. 

In Mr. Forkols' group at our Laboratory 
we have a method of getting people out of 
their compartments and improving their 
education.  Working for the Government 
under a rigid celling, in our particular activ- 
ity, we .too't have many people to help as do 
a Job. So when someone asks us to do a 
shock or vibration test we say, "Certauuy, 
but come down yourselves. We will provide 
the machinss and tell you what to do, but you 
must come down and help." In this way we 
get the designers, the people who built the 
apparatus and the project engineers from 
the Bureaus who are responsible for the 
contracts.  We see to it that the test is prop- 
erly performed.  We find out what goes wrong 
and we write up the test  The visitors see 
what happens when their equipment is tested. 
They are 'broken out of their compartirwnt' 
and are shown an adjoining area, a knowledge 
of which is very necessary for the most 
effective performance in their own area.  I 
suggest this can be done anywhere. 

To get back to the summary.  Another 
point is cross-fürtilization of which the above 
If one example.   Let the persons associated 
with a piece of equipmerit in one phase of a 
project experience what is going on with 
their equipment in other phases of the proj- 
ect, but don't require that these individuals 
learn and become expert in all phases. 
When you are a deslgser you are designing 
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primarily to a specillcktlon, mo that spect- 
flcf.tlon Is the law.   It's what your equipment 
is going to have to withstand.  It's not the 
field conditions that you should be worried 
about. Somebody, presumably very highly 
qualified, hae written the apecilicationa and 
most of them, even those which come In for 
most adverse comment here, have some gooc 
points In them. The designer, normally, 
might better spend his time improving his 
design so that It will pass specifications, 
rather than trying to find reasons for chang- 
!•!£ the «)eciI«cattOM. Of coiu'se some ex- 
ceptions to this role may exist 

Specifications are usually written for 
very general conditions and you may find 
when you apply them to a particular test 
that they do not provide detailed Information 
as to how to perform the test.  TTK test äii- 
gineer must then use a little Judgment.  If he 
is not permitted to exercise the required 
responsibility he must go to the project engi- 
neer responsible for the test and find out 
what he should do. As an example, let us 
take the question that was asked earlier. 
Where du you measure this 10 g? Ywi have 
a specification calling for this level. You 
have your piece on the vibration table and 
you measure three different levels at three 
different points. Often it is Impossible to 
have only one level. At one meeting a de- 
scription was given of a plate, s feet long, 
that was pushed on a slippery table by a vi- 
bration machine at about 1000 cps. Meas- 
urements at each end of the plate gave a 
certain value of amplitude at 1000 cps. They 
did not say what they measured in-between, 
but with those dimensions and a speed ci 
sound in the plate of around IS 0O0 fps, you 
sdll find the natural frequency of the plate 
in compression to be about 1000 cps.  Prob- 
ably the middle of the plate was standing 
still while approximately the same measure- 
ments were nade at either end. 

We have conditions like that to a lesser 
degree in i\ great many of our vibration 
tests. We may have the bottom of a certain 
piece of equipment going at a certain ampli- 
tude while the top bulkhead mounts, perhaps 
6 feet away, are going at different amplitudes. 
Yet all the specifiuation says is 60 mils 
double amplitude over a certain frequency 
range. Clearly something must be done 
about the ir.v rpMa^on of the specification. 
Something Biüi% be worked out between the 
persons dci% the test and ihs persons who 
are respontiible ^r the writing of the speci- 
fications for the particular piece of equip- 
ment. Tiiis must also be understood by all 

people involved so that attempts lire not 
nude to do the Impossible.  In the El Paso 
meeting* in the seminar on Jigs and flxtur .- 
we heard about attempts to do this.  The 8fc- 
turos got bigger and bigger, yet they were 
süll getting rocking roo^es and other modes 
of unwanted vibration. 

My next point 1* standardisation. Workers 
In research laboratories are very sensitive 
on this point They don't like to have stand- 
ards which tell them timt they must do some- 
thing a certain way or prsMBt thslr findtags 
In a particular man&ür. This is quite natu- 
ral.   However, when thtigs are stanJardiied 
it is done for the cooveiiience of everybody. 
If, for Instance, we wer« to standardise the 
presentation of shock spectra at various 
values of damping - we might stawiardize 
spectra at the equivalent of eero damping, 
at 2 percent critical and at 10 percent criti- 
cal, etc. One would then have less trouble 
comparing the works of different groups. 
There are many aspects of our wort which 
need this form of staadardlaation  Standards 
in this area are not generally compulsory. 
They are primarily soggsstlccc as to a com- 
mos method of performance or presentatlae. 
If there are reasons to do things In another 
way, they can be done In another way.  Stand- 
ards are suggested ways of doing things so 
as to be in line with other people dolnj the 
same things. Ccmasoo scunsaclature, a sim- 
ilar manner for pr«i«ntation of curves, the 
same general techniques, provide common 
means of compariwwi which rmta« ""der- 
standing much easier. 

The fourth point I have is this: before 
rueasuremenuj are made souieiiiuig should 
be known about the purpose for which they 
are being made.  Perhaps tht main reason 
why most measurements which are made 
turn out not to be useful to those who look 
them up later Is that the originator of the 
measurementfi mad« than» tor a specific pur- 
pose. Since that purpose Is not the same 3S 
the purpose for which the new Individuals 
want the data, it is then said that the data 
Isn't any good since it does not give the in- 
formation sought But that does not mean 
that the measurements were not any good to 
begin with It is often said that there are 
volumes of measurements in the literature 
that are of no use. It is quite probable that 
they wc-e useful for ths person who made 
ihem because he mads thsz. fu a syeiMic 
purpose, but to others they may be useisss. 

*27th Symposium 
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However, I believe we should have mor« 
guidance and a better Ictei. as to why we 
make measurements and what we are going 
to do with them.  If we are going to Analyze 
Utlngs a certain way then we ought to make 
measurements of a certain kind. We should 
know where we are to main the measure- 
ments.  B we makb measurements on a piece 
at equipment, the inforujtUon may be useful 
for a particular uaer at that equipment but It 
probftJjly won't be useful to anyone else. 
Ho? ever, If we make our meaiurem«Bts on 
main structural members u( ships or mli- 
slies tboee measurements will generally be 
useful to a large number of individuals. 
That Is provided the Information covers a 
broad frequency range and the data can b« 
trusted 

impedance measuremonts together with field 
measurement« on a «Uthtlcal b!»««!s. 

My final points concern the analyses of 
vibration and shock.  If the source of an ex- 
citation Is periodic then the vibration will 
be periodic. The commuo way of analyting 
that Is by Fourier or sloe spectrum analysis. 
If, however, tfe vibration (s more compli- 
cated the common way of doing it Is by spec- 
tral «tensity curves or power spectra. B 
there Is a combination of random vlbratloo 
and sinusoids it would probably be preferable 
to use spectral density curves for the whole 
thing. SlBuMids can readily be separated 
from narrow bauä random vibrations by look- 
ing at their amplitude probability density 
curve i. 

My fifth point was to have been the dam- 
age process, what it Is and how to design for 
it in (sftb of •tn'lrnnment, but It is late, so 
I must leave it out 

Lately we have been quite concerned with 
mechanical impedance.  If measurements are 
made at a certain locaHnn, the measurement 
will have greater significance If the mechani- 
cal characteristics of the load and the struc - 
tare are known at that point.  If these charac- 
teristics are the mechanical impedance then 
it would be desirable to know the Impedance 
at that point as we look into the structure, 
and the impedance of an equipment that might 
be mounted there, then any measuremer'.a we 
make at that point will be useable under any 
conditions. However, in my opinion, this 
approach is at the present time something 
to be worked toward.  Currently we must rely 
on available statistics. Although I hope for 
sufficient scientific abiuly to get the imped- 
ance measurements and to use them, I think 
the probhm is enormous and that it will be 
five or ten years hence before we are using 

Shock specification« are frequently given 
in terms of steck spectra. When this Is 
done it is desirable to give, In addition, some 
shock motions that are equivalent to the 
shock spectra. Then either the motion rep- 
resentation or ths shock spectra may be 
used for design calculations or tests. It is 
generally quite simple for the specification 
writer to provide this extra iniormatlab. 

As a final point I might remark that al- 
though many think that shock spectrn are 
used primarily by dsslgnsrs, actually they 
have been least used by designers. They 
have been used to a much greater extent by 
those who wish to make shock machines du- 
plicate a given field condition of shock The 
spectra have been used to compare the Inten- 
sities of the machine shocks with either 
specified shock spectra values or with u 
shock »pectrur" ^hlch has been taken as an 
average value lor some field condition.  Ss 
shock spectra are used primarily to com- 
pare shock intensities. 
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INFORMATION EXCHANGE 

BRITTLE-FXAC: *.l TftANSITION OF SOME 

CONCRETE REINFORCING STEELS 

All«n  L   Tarr 
Office Chief of lUtearch and D«vulopment 

Army Reiearch Office 

INTRODUCTIOK 

Catastrophic "brittle-fracture" service 
failures have occurred in structures made 
from steels which were considered to be 
ductile as judged by the results of tensile 
tests.  Many of these failures occurred with 
extreme suddeness, without any noticeable 
deformation and under conditions where the 
nominal stress was at very low values, woli 
below the yield strength values determined 
by tensile tests. 

Another feature of these failures is that 
they occurred at temperatures which were 
In or below the range of temperatures where 
notch-bar impact tests show a marked de- 
cr^asw in energy-absorbing capacity and the 
nature of fracture changes from ductile, with 
a largt proportion of shear failure and c.nn- 
siderable deformation; to brittle, with frac- 
ture largely of the cleavage type accompanied 
by little or vn noticeable deformation.  De- 
tailed studies have indicated that low strength 
catastrophic failures appear to be the result 
of a small notch, crack or other defect, com- 
bined v lib the presence of unfavorable residual 
stressi a sufficiently low temperature, and a 
certain minimum leve! of load stress. 

To avoic brittle fracture, or at least min- 
imlsifi prclmhllity of such, in ships and pres- 
8U/0 vessels steps are now being taken to 
limiting the operating temperature relative 
to the transition temperature of the steel 
used, limiting residual stress, limiting load 
stress, or limiting defect size. Ho«Bver, 
there is little or no indication that such 

practices have been given any considerAtlon 
for "bUnt ratiaUnt" protective structures 
or any other type of reinforced concrete 
structure«. Thore is apparently no report 
on iu« t7?iuatlof' of the resistance of such 
strucbires st lo»-atmospheric temperatures. 
This appears to b° t serious oversight when 
It is realised that the transition range of 
steels used for reinforcing steel bars may 
be expected to He Ir the range of ordinary 
atmospheric temperatures and that the de- 
formations on the surface of reinforcing bars 
along with other lrre|-ularltles may provide 
numerous locations for the Initiation of 
cracks which could propagate into cata- 
strophic failures. 

The recent disastrous failure of the 
Malpaaset Dam in France may possibly be 
attributed to brittle failure of the reinforc- 
ing steel.  It may be anticipated now that the 
application of newer methods of structural 
design, referred to as "limit design," where- 
in iue ultimate load can only i>e realized if 
the members can undergo plastic deforma- 
tions, will be accompanied by an outbreak 
of catastrophic failures in structures unless 
special attention is paid to the selection of 
reinforcing steels. Steels of suitable low 
temperature notch toughness are not likely 
to be furnished under öpeciiications which 
are normally used in the united States. 

To emphasize the need for concern «bout 
such steels brittle fracture data on seven 
reinforcing steels is presented in this paper. 
Judging from the negative results of solicita- 
tion for such data, this brittle-fracture 
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transition data may be the first of It« kind 
on concrete reinforcing steels. 

results ol tensile tests, and some of the re- 
sults of Charpy V-notch bar Impact teiits. 

STEELfi STUDIED 

Reinforcing bars are clMSlfled In the 
United States as ■tructuril, intermediate, or 
us hard grade. The separation of grades, in 
the commooly used ASTM speclflcrtion Al5, 
Is made on the baais o! strength require- 
ments with yield strength limits set at 33,000, 
40,000 and 50,000 psi, respectively. Two 
other AflTM specifications, A431-MT and 
A435-59T. iave minimum yield strength re- 
quirements vi 75,000 psi and 00,000 psi, re- 
spectively. In the United States, steelp hav- 
ing up to about 0.30-percent carbon are found 
In the structural grade.  The intermediate 
grades may run to about 0.50-pcrcent carbon. 
The hard grades usually have more thai. 0.5C- 
percent carbon.  In Europe strength may re- 
sult from cold working by stretching or 
twisting or by using much higher mangsiiese 
content tian is normally used in me United 
States.  (The USSR specifies a low alloy open 
hearth steel for ribbed, i.e., deformed, con- 
crete reinforcing bars with a yield point of 
$6,900 pal minimum.  The specified cempo- 
sitlon is 0.20- to 0.29-percent carbon, 1.2- 
to 1.8-percent manganese, 0.6- to 0,9 percent 
silicon, with sulphur and phosphorous not 
above 0.05 percent.) In addition to th< pri- 
mary steel production sources of ope» hearth, 
acid bessemer, basic oxygen, and electric 
furnace, secondary sources such as re rolled 
rail steel and rerolled axle steel are per- 
mitted by some specifications in the Untied 
States.  The most commonly used bars are 
in the intermediate grade. 

Tue remJorcliig h|iM used for obtaining 
the data for this paper represents the prod- 
ucts of several steel producers.  Both hot- 
roiied and cold-worked bars are included. 
The compositions end strength levels cover 
& wide range, and most of the bars tested 
were of the very commonly used No. 7 olse. 
The bars are identified only as indicated in 
the table of results given herein. 

RESULTS OF TESTS 

The tabulation of results of tests presentä 
chemical analyses of the seven steels, the 

DISCUSSION 

Examination of the results of tests reveals 
that under the conditions of the Charpy V- 
notch bar «mpact test, some of the steels 
tested are very brittle at room temperature. 
The «old-worked and stress-relieved steels 
(07 and W7, respectively) are very brittle 
at temperatures well above ordinary atmo- 
spheric ranges. Charpy V-notch tests are a 
means of checking relative embrlttlernent 
pi operiie« of materials bat no claim Is made 
here that there is any simple or direct rela- 
tionship of the results of such tests and ac- 
tion of the material in specific structural 
situations.  However, In view of the proba- 
bility that there will be Increased use of 
structural reinforced concrete in cold areas 
and in new designs for which there Is limited 
experience, the alarming decrease in re- 
sistance of Charpy samples with decrease in 
temperature suggests that it will be prudent 
to give Some careful attention to the evalua- 
tion of the performance of steels in reinforced 
concrete structures intended (or use in low 
temperature service. The specification by 
the USSR of a low alloy steel which can have 
excellent low-temperature toughness sug- 
gest« that the Soviets have already made 
such an evaluation. 

CONCLUSION 

The results ol limited tests reveal that 
reinforcing steel likely to be furnished to 
Hpeclfications now used in the United State« 
can be expected to have relatively high duc- 
tile to brittle transition temperatures as 
judged by Charpy V-notch bar tests. Use of 
such reinforcing st'»'»! In structures subject 
to e»po«ure to cold or even mild atmospheric 
temperatures ju*y result In catastrophic 
brittle failures under sudden dynamic load- 
ing or even with sudden unique changes of 
temperature. Consequently, It will be pru- 
dent for those who are J jsponsible for the 
integrity of protective structurec to take 
Bieps to evaluate materials and designs for 
low-temperature service quite thoroughly, 
particularly for new design methods. More- 
over, new specifications for reinforcing 
steels are needed to provide for procure- 
ment or steels for low-temperature service. 

274 



BRinU-nMClUV TTUNSITION1 üf SOME CONCHETE HEINFORCING STEELS 

Idenii ty 
of  Steel 

Tested 

TEMPERAT1IHE OF CHARPY BARS AT TTE TIME OF FRACU'RT 

C 
t 

40 
4 

Ü             ♦         40 
32           68         ♦ 

♦       B0 
140        + 

+ 

212 
!20 

+ 
+ 

252 
160 

+ 
+ 

356 
200 

+ 356   2f 
1    + 

07 t. 
% 

4.4 
100 

WERGY TO FRACTURE (ft- 
T.I    20,5             32.2 

90        80                 55 

lb)  Jnd PERCENT 

.     44.4 51.8 
.    20        S 

BRnhE i-TUCTURE 
57.2        .   i0.9 
0            .     0 

i 
E 
% 
Y 
% 

B9 

 BT 1 

r 4,2 
100 

' „ - 

10.9 
90 

2T.6 
65 

33.7 
40 

43.6 
20 

47.6 
5 

SIT 
0 

50.5 
0 

1 , 

H7 E 
% 

1.8 
100 

3.0 
95 

(-10 C) 15,R 
80 

34.! 
50 

58.6 
10 

58.2 
10 

59.1 
0 

I 
X 

 r--,  

t 
% 

S.O 
93 

1J.4 ;50 C) 21.9 
en 
iJW 

30.2 
20 

35.3 
10 

38.6 (150 C) 3). 7 
0 

I 
( ~i 0 

m" 

E .   '  10,3 10.9 (5C C) 19.1 
60 

28.3 
35 

52.6 
20 

36.1 (150 C) 39. 
0 

44.0 
0 

E 
% 95 80 5 

07 F. 
%_ 

3,7 
100 

7.0 
95 

8.9 
85 

29.5 
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31.8 
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1 
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100 
4.8            19,* 

90           .     4. • 
28.3 

0 

29.1 
0 

E 
% 

No if (•)   Veiocity   of   lEpoct   ■   16.8   ft/«ec 

MECHANICAL PROPERTIES OF STEELS 

Steel   Bir» 

B9 
R7 

B7 
Y7 
07 
*? 

Tensile 
Strenjth 

(psi) 

Yield 
Strength 

(psi) 

107,100 
78,000 
67,000 
78,400 

128,000 

126,500 
123,900 

69,000 (1) 
42,500 (1) 
37,800 (1) 
68,800 (2) 
90,900 (2) 

104,500 (2) 
106.*00  (2) 

Elongmion 
Percent  in 

8  inches 

"Nil-Dnctilily"0 

Tempersture 

16.0 
16.9 
26.8 
29.7 
7.2 
8.5 
8.1 

(C) 

-10 
-20 
-20 
+20 
+20 
+60 
+60 

(F) 

+  14 
- 4 
- 4 

+ 68 
+ 68 
+140 
+140 

Note:    (b)  (1)  Yield by drop of beta;   (2)  Yield by 0.2 percent offset. 

Note:    (c)   "Nil-Ductility"   is  eibitrnrily  bised  on 95  percent  brittle  fr.cture. 

CHEMICAL ANALYSIS OF STEELS (Percent) 

Steel  Bsra C MN Si S P Ni Cr Mo N 
G7 0,42 1.65 0.24 0.028 0.024 nil 0.05 nil 0.007 B9 0.37 0.65 0.13 0.035 0.023 0.06 0.007 R7 0.33 0.49 0.07 0.021 0.016 0.003 0.005 fi7 0.41 0.33 0.26 0.Ö33 0.041 0,04 0.007 Y7 0.45 1,87 0.09 0.026 0.024 0.13 0.026 07 0.60 0.92 0.23 0.026 0.043 0.05 0.008 W7 0.60 0.93 0.23 0.024 0.038 0.05 0.006 
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FREE-FiaD EFFECTS DUE TO AN EXPLOSION ON THE 

SüRFACH OF A SEMI-INFINITE LINEAR-ELASTIC SOLID 

llAat H. Bleich, 
ConaulUnt to Weidling     and t 

New York City 
adori, 

The talk pre tinted at the Symposium was 
an extract of results presented In a report 
entitled: "Survlrablllty d Air Defense Sys- 
tems, Progress Report on Ground Shock at 
Pigh-Intensity Pressure Levels," October 
'95P (Secret), submitted by Ouv B. Panero, 
Engineers, to the lOTRE Corporation (At- 
tention of Mr. Walter Attrllge), Bedford, 
Massachusetts.  The report was prepared 
under subcontr.ut by Paul Weidlinger, Con- 
sulting Engineer, New York City, in 

cooperation with a number of academic 
consultants. 

In view of ft* fact that copies of the re- 
port are available, no formal paper ^or pub- 
lication in the Proceedings of the Symposium 
is submitted. 

For readers irtterested in the theoretical 
background a list of unclassified references 
utilized follows. 
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THE DESIGN AND DEVELOPMENT OF 

A SHOCK RESPONSE ANALYZER 

Abstract of a paper by 
Ward P. Barnei 

Boeing Airplane Ccoxpany 

i 

INTRODUCTION 

The objective of this paper 18 to describe 
the equipment employed by the Boeing Air- 
plane Company to assure that the shock test 
requirements of certain iecent research and 
development orograms are satisfied. Previ- 
ous test requirements have specified that a 
shock environment be a description of the 
shock pulse Itself, in terms of intensity, du- 
ration and wave form. The requirements of 
these recent programs, however, depart 
from this concept by specifying the shock 
environment in terms of a response to the 
shock pulse.  This response Is described by 
a shock response spectrum. 

The test requirements presently specify 
that the positive shock response spectrum 
envelope shall be between 90 and 150 g's at 
frequencies between 700 and 100 cps, reduc- 
ing uniformly to no response at 0 cps. Fac- 
ing the test engineer is the problen of as- 
suring that the shock spectrum experienced 
by the test specimen is within these limits. 
To accompiish this, a method of presenting 
a spectrum of a shock is required. 

"•HIE 3EOCK ANALYSE SYSTEM 

It was decided that a response spectrum 
would be best presented in the form erf a 
bar-r'uu-i, each bar representing the accel- 
eratio.i response of a spring-mass system 
of a specified natural frequency. In view of 
the difficulty of devising a mechanical sys- 
tem to accomplish the deslrffd results, an 
analogous electrical system has been 
employed. 

A block diagram of the anaiysis system 
is shown in Fig. 1. The voltage output from 
the accelerometer can b» traced through in 
amplifier to a tme recorder, where the sig- 
nal is stored cm a magnetic-tape loop. This 
signal is played back to each tuned circuit 
of a shock response analyzer, their response 
being dlsplayeti on an osciUoscope and r« • 
cordtd by means of a poltrold camera. 
The accelerometer, amplifier, tape re- 
corder, oscilloscope and polaroid camera 
were all readily available.   It remained 
for Boeing to develop the analyzer. 

POLOROIO 

TAPE 

RECORDER 

i-«wtii» 

SHOCK 

RE8P0M6E 
AMALYZE» 

("h AMPLIFIER 

ACCELEROMETER 

iäClLLÜ üüurE 

Fig. 1 - The shock analysis system 
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THE SHOCK RESPONSE ANALYZER 

The analyzer 1B essentially a device that 
will respond io the electrical voltage signals 
from the tape recorder as a simple sprlng- 
mass system would respond io the original 
shock pulse; In other wer 1B, *n electrical 
analogy of a Reed Gage. 

Electro-Mechanical Antilogy 

The mechanical system to be duplicated 
electrically is similar to the system illus- 
trated in Fig. 2a. A simple spring-mass 
system (k) and (M,) represents a »pecliaen 
component with natural frequency u ■ JV/H1 . 
This specimen is attached to a shock t&ble 
(Mj) of such mass that the ratio MJ/UJ is 
quite small. Thin small ratio minimizes the 
effect of the spring force (Fk) on the accel- 
eration of the table under an applied force 
(F.). 

The following electromechanical anaicgy 
can be made: 

Mechanical 

Force (pound) F 
Mass (lb secVin.) M 
Compliance (in./lb) IA 

Electrical 

Voltage (volt) e 
Inductance (henry) L 
Capacitance (farad) c 

The analogous electrical circuit, therefore, 
is as shown in Fig. 2b. A small inductcncc 
(Lj) and a capacitance (c) represent a 
spring-mafia system with natural frequency 
a = Vl/LjC. The large inductance l2 repre- 
sents the shock table, and as in the mechariical 

system, the ratio L,/!^ should be small to 
minimize the effect of täe response voltage 
(ec) on the current through i   due to the 
appMed voltage (e). 

In the KioofeaKlcsl system tfcp acceleration 
of to« shock table may be approxtetsted by 
F,/MJ (neglecting the effect of M. , which can 
be done provided i^/M, Is smaU), and the 
acceleration of the test specimen is equal to 
rvMj. Similarly, it can be shown in the 
analogous electrical circuit that the accel- 
eration of the shock table is approximately a 
function of e/in. If the voltage input (e) is 
proportional to the acceleration of the shock 
table, as It is with an accelerometer output, 
it follows that the acceleration of a specimen 
component of natural frequency (OJ = v'l/LjC) 
will be a function of e.. 

The Analyzer Circuit 

Figure 3 represents the circuit diagram 
cf the shock response analyzer. The com- 
plete circuit is essentially an extension of 
the analogous circuit previously illustrated, 
and Is comprised of 20 tuned L-c circuits, 
each using the same inductances. It should 
be noted that L2 is 90 times L.. The re- 
sistance circuit, with its switch coupled to 
the L-c circuit switch, functions as a voltage 
divider for locating the position of the re- 
sponse signal on the horizontal axis of an 
oscilloscope. 

Tape Speed Up 

It is difficult to obtain a simple electrical 
circuit with » natural frequency less than 
100 cps. This problem was effectively met 
by using circuits in the frequency range of 
from 100 to 5600 cps and playing the record- 
ing of the shock pulse back at 8 times the 

"I .rn 
Fig. 2 - Analogous eloctrical and mechanical gystems 
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r<cotJ>d ap«ed. The niepooee of tbeM clr- 
eelts, therefore, is e^airalent to the response 
td ctrcelts with nstan J freqaencies from ll.E 
to 700 cps to the orlgi i; 1 shock poise.

Ii toe elsetrlenl eb«tlt, ss m sny real 
■wehsnlcsl sprtiic-BU« system, there Is a 
certain amount of reslstuce or damping.
The mechanical systeia called out in the test 
specification ir. theoretical, however, with 
no damping. It is ther»t>re desirahie to keep 
the resistance ic th? electrical circuit as low 
asposoible. The prob e n faced In the use of 
an L-c clrrult, le that tfce coils necessary to 
produce inductance will tlso cre.de resist- 
nnee. It can be shown that the in
the circ'itt ie a functtoii >itf iam Urm 
e ^ (>'LiiV(3Li). ft la arinatasaoua, the£'e> 
for^, to obtain an Inducirnee with a vaLne of 
'Li/3Li aa low as possttle. A value of 
8wMB haa proven to be atdistactory.
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