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ERRATUM 

The following correciions should be made in the text of the paper "The Critical 
Damping Calculator and a Comparison ci Selected Structural Damping Evaluation 
Systems." by B. E. Douglas as printed in Shock and Vibration Bulletin 38, Part 3, 
November 1968. 

Page 89. top of second column, the equation should read: 

Mx - Cx - Kx     Fc'  • 

Page SO. Eq. (21 should read: 

2 
A, 

Page 91. Eq. (3) should read: 

<.2 u       ^    , T»   i 

Eq. (4} should read: 
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SHOCK 

AN EXPERIMENTAL APPROACH TO 

UNDERSTANDING SHOCK RESPONSE 

Merval W. Oleson 
Naval Research Laboratory 

Washington, D.C. 

Those with experience wiU probably agree that attempts Jo interpret 
most measured shock response data in a meaningful fashion—that is, 
to develop understanding "-are always difficult and frequently futile. 
Many careiully planned measurement programs have produced ambig- 
uous, obscure, and nonrelevant final reports.  Indeed, recognition of 
such limited results has precluded measurement attempts In many 
other programs. 

It is the author a co.'en'aon in this paper that our problems stem from 
attempts to interpret tha measured response data in terms of the pri- 
mary parameter of rup-.-./enent —usually acceleration or velocity — 
whereas the parame»'— - i... I-CSKHIV related to the actual structure is 
that of differential displacen ■ . ros^ structural elements. In addi- 
tion to numerous illusiraticr^» L« ; ^c.sss.fulmeasurement program, 
various arguments are offered to ju^ ;fv' t»;- contention. 

In practice, differential displacement is net altVAys feasible as a direct 
measurement, particularly across those structural jlcn-^s which ar^ 
very stiff.  In such cases displacement information can be nie:    -' — 
the basis of differential velocities, and sometimes even on the basis of 
acceleration. However, it is important to keep in mind that the ap- 
proach to interpretation sail proceeds from the differential displars- 
rnent parameter rather than from the inertially measured velocity or 
acceleration parameters.  Such a conceptual distinction may sound 
overly fine, but nevertheless has real significance to the mental frame- 
work on which interpretive understanding is developed. 

Among factors which determine the poten- 
tial combat superiority of a Naval ship is its 
ability to sustain the effects of an enemies 
weapons with its own maneuverability and of- 
fensive capability unimpaired.  For this reason, 
equipments destined for use aboard ships of the 
United States Navy are required to meet mini- 
mum standards of "shock hardness," standards 
which are intended to ensure that vital equip- 
ment and the ship itself will survive the effects 
of severe underwater shock due to a mine or 
other near-miss explosion.   For items below 
about 60,000 pounds weight, acceptance stand- 
ards are based on one of several shock test 
procedures spelled out in MIL-S-901C [l]. 
Heavier items are presently qualified on the 
basis of calculation, although it is probable that 

larger test machines, capable of accommodat- 
ing equipments of up to 160 tons, will be avail- 
able in the foreseeable future. 

In most cases, the ability or inability of an 
equipment to perform Us designed function 
after being subjected to a stipulated series of 
mechanical shocks is prima facie evidence for 
acceptance or rejection.   As applied to me- 
chanically simple structures, there seems 
little reason to dispute such a criterion.   How- 
ever, when the engineering and economic in- 
vestment is substantial, it is usual for techni- 
cally concerned participants to require 
instrumentation on the equipment undergoing 
qualification test, with a view towards obtaining 
more information than that produced by the 



blind legaltsm of a uio no-i;o lesult.   Unfortu- 
nate'y, e.\i)erience suggests that the inclusion 
of suth Instrumentation is—by itself— no 
guarantee of information. 

h\ this connection, one might pose the 
question —"for what specific purpose are 
measuring instruments installed during the 
shock test of shipboard equipment?"  At the 
conceptual leve) the question is not dirficult to 
answer — "to gain an understanding of the 
structural behavior under shock on the basis of 
measured data" — for it is from such an under- 
standing that one can identify and correct defi- 
ciencies, develop guidelines for future design, 
and generally improve the shock survival po- 
tential of the equipment and of the ship which 
depends upon it.  It is a; the implementing level, 
where the easy words nnut be replaced by 
equipment, techniques, and results—by trans- 
ducers and that form of cryptoanaiysis peculiar 
to interpreting shock records, that "understand- 
ing on the basis of measured data" becomes 
formidable.  So formidable in fact that we have 
learned methods of evasion; don't install instru- 
mentation, thereby avoiding an embarrassing 
problem In interpretation —report oscillo- 
graphic results as "raw Hata" and let somebody 
else worry about interpretation — or report ex- 
tensive tabulations of the establishment param- 
eters (peak g, peak velocities, frequencies, 
etc.) with the implication that any competent 
reader will understand their significance. The 
familiarity of these stratagems is itself a 
measure of the difficulty of the problem. 

Some years ago, attempts to understand 
structural behavior on the basis of experimen- 
tal measurements led more-or-less accidently 
to a new approach, one that was conditioned 
largely by concurrent instrumentation develop- 
ments [Z], More recently, this approach has 
developed Into what appears as a significantly 
improved method for the interpretation of such 
measurements, and it Is this result which will 
be presented here.  Since the Interpretive tech- 
nique evolved largely as a result of instrumen- 
tation developments, it will be necessary to 
treat some characteristics of this instrumenta- 
tion.  However, rather than trace the evolution- 
ary association, a qualitative rationale for the 
technique will be suggested on the basis of the 
objective of shock response measurement. 

UNDERSTANDING OF STRUCTURAL 
BEHAVIOR 

The proposition can be simply stated — the 
most understandable format for measured data 
is that in which dimensional change across 

elements of the structure under test is pre- 
sented in a time domain. 

Recall the assertion of a measurement ob- 
jective stated above — "to gain an understanding 
of the structural behavior under shock on the 
basis of measured data." One may reasonably 
ask what there Is about structural behavior that 
can be understood — what parameters can con- 
tribute significantly to our Insight Into the per- 
formance of an equipment under shock loading ? 
While this question Is not necessarily suscepti- 
ble to a universally satisfactory answer, one 
possibility Is to view the equipment behavior In 
terms of a failure criteria.  The equipment 
should perform its designed function In the 
shock environment without malfunction or 
breakage. Now malfunction or breakage are 
usually related to dimensional change ~ defor- 
mations sufficient to cause rupture or misalign- 
ment of critical parts. These deformations may 
be moderately large In the case of soft Umber 
structures, or may be very small In the case of 
stiff structures. They may be linear In the 
case of loads below the elastic limit, or may be 
nonlinear in the case of loads above the elastic 
limit, sliding joints, mechanical stops, etc. In 
any event, the deformation of elements of the 
structure is one link associating the incident 
shock and the er'iipment performance. 

Actually, the equipment designer must 
have given some thought (no matter how cur- 
sory) to structural deformation before fabrica- 
tion, and to the extent that actual loads and 
deformations are distributed throughout the 
structure In accordance with his assumptions, 
satisfactory performance should be assured. 
The fact that actual performance Is sometimes 
unsatisfactory, stems largely from the difficulty 
of accurately predicting the distribution of 
loads in real structures which tend to be me- 
chanically complex.  Excessive deformation or 
rupture of parts of the structure are evidence 
that the designers assumptions or simplifica- 
tions were incorrect.  Experimental measure- 
ments which Identify or anticipate such exces- 
sive deformations of structural elements are 
clearly of key Importance in understanding 
structural behavior. 

Consider for a moment the dynamic 
structural-analysis problem which parallels 
the problem of Interpreting experimental data. 
In current practice, a complicated structure Is, 
after a series of simplifying assumptions, de- 
composed Into a mathematical model (the nor- 
mal mode model) which consists of a group of 
uncoupled linear oscillators.  Each mathemati- 
cal oscillator is the analog of a single-degree- 
of-freedom (sdof) mechanical system.  The 



mass element of each sdof system is now math- 
ematically driven at a specified "shock design 
value" having the dimensions of acceleration, 
and the coupled (but still simplified) model of 
the original structure is recomposed.   Pre- 
dicted loads on elements of this model are cal- 
culated on the basis of properly combined nor- 
mal mode responses [3].  Hidden in this 
analytical procedure is the fact that the shock 
design values actually derive from dimensional 
change across the spring elements of a set of 
synthetic sdof systems, the dimensional 
changes having been scaled by a radial fre- 
quency multiplier to produce design values with 
the dimensions of acceleration [4j.  Similarly, 
the combined responses associated with the re- 
composed model relate directly to deformations 
between the foundation or input point of the 
model, and various points on the model [5].  It 
is worth emphasizing.  The analysts stress 
calculations derive directly from predicted 
dimensional changes across elements or be- 
tween points of the model, and not from the 
calculated motion response at any one point on 
the model. 

Thus, though not superficially obvious, the 
methods of structural analysis have anticipated 
the experimental technique proposed above. 

But there is a significant difference be- 
tween the analytical problem and the experi- 
mental problem; where the analyst is usually 
forced into making simplifying assumptions for 
the purposes of modeling a complex structure, 
the experimental problem is one in which there 
is no choice but to deal with the real complex 
structure. Where the analyst has the uncom- 
fortable problem of deciding, before-the-fact, 
the critical structural elements which his 
model must incorporate, the experimentalist 
has the problem of separating, after-the-fact, 
the meaningful content of his measured data 
from the insignificant.  This is the problem 
which separates men from the machines of data 
processing. Judgement, Intuition, interpreta- 
tion, insight — however one addresses the human 
faculty which translates measured data into a 
usable understanding of structural behavior, 
this faculty can be aided by processing of the 
data from one format to others but cannot be 
supplanted by such processing. Recognizing 
this limitation, we look for that format which 
can most easily be associated with structural 
detail, and once again identify bending, stretch- 
ing, internal collision — that is dimensional 
change across structural elements — as such a 
format. 

At this point it may be appropriate to at- 
tach a more specific meaning to the phrase — 
"understanding of structural behavior" — a 

phrase which has so far been loosely employed 
to suggest some type of useful insight.  As em- 
ployed in this paper, "understanding" relates 
individually and collectively to salient mechani- 
cal response characteristics of a particular 
structure under shock, and implies achieving a 
sufficif m grasp of the nature of each such 
characteristic to explain cause and effect.  The 
implicit assumption is that useful insight can 
be bulk by steps, each step corresponding to 
the explanation of behavior attributable to some 
element or subelement of the total structure. 

Understanding may take the form of experi- 
mental confirmation oi design predictions, or it 
may oe an empiricism constructed to fit the 
observational evidence,  hi the first case the 
cause and effect explanation stems from the 
designers equations, and in the second case it 
must be generated by the experimentalists 
imagination.   However, observe that the prob- 
lem of interpreting experimental data is com- 
mon to both cases. 

While understanding in the above sense is 
unique to a particular structure, the methods by 
which understanding is evolved need not be.  In 
the experimental context these methods involve 
a mental exercise; one in which all of the avail- 
able facts — design predictions, drawings, 
physical observations of the structure, and 
measured data in all practical formats — are 
considered in a series of associative frame- 
works until a tenable cause and effect explana- 
tion appears.  It is the theme of this p?per that 
the associative interpretation is most obvious 
to the imagination if measured data is available 
in a relative displacement format 

PRACTICAL ASPECTS OF 
MEASUREMENT 

If the reader recognizes more than soph- 
istry in the above arguments, he may also 
recognize that the implementation problem in 
"understanding" has been shifted from one in 
data interpretation to one in instrumentation. 
It is here that the instrumentation developments 
at the Naval Research Laboratory must catch 
up with the argument.  The sequence went 
somewhat as follows: 

• For a particular shock test, accelerom- 
eter transducers were applied to a structure 
too flimsy to accommodate the more commonly 
employed velocity transducers. 

• The accelerometer signal was elec- 
tronically filtered to remove high frequency 
mechanical signals. 



• The filter was exchanged for an elec- 
tronic integrator, which not only served to re- 
move high frequency signal components, but 
also produced a record in ihe more "under- 
standable" velocity p.uameter. 

• Improvements in the electronic integrat- 
ing equipment allowed cascaded integration 
which produced not only a velocity record, but 
also an inertial displacement record [6,7!. 

• Inertial displacement records from two 
or more gages were electronically combined to 
produce records of bending, stretching, colli- 
sion, etc. [8j. 

There is no intention to minimize the time 
(a decade) or effort spanned by the above evo- 
lution, but instrumentation development is not 
the theme of this paper.  Nor is it intended to 
suggest that the instrumentation, at its current 
state of development, is completely satisfac- 
tory — only that it has been employed to consid- 
erable advantage in some measurement pro- 
grams, and to less, but still useful advantage in 
others.   Further comment regarding limitations 
of the Instrumentation will appear in succeeding 
sections. 

With this instrumentation system, dimen- 
sional change is obtained as the second integral 
of an algebraic combination of measured accel- 
erations taken at points on the structure. The 
number of ways in which dimensional change 
can be experimentally defined (degrees of free- 
dom) is determined by the number of feasible 
combinations.  For example, consider a simple 
beam instrumented with four gages whose sen- 
sitive axes are perpendicular to the beam length 
and which are positioned at intervals along the 
length of the beam.  Any one gage can define 
only inertial translation at its attachment point. 
Using any combination of two gages, both beam 
translation and beam rotation can be defined. 
With three gages in combination, deflection of a 
point on the beam relative to a line between two 
other points can be defined by eliminating both 
translational and rotational components in the 
resulting record, a presentation which can 
identify the first bending mode of the beam. If 
all four gages are used in the proper combina- 
tion, the lowest bending mode can also be elimi- 
nated, thus allowing potential identification of 
bending in the second and higher modes.  As 
another example, consider an open rectangular 
frame structure.  Shearing deformation (into a 
parallelogram shape) of the frame can be meas- 
ured as the differential rotation of adjacent 
frame elements, where the rotation of each 
element is obtained from a pair of gages 

perpendicular to th3 element and spaced along 
its length. 

It is not difficult to recognize that consid- 
erations of accuracy impose a limit on the gage 
combinations which are of practical value.  In 
any subtractive process, small percentage in- 
accuracies in the subtrahend and the minuend 
tend to result in a much larger percentage in- 
accuracy in the difference. Thus the require- 
ment on absolute accuracy of independent motion 
measurements must be quite stringent if ac- 
ceptable accuracy is to be maintained in their 
differential.  Some of the sources of inaccuracy 
in the practical system are obvious and others 
are a bit subtle. To list the main ones: 

• Transducer calibration accuracy. 

• Noniinearity in the transducer or in the 
electronics. 

• Zero stability of the transducer and the 
electronics.  (Instability causes an apparent 
shift in inertia! reference.) 

• Cross axis sensitivity of the transducer. 

• Angular misalignment of transducers 
whose signals are to be combined. 

• Cantilever flexibility of the transducer 
on its attachment point.  (This important source 
of error is particularly subtle.  Synchronous 
rotational oscillation of the sensitive axis of 
the transducer produces rectification of a com- 
ponent of the cross axis drive.) 

• Calibration accuracy of the cascaded 
integrators. 

• Integration interval for which the inte- 
grators can maintain a stable inertial reference. 

• Accuracy with which separate signals 
can be reduced to a common scale factor and 
electronically combined. 

While the accuracy problem is a formidable 
one, experience has shown that it is manageable. 

If the difference measurement is compara- 
tively large, such as deflection across a low 
frequency shock mount, the accuracy with which 
it can be defined is potentially better than that 
where the difference is small.  Unfortunately, 
the dimensional changes associated with stiff 
elements of a structure tend to be small, and 
must necessarily, in some parts of the struc- 
ture, become too small for accurate definition. 



However, one may observe that dimensional 
change between two points or. a structure can 
be recognized from the difference in velocity 
bct'veen the same points.  Velocity, being pro- 
gressively less sensitive to the lower frequency 
components of dimensional change, is also less 
difficult to measure accurately in those regions 
of the structure where dimensional change is 
most difficult to measure. The fact that dimen- 
sional change must be inferred from relative 
velocities does complicate interpretation, but 
when vitwed in relation to the structure be- 
tween the points of measurement, can be pro- 
ductive of understanding.  Similarly, dimen- 
sional change may sometimes be detected from 
an acceleration record —for example, an inter- 
nal collision may sometimes be detected by the 
appearance of an otherwise unexplained oscil- 
latory transient in the acceleration signal. 

Acceleration, velocity, and displacement — 
all of the mechanical motion parameters appear 
to be useful for interpretation, and it might al- 
most seem that some of the steam has disap- 
peared from the original proposition.  But not 
so. In the first place, the usefulness of the 
measurements is in the inverse order — dis- 
placement, velocity, and lastly acceleration.  In 
the second place, displacement and velocity 
records are employed for defining differential 
motions rather than inerlial motion at a single 
point. (One may note that the differential ac- 
celeration parameter is seldom useful, since 
the nodes of the very high structural frequen- 
cies, emphasized in the acceleration parameter, 
tend to be so physically close that a prohibitive 
number of gages would be necessary for rea- 
sonable definition.) A distinction between the 
usefulness of parameters, based primarily on 
the sequence in which they are considered, may 
sound overdrawn. Nevertheless, this distinction 
has real significance to the mental framework 
on which interpretive understanding is devel- 
oped. 

In the opinion of the author, the preceding 
paragraph identifies an important point relative 
to contemporary difficulties in the interpreta- 
tion of measured shock data.  The structural 
response parameter commonly measured in 
much current shock work — acceleration — is 
also the least productive of understanding. 
Since the primary measured parameter is the 
most obvious for subsequent study, but also the 
most difficult to relate to structural behavior, 
perhaps we can point to one reason as to why 
many experimental shock studies have been of 
limited value. 

ILLUSTRATIONS OF THE INTER- 
PRETIVE METHOD 

To illustrate the experimental approach, 
selected segments from a set of records ob- 
tained during a recently completed series of 
shock evaluation tests have been chosen.  From 
these segments—reproduced here from actual 
field transcriptions — plus an abbreviated de- 
scription of the physical structures involved 
and of the instrumentation employed, interpre- 
tations made during the field operations will be 
sketched.  In spite of the limited scope, it is 
hoped that the reader will sense a growing in- 
sight into the structural behavior such as the 
test crew acquired during the program. 

Physical Configuration 

The evaluation tests were aimed at estab- 
lishing satisfactory shock miiigating perform- 
ance of three versions of a surface-to-air 
missile stowage system.  Stowed missiles, 
gi ipped at two support planes by rubber faced 
handling bands, were installed in a matrix 
framework each column of which was supported 
from the deck on two rubber shock isolating 
mounts (Fig. 1).  In addition to the vertical 
mounts, athwartship shock isolating mounts 
were attached between the outboard vertical 
members of the stowage framework and the 
ships bulkhead to prevent toppling instability 
when only one or two matrix columns were oc- 
cupied by stowed missiles.  Members of the 
framework were held together by athwartship 
tensioning bolts, vertical clamping screws, and 
pinned joints, such that on-loading and off- 
loading of the stowed missiles could be effi- 
ciently accomplished.  The design intent was 
that the missile/framework assembly behave 
as a rigid mass load atop the comparatively 
soft rubber mounts. 

For purposes of performance evaluation, a 
partially completed matrix of each version of 
the stowage system, loaded with a mix of inert 
missiles, dynamically simulated missile shapes, 
or inert booster motors as appropriate, was at- 
tached to a section of simulated ships deck, and 
installed in the Floating Shock Platform (FSP) 
of MIL-S-901C (Fig. 2).  Explosive charges 
were detonated in the water at various standoff 
distances from the FSP to provide a controlled 
shock input. 

Scheduling of the series was arranged to 
provide at least one full day between successive 
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Fig. i - In this schematic drawing, a "cradle type" shock-mitigating missile 
stowagf assembly is 8howr ;n. •rtlled in a floating Shock Plat'orm (FSP). Each 
vertical column of inis^iK- ,. the matrix is supported on two rubber shock 
mounts. To simulate the '. .siamic characteristics of a shipboard installation, a 
section of ships deck is v., Med to the FSP along the port edge, and supported on 
pedestals at the two starbaard corner*. 

shocks, fo*' the purposes of reducing instru- 
mental data, correcting instrumentation defi- 
ciencies, and making such modifications to the 
structure as were indicated and feasible. 

Instrumentation 

Time-history records from 64 to 67 chan- 
nels of instrumentation were obtained during 16 
separate shock tests.  Some 85% of the gages 
were bridge type (strain gage or piezoresistive) 
accelerometers, installed at various positions 
on the FSP, the simulated decking, the stowage 
framework, and the stowed missiles. It was 
from these accelerometers that most of the 
useful data were obtained. Signals from ±2500 g 
accelerometers, attached at severe shock points 
on the FSP and on the simulated decking, were 
integrated once prior to recording on magnetic 
tape and integrated a second time on reproduc- 
tion to produce simultaneous transcriptions of 
velocity and displacement.  Signals from ±25 g 
to ±100 g accelerometers, attached at points on 
the mitigated assembly, were recorded directly 
and subsequently double integrated on reproduc- 
tion to produce simultaneous transcriptions of 
acceleration, velocity, and displacement. 
Following the preliminary scaling, reading, and 

inspection of each of these two or three param- 
eter transcriptions, signals from selected gage 
combinations were electronically combined in a 
weighted adder/subtracter to produce differen- 
tial displacement records of bending, stretch- 
ing, etc. (Fig. 3). 

Three features of the instrumentation sys- 
tem were of particular importance to the way 
in which measured data were processed and in- 
terpreted: 

•  In a practical circuit, electronic compo- 
nent stability and noise impose a limit on the 
period over which signal integration is feasible. 
For this reason, the integrators of the instru- 
mentation system included a second-order low 
frequency cutoff, which caused a systematic 
drift of the apparent reference point in inertial 
space, from which the transient motion was 
initiated. A correction for the drift is calcula- 
ble but was infrequently performed since the 
errors were small for short time intervals and 
could usually be discounted in reading the rec- 
ords for longer intervals [9]. However, the 
rate of error accumulation was higher for the 
prerecording integration (integrator period of 
1.6 seconds) than for postintegration (integrator 
period of 4 seconds), a complication dictated by 



Fig. 2 - A typical assembly of two inert opf-rational missiles and seven 
dynamically simulated missile mockups in a 3 by 3 marix is pictured. 
Components of the stowage system are pinned and clamf.ed to provide a 
rigid structure, but one which can be quickly assembled or disassembled. 
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r'i%. 3 - Shock input and response motions were measured (A-, with acceleronneter transducers, 
recorded (B* on magnetic tape, and reproduced (C) through electronic equipment which pro- 
duced transcriptions of either inertial or differential acceleration, velocity, and displacement 
oarameU rs. Additional copies of properly scaled transcriptions were available to participants 
within a few hours after each test. Items identified by an asterisk were developed particularly 
for this shock measuring system. 

the greater dynamic signal ranges produced by 
those gages installed at severe shock locations. 
Consequently, any comparison between uncor- 
rected deck motion records and the stowage 
system records required that the systematic 
error be discounted. 

9   Various factors such as electronic 
noise, minor electrical or mechanical overload, 
slight angular misalignment of the transducer, 
and calibration inaccuracies, sometimes pro- 
duced nonsystematic drifts in the inertia] ref- 
erence of the combined records.  Such drifts 
could occur both before and after initiation of 
transient motion. The problem can be put into 
perspective by noting that, in the presence of 
peak accelerations of up to 100 g on the miti- 
gated structure and several thousand g at the 
more severe deck locations, an equivalerit ac- 
celeration error of 0.2 g In the combined sig- 
nals could produce as much as 3.5 inches error 
in the inertial reference point at the end of 
300 milliseconds. In practice, the resultant 

errors were generally less than this, and could 
usually be discounted by proper Interpretation. 

•  Characteristically, the initial transcrip- 
tion, scaling, and reading of the instrumental 
records from any one test was completed within 
six to seven hours. The efficiency with which 
these more routine phases of processing could 
be accomplished, allowed interpretive study of 
the records to proceed concurrently with the 
test operations. In turn, immediate physical 
accessibility of the test structure and the op- 
portunity to introduce instrumentation changes 
during succeeding tests were important aids to 
interpretation. 

Motions in the Vertical Direction 
and Mount Characteristics 

When excited by an underwater shock, the 
FSP responds with vertical athwartship, and 
roll motions. In the records of Figs. 4 and 5, 
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Fig. 4 - Average vertical translation of the deck under the stow- 
age system. Because of the comparatively severe shock environ- 
ment, signals from the acceleration transducers on the deck were 
integrated once prior to recording, and were subsequently repro- 
duced as time-records of velocity and displacement. The dotted 
line shows the effect of a calculated first-order correction which 
accounts for the low frequency characteristics of the first inte- 
grator circuitry. 
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Fig. 5 - Average vertical translation of the initiating stowage 
system. Acceleration signals from gages located on the stowage 
assembly were recorded directly, allowing reproduction in a 
three-parameter format. 



coupled roll motkms have been eUmtnated by 
summing the response erf four spatially dutrib- 
uted gages to show only the averaged vertical 
input and response motions through the geomet- 
rical center of the stowage system. This type 
of presentation provided a comparison between 
the experimental data and an analytical model 
of the system which predicted uncoupled modal 
responses in various rotational and transla- 
tional axes.  By comparing the two records, it 
is immediately clear that the very vigorous 
30 cps deck oscillation of Fig. 4 has been effec- 
tively isolated from the stowage assembly as 
shown by the records of Fig. 5. 

Diaphragming of the simulated ships deck- 
ing in its 30 cps mode is shown In more detail 
by the records of Fig. 6. Relative to a plane 
through the corners of the deck, a point near 
one of the rubber mounts is seen to have an 
initial peak downward deflection of 1-1/2 inches, 
followed by a lightly damped decaying oscilla- 
tion. A revised inertial reference baseline has 
been drawn on the displacement trace of this 
record to discount the physically unrealizable 
drift otherwise indicated. 

Axial deflection of a rubber shock mount 
was obtained by subtracting measured inertial 
moti n at the deck attachment point from that 
at the stowage attachment point. In Fig. 7, this 
deflection has been plotted against measured 
acceleration at the top of the mount to confirm 
proper performance of these vitally important 
elements or the stowage system. By estimating 

the portioo of total system load supported on 
each mount, the measured acceleratioa- 
deflection characteristic could be «wmted to 
a force-deflectian curve and compared with the 
design value for dynamic stiffness of the i 
As shown on the figure, the measure 
was slightly nonlinear, and, on the average «as 
somewhat less than that employed for design 
purposes. 

Bending oC a Stowed Missile and a 
Handling Band Problem 

Because of the fact that the center of grav- 
ity of each stowed missile was quite close to its 
forward support plane, the airframe acted as a 
cantilever beam to support much of the weight. 
In Fig. 8, records from three gages along the 
length of one missile were combined to show 
vertical bending of the cantilevered forward end 
off a line through fhe two support planes. Of 
particular Interest in this record Is the absence 
of any sustained modal oscillation. Indicating 
either a lack of significant drive at the modal 
frequency or Ugh Internal damping In the mis- 
sile structure. 

ID attempting to understand certain features 
of the missile bending record, such as the two 
cycles of Increased ampHturie oscUlatton which 
appear about 60 milliseconds alter the initial 
input (Fig. 8), an otherwise unrecognised prob- 
lem In handling band tolerance was uncovered. 
The records of Fig. 9 were obtained from two 

TIME (SEC) 

Fig. 6 - Bending of the deck surface in a diaphragm mode oc- 
curred at a frequency slightly above 30 cps, as shown by this 
record of differential transl.ition near the center relative to port 
and starboard corners. An unrealistic drift in the differential 
displacement trace is a characteristic result of nonlinear over- 
load in one of the accelerometers or its associated electronics. 
In many instances such drifts may be partially compensated by 
estimating a revised inertial reference baseline based on physi- 
cal possibilities for structural deformation. 
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Fig. 7 - Dynamic response characteristics of a rub- 
ber shock mount were obtained from two gages, one 
located ft the deck attachment and another at the 
stowage system attachment. Data points shown on 
this plot were taken at 10 millisecond intervals. 

-* *. 

Fig. 8 - Three vertical gages positioned along the axis of one 
of the stowed missiles were algebraically combined to produce 
this record which shows bending of the cantilevered nose off a 
line through the two support points. At 200 milliseconds, an 
inertial vertical translation of the entire missile of about 15 
inches has been almost entirely suppressed to emphasize the 
much smaller bending deflection. 
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Fig. 9 - Undesirable collisions between a 
missile and its poorly fitted handling band 
were initially detected as a difference in 
the velocity-time traces across the handling 
band. The difference in velocity trace detail 
on the missile (A) and on the stowage system 
below the handling band (B) necessarily im- 
plies differential motion. The waveshape of 
the missile velocity trace suggests collision«. 

gages, one on the missile near its after support 
plane and the other on the stowage framework 
adjacent to the after handling band. Careful 
comparison of the velocity traces indicated not 
only that difterential motion was present, but 
also suggested that impulsive energy was being 
transferred between the missile and the stow- 
age framework. On succeeding inspection of 
the structure, it was established that the lower 
support surfaces of some of the handling bands 
were not in contact with the missile periphery 
(Fig. 10).  Under shock loading, the rubber fac- 
ing on the side support surfaces deformed in 
shear, allowing subsequent collisions between 
the missile airframe and the bottom support 
surfaces. 

BOTTOM 
SUPPORT 
SEGMENT I 

Fig. 10 - Structural behavior, hypothesised 
from the records of Fiji. 9. was confirmed 
by physical inspection. Bottom support 
segments of some of the handling bands 
made no contact with the missile periphery 
under quiescent conditions. 

sets of either vertical or athwartship gages; 
the booster stowage system roll record of Fig. 
11 was obtained from four vertical gages lo- 
cated above the shock mounts. Similarly, roll 
records for one of the stowed boosters, obtained 
from two athwartship gages on the booster diam- 
eter, are shown in Fig. 12. Comparison of the 
traces of these two figures, and particularly the 
velocity traces, again indicates differential 
motion, in this case, a lightly damped 29 cps 
rotational mode of the booster on Its rubber 
faced handling bands was being excited. Con- 
firmation of this instrumental evidence was 
obtained by observing crack lines in a layer of 
paint applied at the juncture between the booster 
case and its handling band (Fig. 13). The 
mechanism by which the rolling mode was ex- 
cited was never clearly delineated, though evi- 
dence suggested that it originated with the 
vigorous flexing of the deck at 30 cps, and was 
coupled into the stowage system via the simu- 
lated bulkhead pedestals and the athwartship 
stabilizing mounts. 

Oscillatory Roll of a Booster Motor 
in its Handling Bands 

Rotational response of the assembled stow- 
age system occurred about an axis in the fore 
and aft direction. Measured roll records de- 
fining this motion were obtained by combining 

Bending of Vertical Frame Members 
and Athwartship Tensioning Integrity 

Two important considerations during de- 
sign of the stowage system had involved possi- 
ble effects of athwartship loading on the cross 
sectional rigidity of the stowage framework; 
one related to bending and shearing deformation 
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Fig. 11 - Averaged roll motion of the booster stowage system 
about an axis in the fore-and-aft direction was obtained by an 
algebraic combination of four vertically oriented pap.^-s above 
the shock mounts 

Fig. 12 - Though the system design assumed rigid restraint of 
the stowed boosters, measurements established that an oscil- 
latory rotational motion of the booster within its rubber faced 
handling bands actually occurred. This differential motion is 
evidenced by comparing the angular velocity of a booster shown 
here with the angular velocity of the stowage system framework 
as shown in the preceding figure. 
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Fig. 13 - Cracks in a paint film at the 
junction between the booster case and 
its handling band surface tend to con- 
firm the behavior as hypothesized from 
instrumental data 

Excessive Clearaace In a 
Pinned Joint 

All of the rigid body modes at the stowage 
systems were designed to be below about 8 cps, 
such that the stowed missiles would be substan- 
tially isolated from any input components of 
higher frequency. However, early in the test 
series, high frequency acceleration components 
observed by athwartship gages attached to the 
missiles, were cause for concern because of 
their associated high g levels. Even higher 
athwartship levels were o>:*»rved on the stow- 
age framework itself. The socrce of this prob- 
lem was identified by studying selected athwart- 
ship records at comparatively late times after 
shock incidence. In the traces of Fig. 15, note 
that the transient bursts in the acceleration 
trace coincide with lower frequency maxima 
and minima in the velocity trace. A physical 
interpretation of this evidence suggested inter- 
nal collision within the pinned joints which 
coupled the athwartship stabilizer mounts to 
the system framework (Fig. 16). With each 
load reversal at these joints, the loosely fitted 
pins transferred from one side of their clear- 
ance holes to the other, thus producing an ac- 
celeration transient. As an effective temporary 
fix, shim stock was introduced into the pinned 
joints to reduce the clearance and thus the se- 
verity of the collisions. 

Ja summary, interpretations of the meas- 
ured data have led to: 

of the verticals, and the other related to the 
clamping tension required in long assembly 
bolts to maintain rigidity in the face of inertial 
reaction loads imposed by the stowed missiles. 

• Identification of the mechanisms of 
prominent driving motions. 

• Verification of calculated performance 
of the system on the basis of its rigid body 
modes. 

Bending records of both the port and the 
starboard vertical uprights of one stowage sys- 
tem are shown in Fig. 14. In each case, bending 
was obtained as the relative displacement of an 
athwartship gage located at the center of the 
upright off a line between two other gages lo- 
cated at the top and bottom ends. Discounting 
small baseline drifts in the traces, the indicated 
maximum bending was less than 0.1 inch on a 
56-inch vertical baseline.  Further, both the 
bending-deflection and the more sensitive 
bendlng-velocity records from the two opposite 
sides of the syLtem compare in gi-eat detail, 
thus showing that athwartship clamping integrity 
was indeed maintained. 

• Quantitative definition of the shock 
mount characteristics. 

• Delineation of shock effects on the 
stowed missiles, whose protection was the pri- 
mary purpose of system design. 

• Identification, for subsequent correction, 
of several anomolous characteristics which 
might otherwise have compromised perform- 
ance of the system. 

It tray be of some interest to speculate on how 
much of this understanding would have accrued, 
had the measured data been interpreted only in 
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Fig. 14 - These two sets of records show- 
bending of the forvrard-pon (A) and the 
forward-starboard (B) vertical members 
of the stowage framework as the motion of 
the center of each member off a line be- 
tween its ends. The similarity in velocity 
trace detail across the 65-inch width of the 
system confirmed proper performance of 
athwartship tensioning bolts. 
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Fig. 15 - The source of high level high frequency athwartship 
acceleration components throughout the stowage system was 
identified from records such as this. The isolated bursts of 
transient acceleration, coinciding with lower frequency velocity 
maxima, were clearly related to a change in the direction of 
athwartship restraining forces on the entire system. 
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Fig. lb - Dominaut athwartship restraint on 
the »towage system was established by these 
"stabilizer" mounts. Excessive clearance 
in the pinned joints between the mounts and 
the system upright resulted in vigorous rat- 
tling and the consequent introduction of un- 
desirably high acceleration peaks. 

terms of the peak values, prominent frequen- 
cies, and time-history records of measured 
accelerations such as those shown in Fig. 9. 

One might be struck by the similarity of 
the foregoing illustrations to an actual test re- 
port on the stowage system, rather than the 
generalities usually associated with descrip- 
tions of a method. Indeed, the illustrations 
have been rather directly abstracted from a 
test report [10]. In this connection, two points 
made earlier may be reemphasized: 

•  While the details of such understanding 
as has been developed are uniquely related to 
the particular test structure, the methods 

employed to gain this understanding are appli- 
cable to other structures as well. 

•  Each increment of understanding was 
the result of an imaginative conjunction of sev- 
eral bits of evidence stemming from a variety 
of sources, sources certainly not restricted to 
the dimensional change format taken as the 
theme of this paper. However, in each case, 
the mental approach from which interpretation 
grew had dimensional change, whether meas- 
ured or inferred, as its foundation. 

OTHER DATA FORMATS 

In reviewing this report in an early draft 
form, one associate of the author took some ex- 
ception to the proposition introduced near the 
beginning, which commenced "The most under- 
standable format...", etc. The objection arose, 
quite reasonably, from past experience in shock 
measurement programs in which other data 
formats had been of obvious value, an- » -on- 
sequent reaction to what appeared as an ex- 
treme claim for the dimensional change format. 
If this claim were presented in the exclusive 
sense, that is to deny the value of other data 
formats, then indeed the objection would be 
justified. But such is not the case. As a matter 
of fact, the possibility of just such a confusion 
is the major reason why several earlier para- 
graphs were devoted to defining the meaning of 
"understanding" as it applies to the experimen- 
tal shock problem. 

One may recognize several interrelated 
facets of the broader structural shock response 
problem. Insofar as each of these facets de- 
pends on a measured data input, their legitimate 
requirements for data in a particular format 
may be quite dissimilar. To develop an emplri- 
cally based understanding of the shock behavior 
of any particular structure is one such facet, 
and clearly an important one. On the other 
hand, the decomposition of time-history records 
into shock spectra is a necessary format in 
connection with current design analysis meth- 
ods; the tabulation of peak values, sometimes 
within specified frequency bands, may be an 
important format for comparison with limiting 
criteria based on such values; and the definition 
of relative shock inputs to somewhat dissimilar 
structural targets may be most conveniently 
based on an inertial value read from one of the 
measured motion parameters.  Further, any- 
one, or all of these formats may actually be of 
considerable value in connection with the prob- 
lem addressed by this paper. 
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Yet, of the conventional data formats, all 
having been regularly employed for several 
years, none has lent itself so readily to inter- 
pretatton in terms of structural response char- 
acteristics as that proposed here, ft is for this 
reason that the di>rensional change format has 
been called "The most understandable." 

scientific contributions of an experimental tech- 
nology, until today's inheritors are of sufficiently 
equal prestige to make such a contest possible. 

Unfortunately, this game, if such it is, tends 
to obscure and compromise both the Individual 
and the cooperative contributions of thr con- 
testants. 

ANALYSIS VS EXPERIMENT 

Having taken the opportunity of a partial 
departure from the technical theme to answer 
one anticipated objection, there remains an 
addiUonai topic of a somewhat similar nature 
which can be addressed in contusion. 

As an experimentally oriented researcher, 
the author has frequently been exposed to the 
charge that instrumentation of a structure which 
has not been the subject of prior analysis is an 
expensive exercise in futility. A countercharge 
is that most tested structures are not actually 
subjected to analytical study; if they are, the 
multitude of assumptions tend to divorce the 
analysis from reality, and that, in any event, 
failure to exploit an expensive shock test for 
what empirical information it can produce is 
also uneconomical. While both of these conten- 
tions may have some justification, one suspects 
that they are more than likely the ritualistic 
ploys of a game played by individuals with a 
vested interest in either analysis or in experi- 
ment. With only a little imagination, one can 
assume that the analysts and the experimental- 
ists chose up sides in the middle ages as phi- 
losophers on the one hand, and craftsmen on the 
other. Over the years, the initial status gap 
has been closed by both the commercial and the 

In an article titled "The Unity of Science- 
Technology," M. Kranzberg, Professor of His- 
tory at Case Institute of Technology, repeatedly 
emphi sizes the notion that ".    two or more 
good men, particularly if they have different 
background«, are more creative in problem- 
solving than one good man by himself; ..." [11]. 
Reason verifies this statement,  tn the present 
context, a cooperative interplay between accu- 
rate structural analysis and meaningful experi- 
mental understanding must certainly be of mu- 
tual benefit. Yet, if the key adjectives "accurate" 
and "meaningful" of the preceding sentence do 
indeed apply, then one must also recognize the 
fact that both analysis and experiment are ca- 
pable of independent contributior. 

The goal of this paper has been to put more 
"meaning" in the term "meaningful understand- 
ing" as it applies to experimental shock meas- 
urement, thus improving both its individual and 
its cooperative stature. 

To quote once more from Professor Kranz- 
berg's article, "... for to a considerable degree 
modern science is measurement and the analy- 
sis of such measurement, and there are many 
fields of science whose progress — if not their 
very existence — is owing to the development of 
instrumentation." 
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DISCUSSION 

Mr. tfcabert (Pennsylvania State Univ.); 
Since you were talking acout bending deforma- 
llons, why have you not included the bending 
strain as one of the primary quantities to mea- 
sure? People use acceleration to predict rel- 
ative displacement and then strain.  It would 
seem that, in a lot of measurement situations, 
it would help the analyst to know what the mea- 
sured strain is. 

Mr. Olesoa:  Are you talking about a 
strain of the kind you would measure with a 
strain gage?  (Yes.) This is a logical ques- 
tion to ask in view of the theme of this paper. 
However, the problem with using a strain 
gage in this approach, is that the strain gage 
measurement is meaningful only at the instru- 
mented point.  With a collection of motion 
measuring gages, which are intelligently po- 
sitioned on the structure, wc can define not 
what happens at a point, but rather what hap- 
pens across various structural elements.  To 
illustrate, huw would one install a strain gage 
to identify dimensional change associated with 
the handling-band junction where rattling 
occurred?  There is no way in which a strain 
gage could be used for that purpose. 

Mr. Neubert:  But, on the other hand, it 
would seem logical to back up the bending dis- 
placement of the missiles themselves by mea- 
sured strains.  Accelerations give part of the 
picture, but it seems to me that strain gages 
would help complete the picture. 

Mr. Oleson:  I am not really sure that I 
understand your question.  I have no objection 
to using strain gages.  I think that they can 
produce very valuable information.  In the text 
of this paper I have tried to point out that one 
can and should use data in every form and of 
every type that is available.  The more one 
knows about the structure, the better are his 
chances of understanding its behavior under 
shock.  Thus, neither strain measurements 
nor inertial acceleration measurements are 
actually precluded. However, of the various 
possible data formats, I do contend that the 
dimensional change format, which identifies 
stretching, bending, rattling, etc. across 
structural elements, is the single most useful 
format in any attempts to interpret structural 
behavior on the basis of experimental data. 

Mr. Neubert:  I guess my main point is 
that for analysis purposes we use accelera- 
tions to predict strains.  It would be helpful if 
more people would actually measure strains, 
so that we could determine whether tne 

predictions were correct.   It seoms thai there 
is a hesitancy to measure strain as compared 
to measuring acceleration. 

Mr. Naylor (Defense Research Establish- 
ment", Suffield]:  If I understand you correctly, 
you are t^King the displacements of various 
parts of the missile stack and subtracting the 
gross motions of the carrying frame to obtain 
the differential motions of the missiles in the 
frame.  I have great confidence in your Inte- 
gration methods: but you are subtracting two 
large quantities, one from the other, leaving a 
small differential movement, and if you have 
any errors in your integration process you are 
going to enhance the supposed motion.  Would it 
not be better to take some kind of linear dis- 
placement gage--such as a linear potentiometer- 
between the frame and the missile, or between 
extensions of the frame and the missile, to de- 
tect the bending ör relative displacements? 

Mr. Oleson:  I will accept this as an in- 
direct compliment to our iustrumentation sys- 
tem among other things, whether it was intended 
that way or not.   You are perfectly correct in 
assuming that we are taking the difference of 
inertial motions--as measured by acceler- 
ometers at different points on the structure-- 
and using this to define deformation.  Of the 
records used as illustrations, you may have 
noticed two different ones for which the differ- 
ential displacement trace was scaled at one- 
half inch per inch on our transcriptions.  In one 
of these instances, the inertial displacement of 
the measured points was about 15 inches at the 
end of 200 milliseconds.  So we are taking small 
differences between rather large numbers, and 
are doing this successfully.  I will not say with 
universal success, but still successfully enough 
for us.  As for using a differential displace- 
ment measuring device, I know of no such de- 
vice which could approach the flexibility and 
universality of the methods we are employing. 

Mr. Naylor:  Well, it would seem that we 
must all use your system in order to get satis- 
factory results, because I have had no success. 
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uCPLOälVE SHOCK 

JilUao H. Roberts 

Hartin Marietta Corporation 
Orlando, Florida 

Intense shock has proved to be an environment capable of producing 
widespread daaage tc missile structure and equipment. A search for 
the cause of failure shows it resides ir. dynamics ratner than other 
tecnr.ologies. The changed waveform which results froa introducing 
abrupt loads to structure generates near resonant response internal- 
ly. An analogy is found which identifies the portion of the frequency 
band most highly stressed. This is not the high frequency bands con- 
■only brought under exaaination but a middle frequency band. Throughout 
the middle frequency band the stresses arc high, in sharp contrast to 
most dynamic response problems where the stress in higher modes is less 
than in the adjacent lower frequency mode. The utility of the shock 
spectrum analysis is demonstrated. The shock spectrum tends to be 
divisible in three separate frequency bands where nearly constant dis- 
placement, velocity or acceleration exist. The change in velocity is 
the fundamental descriptor of the poblam. Inomaaed veiocity coneapoids to 
Increased stress. The analysis specifically excludes the general view 
that acceleration is the best measure of stress. Velocity as a aeasure 
of shock intensity and damage is developed both through scaling theory 
and through elementary analysis. In addition the ultimate capability 
of structural materials to withstand sudden loads is identified and 
shown to be dependent on velocity. The ultimate capability of the 
material is used to show the relative limitations of real structure. 
Equipment and components are limited more drastically relative to 
material capability. As an absolute number, the limit descriptive of 
current equipment is surprisingly low. 

IKTBOOUCTION AND DEFINITION OF PR03LE« 

Hecent attempts to qualify icisaile struc- 
ture and equipment to intense shock has proven 
to be a very difficult task. Numerous failures 
have occurred In flight and in test. 

Explosive shock is a typical causitive 
source. Explosive devices are used in missile 
space "chicles to perform a variety of functions 
including stage separation, jettisoning, 
laut"-;! separation, circuit «witching, actuation 
am' propulsion Ignition. Because of their power, 
reliability, and ease of application, 100 or 
more may be aboard a single vshicle with a 
complex mission. When one of these devices 

is exploded, it transmits loads and motions 
through the entire vehicle structure including 
secondary structure and squipment. In some 
cases the loads and motions have been great 
enough to cause structural failure. In addi- 
tion, the structure acts aa a transmission 
channel to transfer excessive load to sensitive 
electronics, guidance, autopilots and instru- 
ments. Equipment is designed with its principal 
function in mind first and its structural inte - 
grity second. 

Explosive devices generate severe explosive 
loads. The abrupt load excites both high and 
low frequency motions. The shock amplitude is 
more severe when the explosive device is 
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Iiiv-tly rouple-1 to a slructur», wrser. arnsitlve 
structure «ni equipaent are localvi  near U» 
source, mj M::en damgiiiK s»re:s cüncentratians 
ü.j other structural conpLicatiooa are iocated 
in tr.v  rmin pat*-, of tne s.;ock.  Response levels 
itivr.i on  ",:.<• aaount of charge, the structural 
^■onfi.'ur'it ion, md tf.e transrission character- 
istics.  Becauss the abrupt load produces 
Jlfferent responses, so  the failures it engen- 
ders are dirferent, affecting such structural 
eleaients as joints, wells, bonds, fasteners, 
brar4Ch stractjres, and co. '.in^s.  iiii^h fraquency 
respor.ae.i cover tne freqjen-y band of equipaent— 
ars unusual feature of explosive shock that dif- 
ferentiates it fro:?, mechanical shock with longer 
pulses and milder gradients,  equipment fleitibillty 
causes eqjipiaent problems ~ relay malfunctions, 
excessive electrical noise, structural failures 
in transistors, diodts, capacitors, accelero- 
meters, rate gyros, and failures in connectors 
and solder joints. 

The structural problems of equipoent and 
the structural problems of the primary space- 
frame correspond. When equipment fails, as 
opposed to malfunction of equipment with moving 
parts, it is usually a failure of the equipoent 
structure. The cause is the sane as for tne 
failure of spacecraft structure ~ the type of 
structural inadequacy is the same in both cases. 
Frequent equipment failures are associated with 
the greater number of parts, the significently 
less design effort per part, and the greater 
diversity of geometry and materials. 

The loads, dynamics, structural response 
and materials were each examined to ascertain 
where the current technologies may have been 
limitin? and therefore responsible for the 
failures. Sach technology except dynamics was 
considered to be adequate for the requirements 
for information from intense shock. For exam- 
ple the failures were not load related in the 
sense that imknown static loads may have been 
present. The structures discipline which trans- 
forms external loads to internal loads and 
stresses appeared free from potential error. 
And nothing in the dynamics transforms material 
properties to values significantly different 
from their static values. With other parts of 
the problem free from involvement, the analysis 
becomes a searcn for the particular dynamic 
characteristics responsible for failure. 

Unfortunately the current technology in 
dynamics is so Inadequate as itself to be a 
problem. Understanding of the physical mech- 
anisms has been limited and accordingly the 
engineering effort has been confined mostly 
to test. Only a small part of vehicle struc- 
ture may be used in test and the inclusion of 
equipment and the simulation of major masses 
is often omitted.  Appropriate analytic methods 
ar<" not available and therefore no analysis in 
support of design or test are conducted. And 
analytic predictions of the environment are not 
constructed for use in equipment design. 
Eiuipment is not brought under early development 

and tests are not run specifically to define 
the environment for use by suppliers. Tbus 
state of the art developments are badly needed. 
An Improved understanding of the phenomena 
wauld depend on knowing: 

. The cause of the transient oscillation. 

.  Usefulness of shock spectrum 
technique. 

. A measure of shock severity. 

. A description of the Internal «vents In 
complex structure and a definition of 
the problem. 

• An answer to the question, can internal 
structural loads of very short duration 
produce damage. 

DISCUSSION AND BSSULTS 

Explosive shock Is not unique in introduc- 
ing abrupt loads to structure. Other sources 
also Introduce similar loads which produce 
similar response at all parts of the frequency 
band and therefore similar damage. An example 
was available where one structure was subjec- 
ted to four strong shocks. The events are: 

. Nose closure mechanical Impact. 

. Explosive opening of cell cover. 

. Porting of high pressure gases from 
launch tube. 

. Stage Separation Ordnance. 

Figure 1 compares the response of complex 
sissile structure to these various intense 
shocks and shows the responses have similar 
shock spectrum shapes. 

The data shows a given structure responds 
to several different kinds of abrupt loads in 
a similar way and several different loadings 
are capable of generating high frequency shock. 

Next we show three means of analysis and 
presentation of data for one of the four shocks 
presented above, the nose impact. The time 
history, the shock spectrum, and a Fourier 
spectrum are shown in Figure 2.    The time 
history measured at a point in structure is 
a decaying transient oscillation not a single 
pulse even though a single pulse was the ex- 
ternal load introduced to structure. The 
frequency content of the waveform is similar whether 
given by the shock spectrum analysis or the 
Fourier series analysis. Comparing amplitudes 
shows the Fourier spectrum amplitudes are very 
much less than the time history, and the shock 
spectrum very much more. The high amplitude 
of the shock spectrum is due to the many re- 
peated cycles of nearly constant amplitudes 
occurring In a slowly decaying transient. The 
many repeated cycles give responses nearly as 
great as that for steady state vibration re- 
sonance. Experience shows the time history 
cannot be read directly to obtain these signi- 
ficant data and that the supporting analyses 
are valuable. Naturally tlie near resonant 
response greatly increases the likelihood of 
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failure. Thus the transient oscillation is a 
significant change in wavei'onR. 

IHE OiUGIN Of THE ThANSi£NT 

It is worthwhile to consider tne origin 
of the decaying transient. A simple dynamic 
model for analyzing wave transmission in com- 
plex structure was constructed. The model, 
the accounting system for tracking the waves 
and the calculation and  measured time histories 
are shown in Figures }, '>,  and 5 respectively. 
At each impedance cnanre a transmitted and re- 
flected wave is generated. After only a short 
time, a fraction of a millisecond, the accounting plan 
shows the presence of many signals for a model 
containing only three masses. Tnus the origin 
of the oscillating transient arises from dense 
upstream and downstream slfnals generated by 
the many changes in impedance present in complex 
structure. 

A H£ASUBG OF SHOCK SEVEfim 

The problem of determining a proper measure 
for shock intensity is probably the problem of 
greatest importance. The most useful informa- 
tion to develop probably would be the portion 
of the frequency bind where damage is produced. 
To the dynamiclst concerned with design support 
this information is most needed and can be re- 
lated to other characteristics of the equipment 
and the decisions to be made regarding it. To 
do this several routes have been taken. Con- 
tributions from elementary analyses are compared 
to the output of the scaling theory. To compare 
real structure across the frequency band we are 
mainly interested in how the designer's real 
output Is related. Generally a change in fre- 
quency implies a change in size. Thus it will 
be necessary to determine more precisely than 
by frequency alone the relative amount of struc- 
ture in small sizes to that in corresponding 
structures in larger sizes. 

Elementary analysis shows the form of simple 

shock spectra and relates the physical variables defining 
the excitation to the output variables of the shock 

spectrum. When a simple dynamic system impacts 
a boundary the shock spectrum which describes this 
event is a straight line. 

a = acceleration 
v = velocity 
w = frequency 

Sketches 1, 2, and 3 illustrate the system 
for dynamic Impact and the associated shock 
spectra. The shock spectrum in the form of 
acceleration versus frequency using logarith- 
mic scales snows a characteristic '♦50 slope for 
the constant velocity portion. 

Thus velocity, the only variable describing 
the input, defines the event. Velocity 
acting as tne only variable describing: tne 
input, also parametrically determines stress 
or strain In Icngltndinal imoact. 

e = v/c    a.id f m /Oc* 

= strain     0^*  stress 
= speed of   /0= mass density of 
sound in tue       material 
aaterial.  v a velocity of impact 
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If coaplex structure exhibits siadlar 
respcnse as deterained by Its shock spectrua 
over portions of the frequency band, it is a 
■assure of the velocity shock at a particular 
point of coaplex structure. Thus, even though 
a coaplex transient oscillation aay have been 
the wavefora experienced as the internal struc- 
tural load (fro« which it would not nornally 
be expected to find a staple response), we ask 
if the response aay be reduced to separate fre- 
quency bands of nearly constant displaceoent, 
velocity and acceleration. Figure 6 ie an 
exaaination of five very diverse shocks, eaclt 
characterized by a transient oscillation. 
Clearly the response has been simplified by 
the shock spectrua analysis technique to re- 
gions of exceptionally siaple responses. The 
figure shows nearly constant tsotlon,displace- 
ment, velocity or acceleration,in successively 
higher frequency bands. The shock spectra shown 
in this figure were specially chosen to display 
this result. However, finding shock spectra 
with these characteristics was not difficult 
since approxiaately )i those examined at randoa 
were as shown. Those not showing these charac- 
teristics aerely had larger peaks and valley« 
laposed on an overall tendency siallar to that 
shown. Thuu the shapes shown aust be considered 
to be typical for soae class of coaplex structure. 
To suoaarize, we have learned then we have a 
fraedoa to draw lines of constant dlsplaceaent, 
velocity and acceleration through shock spectra 
for systeas whose daaping is low, whose response 
shows strong resonant like characteristics, if 
the shock spectrua shape permits such equivalent 
construction. Sketch 4 shows highly resonant 
response and an estimate of the equivalent 
velocity. 

PRCpUCMCY 

SKETCH I», SHOCK SPECTRUM CONTAINING TWO 
NATURAL FREQUENCIES. 

The origin of the characteristic shape 
of the shock spectrua is of Interest. The 
separate extreaes any be described by the 
cxtrenes of the dynaaic characteristics: the 
seiaalc mass region where the pulse is intro- 
duced to the support while the aass reaains 
substantially at rest; the impulse - aoaentua 
or velocity shoe« region; and the equivalent 
static load region. In crder, these extreaes 
yield siaple relationships. 

a 
v 

% 

-2s„ 
w 8. 
So 

Mass reaains essentially at rest 
during motion of the support. 

a = v,w   Has» receives a step change 
v ■ va    in velocity during a tiae 
S s ve/w  when deflection reaains small. 

» «. 

S » a0/w 

Mass closely follows the 
support. 

The regions are defined by different relation- 
ships between the characteristic tine which 
describes the pulse length and the character- 
istic tiae describing the natural cscillation 
of structure. 

The delineation of the shock spectrua into 
component parts is useful on two counts. The 
shock spectrum becoaes an engineering tool 
which measures the velocity and acceleration 
at a given point of complex structure under 
complex loading. And further it could form 
the basis of prediction. 

At this point of the paper preliminary 
Indications are that velocity has fundamental 
meaning as a measure of shock intensity. Next, 
we wish to show how a line of constant stress 
would appear on a shock spectrua. The line of 
constant stress will indicate which definition 
of the motion has the greater meaning. To do 
this the structures modeled by the shock spec- 
trua must be related in a particular fashion. 
The shock spectrum relates these structures by 
frequency only. We are mainly interested in 
how the designer relates large and small 
structure. The designer conceivably could use 
load factor to determine the amount of structure 
introduced throughout the vehicle. This would 
be a rational and consistent approach to design. 
Such design would also result in structural 
dimensions related in an easily identifiable 
pattern. Alternatively he might relate small 
items to large by building dynamic models, a 
different approach, also easily identifiable. 
Another approach would consist merely of using 
relatively constant structure, a conservative 
approach to the design of small items. 
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i'OBSibl« Design Aj.proacn Structural Jinensions 
as HeiHted to »ca^e «•iated by 

loaj factor Jesim 1/n2 

dynamic :«!••! l/n 

ron^tar.t strürture constant 

Where oar structures aaJ aiollar itexs 
that could oe used to compare large and aisall 
ottuetures, the structural dimensions were 
related as snown in Sketch 3« Of most interest 
is «.v>iip<r.ent and structure rationally designed 
to a constant load factor. "onsi3i!>nt use of 
load factor design would see structure dimensions 
relate 1 by l/n .  Instinctively it is apparent 
that we do not design with tnir strenuou . an 
attenuation of structure dimensions for snsll 
itess.  ^ven :he "dynamic model" is not used to 
the exclusion of other relationships. The 
sketcn shows many snail structures use the 
same .«kin gauge is correspondingly larger 
structure, a deviation from scaled design 
partially due to preserving a minimum gauge. 
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SKETCH 5.  A COHPARISON OF STBUCTUBAL 
DlHKNSlONo TO GiüMETHIC SCALE 
FACTOR. 

Using the intermediate of these relation- 
ships as most representative of how structures 
are related the lines of constant stress may 
be defined. Any large structure is scaled to 
produce a small structure by scaling all struc- 
ture dimensions proportionate to the geometric 
scale factor. Such an array of dynamically 
similar models follows the simplest of scaling 
laws. For such a relationship the scaling 

theory shows: (for a 1/2 scale mode!) 

Prototype Model 

1      displacement, length 
1       velocity 
1       acceleration 

>4 
1 
2 

1       frequency 
1       tije 

2 
)* 

1      spring rate 
1      force 
1       area K 
1       stress, pressure 
1       masa 

1 
1/8 

This particular structural array leads to 
the conclusion that equal stress is seen by 
each structure when a disturbance of equal 
velocity is imposed. At high frequency where 
the response velocity decreases ttve imposed 
stress decreases. The Influence of more 
nearly constant structural dimensions, would 
be to rotate lines of constant stress towards 
lines of constant deflection. Internal stresses 
can be expected to be high over the frequency 
band where highest velocity is measured. This 
permits a Judgment to be made as to what part 
of the frequency spectrum is Important. 

ACCEPTABLE VELOCITY POH STRUCTURAL MATERIALS 

A theoretical limit of acceptable particle 
velocity for structural materials exists. The 
theoretical licit is low (100-200 fps) so that 
it presents a prominent limitation to structure 
and equipment that must maintain integrity and 
preserve function. The limiting velocity in 
common structural materials is given in Rinehart, 
Reference 3. The limit is roughly constant for 
various structural materials except that it is 
significantly Improved as the material is 
hardened. Examination of the events of Figure 
1 on a scale related to the theoretical limit 
shows complex structure exhibits early failure 
when compared to the material limit, as one 
would expect. Experience shows a satisfactory 
acceptance of particle velocities Imposed on 
structure at the level of 30 fps but numerous 
failures at 60 fps. Well designed structure, 
free of stress concentrations, buckling insta- 
bilities, eccentricities or other compromises 
may accept 60 fps. Structures whose details 
are considerably improved by experience gained 
from test could accept the higher velocity also. 

The problems posed by the design of all 
manner of mechanical components and equipments 
which include their structural integrity and 
their adequacy to accept explosive shock trans- 
mitted by structures are formidable. Here the 
velocity limit may be as low aa 5-10 fps, an 
order of magnitude leas than the structural 
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Halts and only 5-10 perc-nt of the theoretical 
Halt or the material. Thus equipaent failures 
occur at surprisingly lo« load levels. To define 
tne problem by defining a limiting velocity 
is to define an approximste limit which really 
depends on tne fragility of unique items and 
tue «mount of improvement accomplished in ana- 
lysis and test. In practical terms, however, 
it may be expected that input limitations to 
this degree apply to structure and equipment. 

•'IB8ATIÜN SESKKSt SPECTBA 

Because of the near approach of the wave- 
forms recorded in explosive shock to random 
vibration waveshapes, and because of the pe- 
culiar analytic results obtained for the shock 
problem, we wished to determine what type re- 
sponse spectrum would result using vibration 
as an input. Figures 7, 8, and 9 are Included 
to show the spectral response to random vibra- 
tion is similar to that from the shock tran- 
sients — nearly constant velocity and accele- 
ration. It is reasonable to conclude therefore, 
by analogy to the discussion on the shock spec- 
trum that vibration velocity measures Internal 
stresses, not vibration acceleration. 
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27 



arsAMiJ üVEssTaEss 

It is often f-rcsuiod that a significant 
mat«rial characteristic exists which gives 
it the capability to accept very briefly high 
lead» of short duration -hich are unacceptable 
statically. The presumption presuaably is based 
on snterial plasticity ind naterial inertia. 
An exaaination of aTailable data suggests a 
material acts in an equivalent static manner 
within small limits to times shorter than those 
of interest to the problems being discussed. 

References 6, 7, 8, 9, and 10 show negligible 
rate dependency in the dynamic behavior of ma- 
terials. The degree of dependency is shown in 
Figures 10, 11, and 13 where dynamic stress 
strain relationships are compared to static 
and where analysis and test of wedge penetra- 
tion into a thick target are compared. The 
exceedance of stress due to abrupt load is 
limited to 251b.    The analysis of wedge penetra- 
tion shows a satisfactory prediction of material 
dynamic behavior provided work hardening and 
thermal effects are included. The large de- 
formation plastic behavior as described in 
Reference 5 follows closely the expression 

ff- » /3.(1-T/T )£ * ./3€ % 

Vher 
ß,*  8.21» x 10 psi a universal constant «id 
T ■ melting point temperature 

C > strain 
&'•*  stress 

a rate independent relationship. 

To state as one author does, "The approach 
that must be used to study behavior under im- 
pulsive loading often differs radically from 
the approach adopted for studies involving 
conventional loading. Design criteria ap- 
plicable to static cases often cannot be 
applied when impulsive loads are involved. 
The marked differences in behavior under con- 
ventional and under impulsive loads are usually 
traceable to the sltort duration of the loads", 
is to gather under one heading a number of 
dynamic aspects of structure and material be- 
havior with marked differences. The necessity 
to separate material dynamic behavior proved 
to be possible and instructive. 

Thus, nothing in the dynamics of short dura- 
tion loading significantly tranaforna material 
properties from their static values. Thus, 
materials considerations and materials-determined 
structural behavior are nearly independent of 
the loading duration. 
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CONCLUSIOIS 

Structural problems of equipment are the 
dominant problems impeding straightforward 
qualification to an intense shock environment. 
On a measuring scale provided by structural 
materials the equipment capability is shown 
to be as small as 5-1CÄ of the ultimate avail- 
able capability. 

The principal dynamic characteristics 
responsible for failure are 

. Imposition of an abrupt load front externally 

. An oscillating load transmitted internally 
through structure whose energy content 
extends to high frequency. 

. Resonant response. 

. High stresses at high frequency. 

Although the emphasis in this study was on ex- 
plosive shock it is not a unique loading. Any 
Abrupt loading on complex structure will gene- 
rate the special dynamic characteristics noted 
which explain failure. 

The origin of the oscillating transient 
arises from dense upstream and downstream sig- 
nals generated by the many changes in impedance 
in complex structure. 

A basic shape for a shock spectrum has been 
identified. It is an unusual result that com- 
plex excitation acting on complex structure 
will generate a response spectra consisting 

of lines of nearly constant displacement, 
velocity and acceleration. The basic shape is 
present for both shock mi vibration. 

The question of where along the frequency 
band and where along the shock spectrum the 
highest internal structural loads may be ex- 
perienced was resolved by relating large to 
small structure by "standard" dynamic modeling. 
The main point of the development was that 
internal stresses are best given by velocity- and not 
acceleration. Consideration of the motion variable 
alone does not permit a decision as to which motion 
variable is important. The structural relationship 
must also be defined. That is. the ability to define 
lines of constant stress depends on an auxiliary rela- 
tionship relating large and small structures across 
the frequency band. Valuations in the manner real 
structure and equipment are designed in terms of 

their structure, their masses and stiffnesses suggest 
lines of constant stress will occasionally agree with 
lines of constant displacement, at times «1th constant 
velocity and at times with lines of constant accelera- 
tion. They are related as follows. 

Design Approach 

load factor design 

dynamic model 

constant structure 

Lines of Constant Stress 

lines of constant acceleration 

lines of constant velocity 

lines of constant displacement 

The limiting velocity as a structural allow- 
able for materials is a prominent design barrier 
in explosive shock. That the limitation may 
be simply given as a velocity should be clear. 
Real structure and equipment are limited to 
still lower velocity than the materials, equip- 
ment to levels only 5-10* of the limit of the 
material alone. 

The portion of the frequency band generating 

greatest damage is the mid frequency band, not 
the high frequency band. 
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DISCUSSION 

Mr. Schell (Naval Research Lab.):  You did 
not get into muctt discussion of actual failures. 
I know that you were talking about 10,000 g's 
at 5,000 Hz in the shock spectrum.   Could you 
give some basic idea of what kind of failures 
these inputs cause? 

Mr. Roberts:   The electronics is unusual in 
two respects.  There are approximately 9000 
electronic components.  The electronic com- 
ponents are smaller than standard, but they are 
not microminiature.   Very interestingly, the 
failures of the equipment are failures that 

structures people would be vitally interested in 
if they were to look into the equipment in detail 
and try to understand the way in which it is de- 
signed.  These include failures of small inter- 
nal leads.  One of the failures that we obtained 
Involved a seven mil length of wire which was 
only one mil in diameter. Naturally, soldered 
joints at these levels are a very critical type 
of weakness.  Other types of failures in general 
are ones with which you are all familiar in the 
field of structures.  These failures creep into 
equipment due to inattention to structural de- 
tails of the design. 
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MODAL VELOCITY AS A CRITERION 

OF SHOCK SEVERITY 

H. A. Gaberson, Ph. D 
Naval Civil Engineering Laboratory 

Port Hueneme, California 

and 

R. H. Chalmers 
Naval Electronics Laboratory Center 

San Diego, California 

An examination of reported spectral shock response data shows the 
dynamic range of accelerometer data to cover several orders of mag- 
nitude; very often the acceleration "g" levels remain the same order of 
magnitude as the frequency in Kz.   No one has explained the damaging 
effects of high-frequency structural accelerations — for example, 
30,000 g's at 20,000 Hz.   To shed light on both problems, this work 
considers the simple stress mechanisms of longitudinal waves in rods 
and transverse waves in beams and proves that modal stress is only a 
function of velocity and independent of frequency.   Thus modal velocity 
singly predicts stress.   This analysis cannot take into account failures 
other than those due to high stress. 

The paper in essence urges the development of a more adequate veloc- 
ity transducer, the use of modal velocity as a severity criterion, and 
the use of velocity if, prime shock-measurement parameter. 

INTRODUCTION 

Characteristics common to a variety of 
reported shock spectra, and certain other fac- 
tors, have led to the conclusion that velocity, 
suitably interpreted, may be the unifying 
thread throughout dynamic analysis.   The most 
important considerations are: 

1. Existence of a heuristic relationship 
between shock-induced velocity and damage. 

2. Constant velocity tendency of most 
reported shock spectra. 

3. Analytically derived, direct relation- 
ship between stress and modal velocity. 

Collectively, these factors indicate strongly 
that shock measurements should be made in 
terms of velocity, that the much desired cor- 
relation between shock-induced motion and 
structural damage will be found in the velocity 
spectrum of the shock, and normal mode theory 
should be used in shock-resistant design. 

SHOCK IN TERMS OF ACCELERATION 

Current practice in specification of shock 
tests is to specify the type of shock machine, 
the shock spectrum, the acceleration-time 
history, or a combination of these. 1» 2 Re_ 
gardless of how it was specified, the test is 
nearly always reported by means of accelera- 
tion spectrum or acceleration-time history. 

Why has acceleration become the predom- 
inant shock motion param-f< r?  Does it offer 
advantages over velocity or displacement? 

Yes!   Acceleration transducers are in- 
herently smaller and lighter than velocity 
transducers and, because only small opera- 
tional motions are required within them, are 
free of bottoming which is so often incurred in 
velocity transducers in shock.'  Contrasted to 
strain gages, acceleration transducers are 
easier to install, and they can be removed and 
used again. 
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Further. N»-4i<>r.'^ Serowi Law of M«xion 
U-l!s u.s thai force equals n-iass times accelera- 
tion, and J'.I engineers tave trained awareness 
that damai-«- lo a structure is dependent <rn 
fucreä burnf *•%• it.' 

As a nseasure i=f sh.vk severity, however, 
avielerati.m Sevel.s twühnut record to fre- 
quent y) di, not exhibit a stramhtfr>rward cor- 
relation with shock-,-ncfeH-ed damage.   Shock 
literature c^tains manv discussions on this 
ladt '<i extrrelaUon and on arbitrary measures 
taken in a!te?iip!iii^ to estabiish t»et!er corre- 
lation. '.2.4,5  St» lomi as acceleration re- 
maias the predominantly used shock param- 
eter, the correlation between shock level aixl 
shuck-induced damage will remain elusive, 
as shock-induced accelerations have too wide a 
dynamic ran^e to allow resoiuiion of all 
dama^e-causint; accelerations. 

J. P. Walsh of the Naval Research 1 abora- 
t-rv has pinpointed the oroblem regarding 
dy namic range, resolution, and dantage corre- 
lation.   He states:*» 

"OK the acceleration-time record the 
high-frequency component obscured the low- 
frequency components.   The maximum veloc- 
ity and time to maximum velocity could not 
be determined because reliable integration 
«as not possible.   No information about the 
displacement-time curve could be found. 

"In order to detern'>iue the range of the 
instmmenis which would be required to re- 
cord displacement, velocity, and accelera- 
tion under shipboard shock conditions, a 
simple apparatus was studied.   It was com- 
posed of different parts having high and low 
natural frequencies and made of brittle and 
ductile materials.   It was shown that a vari- 
ation in acceleration between 2. 4J g und 
9xl03 g combined with displacements varying 
between I. 9 and 7.6 x 1C-4 inches was nec- 
essary f J produce damage.   The extremes of 
each would dainage one part but not affect the 
others.   The extremes of velocity associated 
with lh > extremes of displacement and accel- 
eration were 2. 5 feet per second and 20 feet 
per second.   This is a narrow range com- 
pared with the ranges of displacement and 
acceleration." 

In the case just cited, the dynamic range 
for damnije-causing motions was 3700 to 1, or 
71 dB. for acceleration; 2500 to 1, or 68 dB, 
for displacement; and 8 to 1, or 18 dB, for 
velocity.   Compared to the 40-dB resolution 
available with current analog tape recorders 
or oscillographs, it is easily seen that the 

tower-level damage-causing aicelerations (or 
displacements, for that matter) would not be 
resolvable with today's instruments and tech- 
niques.   Note well that damage-causing aio- 
tions described in terms of velocity spanned 
only an 18-dB range.   Therefore, only the 
velocity parameter would have permitted re- 
cording this shock with inclusion of all of the 
damaging components. 

HEURISTIC VELOCITY - DAMAGE 
CORRELATION 

The above experiment indicates the heur- 
istic relation between d »mage and velocity; in 
fact, it is one of the few reported studies of 
motion parameter and damage.   Shipboard 
shock studies have also indicated this relation. 
Oleson"' specifically cites t ic "empirical cor- 
relation" between damage ;jid velocJ'y. 
Shaw, 8 of the Royal Navy, in explaining choice 
of velocity •rans'iucers, states that they "... 
could obtain more readily from velocity-time 
records information en the damaging charac- 
teristics of shock..." And in «iiscussing ex- 
plosively generated ground mo'Jons, Hudson** 
has referenced several studies in which 

. .velocity shows good correlation   nth dam- 
age over a wide range of frequencies. " 

Thus a great deal of experience leads one 
to expect a strong correlation between shock- 
induced velocity and damage. 

SHOCK CHARACTERIZED BY CONSTANT 
VELOCITY SPECTRUM 

In addition to the work reported by J. P. 
Walsh,6 many other reported shock data re- 
veal a tendency toward a constant velocity 
spectrum.   Figures 1, 2 and 3 are accelera- 
tion spectra of response to gunfire shock. 
Figure 4 presents acceleration spectra from 
railroad coupling shock, while Fig. 5B is the 
response of the anvil table of the Navy Medium 
Weight Shock Machine upon hammer impact. 

Even though these spectra are collected 
from a variety of types of shock, Ihey all ex- 
hibit a strong constant velocity tendency.   (The 
single line with a positive 45° slope in Fig. 4 
represents a constant 61.4 inches per second.) 
And the examples included here represent only 
a few of the shock spectra exhibiting the 
constant-velocity characteristic.   To gain full 
appreciation of this fact, one should sketch 
constant velocity lines in any acceleration 
spectrum he finds.   When both acceleration 
and frequency are plotted logarithmically, 
drawing the i =* lines is easy.   Drawing a 
straight line through the points where 
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acceleration in B'S numerically f^quals the frc— 
quency u; Hz. one constructs a line whore the 
velocity at all i)<)ints is 61.4 inches per second. 
All otht'i parallel lines also represent » -'■ 
ami their magnitudes ran •)«.• easily dt-ioriiisnt-d. 
For instance, when the number ji's is three 
times the frequency, velocity is 3 x 61.4 
inches per second. 

While ail shock spectra may not exhibit 
the strong constant-velocity tendency of the 
examples cited here, it will be evident that the 
dynamic ran»;» of the velocity spectrum is 
much less than either acceleration or dis- 
placement.   It follows that the total vibrational 
velocity will tend toward constancy more than 
either acceleration or displacement. 

STRESS-VELOCITY CORRELATION 

Modal analysis'0 has shown that dynamic 
structural response of linear undamped sys- 
tems can be treated as though composed of 
separate responses of the normal or free vi- 
bration modes of the structure.   Motion of any 
point of a structure, where a suitable motion 
transducer might be located, will yield a time 
response that is built up of these separate 
modal motions. 

Ideally then, spectral analyses of the mo- 
tion at this point ought to show distinct, sig- 
nificant amplitudes at the frequencies of all 
modes which are somewhat antinodal at this 
point.   Thus a shock or Fourier spectrum of a 
motion, for a linear system at least, indicates 
the modal makeup of the motion.   A spectrum 
peak at some particular frequency indicates 
that some mode with that frequency was re- 
sponding with an amplitude at least that great. 
If we fortuitously placed the transducer at the 
maximum amplitude station for that mode, we 
would know (if we knew the mode shape) the 
stresses induced throughout the structure for 
that portion of the response. 

However, there is no single antinodal 
position at which a motion transducer could be 
placed.   This or that convenient mounting po- 
sition may be antinodal, nodal, or more prob- 
ably intermediate to the bulk of the modes re- 
sponding.   Thus analysis of motion histories 
cannot be expected to yield the amplitude of all 
or even most of the structural modes.   The 
response however will be an indication of the 
lower limit of the actual modal response.   We 
shall therefore consider the modal response 
characteristics of some simple structures and 
theoretically show that maximum modal veloc- 
ity is a valid indication of maximum modal 
stress, independent of the frequency and mode 

shape.   Although no generalization for all 
structures can be made, the results certainly 
lead one to expect that velocity is the single, 
most directly damage-related dynamic motion 
property.   Naturally this analysis will in no 
way explain shock or vibration failures that 
are caused by effects other than high stress. 

Actually, there are only a relatively few 
classifications of load-carrying mechanisms. 
There is uniform stress (tension or compres- 
sion of a member), beam bending, torsion, 
shear, membrane stresses in plates and 
shells, bending stresses in plates and shells, 
and a few others.   We shall consider uniform 
and bending stresses in uniform slender longi- 
tudinal members, all with an infinitude of 
modes, and show that without detailed infor- 
mation one can predict the severity of the re- 
sulting stresses. 

LONGITUDINAL VIBRATIONS IN RODS 

We shall begin by considering the longi- 
tudinal free vibrations of a long thin rod. 
These free vibration shapes are the modes that 
are excited by a shock input.   We confine our- 
selves to the easiest situation where the longi- 
tudinal wavelength is long in comparison with 
the bar cross-sectional dimensions.   For this 
case the cross sections remain plane with uni- 
form stress and the lateral or "Poisson" de- 
formation has insignificant effects.   (See Ref. 
11, pp. 297-298.) Let us consider a semi- 
infinite rod being sinusoidally excited at its 
end.   Since it is semi-infinite no reflections 
can occur and hence it can (within its elastic 
limit) vibrate at any amplitude and frequency, 
thus accepting all inputs.   Timoshenko, U on 
page 299 shows that transverse planes in such 
a rod have the motion 

a =  (c cos £i + o sin £*■) (A COB PI 
a ü 

(1) 
+ B sin p' ) 

where:   x = distance down rod 

" = displacement of a plane located at x 

P = circular frequency 

j = wave speed = vE/p 

£ = Young's modulus 

p = density 

/ = time. 
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Without loss of generality we may select the 
rod end as an antinode and begin time such that 
Eq. (1) becomes 

u = A cos ££ cos pi (2) 

From elasticity! 2 the strain and hence stress 
is given by 

tr = ft = f ^ -Mfsin £i cos pi (3) 

the maximum value of which is 

Eq. 9 shows that for modes with constant max- 
imum acceleration, the stress is inversely 
proportional to frequency.   Thus, high accel- 
eration at high frequencies does not necessarily 
indicate high stress.   Alternatively, as indi- 
cated in Eq. 8, high velocities do indicate high 
stresses. 

We might expect that Eq. 8 would also 
apply to finite rods and indeed it does.   Follow- 
ing Timoshenko (see Ref. 11, pg 299) we con- 
sidei a rod of length { , with free ends.   This 
rod his the natural frequencies 

max 
EAp (4) 

Note now that the maximum stress for a con- 
stant displacement amplitude, A, depends upon 
the frequency, p.   From Eq. 2 tne maximum 
displacement, velocity, and acceleration are 

(10) 

where i = 1, 2, 3, . . . and designates 
the mode. 

The complete free (or ringing) solution is 

'max 

"max = Ap 

= An2 
max 

(5) 

By using v for the maximum modal velocity, 
Eq. 5 yields 

v = AP. (6) 

The substitution of Eq. 6 into Eq. 4 yielde 

(7) max 
£ 
T   K max 

Using the value of the wave speed from Eq. 1, 
Eq. 7 may be conveniently expressed as 

<T v max =   max v/*p. (8) 

Thus in all semi-infinite rods vibrating longi- 
tudinally at any frequency or amplitude within 
the restrictions set forth above, the maximum 
modal velocity alone determines the maximum 
modal stress. 

It is significant to note that maximum ac- 
celeration does not so simply relate to stress. 
In fact, a formulation of the expression analo- 
gous to Eq. 8 in terms of maximum accelera- 
tion from Eqs. 5 and 8 yields 

=:^ cos ifi   [-4, cos  '-^ + B, sin n^J.   (11) 
I 1 

8, can be made zero by starting time appro- 
priately, hence the modal displacement may be 
written as 

«, =: At  COS i£i COS '-ili-'. (12) 

As above, the stress in the ith mode is given 
by 

IT  = E« ^x 
= - £-<, Y sin iji cos 

the maximum value of which is 

EAjin 

(13) 

<T 
i max i (14) 

From Eq. 12 note that the maximum velocity 
in the ith mode is 

i max 
Aj Ufa 

i 
(15) 

and now, as before, substituting Eq. 15 into 
14 yields 

E i - >i 

i max 
(16) 

max 
max (9) 

or the result identical to Eq. 7 and again using 
the definition of a, we find that the maximum 
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stress in any roude is given by 

max max ßp (8) 

Finally, it is a simple matter tc develop a 
generalized proof to show that the maximum 
stresses predicted by Eq. £ apply to all cases 
of longitudinal vibrations in rods no matter 
what the end conditions, if the previous re- 
strictions continue to apply.   All possible vi- 
brations of the rod are given by Eq. 1.   As in 
Eq. 3, the stress is therefore given by 

a = t |H = f f (-c sin ^ + o cos m 

(/« cos pi + B sin pt). 

In Ref. [l3], the maximum values of the quan- 
tities in parentheses are shown to oe ^    rg" 

and M* + *2 respectively, hence the maxi- 
mum value of the stress is 

„.        -.?:£   VcZ + D2 y^Ta^.     (17) 
^max       « 

The particle velocity is found from Eq. 1 to be 

i = |ü = p ^c cos ^ + o sin eA 

l-A sin pi + a cos pt). 

Again using the proof of Ref. [13], the maxi- 
mum value of this velocity is 

i = p vf2T^ ^2T^2.       (18) 
max 

The substitution of Eq. 18 into Eq   17 yields 
the desired result, namely 

max     '   max. (19) 

which is identical to Eqs. 7 and 16. 

Thus it has been proved and illustrated 
that the maximum stress due to long-wave 
longitudinal vibrations in rods is completely 
specified by the material properties and the 
maximum modal veloci'.y. 

TRANSVERSE BEAM VIBRATIONS 

Transverse uniform beam vibrations can 
also be classified according to maximum 
modal velocities.   We shall again consider 
only the simplest type of vibrations in which 
the wavelength is long compared to the beam 

depth.   (This neglects the so called rotary 
inertia and shear effects.) For these cases, 
simple bending theory suffices; Timoshenko's 
presentatioa (See Ref. 11, pp. 324-335) will be 
used as a foundation.   He proves that the free 
vibrations of the neutral surface of such beams 
are expressed by the following solution 

r = (c. sin *« + c, cos kx+ c« slnh »x 

+ c. cosh **) • [A COB pl + B Sillp;), 
(20) 

where *, the wave number, and p, the circular 
frequency, are related by 

k4 ^eli 
~ r)2 £' (20a) 

In these equations the following definitions are 
used: 

v = deflection of neutral surface, 

x = distance down the beam, 

C.A.B -• arbitrary constants, 

p a density, 

E = Young's modulus, 

v = radius of gyration = j, 

/ = cross-sectional area moment of 
inertia about neutral axis, 

A * cross-sectional area 

Let us specialize Eq. ?0 to consider a 
semi-infinite beam, which starts at x = 0 and 
continues on out to infinity.   Again, since no 
reflections occur, the semi-infinite beam can 
accept sinusoidal vibration at all frequencies 
with amplitudes that do not exceed the elastic 
limit.   The simplest case is that with zero 
shear and slope at its end, as shown in Fig. 6. 

► x 

Fig. 6.   Semi-infinite beam with zero slope 
and shear at end. 

40 



The boundary conditions to be imposed on Eq. 
20 are: 

1. The solution remains finite for very 
large x, 

2. Zero slope at« = 0; r' « 0 at * = 0, 

3. Zero shear at * = 0; > " = 0 at * = 0, 

The only way in which condition 1 can be satis- 
fied is 

The maximum stress in any initially 
straight beam bent to a curvature given ap- 

proximately by 2-£ is shown in beam theory 

to be given by 

«T   - Eh 
2' (26, 

where 

£ = Young's Modulus; 

c3 = -C4- 

Thus the hyperbolic sine and cosine terms 
from Eq. 20 may be written 

c, sinh kx + c. cish kx 
(21) 

= c, (sinh kx - cosh kx). 

The substitution of the definitions of the hyper- 
bolic functions yields 

Co (sinh kx - cosh kx) ~ c, e 
kx 

(22) 

Thus the shape portion of Eq. 20 may be writ- 
ten as 

r» Cj sin kx + c, cos kx + c, e"*'. (23) 

By applying boundary condition 2, we obtain 

0 = cl " C3' 

or 
c   = c 

1       3' 

hence (23) becomes 
-*x >'= C sin kx + c, cos tx + c  e 

Finally, application of boundary condition 3 
proves that Cj must be zero and so for this 
semi-infinite beam, the shape function is 
simply 

Y- c cos kx. (24) 

Again without loss of generality, time can be 
started when the deflection is a maximum, 
making B zero, in Eq. 20.   Thus the deflection 
of this beam may be expressed simply as 

y = C cos PI cos kx. (25) 

A B maximum cross-sectional distance 
from neutral axis. 

Substituting the maximum value of the second 
derivative of Eq. 25 into Eq. 26 gives the 
maximum stress to be 

max 
C Ehk (27) 

Substitution of the value of k2 from Eq. 20a 
gives the expression for maximum stress as a 
function of the maximum deflection, c, to be 

p   i— 
r = C h- JEp . rmax T) 

(28) 

Note that in this case the stress is a function 
of both the deflection, c, and the frequency, p. 
Now the maximum value of the first time de- 
rivative of Eq. 25 shows the maximum velocity, 
v, to be 

v* cD (29) 

The Substitution of this value into Eq. 28 yields 
our result: 

W = ^  v^- (30) 

Again the maximum stress for any possible 
free vibration shape when specified by the 
maximum velocity does not depend upon fre- 
quency, but only on material properties and a 
beam cross-sectional shape factor, 4. 

Finally, and as a last example, we shall con- 
sider a finite beam to illustrate the previous 
result is not altered by finiteness per tt.   The 
bar of length i with hinged ends is chosen, 
again proceeding from Timoshenko's lead in 
Ref. [11] on page 331.   The general solution 
for all beams is Eq. 20; the following boundary 
conditions must be satisfied: 

At x = 0,  y = y" = 0, and 

at x = «,>■ = .," = 0. 
(31) 
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These specify zero deflection and moment at 
the i>i>aiii ends.   Timoshenki'* shows that these 
cundtttons require the shape functiun <>f Eq. 20 
in reduce to 

i . sin < • 

and the modes are such that 

K    -    :T 

where .      1. 2, 3, etc. 

Ai;äin we may select the starting time in Eq. 
20 su that H is zero and hence each mode or 
the hinged beam is described by 

i, - C, sin ».,« cos /',/ (32) 

where k may only take on the values 

k^-LE (32a) 

where i = 1, 2, 3, etc. and kl and p, are re- 
lated by Eq. 20a. 

Application of Eq. 26 shows the maximum 
stress in any mode to be given by 

rr = thC k.    , i max ' 

and the incorporation of Eq. 20a yields 

i max 
(', ^r. fip- 

(33) 

(33a) 

Noting that c is the maximum modal displace- 
ment, again the stress in terms of displace- 
ment depends upon the frequency, />. 

From Eq. 32 the maximum velocity of the 
beam in each mode is 

i max = 'i Ci, 

and the substitution of this value of ci into 33a 
yields Eq. 30, once again. 

' max 
(30) 

It might be commented that a generalized 
proof for beams is more complicated than the 
above two examples might lead one to expect. 
Most boundary conditions will require the 
presence of hyperbolic sines and cosines in 
the shape function, e.g., the cantilever beam. 
This analysis has been done, but it is too 
lengthy to report here.   The above results hold 

away from the beam ends for modes greater 
than the second. Simple constants less than 
2.0 come into Eq. 30 when root stresses or 
tip velocities are included. 

THE PRACTICAL USE OF THE STRESS- 
VELOCITY EQUATION 

In all the above cases, maximum modal 
stress is predicted by n single dynamic prop- 
erty, maximum modal velocity.   Thus, in 
order to monitor shock modal response levels 
that may l-^ad to failures as a result of high 
stress, modal velocity, at least for'. ese 
simple cases, is the single, mop; significant 
parameter. 

Table 1 lists values of the beam shape 
tactor, ^p, of Eq. 30 for common cross sec- 
tions.   It is interesting to note that the hollow 
cross sections in bending are only slightly 
more sensitive than uniform stress. 

TABLE 1 
Shape Factors, ä, for Dynamic Bending Stress 

Solid rectangle 

Solid round bar 

Solid triangle 

Thin hollow tube 

=     2 

=     2 >/2=2.83 

Thin hollow square =  >/6/2 « 1.22 

Eq. 8 and 30 may be used in interpreting 
the comparative severity of shock spectra. 
Velocity spectra can be used directly.   Accel- 
eration spectra may be used by drawing the 
constant velocity lines, as mentioned previous- 
ly.   One must compare modal velocities with 
known damaging values.   Severe velocity val- 
ues may be computed for various metals and 
beam cross sections.   A summary of such 
properties has be.sn prepared and is included 
as Table 2.  It will be noted that structural 
steel has the lowest velocity value.   This does 
not indicate steel to be definitely the poorest 
choice as a shock resistant material.   Steel is 
ductile and local yielding nay be an entirely 
satisfactory behavior.   The ideas presented 
here necessarily depend on a linear stress- 
strain relation.   No similar theory has been 
developed for the yielding case.   When a the- 
ory to include the mitigating effects of yielding 
is developed, shock severity will be much 
more amenable to evaluaticn. 
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TABLE 2 
Severe Velocities* 

Material (psi) (psi) 
,-'v 'max aPs) 

Rectangular 
Beam 

'max 0ps) 

Douglas fir 1.92x106 6,450 36 lb/ft3 633 366 

Aluminum 6061-T6 10.0x106 35, 000 , 098 lb/in3 695 402 

Magnesium AZ80A-T5 6.5xl06 38, 000 . 065 lb/in3 1015 586 

Structural steel 29x106 33, 000 . 283 lb/in3 226 130 

(properties taken from Ref, 15) 

What has become apparent to us, with 
respect to complex actual shock motions, is 
that a broad band of frequencies is invariably 
present and that a great many of the structural 
modes are excited.   The relative severity of 
the various frequency components can be as- 
sessed via the velocity spectrum of the tran- 
sient motion.  It is to be hoped that further 
study along these lines may lead us to im- 
proved procedures for estimating and testing 
for shock hardness without actually knowing 
detailed information about the multitude of 
possible modes in any real complex structure. 

Available Transducers and Methods 

Most common of commercially available 
velocity transducers is the seismic type. 
They are categorized by employment of a 
seismically suspended element which remains 
essentially motionless in space for motions of 
interest, while a second element of the device 
is forced to take on the motion of the surface 
to be measured.   If one element has a mag- 
netic field, and the other is a coil of wire, a 
voltage will be developed in the coil propor- 
tional to the relative velocity of the two 
elements. 

Seismic velocity transducers function 
well, but to insure seismic behavior of the 
suspended element, internal clearances must 
exceed the peak displacements of the surface 
to be measured.   If this requirement is not 
met, the seismic element will "bottom" as 
peak displacements are reached, and relative 
velocity between elements will suddenly drop 
to zero, as will the output voltage.3,16  A 
velocity-time history with such "bottoming 

discontinuities" is exceedingly difficult to 
decipher. 

Seismic velocity transducers are available 
In a variety of displacement ranges and natural 
frequencies, but even for the smallest range 
and highest frequency, the weight of this type 
of transducer is too high for many applica- 
tions.   Unfortunately, as displacement range 
increases, or as natural frequency is lowered, 
weight goes even higher, and area of applica- 
bility oi the seismic velocity transducer is 
further limited, 3J 16 

Since the arrival of the age of integrated 
circuits, there is now commercially available 
a "piezoelectric velocity transducer." Basic- 
ally an accelerometer, this device contains an 
integrated circuit within the transducer hous- 
ing which electronically integrates the accel- 
eration signal to '"jlocity.   In size and weight, 
it is slightly larger than the average acceler- 
ometer, and therefore has a distinct advantage 
over the moving coil type of transducer.   A 
major disadvantage in this approach is the 
wide dynamic signal range produced by the 
accelerometer when measuring shock.   The 
electronic integrator is required not only to 
mechanically tolerate the shock, but at the 
same time provide satisfactory operation with 
a 70 dB dynamic range input signal.   The 
"piezoelectric velocity transducers" now avail- 
able are suitable for vibration measurements, 
but are too frail and lacking in dynamic range 
to be useful in any but the lightest shock meas- 
urements.   Many advances have been made in 
the field of integrated circuits since these 
transducers were introduced, and greatly en- 
hanced "piezoelectric velocity transducers" 
are possible, and may be forthcoming. 
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M. W. Oleson of the Naval Research 
Laburatory has reported success in on-line 
integration of accelerometer signals1'« ^ (see 
Pig. 5a).   His method differs from the "piezo- 
electric velocity transducer" approach in that 
his electronic integrators are located some 
distance from the acce' .ometers, and are not 
restricted in size and weight.   The freedom 
from restriction allows increased linearity and 
lower frequency response for his system, and 
also permits double integration of the acceler- 
ation signal so the shock can be described in 
displacement if desired. 

Mr. (Meson is quite aware that his method 
has the disadvantage of having to de?' with the 
wide dynamic range of shock accelenttion, and 
has constructed accelerometer mounts which 
act as low-pass filters and Isolate the accel- 
erometers from high-frequency, high-level 
accelerations. 

P. S. Hughes has reported on the use of a 
digital computer program titled "MR. WISA" *)" 
to integrate and double-integrate acceleration 
signals18 (see Pigs. 7, 8, and 9).   In addition, 
the program computes shock spectra (see Figs. 
1, 2, and 3).   Assuming that complexity of the 
program necessitates off-line operation, shock 
acceleration signals must be recorded for later 
processing when using this approach.   As ex- 
plained earlier, no present analog-recording 
medium offers a dynamic range large enough 
to satisfactorily record shock acceleration. 
This is a severe limitation on "MR. WISARD." 

Another use of digital computers is worthy 
of mention. G. O'Hara and P. Cuniff have re- 
ported on a method of correcting for bottoming 
discontinuities of velocity transducers. ^ It 
has been stated that velocity records corrected 
in this fashion provide information as accurate 
as the on-line integrated accelerometer 
approach. 

SUMMARY 

The basic facts presented in this paper are 
not new or unique. What is novel is that in this 
case the facts have been considered collectively 
rather than singly, and increased understanding 
of the damage mechanism of shock is the 
result. 

Because of the direct relationship between 
stress and modal velocity, and the snail dy- 
namic range of vibrational velocity in snock, 
it is apparent that, of the three related param- 
eters, velocity provides maximum measure- 
ment efficiency and accuracy. 

Since modal velocity, not total vibrational 
velocity or translational velocity, bears the 
direct relation to stress. It is also apparent 
that to obtain shoch-scverity measurements, a 
velocity-measuring sy item need have a lower 
frequency response a little below the lowest 
modal frequency of the structure in question. 
Por many usual structures, an Instrumentation 
system with a lower frequency response of 5 Hz 
would be more than adequate. 

Again, because of the direct relationship 
between modal velocity and stress, the wisdom 
of using normal mode theory^ in shock- 
resistant design Is indicated.   The Dynandc 
Design-Analysis Method (DDAM),20,22 which 
Is a normal-mode analysis, provides most of 
what is needed for vastly improved shock- 
resistant design. 

Reviewing current techniques of measur- 
ing shock in terms of velocity. It Is apparent 
that a velocity transducer different from ones 
presently available is needed.  While computer 
correction of bottoming discontinuities appears 
feasible, It Is certainly less than aesthetically 
satisfying.   And use of integrated signals trom 
accelerometers leaves much to be desired, 
particularly when analog recording mvst be in- 
terposed between accelerometer and integrator. 

CONCLUSIONS 

Conclusions are: 

1. Modal velocity is the best criterion 
of shock severity. 

2. Velocity should be the predominant 
parameter for shock measurement. 

3. Development of an adequate velocity 
transducer is needed. 
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DISCUSSION 

Mr. Holland (Kinetic Systems): I have done 
some work for Frankford Arsenal on high fre- 
quency cutoff criteria for computing shock 
spectra.  My Ftudy looked at simple cantilever 
beams and simply supported beams, both uni- 
form. I added point masses at the end of the 
cantilevers and point masses in the middle of 
the simply supported beams.   Using the modal 
participation factor of easily described struc- 
tures like these and the fact that my velocity 
was assumed constant in a small area out to 
some frequency, I was able to find that my 
acceleration was constant.  It i& similar to the 
Navy shock spectrum where you have three 
backbones of constant displacement, constant 
velocity, and constant acceleration.  Most of the 
stresses were contained in the first couple of 
modes, and by taking these modes I got about 
90 percent of the stress in these simple beam 
structures.  The probleir that I was trying to 
solve was where to stop the computation.  How 
high should the frequency be? We came up with 
the factor of 2000 Hz for some of the stiffnesses 
that we were looking at in the structure.  But 
when you get into a complex system and have a 
resonant frequency in the range of 2000 Hz with 
your shock on the backbone of acceleration, you 
can easily excite these frequencies.  This will 
create a stress at a higher mode in excess of 
what you are getting at your lower frequencies, 
so that you can get out of your velocity range. 
You had constant velocity, let us say, from 2 Hz 
to 100 Hz and, if you go down your constant 
acceleration line, you can easily find higher 
resonant frequencies where your acceleration is 
going to produce the failure. 

Mr. Chalmers:   On the part shown, the 
constant velocity centered out to 2000 Hz. 

Mr. Holland:   Your shock spectrum will 
vary for all different shocks, 

Mr. Pakstys (General Dynamics Corp.): 
I certainly agree with your conclusions about 
the modal velocity being an important parameter. 
There is another way to look at this other than 
just looking at these simple cases.  If we look 
on a mode-to-mode basis, we can look at the 
modal kinetic energy which then can be related 
to the velocity squared.  Kinetic energy can 
then be related to strain energy and strain 
energy can be related to stresses.   From that 
point of view you can rationalize the importance 
of velocity in a multi-degree-of-freedom sys- 
tem.  The velocity does not have to be in the 
constant velocity range of the spectrum; it can 
be in the constant acceleration.  The impor- 
tance of the velocity criterion is not diminished. 

Mr. Chalmers:    Thai is correct   We are 
trying to'do f*ö things.   First, if you are mea- 
suring in terms of velocity, insofar as shock 
is concerned, you have a very much reduced 
dynamic range required for your measure- 
ments. Secondly, Dr. Gaberson has shown 
that velocity is probably the best descriptor of 
stress in a sinr)]? beam. 

Mr. Scharton (Bolt Beranek & Newman): 
I think the conclusion Ihai mjeh of the data ~ 
which you have looked at is described by a 
constant velocity spectrum is very interesting. 
Two possible explanations of this occurred to 
me. One would seem to be that, at least in 
plates in bending and also in a beam in com- 
pression or torsion, the modal density is con- 
stant with frequency.  This means that the 
frequency separation between modes is con- 
stant, so the observation that one has a con- 
stant velocity spectrum would be equivalent to 
saying that each mode of the structure has the 
same amount of energy. We can then ask, 
when you put a complex transient into the sys- 
tem does the structure somehow take this 
energy and distribute it equally among its 
modes? Also, since yield criteria are com- 
monly related to strain energy, if the shock 
were so severe that in fact you ^ot local yield- 
ing, it might be that the yield phenomenon 
would damp each mode and automatically bring 
the level of each mode down to some fixed 
energy level.  Could you comment on that ? 

Mr. Gaberson:    It is very interesting that 
you bring~that up.   You have had for a long 
time a theorem about equal modal density and 
that just had not occurred to me.   I did some 
studies on what kind of modal distribution you 
get if you put an impulse on a beam.   That 
gives equal velocity.   If you twang it, that gives 
equal acceleration. 
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: rXNKiH .s \!>i'I K- .. .   '  riK TRANSIEXT AND STEADY STATK DTNAMIC 

KXCi: \! iti>^ is A COMBINEn ENVIRONME.T'^ESl' FACIUTV 

SJML'LATISG SUll'IVDAKI) KWJKUNMKNTS 

T   IV Jones.   Jr 
ilu^hcs Aiivnift C(>.ii|..i!iv 

Ground Systems Group 
Eullerton. Caiifonua 

A ■;.■-!-;!! iiirn« Mt his 'K-I n established for i combined environment test facility in 
which ttaiisicnl  md sts i.i\-ssai" litnamic excitations are effected siniuluineouslv 
in :■ sysleni t>i multi',i!<3 uleetioch'namic shakers in conjunction wiih ;i uvo-;ixis gim- 
baled arive s\ ^u-.;; whit!; effccis pitch and rvl! maneuvers. The facility is tlcsigiu-d 
lo simulate Savy shijilwarii environments and to impose required •.•iivironmeiual 
test comiiikms ^11 Navy electronic equipments. The subject matter i>f this paper, is 
limited to tin- consiileratioa of design and anaiysis of the (ivnamic excitation sys- 
tems. The systems are designed for a maxiiv im test loud of 25, DUO pounds and are 
capable .if effecting shock excitations in the range of 5-20 g's as well as imposing 
requisite vibratory and oscillatory excitations. 

[NTRODUC'i «JN 

A study, comprising analytical and design efforts, 
has iceri condifted tor the puri»8e of assessing the 
feasibility and practicality of performing combined 
environmer,! tests. In particular   the inquiry has ad- 
dressed tue problems of performing environmental 
tests on Navy electronic systems by the device of a 
shipboard environmeet Simulator with special empha- 
sis being directed lov/arri effecting transient and 
steady-state dynamic excitations with a common 
exciter system. 

The study on which this paper is based was per- 
formed for Naval Electronics Laboratory Cenler 
(NELC), San Diego. California, (Contract = MO0123- 
(i!i-C-0(i<i(>) and has been summarize;! in a formal 
re|K>rt (Reference 1).  The study included the consid- 
eration of other environments; which factor is reflect- 
ed in the design features and characteristics of the 
facility, but which is not otherwise addressed herein. 

The objective of establishing a conceptual design 
for a combined environment test facility is predicated 
on a desire to account for synergistic effects and to 
impose test environments which, especially for the 
case of dynamic excitations, have been determined 
from actual service environments. Accordingly, 
mechanical excitation systems (as distinguished from 
electrodynamic or electrohydraulic shakers) were 
dismissed from consideration rather early in the 
study since their responses are more or less fixed 
and the duplication of programmed random excita- 
tions would be virtually impossible. 

On this basis,  the luiulainental problem was to 
devise u system of exciters (electrohydraulic or 
electrodynamic) capable of imposing arbitrarily pro- 
grammed excitations on complete shipboard installa- 

tions (which were, all the while, being subjected to 
other simulated shipboard environments) and to ef- 
fect,  simultaneouslv. the ship's pitching and rolling 
maneuvers. 

It has been established (References 2, 3, 4 and 
ö) that ganged multiple shakers can lie utilized for 
test systems the si^es and weights of which exceed 
the load capability of single present cay shakers; 
hence, the study did not involve any assumptions re- 
garding state-of-the-art advancements in shaker load 
capacity or control. 

REQUIREMENTS 

The primary requirement imposed by NELC in- 
volved simultaneous application of shipboard environ- 
ments to Navy electronic systems mounted in the con- 
fines of a simulated shipboard compartment having 
250 square feet of deck area and 8 feet of headroom, 
from which requirement a 25, 000 pound maximum 
test load evolved. It was also required that the simu- 
lated ships compartment be removable in order to ac- 
commodate deck-mounted equipments for test. 

Formal performance requirements for the subject 
lest facility were derived, primarily, from MIL-E- 
16400, a general specification for Navy ship and shore 
electronic equipments, and other subordinate docu- 
ments. The basic mechanical excitation requirements 
relate to transient shock excitation, steady-state vi- 
brations, and low frecmency inclinations, i.e.,  ship- 
board pitch and roll. 

The transient excitations specified for tests of 
naval equipments are based on those associated with 
underwater explosions, g\iii blasts and aerodynamic 
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A iiesi^n concept h.iü tH.-i'n estubUshcd for i cumbined environment test facility in 
which transient and steacly-stat» ilvnamic cvcitations are effected simultaneously 
by a system of mulli^iü eleiiriitivnamic shakers in conjunction with a two-axis gim- 
hated m-ive system which ertscis pitch and roll maneuvers. The facility is designed 
So simuliae Navy sbijjöoard environments and to impose required environmental 
test conditions on Navy eiettronic equipments. The subject matter of this paper, is 
limited to ti>e considoration of design and analysis of the dynamic excitation sys- 
tems. The systems are designed for a maxiir-tm test load of 25,000 pounds and are 
capable of effecting shock excitations in tho range of 5-20 g's as well as imposing 
requisite vibratory and oscillatory excitations. 

INTRODUCTÄJN 

A study, comprising analytical and design effort«, 
has i^en conducted for the purpose of asses-sing the 
feasibüuy and practicality of performing combined 
environment tests. In nartisular.. the inquiry has ad- 
dressed tue problems of performing environmental 
tests on Navy electronic systems by the device of a 
shipboard environmenc uimalator with special empha- 
sis being directed toward effecting transient and 
steady-state dynamic excitations with a common 
exciter system. 

The study on which this paper is based was per- 
formed for Naval Electronics Laboratory Center 
(NELC), San Diego, California,  (Contract # N00123- 
69-C-0066) and has been summarized in a formal 
report (Reference 1). The study included the consid- 
eration of other environments; which factor is reflect- 
ed in the design features and characteristics of the 
facility, but which is not otherwise addressed herein. 

The objective of establishing a conceptual design 
for a combined environment test facility is predicated 
on a desire to account for synergistic effects and to 
impose test environments which, especially for the 
case of dynamic excitations, have been determined 
from actual service environments. Accordingly, 
mechanical excitation systems (as distinguished from 
electrodynamic or electrohydraulic shakers) were 
dismissed trom consideration rather early in the 
study since their responses are more or less fixed 
and the duplication of programmed random excita- 
tions would be virtually impossible, 

On this basis, the tundainental problem was to 
devise a system of exciters (electrohydraulic or 
electrodynamic) capable of imposing arbitrarily pro- 
grammed excitations on complete shipboard installa- 

tions (which were, all the while, being subjected to 
other simulated shipboard environments) and to ef- 
fect, simultaneously, the ship's pitching and rolling 
m.-aieuvers. 

It has been established (References 2, 3, 4 and 
5) that ganged multiple shakers can be utilized for 
test systems the sizes and weights of which exceed 
the load capability of single present cay shakers; 
hence, the study did not involve any assumptions re- 
garding state-of-the-art advancements in shaker load 
capacity or control. 

REQUIREMENTS 

The primary requirement imposed by NELC in- 
volved simultaneous application of shipboard environ- 
ments to Navy electronic systems mounted in the con- 
fines of a simulated shipboard compartment having 
230 square feet of deck area and 8 feet of headroom, 
from which requirement a 25, 000 pound maximum 
test load evolved. It was also required that the simu- 
lated ships compartment be removable in order to ac- 
commodate deck-mounted equipments for test. 

Formal performance requirements for the subject 
test facility were derived, primarily, from MIL-E- 
16400, a general specification for Navy ship and shore 
electronic equipments, and other subordinate docu- 
ments. The basic mechanical excitation requirements 
relate to transient shock excitation, steady-state vi- 
brations, and low frequency inclinations, i.e., ship- 
board pitch and roll. 

The transient excitations specified for tests of 
naval equipments are based on those associated with 
underwater explosions, gun blasts and aerodynamic 
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Tho eseeaUal cmiraciertstics of the two dynamic 
actuation systems comprised by the simulator are 
shown in Figure 2. Th>." framed structure supporting 
the olectrodynamic shakers is rigidly attached to the 
inner gimbaled drive ring and is designed to support 
a total weight of 200, 000 pounds; which total includes 
the lusi system and the shakers. The supiiort frame 
structure itself wwild weigh on the order of 6000- 
12, 000 pounds; the actual weight tioing determined by 
the overall system natural frequency limit", and as- 
sociated o|)e rational cut-off frequencies. The inner 
gimbaled drive ring is supported by bearings mounted 
on the outer gimbaled drive ring. The d-c motors 
actuating the inner gimbaled assembly are supported 
on frame members attached to the outer gimbaled 
ring. The outer gimbaled drive ring assembly is 
supported by hearings resting on a seismic mass. 

As sl.own, the shakers are positior.ed below the 
gimbal axis in order to insure stability in the pitch 
and roll modes; however, this necessitates a reactive 
system for the overturning moments induced by the 
four shakers which provide horizontal excitation. Pro- 
vocation for minimizing this eccentricity also derives 
from the consideration of the kinetics of the pitch and 
roll actuation systems since decreases in system in- 
ertia accompanying decreases In this eccentricity 
result in decreased power requirements. 

CONTROL AND DYNAMICS 

Two problem areas require additional analysis 
in order to establish the validity of the design concept. 
These are the matters of control and kinetics. 

The problem of control of multiple "bakers has 
been considered In earlier investigations (References 
3, 6 and 7). Techniques for controlling multiple 
shakers in parallel (t. e., with individual power am- 
plifiers and automatic gain controls} have been estab- 
lished and demoiistrated for test systems exhibiting 
cross-coupling no greater than unity (Reference 5). 
In addition, methods have been described for control- 
ling sinusoidal excitations with multiple shaker sys- 
tems even whnn cross-coupling factors exceed unity 
(Reference 7). At the present time, these circum- 
stances wi-uld prescribe performance limitations of 
(1) operating in frequency domains considerably re- 
moved froir. resonant frequencies, or (2), effecting 
only sinusoidal excitations. 

For steady-state excitations in the range of 1-50 
cps as required for naval systems, it is expedient 
to design the drive fixture and supporting structure 
such that the relevant stiffness characteristics of the 
assemblage of test system and supporting structure 
are sufficiently great to insure cross-coupling factors 

INNER  GIMBAL 
■PIT 

FOUNDATION 

SEISMIC MASS 

Figure 2. Test Platform 
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'approximating anity. It doos not appear that "vun 
soft" supiwrt siructurüs arc ik-sirablc owing to the 
'.argp site of the test system am? the highly localized 
'iffccls which would result. 

As a final note, the results uf two analyses made 
to check essential design chsracterfstiCE are shown 
in the following paragraphs. 

An analysis was made of the inclination kinema- 
tics for the purpose of determining, primarily, the 
Iwrsepower miJ torque requirements of the ci-c drive 
motors. Assuming a harmonic driving torque, the 
maximum steady-state torque, 
(ignoring friction) 

T0,  required is 

T   -JCJo) o on 

2 

1-4, 

wherein J is the system moment of inertia, (t is ;he 
maximum inclinatio'i, u is the frequency of driving 
torque and c^, is the natural frequency of tho system. 
The maximum horsepower required for the inclination 
system is 

H.P. T   e — 

The torque To is shown in Figure 3 for various offset 
lengths, 1, between the system center of gravity and 
the gimbal axes. 

An analysis was also made to determine the in- 
fluence of stiffness characteristics on the rosixjnse 
of the vibratory system and the strength requirements 
of the support structure. For this purpose a model 
encompassing three degrees offreedom was considered 
to represent the combination of the (1) test system, 
(2) the gimbaled platforms, and (3) the seismic mass. 
The results of this analysis are shown in Figure 4. 

Figure 3. Peak Steady-State Torque to Oscillate 
Gimbaled Platform 

igure 4. Test Watfonr; rransmtssiiiilit\ 

CONCLUSION 

Th: leasibility of the concept described has been 
established en the basis of concepwai analysis ami 
desisn efforts. 
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DISCUSSION 

Mr. RhfuKi  a,.:;, i-i! Clfctric Co.k Con- 
.-uitiüii; th*' sj/.e c* list  pack.ii;«- mid the fro- 
quenry r.!:;/,*- tit (•..'i.r-ra. wh\ did v»)i! selec! 
• a« i-!i-Hi\!ui!!uc shakf-rs as oppuspd to hydraulic 
shakt-r» .:   r'iriv- i> cheap in hydraulic shakers, 
you küi;». 

Mr. IOIK-S:   I am aisu uf the opinion that 
hvdraulu' shakers 'vonld be cheaper.   As to 
pilch and r'.-Il, we chuse nut to include the fcy- 
drauiic system because when w< traded off the 
power requirements we would uu with a stroke 
thai was so long that it made a very soft link in 
the whole system.   My position regarding the 
shuck and vibration element is not quite so 
strong.   We did consider it and we have shown 
in our reixirt one concept which included a sys- 
teis ul hydraulic shakers.  Our experience has 
been that a hydraulic system dors not fiive as 
clean a response as the electrodynaniic system 
would.   This was the factor that tipped it for me 
toward the electrodynaniic system. 

lesser effects.   Certainly the ship's motions 
do not have a very strong influence on the per- 
foi nance of this system.   In the man-machine 
interface, doubtless they do, but the accelera- 
tion levels associated with the ship's motions 
of roll, pitch or heave would be very low rela- 
tive to the other excitations. 

Mr. Paladino (Naval Ship Systems Cd.): 
This is a clarification to the audience about this 
work.   Prior u. this the Navy has had a great 
deal of interest in such a facility.   This docu- 
ment will be reviewed by various Navy sources. 
The Naw has to decide whether such a facility 
is necessary to insure mechanical and service 
integrity in electronic equipment. 

Mr. Rheuble:   Of course, we all realize 
there is a certain restriction on the lower fre- 
quenry range because it was eK'ctrodynamic. 
Did this give you two xxes simultaneously or 
each axis individually?   I could not tell from 
the gimbal system. 

Mr. Jones:  We are talking two-axis vibra- 
tion with the whole thing going at once including 
pitch and roll.   We talked to vci.dors who have 
built big electrodynaniic shakers such as this 
and they have assured us that this is practical. 
They also assured us that the two-axis or 
multiple-axis excitation i.ould be handled with 
redesign of the shaker. 

Mr. Levin (Naval Ship Engineering Ctr.): 
I understand that this is a study phase at the 
moment.   Have you tested actual hardware? 

Mr. Jones:   No sir. we have not, 

Mr. Isada (Cornell Aercnautical Lab.): 
Why did you eliminate heave motion in your 
simulator? 

Mr. Jones:   P-imarily for the same reason 
we limited the v.^ration to two axes.   We had to 
decide on some limit of performance.   We 
settled, after considerable discussion, on the 
fact that two-axis vibration and shock and 
two-axis incMnation pitch and roll would be 
I'.lwut ;>s far us we could go as a practical limit 
when we traded off cost and the complexity of 
the system.   We sacrificed heave as one of the 
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The dynamic stability of elastic structures sub- 
jected to various types of periodic shock excita- 
tion is investigated. The paper presents exact 
and series solution of the linearized problem of 
parametric resonance.  Briefly is outlined also 
the finite element formulation of the problem. 
The analysis is illustrated by a thinwalled beam 
subjected to a transverse pulsating force. 

INTRODUCTION 

At the present time various class- 
es of problems of elastic structures 
subjected to dynamic loads continue to 
attract the attention of numerous 
investigators because of the abundance 
of still unresolved problems. In addi- 
tion to the response problems, the 
dynamic stability of structures is cer- 
tainly in timely need of further explor- 
ation. The purpose of the present 
study is to examine analytically one of 
the aspects of the rather complex dy- 
namic behaviour of elastic structures, 
subjected to periodic excitation 
forces, by confining attention to con- 
ditions under which excessive parame- 
tric motion may occur.  The problem is 
thus formulated as belonging to the 
class of parametric excitation pheno- 
mena which forms a subclass of dynamic 
stability problems. 

The classical problem of para- 
metric resonance of a structure sub- 
jected to a harmonic excitation has 
been studied rather exhaustively in the 
past [1],  The present paper considers 
the same phenomenon induced, however, 
by various types of impulsive periodic 
forces.  This type of loading takes 
place in numerous applications of tech- 
nological significance such as in pile 
driving, marine structural engineering 

subjected to jerks, in impact tools etc. 

FORMULATION OF THE PROBLEM 

Consider a continuous linearly 
elastic structure such as a prismatic 
bar, plate or shell, with arbitrary 
boundary conditions subjected to peri- 
odic impulsive excitation load.  If t.ne 
lowest natural frequency of the longi- 
tudinal motion is large as compared to 
the lowest natural frequency of the 
transverse motion and to the frequency 
characterizing the pulsating excitation 
force, the spatial dependence of the 
axial load induced in the structure may 
be neglected. Hence, the transverse 
motion may be regarded as being uncoup- 
led from the longitudinal motion for 
sufficiently small amplitudes.  In 
other words, the unperturbed motion is 
identified with the undeformed state. 

As it As well known, this assump- 
tion leads, in the case of a prismatic 
beam, to the differential equation 

El -a-j + m ^ + P(t) 
bx at at 

o (1) 

where w(x,t) is the transverse deflec- 
tion. El the flexural rigidity, m the 
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.T:ass <>i  the uearr. per unit of lentith, 
and Pit) sore periodic time dependent 
load.  Appropriate boundary conditions 
should be supplemented in order to pose 
the boundary '/laue problem properly. 
Since orly the steady-state problem is 
considered, nc initial conditions are 
introduced. 

It should be understood that since 
this is not a response problem it is 
not the solutions of (1) that are 
sought, but the conditions under which 
they are stable (bounded). 

One seeks the solution of (1) in 
form of standing waves 

w<x't)  Zjy^Vt) (2) 

where X(x) are eigenfunctions of free 
vibrations, or static stability pro- 
blems, or simply some preferably ortho- 
normal functions satisfying boundary 
conditions.  The implications of this 
choice are discussed in "2".  f(t) is 
an unknown time dependent function. 

Substituting relation (2) into (1) 
and using the property of orthogonality 
of functions X(x), one obtains the sys- 
tem of coupled linear differential 
equations governing the problem of 
parametric excitation 

d2f 

dt 
-+ ii t1-»*!*™^ 0  (3) 

where 

lHj 

-kj 

(El/x^"X .dx)/(El JX^'X .dx)(4) 

(/x,"X.dx) /(El K""X. 
V k ]      yj k  : .dx)   (5) 

when 

|x,IV X . dx = 0 
J   k  } 

/ 
x; x. dx 

only 'kk uk and 'kk 

(k *  j) 

(k 4  j) 

u are differ- 

ent from zero and the system of coupled 
equations degenerates into an array of 
independent differential equations 

d2f 

dt 
^ + ,J :i. ^ p(t)]fk = o    o) 

When the excitation force is 
periodic P(t)   P(t + T). equation (3*) 
becomes a Hill's equation with a solu- 
tion having the property of being un- 
bounded for certain ratios t/u.  Set of 
such points in the parametric space 
(;,..,) for which the solution is unboun- 
ded will be in the sequel referred to 
as instability region. 

EXACT SOLUTION 

As it has been shown by same 
authors [2] in the case of a simply 
supported beam, hydrostatically loaded 
ring and a few other extremely simple 
cases excited by a periodic impulsive 
load 

P(t) Po + Pt 
\ (rt-K^T) (6) 

an exact solution for the boundaries of 
instability region may be obtained. In 
(6) with P denoted is the intensity of 

the constant part of the excitation 
force, with P the amplitude of the 

time dependent part, with S the Dirac 
delta function, with 8 the frequency 
and with T the period of P(t). 

Using the apparatus of the Theory 
of Distributions in conjunction with 
the Floquet's procedure, one obtains 
the following relation for the boun- 
daries of the instability regions 

Hat)  = 2(P, -v 2TT (7) 

sin !)jT + cos T^Th I 

where 

\ -   \(1 " P 
(8) 

and 

cr 

2 2      ! 
.- hi-  , El ^ 

k  t. 

kV El (9) 

with k » 1, 2, 3, ... 

For  ;(TT)  > 1, the solution of the 
equation (3) is unstable. 

SERIES SOLUTION 

As said before, the applicability 
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of the exact solution is severly res- 
tricted to a very few cases when the 
problem is essentially governed by a 
single Hill's equation.  Since in gen- 
eral this is not the cese, it was 
essential to develop a procedure for 
systems governed by several coupled 
equations. 

Out from the several different 
methods it appears that the solution in 
form of Fourier series possesses cer- 
tain computational advantages, and is 
more frequently used than the other 
methods. 

In order to apply the Fourier 
series method, all functions appearing 
in Eq. (3) have to be expanded into 
trigonometric series.  Since the dif- 
ferential equation (3) has indeed 
periodic solutions, f(t) - f{t + T) 
(representing actually boundaries of 
instability regions) one may write for 
a 2T period 

f( -2 a^sin ££ + K  cos ^) 2    k 

(k = 1.3,! .) (10) 

It is known also that every per- 
iodic distribution g(-) has a Fourier 
expansion converging in the space of 
all periodic distributions 

1   2 V1 i + ^ > cos ti 
1   i 

'12> 

Finally, for :t. = 2-/;T and 

1 
rT one has 

r-(.t-k-T, -h;   +  h 
>-' 

\ cos2n- (13) 

The relation (13) means merely 
that both series distrifcutior.ally con- 
verge to the sare quantity, i.e. 

lim -k T) [t)dt - 

lira ffr? + ITZJ cos'n:t) Plt)dt 
J n 

where ,(t) is an arbitrary test func- 
tion 

Substituting relatiorj (13) into 
eq. (3) yields 

d2f + a*   (l-2..1
,rcosk;t)f - 0 

dt2 k=1 
(14) 

where 

g(T) =    Gr exp(irj;T) 

where 
nl,-k  ' 'k l1 "   v cr,k 

(15) 

. = ^ > 0 Tj 

The constants G are of slow growth 
and as shown in [3]and [4]are given by 

J'T, 

Gr " |   g(T) exp(-ir).-)dT   (11) 
la 

Since the periodic delta function is 
defined by 

g(T) - /  6(T - 2nr) 
r 

it follows from (11) that the Fourier 
coefficients are given by 

"i it 
t  • 

cr,k (P   + P,. .T  ) o   t/2-' 

Substituting trigonometric expan- 
sion (10) for f(t) into (14) and equa- 
ting to zero coefficients of like 
sink?t and cosklt one obtains an infi- 
nite, homogeneous system of linear, 
algebraic equations in terms of coef- 
ficients a, and b. 

(1 + 

(1 

4~ 

k 

2,2 

-i-)ak= 0 

i 

2,2 
(16) 

.(1-:jk'I>j 

such that 

(T-2TTr) - ^ X]exP(ir^) 
where 
bol. 

= 0 

(j,k = 1,3,5 ....) 

is the Kronecker delta sym- 
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A nontrivial solution ot' the 
homogeneous system (16) exists only if 
the determinant of the coefficients 
(known as Hill's determinant) vanishes. 
This, in fact, represents the condition 
for the existence of periodic solutions 
(10) (boundaries separating stable - 
damped, from unstable ~ increasing in 
time solutions) of the differential eq- 
uation (J.4) . 

As a first approximation, off- 
diagonal terms of the Hill's determin- 
ant can be neglected, yielding a simple 
formula for the boundaries of odd re- 
gions of instability, namely 

a* 

•s follows 

A 

^-^ 
and 

!l - ./I - U! " ■ V (19) 

In case of a simply supported beam 
even the first approximation formulas 
provide results accurate enough for all 
prectical purposes. Taking as an ex- 
ample P_ « 0.25 P  . first three in- o       cr 
stability regions are computed and 
plotted in Figure 1. 

2 fTT '1  (k=-l,3,5 .) (17) 

with the asterisk denoting values of 9 
on the boundaries of instability ra- 
tions. Thus, 6^ is the critical fre- 
quency of the external load. 

Xf  higher accuracy is needed one 
can substitute (17), for k=l, into the 
second diagonal term and evaluate d# 
from the second-order determinant. A 
slightly more accurate formula for the 
boundaries of the first instability re- 
tion is than obtained as 

2 .i 
9*    ,1M    . K^i* ] 
n7 = 2[1±ui+ 8(1^)11 (18) 

Since u does not exceed roughly 0.25, 
formulas (17) and (18) yield practically 
identical results. 

The more accurate formula for the 
boundaries of the third instability re- 
gion obtained from the corresponding 
second order determinant, using again 
(17) for k=3, reads 

,2Js 9*   2 r.    w*"iL.l 
07 = 3 ^rsi 1 
1   L   9 Ui J 

In order to establish formulas 
defining the regions of instability 
bounded by the periodic solutions of 
period T, instead of series (10) one 
uses 

f (t) = bo + z:<v^ * 
bkcos^|i) even) 

Following the same procedure, the 
upper and the lower boundaries of the 
second instability region are obtained 

1.5 

f8 

P /P 

J__l l__l I I L 
.1 .2 .3 .4 .5 .6 .7 

Fig. 1 Three lowest instability 
regions (shaded areas) 

The maximum difference between exact 
and series solution takes place, as 
expected, for largeru.and for higher 
instability regions. Nevertheless, the 
second approximation formulas were al- 
ways within 2% of the exact value com- 
puted from (7). 

The principle merit of the series 
solution is that it can be applied 
without further complications to cases 
when the system of n coupled equations 
is to be considered. Although it is 
conceptuallv possible to eliminate (n-1) 
variables (since the differential oper- 
ators are linear), one cannot use stan- 
dard procedures, since, in general, 
after separation of variables the sys- 
tem does not reduce to either Mathieu 
or Hill equations. 
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Thus, the task is to determine 
the boundaries of instability regions 
far the system of differential equations 
written in matrix form as 

d2, 
C 2--| 4[l-aA-B!p(t)B]f = 0 

dt J (20) 

where A,B and C are matrices with con- 
stant elements, I is the identity ma- 
trix, a and e two scalars and f(t) un- 
known vector. op(t) = !p(t4T) is a 
periodic function of time characteriz- 
ing time dependence of the excitation 
load. 

3y analogy to the case of a single 
equation the solution of (20> with per- 
iod 2T is sought in form of Fourier 
series 

f( « -ZJV ,kBt 
CO: Mt )(21) 

where a. and b^ are some unknown vectors 

with constant components,  if !p(t) is 
defined as 

P(T) 

m 77   \j. 

■*~z 

Y 

1/2 T 
PIT) 

Y 
Fig. 2 A thin-walled beam subjected 

to a concentrated load Pit) 
at the midspan. 

<ü>(t) - z  6(9t-keT) 
y 

one repeats the same procedure as in the 
case of a single equation to obtain the 
generalized Hill's equations with ma- 
trices rather than scalars as elements. 

The first approximation for the 
boundaries of the first instability 
region is obtained by equating to zero 
the first diagonal matrix element of 
the Hill's determinant 

.1. „ e2 -a1A1i5ß1B-| C (22) 

where 

a1A1 (aA+jfi-B) and g. i 

The boundaries of the higher in- 
stability regions are obtained in much 
the same way as in the case of a single 
equation (see Ref. [3]). However, the 
expressions tend to be rather long and 
unsuitable for qualitative analysis. 

In order to briefly illustrate 
the procedure a simple example of a 
beam shown in Figure 2 will be treated. 
Differential equations governing the 
problem ([1], [3]) are 

El v  - mv - 0 
IV t. 

El u + (in cp) " + mu - 0 
Y  IV 7 

EI^co - GRp" + MxU" + mr #= 0 
(23) 

Where u and v are componental displace- 
ments and u angle of rotation about the 

El are flexural x   y 
sectorial rigidity, GK 

longitudinal axis Elv 
rigidities. El, 

Q 
torsional rigidity and M the external 

bending moment defined by 

»5P(t)z  0<z<ajt 

.^Ptt) (t-z) Jst<z<t 
Mx (z.t) = 

First equation governing the free vi- 
brations in one of the principal equa- 
tions is uncoupled and may be treated 
separately. Only two last coupled 
equations will be treated in sequel. 

Assuming solutions in form of 
series 

u(z.t) -^J-V^X,,«2) 

cp(z,t) = ^V^n*2' 

Incp 

X(z) - iij(z) =(v2/i) sin nz/t, 

where coordinate functions ^(z) and 
ili(z) are chosen as eigen-functions of 
the free vibration problem.  Making use 
of Galerkin's method of the last two 
equations are rewritten in matrix form 
as 
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re F f + 'R, - >,„S 

where 
\-   ^ 

1% dz 

0 

-1 

_0 

7 
|\ dz 

tM(t)St-f-0. 

2 2J r . dz . 

0  . J.2dz - GKJ dz - GK r :"dz 

El 
y 4 

EI.-^- + GK -^ 

1 - 1       Pt   Pt 

1   p* 

where 

Px " >■ 

2TP. 
1 - 

P = 
f2  n 

4ai_ 

+ 4 

Expanding the determinant one obtains 
the boundaries of two principal in- 
stability regions.       JU..2 

If «1 

following approximate relations for 
the first flexural and first torsional 
instability region are obtained. 

9* = 2\ 
/   A1A2  1        Pt  Pt 
1  P P l-Y l 0  2-.T *2^J 

x op  ' 

s - f X(M;)"dz 

/■ 

_1_ 
8 

I'M x"dz 

2 
TT  +4 

LikJ 

an3 

12 

3* = 2JJ ./r *      CD V 1 
A1A2  v       Pt  Pt 

+ P P  l-Y ^ 0 + 2^ * 2TT' x p   ' 

In the first of the two instability 
regions the flexural motion will pre- 
vail, while on the second the tor- 
sional vibrations will be of principal 
significance. 

In addition to the previously 
studied loading function (6) the pre- 
sented technique may be applied if the 
periodic impulsive excitation force 
alternates in sign (Fig. 3)• 

with all the integrals being taken over 
the entire length of the member. 

The approximate matrix relation 
defining the first instability region 
ipay now be written as 

(^fe^!-2^^0- 

or (l-q)T 

"> 

--PT-t 

qT 

Fig. 3 Alternating impulsive load. 
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Fur the sake of simplicity it will be 
assumed that the intensities of the 
tensile and compressive force are equal. 
Varying the parameter q denoting the 
time distance separating two neighbor- 
ing tensile and compressive force (Fig. 
(Fig. 3), one can study the effect of 
the nature of the excitation force on 
the width and shape of instability re- 
gions. 

For q = 0.5 the tensile forces 
are located midday between two succes- 
sive compressive forces.  The loading 
function is 

+ Pt / ->(et-k8T) p^ - P + P.. / >(et-k8T) 
tot ^__j 

at - 

t 
k-T) (24) 

For the periodic distribution de- 
fined by 

v—'    T 
f(T) V 5(T~ -ji -kT1) 

Fourier coefficients are 
I 

T 
F n  T,  I 

1, (T - -2—)exp(-inii;t)dt 

'(I - 

P  -P 
cr o 

In conjunction with  the Hill's deter- 
minant following relations for the 
first instability region are obtained 
as 

or more accurs ely 

(27) 

•/l t -4-, (23) 

The boundaries of the second instabi- 
lity region are 

and W i - f .2 

Preceeding in much the same way 
for q = 0.25 the boundaries of the 
first instability region are found to 
be 

Tp-  exp(-in-T) = 2n V 1 + -/T 

Other zeroes of the function f{t) do 
not fall into the interval (0,T,) of 
the integration. 

Hence, 

while for the second instability re- 
gion one has 

Vi 2 3 

^m-^-KQT)   -h+k BT  eT 

D-"" cos n5T (25) 

Combining relations   (13)   and   (25)   in 
sense of  (24)   and substituting  it into 
Eq.   (3)   one has 

- -, + n (i-4u 7 i 
n.l dt 

cos nSt) f 

In a case when q is infinitely 
small tensile and compressive force 
form a dipole in time. The forcing 
function is then given by 

?(t) ■IJ ;3t-k9 T) 

where ' (it) is the dipole or the 
generalized time derivative of the Di- 
rac delta function.  The fourier co- 
efficient can be calculated to be 
G  = iri/T. (with i standing for the 

imaginary unit), such that 

D (Ot-kvT) V1 
/ n sin nrT 

where 

The boundaries of tue first instability 
region are now 
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- 2 ./ 1 * 

while the second instability region is 
bounded by 

anz' i   {2u+hu  ) 

The whole process is Symmetrie 
about q = 0.5, i.e. q = 0.25 and q = 
0.75 generate identical instability 
regions. 

Having established all these re- 
lations the diagram showing the boun- 
daries of first two instability regions 
Cor a simply supported beam, for dif- 
ferent qs is plotted in Fig. 4. As 
expectec*., the shape of instability re- 
gions for q ■--  0.5 resembles the shape 
for the harmonic load. 

.5 ♦0 

T CR 

J—J I I I I L 
.1 .2 .3 4 .5 .6 .7 

Fig. 4.  Instability regions for a 
simply supported beam sub- 
jected to alternating im- 
pulsive load. 

FINITE ELEMENTS SOLUTION 

In order to cope with the problem 
of complicated geometry, it is neces- 
sary to formulate the problem in a way 
suitable for application of computers. 

Writing the unknown generalized 
displacement w(x.y,z,t) in the form 

k 

wCx.y.z.t) - / gt.<t)p1(K#yt») 

i-1 
where q.(t) are some unknown amplitudes 

and Sjfx.y.z) are some given displace- 
ment tor influence) functions the dif- 
ferential aquation governing the para- 
metric resonance problem (see Refs [5] 
or [6]) may be written as 

q * jrtsci-tte)* sjq - o 

where tor the assumed displacement 
field the mass, stiffness and stability 
matrices are defined by 

M - [m..] 

5 " [V 
"ij 

8^8 

^ijl 

:i/ßi
,,s 

ij " jBi,f}j' 

da 

ds 

The approximate relation (derived) 
from Hill's determinant as before) de- 
termining the boundaries of the first 
instability region reads 

I-XI + M"^ - ctM"^! - 0 (29) 

where 

4 

while the parameter a defining the 
character of the excitation force is: 

for the harmonic force a-Pg±,5Pt 
P  p 
t  t 

for periodic impacts a":po+2— *2— 

As shown in both Refs. [5] and [6], 
for a simply supported beam idealized 
by a minimum of two discrete elements 
the technique yields results of more 
than satisfactory accuracy. 

TRANSVERSE LOAD 

When, In addition to the longitu- 
dinal periodic excitation force P(t), 
the structure is subjected to the 
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persistent time dependent periodic 
transverse load G(t) - G(t-Kr) the gov- 
erning equation reads 

El—| + P(t)—f - m—^ = G(t) (30) 

If 

G(t) =2]xk<x)gk<t) 

then using (2) one has as before 

f
kVci^kp<t"£k Ä 

As shown in (7) for the case when 
gk/m is bounded in mean, the null solu- 
tion of (30) which is in the same time 
the null solution of (3*) is stable in 
the presence of persistent disturtance 
G(t). Since the continuous system is 
dealt with, in addition to the bounded- 
ness in mean of g, /m the series tor 

G(t) should also converge. 

SUMMARY 

The paper is concerned with the 
linearized problem of the parametric 
resonance of perfectly elastic struc- 
tures subjected to various kinds of 
periodic impulsive forces.  The criti- 
cal frequencies are determined both 
exactly and approximately.  It has been 
found that the approximate solutions 
(both series and finite elements) com- 
pare favorably with the exact solution. 

Comparing different types of im-' 
pulsive leads, it was also determined 
that the system of periodic tensile 
forces superimposed on the system of 
periodic compressive forces has a de- 
stabilizing effect in the sense of en- 
larging of instability regions.  In 
addition to the forces which are indeed 
of impulsive nature, the presented 
analysis may be used for the first ap- 
proximation in case of periodic forces 
which are not harmonic. 

The evaluation of the influence 
of various phenonomena such as rota- 
tory inertia, viscous damping and 
various nonlinearitiee is not presented 
herein. Although sue', a study enriches 
the overall analysis qualitatively, the 
phenomena treated do not seem to affect 
considerably [5] the basic results ob- 
tained for the linearized thaory as 
presented herein. 

Some additional proofs of mainly 
mathematical interest, and a more de- 
tailed presentation of various examples, 

may be found in our papers '2land [3], 
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PARTIAL LIST OF SYMBOLS 

E 
I 
f(t) 

M 
m 
P(t) 

VPt 

cr 

t 
X 

w(x,t) 
8 
6 
6:k 
0,u 

A,B,C 
I 

K,M,G 

Elastic modulus 
Principal moment of inertia 
Time dependence of the de- 
flection function 
Bending moment 
Mass 
Time dependent excitation 
force 
Amplitudes of the static and 
dynamic part of the excita- 
tion force 
Static buckling force 

Period of the excitation 
force 
Time variable 
Free vibration eigenfunction 
(spatial dependence of the 
deflection function) 

Deflection 
Displacement functions (modes) 
Dirac - delta function 
Kronecker delta symbol 

Parameters in the Hill's 
equation 
Free vibration frequency 
Frequency of the excitation 
force 
Critical frequency 
Square matrices 
Unit matrix 
Stiffness, mass and stabiljty 
matri» 
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SHOCK ANALYSIS OF FLUID SYSTEMS USING ACOUSTIC 

IMPEDANCE AND THE FOURIER TRANSFORM; APPLICATION TO 

WATER HAMMER PHENOMENA 

Arthur A.  Winquiat,  U. S.  Air Force,  Norton 
Air Force Base, San Bernardino,  California 

and 
Raymond C.   Binder,  University of Southern 
California,     Los Angeles,   California 

The Fourier transform technique is presently used in analysts of electrical and 
mechanical systems.    This technique has not been developed significantly for 
acoustical and fluid systems.    This paper focuses attention on the new problem 
of the application of the Fourier transform method to fluid systems.    From a 
technical and an educational viewpoint,  such application would provide a synthe- 
sizing technique to integrate overall understanding of shock and vibration pheno- 
mena.   An important general problem in practice is the transient response of a 
liquid system subjected 'o a shock input, due to a variable constriction or chang- 
ing valve condition iu the line.    This type of problem is frequently classed as 
waterhammer or fluid hammer.   Same experimental data are available for various 
waterhammer cases. Using acoustic impedance and the Fourier transform in a di- 
gital computer program, waterhammer excess pressure head resulting from valve 
closure at the end of a straight pipe was calculated for several cases.   Results of 
this theoretical analysis are compared with experimental data and with results 
using traditional waterhammer solution techniques.    The acoustic impedance- 
Fourier transform technique proved to be a completely valid method of calcula- 
ting system excess pressure head for the waterhammer cases discussed.    Calcu- 
lated excess pressure head was closely comparable to the excess pressure experi- 
enced in actual experimental tests and the excess pressure head using traditional 
solution techniques.    The Fourier technique satisfies an existing requirement for 
an alternate approach to the present laborious methods used in calculating water- 
hammer excess pressures.    For one familar with the use of the Fourier transform 
for the analysis of mechanical and electrical transients, the extension to fluid sys- 
tems is a relatively simple matter.    This method can be applied to various fluia 
power and control systems,  for small or large pipes. 
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IMTRODUCTIOS 

Dr.       to dcveU>pn.ent o;' the digital com- 
puw: .   various analvtical aixl empirical n\e- 
ihaia were   .-.- : in approaching; the soiution 
<>! .'ii>rati.>n and shock problems for mechan- 
ical,  «rlectrital and fluid systems.    Develnp- 
men: ami use ot the digital computer has 
leid to a quest for development of more gen- 
eral and more suitable metlKKls for the 
analysis of various shock and vibration pru- 
bkmta.    Desired is a solution technique 
v.hich no« only would offer technical advan- 
tages.   Sut which,  from an educational view- 
point,   -■.-■..Id integrate overall understanding 
of shock and vibration phenomena.    One such 
synthesizing technique entails use of the 
Fo-.iner series and Fourier integral. 

Fourier series - Fourier integral solution 
techniques have become well established in 
analysis of electrical systems and to a some- 
what lesser extent have been used for mechan- 
ical systems analysis.    This method, how- 
ever, has not been developed significantly for 
acoustical and fluid systems. 

/olio«mg are presented theory involved 
in development of Unearned acoustic imped- 
ance relationships for liquid and gaseous 
fluid system elements and Fourier transform 
computational tec'tniques used in computation 
of excess pressure induced >-srhtn a piping 
system as a result of valve closure.    The 
acoustic impedance--Fourier transform sol- 
ution technique is then applied to five water- 
hammer cases to determine the transient 
excess pressure head resulting at a valve as 
a result of its closure.    These results are 
compared with experimental results and with 
computational results obtained by both tra- 
ditional waterhammer solution techniques 
and Streeter's characteristic equation 
technique. 

ACOUSTIC IMPEDANCE DEVELOPMENT 

The acoustic impedance,  Z, of a fluid 
system subjected tc sound pressure wave 
input is defined as the ratio of fluid excess 
pressure,  p,  to the fluid volume velocity, q, 
resulting from the excess pressure: 

q (1) 

The volume velocity is the product of the fluid 
mean velocity and system cross-sectional 
area at a given point in the system.    The ex- 
cess pressure,  p,   is the incremental change 
in pressure caused by the sound pressure 
wave. 

The acoustic impedance of a system 
element is developed from the basic differen- 
tial equations governing fluid flow considering 
external and internal forces acting on the fluid. 

In order to develop useable acoustic imped- 
ance relationships for fluid system elements 
of varying geometry,  several simplifying 
approximations are commonly made in order 
to preserve analytical linearity.    T le system 
must then, of course,  aatisfy these limitations. 

Applicable linearizing simpliffcations may 
be enumerated as: 
I     The fluid is »omogeneous and isotropic. 
Z.    The flu'.d is elastic. 
3. The sound prevsure waves are of relatively 
infinitesimal amplitude. 
a     For gases, the magnitude of the excess 
pressure of the sound pressure wave is small 
compared with the total pressure,  p,, of the 
fluid.    Such a small magnitude excess pressure, 

normally requires that p< pt/20 [1] . 
b.    In the case of liquids, pressure magnitudes 
must not cause fluid cavitation [2] . 
4. Fluid volumetric changes art small com- 
pared with total fluid volume.    This assump- 
tion generally requires that AV   <V/20 [l] , 
where V is the total fluid volume and  AV is 
the incremental change in fluid volume caused 
by the magnitude of the excess pressure p. 
5     Fluid mean pressure and density are con- 
stant.    This requirement is valid for fluid 
mean average flow velocity less than Mach 0. 2 
to 0.3 PT.   Flow through the system can then 
be assumed essentially incompressible and 
consequently does not affect sound propagation. 
6-    There exists negligible heat exchange in 
the audible frec.aei.cy range.    During sound 
propagation,  fluid compressions and expan- 
sions are essentially adiabatic. 
7.    Sound is transmitted by plane waves of 
frequency less than the transverse fundamen- 
tal frequency; higher order oscillation modes 
are very rapidly attenuated.    This assumption 
is valid for ka<Tt/2, where ka is a non-dimen- 
sionalized wave propagation constant equal to 
the product of a) , the radial frequency, and a, 
the tube radius, divided by c, the pressure 
wave propagation velocity. 

The general dynamic wave equation of a 
fluid in a tube may be determined by summing 
inertial,  frictional and pressure forces on a 
cylindrical volume element as shown in figure 
1. 

mean volume . 
velocity q 

Figure 1. --Cylindrical volume element 
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The wave equation is then expressed as 

P 3t2 ,n    at axT (2) 

> "lere  p is the mean mass density,  r     it the 
coefficient of mechanica! viscous friction per 
unit area per unit length,   B is the fluid bulk 
modulus of elasticity, and x, 6 x, an^ t sig- 
nify distance,  incremental distance and time. 

Viewing the input velocity to be a result 
of a pressure wave input, the progressive 
wave solution of this partial differential 
equation can be written as 

?=?(0) ^(0(14%-)   =   fWe-""   e jait   ±kdx 
(3) 

where 5 >* the fluid displacement in the pres- 
sure wave,   5 is the fluid velocity in the pres- 
sure wave, and cj is the sound pressure pro- 
pagation velocity in a dissipative fluid,   ut is 
angular frequency, and kd is the damped wave 
propagation constant. 

Fluid system impedance can be developed 
initially by considering the force balance on a 
tube of cross-sectional area S.one end of 
which is closed with a piston of acoustic im- 
pedance ZL, the other end enclosed with a 
piston of acoustic impedance Z     driven by an 
arbitrary force F e^111*, figure 2. 

x=o 
I 

v** HE 
x=L 

I 
sej*      sp,^ 

p 
Figure 2.— Tube impedance 

Z-"-Z 
P o 

3 
Fluid flow in the tube caused by the exter- 

nally applied force is governed by the contin- 
uity relationship 

V jx 

and the general dynamic wave equation. 

(4) 

Combining the continuity equation, the 
dynamic wave equation and the progressive 
wave equation solution,  realizing that c^ =B/p, 
yields 

p   =   p, coshk.L   +   pcf.sinh k .L, 

(5) 

«i)   =   PL TT 8inh kdL   + ?L  c08hkdL 

(6) 

when substituting boundary conditions at 
x = O, x £ L and determining ccefficients 
Use of the expressions for p0 and    'o and 
evaluation of p^ and   f L   lods to expressions 
for tube impedance. 

The above analysis implies that the tube 
wall is sufficiently rigid to prevent wall vib- 
ration; the tube wall impedance approaches an 
infinite value.    The assumption o- infinite wall 
impedance is valid when the magnitude of the 
fluid compressibilit'/ effect is much greater 
than the effect of wall elasticity.    D'Souza  [3] 
shows that lor small diameter pipes subjected 
to waterhammer pressures    tht tube walls 
may be assumed rigid, althoutrh in performing 
calculations,  the theoretical speed of sound 
propagation must be decreased by considering 
wall elasticity. 

Thus in place of c would be substituted c,. 
tl e pressure wave propagation velocity in non- 
rigid >ipe.    Parmakian   [41 expreoses c2 as 

, 2 

I + ZabB 
Th- 

(7) 

where E is Young's modulus and h is the pipe 
wall thickness The pipe mounting factor, b, 
is shown in figure 3. 

5 
4  -v 

\ 

PIPE MOUNTING CASE 

Straight single pipe 
supported at one end 

Straight single pipe 
supported at both ends 

Series pipes connected 
by expansion jcint 

Figure 3.--  Water pipe mounting factor 
b as related to Poisson's 
Ratio v 

The impedance of the tube of 'igure 2 as 
viewed from the point of application of the 
externally applied force, the driving point 
impedance,  is calculated from the pressure, 
p0, and the wave velocity,    e0, relationships. 
Defining Z00 to include both the end piston 
acoustic impedance Z- and the tube impedance 
Zo = p0/se. 



Z      *Z     +
0C       ZL*£iUtii  kdL 

00       P     ~g~   ^   _    ~ .   .       (81 Sfr  tZLUnhkdL 

This linearised expression for acocatic imped- 
ance is valid for ka   < 0 25. 

The above relationships can be extended to 
determine the impedances of various acousti- 
cal elements such as orifices, frictional ele- 
ments, cavities, and side branches.   Knowing 
the acoustic impedances of various acoustical 
elements, the overall acoustic impedance of a 
composite system may be determined.   As an 
example, the overall impedance of a fluid in a 
piping system consisting of several segments 
of pipe in series, each segment with a different 
diameter and wall thickness, would be cal- 
culated by algebraically adding the Impedance 
of each individual segment. 

COMPUTATION FEATURES 

Fourier transform.    The Fourier spectrum 
of system response to an arbitrary input f(t) 
can be determined knowing the system imped- 
ance Z(») and the Fourier transform T{w) of 
the time input to the system.   System time re- 
sponse to an arbitrary input may then be deter- 
mined from the system frequency response by 
means «f the inverse Fourier transform. 

Crede and Harris   [5]   and Hues and 
Donegan    [61   discuss a numerical integration 
technique to be used to accomplish the Fourier 
transform. 

Fd») vf.. «t»«'*8'* (9) 

Im[F(v)l ■ -Atg tn sin C sin (2n -1) G . (12j 
G 

G = ¥ (13) 

[ F(<»)]   « { Ret F(«)! 1» ♦ tlmtFto)] W") 

The time input curve may be fitted graph- 
ically or it may be approximated numerically 
using a mathematical relationship such as 

■•jpN« W «w V f «*> w (15) 

which approximates the actual curve with a 
parabolic fit. 

The time response of the system to an 
arbitrary input is obtained by calculating the 
inverse transform of the real part of the fre- 
quency response R («) of a system of imped- 
ance Z (a) to an input F fa).   Re  [ R(a)]   is 
calculated in the frequency domain and ia 
then approximated by a step fua.aon consisting 
of n intervals of abscissa width An    and 
ordinate Rn such that n'tm   equates to th« 
maximum desired frequency W^. 

The time response r (t) is determined by 
the equations. 

r(t)» — &ttl£nRnsin G cos (2a -1) G. (l6) 

and the inverse Fourier transform 

«««EfJ^FfoOe^d« 

for the situation f (t) = O when t < O. 

(10) G = 

The frequency spectrum F(w) of the time 
related input f(t) is calculated from its real 
and imaginary parts.   The function f(t) is fitted 
with a step funcUon approximation consisting 
of n intervals with abscissa width At and 
Ordinate f . 

n 
The frequency spectrum F(w) is then 

computed using the equations. 

Re [Ffai H = AtE fn sin G cos (2n - 1)G , 
n G 

(U) 

t. (17) 

The frequency response curve may be 
fitted graphically or as an alternative, numer- 
ically by using a parabolic expression such as 

R   * 1  {5[ReR(an    1+8[ReR(ai)1 (18) 

-[ReR(ii))]n+lt . 
Volume velocity.    To apply the Fourier trans- 
form technique to water flow through a pipe 
and gate valve requires consideration >f the 
nature of the actual fluid flow before, during 
and after control valve movement and the 
resultant input volumetric flow to the system. 
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For each of the caaea studiod. the fluid 
volume velocity waa steady prior to closing 
the control valve or gate.    The tource mater- 
ial for each of the case« indicated that 'he 
croat-sectional area of the fluid path through 
the valve varied linearly with time on valve 
movement, as shown in figure 4, where 

T = s (t) - s m 

K g 
S_(0). Sg(T) and S (t) are respectively the 
valve cross-sectional area at start of valve 
movement, at termination of valve movement 
and at a variable time t between start and 
termination 01 valve movement. 

Figure 4. —Variation of valve area with 
time 

Actual fluid flow varies from the initial 
steady flow before valve closure to the final 
steady flow after termination of valve move- 
ment.    The change of volume velocity ia of 
course due to the change of valve cross-«ec- 
tional area. 

The wave equations developed above relate 
system parameters to a.» input volume velocity 
or pressure wave.    The resultant volume ve- 
locity input for each of the hydraulic system 
cases studied may be viewed as that input 
which would be required to decrease the actual 
fluid flow from the initial steady flow before 
gate closure to the final stea ly flow after gate 
closure.   The resultant volume velocity input 
is derived from the relationship 

Initial steady flow + resultant 
input flow = actual fluid flow. (20) 

Thus, the volume velocity input to the system 
is expressed at the actual volumetric flow 
rate minus the initial steady-state flow rate. 

The relationship between the actual flow 
rate through the valve, q(t)l the initial steady 
state flow rate, g(O), the final steady state 
flow rate, q(T), and the resultant input flow 
rate. 

q(t) - 
q(T) 

q<0). 
q(O). 

O «t « T, 
T <t. (21) 

are depicted in figure S.   In figure 5, the 
initial and actual flow rates towards and 
through the valve are evaluated as negative 
since, as shown in figure 6,  pi->e distance is 
measured from the valve end of the pipe. 

9       resultant input 
q(T)-q(o)    1 flow rate  

q(T)     , 

q(o) 

actual flow rate, 
q(t) 

Figure 5 --Determination of Resultant 
Input Flow Rate 

reservoir 

pipe value 

Figure 6.— Reservoir-Pipe-Valve System 
Configuration 

Two separate categories of waterhammer 
excesa pressure fluctuations during and »fter 
gate closure are considered.    The first cate- 
gory is that of a straight pipe where the gate 
closing time,  T, is less than or equal to the 
pressure wave reflection time. RT, the time 
for the excess pressure wave to travel from 
the gate to the opposite end of the pipe at the 
reservoir aad then to return to the origins» 
starting point at the gate.    The tecond cate- 
gory considered is that of a straight pipe in 
which the gate closing time is greater than the 
reflection time. 

Volume velocity input,  T < RT.    For those 
cases in which the time of valve closing is 
less than or equal to the reflection time, the 
fluid volumetric discharge is not effected by 
pressure fluctuations caused by reflected 
pressure waves.    Using the basic relationship, 
velocity equals /Zgh   , the volume velocity 
discharge, q(t), through the gate during the 
time of gate movement i« expressible as 

'i(t)=Sg(t)   rH(t) + AH(t)-fr   q(O) 
■SJÖ)L' HTtT 

(22) 
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where S (t) is the open gate area at time t, 
S (O) is the initial gate flow area.    &H(t) is 
the time related excess pressure and H(t) is 
the total steady state head pressure at a given 
time t.    Assuming an essentially linear varia- 
tion of How area during gave movement irom 
t = O to t = T. 

S (t) = S (0>-T= SJO) (l-_t_ 
S g g j 

this ex}..-ession becomes 

1    L H{t\^ 

(23) 

U4) 

As a first order approximation,  this equation 
may be simplified to 

q(t)=q(0) T - t 
(25) 

q(t), as 
Expressing the actual fluid flow. 

q(t) =  AMP(1 --^r)* q(T5P«t«T, (26) 

where 

AA=TST(1-co,«ir»' 

BB = AMP SUKBT. 

(31) 

(32) 

Volume velocity input,  T > RT.    When the 
valve closing time is greater than the prrrsjre 
wave reflection time, the actual fluid flow i s 
determined from a superposition of the flow 
resulting from the change of valve cross-sec- 
tional area and the Ac« resulting from the 
excess pressure head caused by the reflected 
pressure wave impinging on the gate. 

The resultant volume velocity input to the 
system as a result of the change in the valve 
area in time f is expressible as 

«t)=AI~Fl^-,   OitsT, (33) 

q(t) = q(T), T«t. (27) 

where AMP is the change of fluid volume 
velocity from start to termination of valve 
movement, and q(T) is the volume velocity 
after termination of va.'ve movement, the 
resultant input to the system becomes 

«t) = - AMP(-^.),0«t«T. (28) 

f(t) - AMP1 T 
TT- T« t 

F^): AM PI , 
RT«» (co- «* 

■ AMP1 
-J RTl? 

1) 

sinniT 

(34) 

(35) 

where AMP1 is the positive resultant input 
amplitude ch»Bge during the time RT of a sin- 
gle reflection.   At the lower frequencies en- 
countered in waterhamtner analysis, complete 
wave reflection may be assumed at the reser- 
voir end of the pipe. 

f(t) = - AMP, T«t (29) 

Using a "closed form" solution of the dir- 
ect Fourier Transform, this time input to the 
piping system can be expressed in the fre- 
quency domain as 

F((B) = AA + j BB (30) 

When the initial volume velocity input wave 
returns to the gate a percentage of its ampli- 
tude is reflected off the closed part of the gate. 
To account for thio occurrence a second resul- 
tant volume velocity input must be applied at 
the gate end of the pipe, expressible as. 

f(t) = AMPl^^LFACTOR(t) > 

RT «t«T, 

«t)«AMWl^T*t<{jy + l}RT 

(36) 

(37) 
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f(t) = AMP1 tölU-M ♦ IfRTst. (38) flt) = FACTOR<t)-flt-RT). ZRTstsT.      (.t4) 

where FACTOR (t) is a multiplicative factor 
to account for incomplete pressure wave re- 
flection at the partially open gate, and 
f [T /RT1   + 11   RT denote» the first con.plete 
reflection time after tine T.   For those cases 
where the excess pressure is less than 
Joukowsky's maximum «urge pressure. 
Billings    [71   approximates the reflection co- 
efficient as 

«t - RT) - AMP! t'^r FACTOR« - R 

£(t) = f(t - RT).   T «t i {L-^T^ + l] RT. 

(45) 

(46) 

FACTOR(t) 

1      iMg 
* *  2 H(0)T 

1 ■   JMS 1+-n!(Ü)T 

(39) 

JMS = i  (C»M«> 
g 

(40) 

where JMS is Joukowsky's maximum surge 
pressure and H(O) is the static head pressure. 
A linear variation of T for valve movement 
from the open pipe area lo the full closed 
position yields 

FACTOR (i) = 

JMS 
2H(0; f'-V) 

1+ JMS 
2H(0) r..+) (41) 

ftt) = f(T - RT), -'[jjL'Ull RTst • (47) 

Each succeeding reflection tinrse increment 
RT results in an additional input wave.    The 
effect of each successive input on the excess 
pressure may be obtained by superimposing 
each input up to the first complete reflection 
time after termination of gate movement.    For 
times in excess of   C[T / RTl     +    l)   RT, a 
steady input equivalent to the negative of the 
change in steady-state fluid volume velocity 
from start to termination of gate movement 
accounts for decrease of fluid flow. 

System impedance The driving point imped- 
ance, equation (8) was used in computing ex- 
cess pressure response, where 

The reflective factor may be more simply 
approximated by 

FACTOR (t) = Valve Closed Area 
Pipe Area 

(42) 

For the  case where the valve closes linearly 
from the open pipe area to the full closed 
position. 

FACTOR(t) = -^-.     0«tsT. (43) 

Starting at time equal to twice the reflect- 
ion time, 2RT, the resultant volume velocity 
wave superimposed starting at time RT, is 
reflected off the closed part of the gate re- 
sulting in an additional resultant input to be 
superimposed upon the previous, and written. 

V 
r   L m 
2DC2 

+ jkL (4S) 

■^OLlMi (49) 

and u   is the coefficient of viscosity. 

For those cases in which the system is 
composed of a number of pipes of varying 
diameters and lengths in series, the diameters 
areas,  lengths, wave propagation velocities 
and impedances of the individual pipes were 
appropriately dimensioned in the computer 
programs. 

At the reservoir end of the piping system 
the impedance,  ZL, was expressed as 
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ZLOarflf£+jft|,tLta 
(50) 

which ia the relationship for a tube with end 
flange dimension greater than the wavelength 
and opening into ambient fluid. 

APPLICATION 

To assure computation to a sufficiently high 
frequency, the numerical integration was per- 
formed over 1600 such increments to include 
up to 138 cycles per second, ka ■ 0.00382. 

The excess pressure head as determined 
by use of the system impedance and the 
Fourier Transform technique ta graphed in 
figure 7 along with the excess pressure head 
as determined by Streeter's characteristic 
equation technique. 

Five cases were studied.    In four cates 
the gate closing time was less than or equalled 
the acoustiv wave reflection time.    In one case 
the pressure wave reflaction time was less 
than the gate closing time.    The FORTRAN 
programs were run on a Honeywell 800 digital 
computer. 

Case i.   Streeter   [8] applies the character- 
istic equation technique to the solution of sev- 
eral waterhammer cases.   His systems consist 
of various straight pipe configurations with 
different valve closing times.    For th« case 
where the gate closing time was less than the 
reflection time, hi» system consisted of a 
straight pipe of ZOO feet length with constant 
diameter of 0. 0365 feet and constant 0.00261 
ieet pipe wait, thickness located between the 
reservoir and the closing valve.    Hie valve 
clsoing time was 0.022 second as compared to 
the pressure wave reflection time of 0. 0961 
second.   Steady state velocity before start of 
valve closure was 2. 77 feet per second. 

In order to calculate the excess pressure 
wave propagation velocity, using equation (7). 
the pipe mounting factor was expressed by 

4-V 
5 0.30 =0.95 

The resultant volume velocity input to the 
system was expressed using equations 28 - 32. 
Equations 8, 48 - 50 were used to obtain the 
acoustic impedance Z(|0) of the system. 

To numerically determine the inverse 
Fourier transform of the system response 
frequency spectrum, each frequency interval 
equal to the inverse of the reflection time, 
was divided into 120 increments.    The fre- 
quency increment was 

A£=-EÖ ■gT = 0.0867 cps 

&ka = 0.239 (lO)"5. 

To determine the excess pressure from 
Streeter's graph, the 350 feet static pressure 
head was subtracted from the total pressure 
head calculated by Streeter. 

For this case, the pressure wave reflection 
time, RT, was 0.0961 second as compared 
with the gate closing time of 0. 022 second. 

Case 2.    For the case where the gate closing 
time equalled the pressure wave reflection 
time, Streeter's   [8] system consisted of a 
straight pipe of 200 feet length,  constant 
diameter of 0.0365 feet and a 0*00261 feet 
pipe wall thickness located between the reser- 
voir and closing gate.   Steady stale velocity 
before valve movement was 2. 77 feet per 
second.    The valve closed in 0. 09 second. 

The relationships used to determine the 
pipe mounting factor, the wave propagation 
velocity, the resultant volume velocity input, 
the system impedance and the real part of 
the frequency response are the «ame as those 
used for case 1. 

Similar to case 1, the frequency increment 
used to perform the inverse Fourier  trans- 
form was 

Af I       1 
SO" RT 

which equated to  &f = 0. 0885 cycles per second, 
A ka = 0. 239 (10)    .   Summing over 1600 such 
increments, frequency response up to 141 
cycles per second, ka = 0.00382, was con- 
sidered. 

Excess pressure head response <ts deter- 
mined by the Fourier transform technique is 
plotted in figure 8 together with the response 
as calculated using the characteristic equation 
technique. 

(51) 
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Figure 8. •- Case 2, Excess Pressure Response,  T = RT 

Case 3.    Fillings     [7]   analyses the waterham- 
mer phenomena occurring at the Serra Pen- 
stock number 1 by means of the simultaneous 
equation technique.    Excess pressure as 

calculated by the Fourier Transform tecNnique 
is compared with the actual pressure ani cal- 
culated pressure as presented in the article 
"High-Head Penstock Design ". 
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Ser ra Penstock number 1 consist« of pipe 
of four different diameters and with varying 
wall thickness anchored at fifteen different 
points along the S. 33% feet length. 

To perform an analysis, the mean wall 
thickness for the segment of pipe between each 
anchor was calculated.    To determine the ex- 
cess pressure propagation velocity using the 
relationship 

<c,)n'- 
1 + 2a bB n 

"EK: 
(52) 

where n signifies a selected pipe segment, and 
to calculate the reflection time for the total 
pipe length, the pipe was analytically divided 
into fifteen segmer.ts as shown in figure 9. 
Each segment was chosen to have a constant 
mean wall thickness and a constant diameter. 
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The retationahip 

brl--^- =0.85 

waa uaed to determine the pipe mounting 
factor. 

second, dca(15) s 0.164 (10)-$.   Integrating 
over 13,000 such increments evaluated fre- 
quencies up to 8 cycles per second, ka (15) = 

(53) 0.02133.   Excess pressure as determined by 
use of the Fourier transform is plotted in 
figure 10 together with the actual excess pres- 
sure and the pressure as analytically deter- 
mined by Billings. 

System impedance was expressed using the 
relationship 

pic,) 
p(c»)ntollh(kJL)_ 

ZnA+-§^- d    n 

W^Z <54) 

-jH^Vit^dH. n 

where n varied in units from one to fifteen. 

In accordance with the source material, 
the valve closing time used was 1. 010 seconds 
and the change of volume velocity was 14. 20 
cubic feet per second. 

To perform the inverse Fourier transform 
each frequency interval equal to 1/ RT was 
divided into 600 increments.   Thus, the 
integration interval Af was 0. 000618 cycle per 

For this case, the pressure wave reflection 
time was 2. 696 seconds as compared with the 
gate closing time of 1. 010 seconds. 

Case 4.   Case 4 calculations were performed 
on the same penstock as case 3.   Thus the 
pipe parameters and mathematical relation- 
ships used were the same as those listed for 
case 3. 

The valve closing lime was 0. 220 seconds 
and the total change in volume velocity was 
15. 5 cubic feet per second. 

Each frequency interval of 1/RT cycles in 
the frequency spectrum was divided into 700 
segments to yield a frequency segment S - 
0.000530 cycle per second,  Aka(15) - 0.141(10)-5. 
Summing over 13,000 such increments included 
frequencies up to approximately seven cycles 
per second, ka(15) ■ 0.01828. 
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Excess pressure calculated is shown in 
(igure 11, along with the actual excess pres- 
sure and simultaneous equation derived ex- 
cess pressure. 

Case 5     In discussing waterhammer pheno- 
mena where the gate closing time exceeded the 
pressure wave reflection time Streeter's     (81 
system consisted of a straight pipe of length 
300 feet, diameter 0. 0365 feet and wall thick- 
ness of 0. 0026 feet located between the reser- 
voir and the closing valve. 

The resultant volume velocity input to the 
system was expressed using equations 33 - 38, 
42 - 47. 

To numerically perform the inverse 
Fourier   transform,  the frequency increment 
used was 

simplified computer programming.    Continued 
investigation must be performed to delineate 
criteria for application of this technique to 
waterhammer phenomena and to apply the 
technique to other than waterhammer problems. 

Since this technique requires use of a 
numerical integration technique, it is manda- 
tory that the integration interval be chosen 
sufficiently iimall to produce valid results 
and that the maximum frequency for the in- 
verse Fourier  transform be chosen to ensure 
consideration of all frequencies which would 
appreciably effect the excess pressure pro- 
duced.    To perform the inverse Fourier 
transform the frequency increment used for 
each of the five cases is summarised in table 
1.   Frequency increments of width substan- 
tially greater than those listed did not pro- 
vide valid excess pressure head results. 

Af = ZÜÖ-^  = 0.0354 cps. 

Aka = 0.96 (10)' 

(55) 

Table 1 - Numerical Integration 
Frequency Increments and 

Cut-off Frequencies 

The numerical integration was performed 
over 1900 such increments up to approximately 
67 cycles per second, ka = 0.001816.    The 
calculated excess pressure values are plotted 
in figure 12, together with the excess pres- 
sure head as determined from Streeter's 
characteristic equation solution technique. 
The static head pressure was subtracted from 
Streeter's calculated total pressure to arrive 
at an equivalent excess head pressure. 

For this case the pressure wave reflection 
time,  RT, was 0,1413 second as compared to 
the gate closing time of 0, 2836 second. 

DISCUSSION OF RESULTS 

Application of acoustic impedance and the 
Fourier  transform technique to the five 
waterhammer cases considered in this report 
yielded excess pressure head closely compar- 
able to the excess pressure experienced in 
actual experimental tests,  cases 3 and 4, the 
excess pressure head as calculated using the 
simultaneous equation technique,  cases 3 and 
4, and the excess pressure head determined 
from application of the characteristic solution 
technique, cases I, 2, and 5.    The acoustic 
impedance--Fourier   transform technique 
proved to be a completely valid method of 
calculating system excess pressure head 
using algebraic relationships and the resulting 

max 
Case &ka Af (cps) (cps) 

I 0.239(10)" 5 0. 0867 138. 78 
II 0. 239(10)" 5 0. 0885 141. 57 

III 0.164(10)" 5 0. 000618 8.04 
IV 0.141(10)-5 0. 00053 6.89 

V 0. 960(10)-6 0.0354 67.25 

ka max 
0. 00382 
0. 00382 
0. 02133 
0.01828 
0.001816 

This analysis did not attempt to maximize 
the magnitude of the frequency increment re- 
quired to assure proper system pressure re- 
sponse when performing the inverse Fourier 
transform nor did it attempt to minimize the 
maximum frequency to which the inverse 
Fourier transform should be performed. 

The straight pipe systems of cases 1 
through 4, for which the pressure wave re- 
flection time is greater than the gate closing 
time, are both sufficiently simple and suffic- 
iently complex to demonstrate the applicabil- 
ity of the impedance-transform solution tech- 
nique to a wide variety of straight pipe sys- 
tems.   Additional testing is required to inves- 
tigate the application of the technique to more 
complex systems such as parallel piping and 
branches. 

In case 5, although the correlation between 
the excess pressure head response as calcul- 
ated using the impedance-transform technique 
and the excess pressure head response deter- 
mined by Streeter's characteristic equation 
solution technique is good for this particular 
case, many more cases and much additional 
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testing ■• necessary to validate the theory 
iis-J !■> invexti^ate >omplicaMon* tntroduced 
by the linear •uperpositioin ut several reflec- 
ted wave«.    U may be seen that a» the com- 
plexity of a fluid rfystem increase« the expres- 
sion for the fluid volume velocity resultant 
•nput can become increasing!/ complicated. 

This paper •>»• discussed the application 
o' the acoustic impedance-Fourier trans- 
form technique to waterhammer phenomena 
since reliable and reproducible waterhammer 
test data could be readily found in published 
literature.    The theory of application of this 
technique was, however, developed for a 
generalised fluid system.    The successful 
application of this technique tu waterhammer 
cases should lead the wpy to application of 
the technique to other liquid and gaseous 
fluid systems. 
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DISCUSSION 

Mr. Pakatys (General Dynamtcg Corp.): 
Did I understand correctly that you did not con- 
sidcr all of the structural effects such as the 
stiwtural interaction between the irfpe and the 
Mtt* 

Mr. Wiwgilrt;  Ten, we did. The written 
paper will consider the pressure wave propa- 
gation velocity along the pipe as a function of the 
pipe physical structure itself. 

Mr. Pakstys; Have all of the effects been 
considered, including the bending and shell 
modes of the pipe? 

Mr. Wtoquist;   We only considered the 
bending modes, not the shell modes. 

Mr. Dorland (NASA Mamyd Spacecraft Ctr.); 
Did you consider the bulk modulus of the fluids 
in your lines including entrapped air or without 
entrapped air or air in solution? 

Mr. Wlnyrist;  No, the criteria we laid 
down in order to work with linearized acoustic 
Impedances required a continuum of fluid, hi 
other words, there was no trapped air. Just one 
fluid. 

Mr. Dorland: Did you try to measure the 
elasticity of the fluids ? 

Mr. Wtoquist: This was strictly an analysis 
using established experimental data; we did not 
run any tests ourselves. 

Mr. Dorland; I have a similar problem to 
cope with on a cooling loop in the LEM space- 
craft. We find that it is rather severe because 
we have had to take all the air out of the lines 
to keep the pumps from cavitating. We find that 
the theoretical solutions work very well and we 
are surprised by this. We think the reason is 
that the actual bulk modulus of the fluid is very 
close to the theoretical value. These values are 
close because we deaerate the water for two 
hours before we put it in. Did you run into any 
phenomena that might bear on this? 

Mr. Winqutst:  I do not believe so. 
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CRAG ON FREE FLIGHT CVLHiCERS IK * BLAST WAVE 

Stanley S. Hellsen 
Defence Research Establishnent Surfield 

Ralston, Alberta« Canada 

The free flight method «as used to obtain the drag coefficienf<; 
for circular cylinders in the blast vave from a 500 ton    spherical 
TNT burst. The measurements were made on each of teo 31- inch diameter 
aluminum cylinders, th-ee feet long, placed at the 12.C and 8.5 psi 
peak overpressure locations respectively. 

The average drag coefficients obtained over the first 50 milli- 
seconds of the blast «eve «ere 0.67 and 0.48 for the 12.0 and 8.5 psi 
locations respectively. 

NOTATION 

x - horizontal displacement of near end of 
cylinder 

i   -   time after shock front hits cylinder 

d - standard deviation in x 

X - corrected displacement of cylinder 

D - orag force acting on cylinder in blast 
wave 

- mass of cylinder 

- acceleration of cylinder 

- velocity of cylinder 

U 

'1 

fluid particle velocity in the blast wave 
at time t 

fluid particle velocity directly behind 
the blast front (t=0) 

p - peak shock overpressure 

p. - atmospheric pressure 

c speed of sound in the air ahead of the 
blast front 

F - Friedlander pressure deca/ 

t. - positive duration of the fciast wave 

a - fluid particle acceleration in the blast 
P r   wave 

Cj, - coefficient of drag 

Pp - drag pressure 

q - dynamic pressure at time t 

a   - dynamic pressure at time t=0 

M - flow Mach number in blast wave 

c- - spied of sound in the blast wave at time t 

T. - atmospheric temperature ahead of shock front 

R - gas constant 

Y - specific heat rat IT 

T- - temperature in the blast wave at time t 

T_ - temperature behind the blast front at t=0 
o 

P- - absolute pressure behind shock front at 
^o t=0 

P_ - absolute pressure in the blast wave at 
time t 

R - Reynolds number 

d - cylinder diameter 

v - kinematic viscosity at time t 

a - acceleration coefficient 
c 

a. - acceleration of fluid relative to cylind^r 
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'"■  August 19€8, a 500 ton    spherical 
cKarg« of TOT «as deto-jteö at the Cefer-ce Sesearth 
Estabtishr^rt SuffiMd. Th« blast «ave, ard the 
effects it produced cri various tes't iteasf «ere 
studied. The overall project «as entitled 
Operation PHAIRIE FLAT. 

One cf the rajor Canadian projects in 
Operation WAIBIE FLAT «as the measureiüent of the 
dynacnic response of lattice-type masts to blast 
loading. The mastst «hich «ere constructed of 
aluoinum tubing having a circular cylindrical 
cross-section, «ere tested in t«o sizes. T«o 
sasts, one 15 feet and the other JO  feet high, 
were tested at the 12.0 psi location and one 
nast 15 feet high «as tested at the 3.5 psi loca- 
tion. To analyze the response of these structures, 
it «as necessary to kno« the loading that the 
blast «ave inposed upon them. 

A great deal of knowledge has been gained 
of the aerodynansic drag on cylinders under steady 
flow conditions, but little is kr.own about it 
for unsteady flow. Therefore various experiments 
«er« devised for measuring aerodynamic drag in 
Operation PRAIRiE FLAT flj. One of the methods 
proposed «as the free flight method. 

This report describes the results of aero- 
dynamic drag tneasuremerits by the free flight 
method.  In the unsteady flow which results from 
a blast «ave of the type produced in Operation 
PRAIRiE FLAT the aerodynamic drag depends on 
several flow parameters in a complicated «ay. 
As the theoretical prediction or calculation of 
drag fron other measurements is of doubtful 
accuracy, it is necessary to measure the actual 
drag at the location of the masts. Hence measure- 
ments «ere made on two circular cylinders fabrica- 
ted of material similar to that of the masts. 
The diameter of the cylinders «as the same as that 
of the smallest members of the masts. The other 
members were only slightly larger and scaling 
problems «ere considered unimportant. The cylin- 
ders «ere lightly suspended from the antenna 
support of each of the two 30 foot masts and 
their motion in the blast wave was recorded by 
high speed cine cameras. 

The drag coefficients and drag pressures 
obtained along with the various flow parameters 
are described herein. A preliminary report [2] 
on all the aerodynamic measurements made by 
Suffield in Operation PRAIRIE FLAT has been pub- 
lished. 

APPARATUS AND PROCEDURE 

Each of the cylinders to be tested con- 
sisted of an aluminum alley pipe 3 feet long and 
3.50 inches in diameter with flat metal cover 
plates fastened to each end. The cover plates 
were painted so that their quadrants were alter- 
nately black and white for easy identification 
in their photographs. The cylinder on the mast 
at the 12 psi location weighed 11.19 pounds. The 

other cylinder weighed 5.58 pounds. The weights 
of the test Cylinders «are chosen so that thny 
•ould travel approximately the sane distance in 
the field of vie« of the cameras so that maximu« 
accuracy in the diaplaoenent data could be ob- 
tained for both cylinders. Each cylinder «as 
suspended on two parallel raonofilament nylon 
lines approximately nine feet long «hich located 
each cylinder 3,0 feet above the ground in a 
horizontal position perpendicular to a radial 
line from the charge centre. Two other mono- 
filament nylon guy lines «ere used on each 
cylinder to prevent oscillations due to the wind. 
These «ere attached to the antenna support, lee- 
ward to the blast, so as not to disturb the 
cylinder during the blast «ave. The suspension 
system «as fabricated from H  lb. line for the 
heavier cylinder and 10 lb. line for the lighter 
cylincfer. Preliminary test? indicated that lines 
of lower strength might fail prematurely. 

A 1/4 inch steel marker plate 30 inches 
high and 36 inches long «as anchored in the 
ground in the vertical plane of the end of each 
cylinder nearest the camera. These plates were 
used as a reference from which the cylinder 
motion «as measured. A linear scale three inches 
«ide «as painted along the length of the top edge 
of each marker plate. The scale consisted of 
alternate black and white stripes each one inch 
«ide. One marker plate along with the corres- 
ponding test cylinder suspended in proper position 
is shown in Fig. 1. 

The motion of each cylinder «as followed 
by Fastair cameras running about 600 frames/sec. 
The cameras were mounted on wooden posts anchored 
in the ground and gave a field of view slightly 
over four feet «ide with its direction of vie« 
along the axis of the cylinder. 

DATA ANALYSIS 

Film Reading 

The film obtained from each of the high 
speed cameras «as read «ith the aid of a precision 
film reader to give the total displacement of the 
cylinder in each frame of the high speed film. 
The time intervals represented by each frame were 
1.80 milliseconds for the experiment nearest 
ground zero (12.0 psi peak incident overpressure) 
and 1.54 milliseconds for the other (8.5 psi 
peak incident overpressure). 

The displacement-time data obtained for the 
two experiments are shown in Figs. 2 and 3« The 
velocities calculated by dividing the displace- 
ment differences by the time intervals between 
frames are shown in Figs. U and 5. Each velocity 
point is plotted at the mean time ={  which the 
corresponding displacement occurred. Also shown 
in Figs. 6 and 7 are the accelerations obtained 
by fitting curves to the data. The curve fitting 
is described in the following subsection. 

The cameras were found to oscillate slightly 
on their mounts. Longitudinal components of the 
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Fio. 1 - Free Flight Cylinder Suspended From Navy Mast 
B operation PRAIRIE FLAT 
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Fig. 2 - Displacement of Test Cylinder at 12.0 PSI Location 
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Fig.  3 - Displacement of Test  Cylinder at  8.5 PS-'  Location 
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Fig. 5 - Velocity of Test Cylinder at 8.5 PSI Location 
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oscillations were effectively eliminated because 
the plane of the near end of the test cylinder 
was in the plane of the marker plate, but relative 
rotary motion between the camera and the narker 
plate indicated oscillations with frequencies of 
about 27.  and 38 Hz at the 12.0 psi and 3.5 psi 
locations respectively. These oscillations for 
each experiment were removed during the film 
reading by using the top edge of the marker 
plate as a motionless base line. 

The precision of the displacement data at 
the 12.0 psi location was affected slightly by 
dust in the air. There was almost no dust 
visible in the photographs for the 8.5 psi loca- 
tion. The reading precision was approximately 
iO.01 inches at each point. Since two points 
were read to obtain the displacement in each 
frame, a total error of the order of ±0.02 inches 
machine units was possible. The film reader was 
calibrated using the known distances along the 
marker plate. 

Curve Fitting 

To obtain velocity and acceleration of any 
specified time, an algebraic curve was fitted to 
the displacement time data. The curves obtained 
are shown in Figs. 2 and 3. Shown in Figs. 4 and 
5 are the velocity curves obtained by differen- 
tiating the fitted displacement curves. The 
displacement curves were fitted to the data with 
the aid of an IBM 1130 computer and a program in 
the IBM 1130 statistical system enti+led "Least 
Squares Fitting by Orthogonal Polynomials". The 
type of curve fitted is of the general form 

The degree of the polynomial used for the 
fitted curve was determim:d by trial and error 
using the criterion that the best fitting poly- 
nomial was the one which' yielded the smallest 
variance of x and which satisfied the necessary 
conditions that the velocity incrsas'ii mono- 
tonically and the acceleration c'ecreascd mono- 
tonically in the time interval over which the 
data were recorded. The time intervals over 
which the variation in drag caused by the 
initial diffraction of the wave front around the 
cylinder and the vortex formation and shedding 
wei e sc short that these rOi»tu'-es coulJ net be 
distinguished in the fitting of the displaceront 
time cur^/e. 

The resulting polynomials for diselacerient 
x in inches and time t in jni 11 isecords are 
written an follows: 

For the 12.0 psi location - 

x = 0.002428743 + 0.01102118t + 0.00A591834i2 - 

0.0000fc363706t3 + 0.0000007870470t4 - 

0.000000004334979t5 (Eq. 1) 

ö2 = 0.0016984 in.2 

For the 8.6 psi location - 

x = 0.006780765 + 0.02919239t + 0.003997392t2 - 

0.00008682052t3 + 0.000001902586^ - 

0.00000002186820t5 + 0.00000000009472334t6 

ö2 = 0.00029506 in.2 
(Eq. 2) 

1 a t 

where a are constant coefficients. The variance 
of x, also computed by means of the program, is 
given by 

where 

D.F, 

d = I 
i=l 

D.F, 

ö is the standard deviation in x 

i.    is the residual, i.e., t experimental 
1 t calculated 

K is the number of data points 

is the number of degrees of freedom 
given by D.F, = K - C vhere C has 
the value one plus the degree of the 
polynomial. 

The coefficients are taken directly from the 
output of the computer. Mo attempt was made 
to round them off to correspond to the accuracy 
of the experiment. 

Corrections 

Each cylinder was found to have an upward 
vertical component of motion as well as rotation 
about a vertical axis in such a way that the 
far end travelled further than the near end. 

The effect of gravity was negligible 
because for free fall (using y = l/2gt for 
t = 50 milliseconds) the cylinders could have 
fallen only 0,5 inches.  If the suspension lines 
did not break in the first 50 milliseconds the 
maximum possible upward force that they exerted 
was certainly not greater ti.ar 3 tines the 
gravitational force on each cylinder, which 
corresponds to a maximum possible upward dis- 
placement 1.5 inches due to suspension line 
force. Therefore the vertical motion of the 
cylinder can be attributed to the drag on the 
support lines. 

The reason for the rotation appears to be 
that the far end cf the cylinder received an 
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initial ins-Is« frcr t'* s*-ock ra\e reflected 
srcr  »^ '-ds•,. Sinoe U« (Jisplacerert-time 
data •«»« or<a:r«<J ; ■, '-«asuri'^ Scrirctal 
rttie^ .-f tK<» near e-<J Ot I*-* c>lir<J«sr, it aas 
'«cessaf, to apol> a csrractio!' to obtain the 
•■»stior of '*»• certre of •>« c>jir<tef.  fortu- 
'a'elv J-etb tb« vertical co^.-re-t and rotation 
wAf« apprciii-ately li-ear functions of displaoe- 
r-ert a» f« li.C psi iscation a^ the product 
of the vertical cwpo-ert ar<i relation aas 
appi-oxir-atclv lir^ar at *^e ^.5 psi location. 
THs «^eans t^at the corrected value of displace- 
ner.t fpr each cylir^Ji»r could fce obtained l>y 
applyi"*" the sane co'star.t correction factor to 
each -easured displaoei^ent. To obtain the 
correcticn due to rotation it «as necessary to 
read the ration of the far end of the cylinder. 
Since t^e displacerart reference scale «as ct 
the ne«- ef'd of the cylinder, the rteasurement 
of the ''i-r end displacenent »»s affected by 
foreshortening of the field of vie* and lh« 
chafing angle of vie« of the camera. The correct 
displaoenent difference Ax" between the tar end 
near er.ds of the cylinder «as th*n obtained by 

«^ere  I is the distance from th« lerss of *\\e- 
canera {> the rear end of the cylinder 

h is the length of the cylinder 
Ax* is the measured difference in 

displacement betaeet the far and near end of the 
cylinder. 
The first te»"» on the R.H.S. side is for the 
fcreshortenj-* at  the field of vie« and the 
second term is for the changing angle of vie«. 
The value of h for both cylinders «as 3 feet 
and the value of L «as 50 feet and 42 feet for 
the 12.0 and 8.5 psi locations respectively. 

The corrected values of the displacement 
data are given by 

X = l.217x (Eq. U) 
for the 12.0 psi location and 

X = l.lö^x Uq. 5) 
for the 8.5 psi location 

Calculations 

The drag force D is obtained by 

D = ma (Eq. 6) 

«here  m is the mass of th.« cylinder and 

a-^ 
dt2 

from Eq. 1, 2, A «nd 5, The value of the drag 
force of each cylinder is divided by the frontal 
area of the cylinder vid is shown as Pp, in 
Tables 1 and 2. Also shown in these tables, 
for each cylinder, is the drag coefficient Cn, 
displacement X, velocity V, and acceleration 
a, of each cylinder along with various flow 
parameters upon which the drag force is depen- 
dent. 

Is the acceleration obtained 

The displaoemen) and velocity «re obtained 

by X and ^ respectively fro« Eq. 1, 2, 4 and 5. 

The fluid velocity U is obtained fro« the 
equation 

UJÜ F 
o (Eq. 7) 

«here U . the fl>!:.d velocity directly behind 

the blast front (tine t = o), is obtained from 
the Rankine-Hugoniot relations [3] 

o  7p, 
IL 

"  7p,' 

IT? (Eq. 8) 

»*»ere p is the peak shock overpressure 

p. is the atmospheric pressure 

c. is the speed of sound in the air 
1 ahead of the blast front 

= I1 " t 1 "  . *»» Pri edlander decay 

t is the tine after the blast front has 
passed the cylinder 

t  is the positive duration of the blast 

«tare 

For th« peak incident overpressures which 
occurred« K has a value of 1, [U\,   The fluid 
particle accalera:ion a is found by differ- 
entiating Eq. 7 thus: " 

dt 

U 
f(F + 

The drag coefficient is given by 

CD- q 

«here *% (,.rf 

)   (Eq. 10) 

(Eq. 11) 

(Eq. 12) 

«here q , the dynamic pressure at t = o, obtained 
from th8 Rankine-Hugoniot equation [$] is given 
by 

''o = 2 Vpj + p (Eq. 13) 

For a stationary cylinder Eq. 12 reduces to 

q = q r  ,  the Friedlander decay. The Mach 

number, M of the flow behind the shock front is 
given by 

U - V M r (Eq. U) 
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TARE 1 

Corpuler Calculat ioiis Tor The 12-C F'Sl Local ion 
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1J.;; 

:i*i^ 
U.22 
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14.12 

it.Si 

lv.2i 
2».»äl 
23.'4 
2..>.r 
<2*2ti 
2/.<v 

2«.22 

24.»t 

*CCtti«*!lvi fLuta »it* fk^U *c- 
k fT./btCt'&lC« «i ►'•/»tt. 

»*»•&» 
SI«,»T -*7iT.i 
^li.itf '*ki*J*2 
i-y«l» -%«««•« 
^va—: -*>»•»* 
fc«;««J -•.>u*«l 
*?*.V6 -M*4«« 
«>6c*ib 
*.i/,*t •fc«..7 
^»e««' •«.<«/*•. 
*'*»•■>. ->«<^J*i 
*.3i.fci -*Ufc.- 
-<j.e* 
*i5»T, **WJ4«J 
*w'«0» -*»'(»•> 
Jy»aTv •JWt** 
»«•U» -Mbb.V 
Jd*..3* •»sftii«* 
i^c*?» -jre.»^ 
3fc».i* -J7j%6 
Jft«*9< -J6i5< » 
«s<b«bi( -)frj-.b 
»fc7«S& -i«*.^ 
^.•^fc -Jiu«*» 
JJJ«fcC -4«9»*« •' 

/V.aT iib.ttt 

TIDE   »rU«   BLAST OHM COCfFKUM FLO* MCK           REYNOLD* kj.    •CCEkERlTlOHi 
FRONT   T   MSEC. «"D»*! OF ORAC CO NO.   K                     «• 1/1U0U0U     COEFFICIENT   »C. 

2.»»1 0.76» 0.*3» 10.0                      J.UU» 
2.1*0 0.7*0 0.*2i «.7                    0.00* 
2.19« 0.712 0.*1» 9.9                    O.uu* 
J.996 0.60« e.*u6 9.3                      0.00* 
l.»ftl 0.6*6 0.39* 9.1                      0.006 
1.722 0.667 B.;9« (.9                      0.006 
t.»C( 0.631 0.3(2 (.7                      0.006 
I. SOS 0.616 0.37* *.»                    0.006 
l.*21 0.60* ».367 «.3                    0.007 
1.1*«. 0.602 0.399 (.1                      0.007 
l.2«i 0.99) U.392 7.9                    0.007 
1.22» 0.9«* 0.3*9 7.*                      0.007 
1.1T9 0.601 C.337 7.6                    0.007 
1.119 0.607 0.330 7.*                 o.oa* 
1.1U5 0.616 0.323 7.2                      0.00« 

»0.0 1.07» 0.62* 0.317 7.1                    0.00* 
12.0 1.090 0.6*1 0.310 6.V                      0.00« 
Ik.g 1.027 0.696 0.303 6.7                    0.009 
l».0 1.00» 0.673 0.296 6.6                      0.009 
9«.0 0.96} 0.690 0.290 6.*                      0.00» 
*0«0 0.9*1 0.706 0.26* 6.3                    C.OIO 
*i.O 0.936 0.722 0.277 6.1                    i.Oib 
**«0 0.90« 0.73* 0.271 6.0                    0.010 
«t.o 0.176 0.7*3 0.26» i.«                    0.011 
»1.0 0.«M 0.7*6 0.299 »•7                    0.011 
»0.0 0.799 0.7*2 0.2»» ».»                    0.011 

MEAN CD«  0.66« 
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TABLE i 

Cccputer Calculations For The 8.5 PSl Location 

»tS.i'i «c« •I«»2*.<.   .^fi,.* ..   ■»■•«»  'Sli   -l-lj-J»  »Sli »SO   t..2»U ».. 
":•' ««{< ».*i» JlS».iCf<-.' wfcxi"         «tCfU**tllM FLUIO vt^. fLUlt   »C. 
f»;-)» • »iec. «   I\C-<» •  't,/st'..   a fT./••(./»£:. 0   Fl.'StC. ^P rr./nc 

3»J ..MUJ *-.; F7».. «01.»» -J2U.S 
1.3 S.O«) >•<.« I«>.2T -ii/*.» 
'■• - ..<12 tC».l )S>.V» -»»■. .^ (...) S.JM k*>>2 lt<.>2 -Id««.* 
■•■J J.»5* •«2.« tla.J* •MM.l 

I-.J J.TJ1 .11.» >7U.«t -3024.» 
w.o J.»»0 •20.« 9»«.«» -2»t».2 
l ».3 U1*J )»<,.! »».92 -2*4».2 
it.a l.u« ITt.2 »2.»> -2tn.» 
H.J 1.'«» itJ.u >«».»» -2*a<.« 
JO.J I.U2C IM.« I«1.12 -29*7.» 
jr.; i.JJl »«a.» J«.*» -2019.1 
!«.£ ?.6»» H9.J 22«.a» -277».u 
?S.J i.aa* 119.1 12*.1» -27«4«3 
?•.» l.Iki «»•«1 >!».•• -2711.« 
v:.c ».»»» tJU.» ill.** -2»7a.y 
92.. •.If« l».l 30».IT -2»««.l 
)*.0 -.»»3 11».« M2.V1 -2»l*.s 
i«>a «.«66 Ilu.l 2*1.Tl -<M<.H 
1«.3 4.*0» 130.1 292.»a -24*3.* 
«3.0 i.«»» tas.t ja'.ii -251..1 
**.: • .12i ?«•« 2a2.so -2««>.2 
M.U ».sot ;d.2e               < 4a.» 2T?.4» -2*47.» 
M.a ■>.?»' ^0.'»                    . «2.0 27«.»7 -2*27.3 
•a.. r.tot 2>.2i               ii».» 2t7.ai -23«7.3 
■i!-.: «.jit ^1.6*                      2C>.« 2»i.oa -23»7.7 

/sec. 

TIHC   AFTfN   BLAST o«*c COEFriCIENT riM MACH RETNOLU» I>0 «CCCLUATION 
friOWT   T  «JCC. Cp "»I or wue co NO. M tat/100000 cocrnciEMT *c 

0.0 1.047 0.»1» 0.33* T.» O.OOT 
2.0 0.031 0.471 0.32» 7.2 0.007 
*.0 0.(2* 0.527 0.320 T.) 0.007 
».0 0.7*0 0.«*l 0.3}* *.* 0.007 
0.0 0.»T1 0.**3 0.30» »at 0.007 

10.0 0.»1» b.««l 0.502 ».T 4.007 
12.0 0.»T3 0.«27 0.2*7 »•» 0.007 
1».0 0.4*0 0.«lt 0.2*1 *.» 0.00» 
MaO C.S15 0.*1» 0.2a» 4.1 0.000 
lt.0 0.*tT 0.«1» 0.211 ».t 0.001 
20.0 0.*** 0.*21 0.27» »>0 0.00a 
22.0 0.*T» 0.*2* 0.271 0.000 
2*.0 0.»»» 0.**0 0.2»» o.oo* 
2».0 0.«»2 0.*»2 0.2»0 0.00* 
21.0 0.«S7 0.*«» 0.25» 0.00» 
30.0  . 0.*J0 0.*7t 0.251 0.302 
}2.0 0.**l 0.*«« 0.2*» 0.010 
3*.0 0.*}* 0.»** 0.2*1 0.010 
36.0 0.*21 0.307 0.23» o.olu 
sa.u o.*o« 0.511 0.232 0.011 
«0.0 0.3*3 0.512 0.22T 0.011 
«2.0 0.17» 0.50a 0.222 0.011 
♦«.0 0.333 0.530 0.21« o.ou 
«».0 0.330 0.**« 0.213 0.012 
«s.o 0.30» 0.*T1 0.20* 0.012 
43.0 0.210 o.*so 0.205 0.912 

MEAN CD»  0.*77 
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«tare c_ is the spaed of sound behind the shock 

front obtained from 

■■F (Eq. 15) 

■here c, = y yKT.       is the speed of sound in 

the atmosphere ahead of the shock front 

T. is the atmospheric temperature ahead 

of the shock front 

R is the gas constant 

Y is the specific heat ratio 

T« is the temperature of the flow behind 

the shock front approximated by the isentropic 
relationship 

T„ =T„ 5L (Eq. 16) 

where T» is the temperature directly behind the 
o 

shock front obtained from the Rankine-Hugoniot 

relations [5] and given as follows; 

(Eq. 17) 

(Eq. 18) 

P2 « Pj + Pf (tq. 19) 

The Reynolds number is g'.ven by 

(Eq. 20) 

p2 = p + Pj 
o 

v 

where d is the cylinder diameter 

v is the kinematic viscosity given by 

x 10" 

0.7U 

where b are coefficients obtained by' using an 

IBM 1130 computer applying the same program 
used for obtaining Eq. 1 and 2 to values of v 
known for air at specific temperatures [6]. 
The values of b obtained for T, in decrees 
Rankine were 

bo = 0.902775A X 10
2 ft.2 sec."1 

bj = 0.329?4!3 ft.2 sec.'1 deg. AT1 

b2 = 0.87^1066 X 10~
3 ft.2 sec."1 deg. R"2 

The quantity in square brackets is the density 
correction term. The acceleration coefficient, 
an indicator of the effect on drag nf relative 
acceluraticn between the r)uid and the cylinder 
[7] is given by 

da L 
"c     (Ü - V)2 

(Eq. 22) 

where a. "'s the total acceleration defined by 

(Eq. 23) at = a -- ap 

RESULTS 

-KEq. 21) 

The values of p and t obtained in Operation 
PRAIRIE FLAT [8] and used in the calculations 
were: 

For the cylinder nearest ground zerc 

p = 12.0 psi ± 8 per cent 

t = 220 milliseconds 

For the cylinder farthest from ground zero 

p = 8.J psi ± 10 per cent 

t = 250 milliseconds 

The drag and drag coefficient for each 
cylinder are shown in Tables 1 and 2 along with 
the corresponding evaluated parameters of the 
flow ar.d the motion of the cylinders.  In the 
time range studied, the drag coefficient for 
each cylinder was approximately constant with 
mean values of 0.67 and 0.^8 at the 12.0 and 
8.5 psi locations respectively. 

DISCUSSION 

The values of Cj, appear to be approximately 

constant over the entire time range for each 
cylinder. The quantity V is never greater than 

Ü 
0.03 in the 50 millisecond time range and cor- 

M2 
respondingly the quantity 1 -ITj I which accounts 

for cylinder motion in the evaluation of dynamic 
pressure is less than a 1 per cent correction to 
the Friedlander decay and does not affect the 
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value of C|. appreciar ly for  a cylinder at rest 

und^r t^-e sane flow conditions. 

Thg ^eyrolds nur^er and '«act1 nurrber appear 
tc vary jointly in such a way that the drag co- 
efficient does not change in the time varying 
flow of the tlast wave. This is also indicated 
by analysis r9j of sore drag neasureinen^s made 
by the Ballistic Research Laboratorius at t'ie 
15.0 peak incident overpressure location in the 
50C ton trial [10] held at Suffield in 1%^. 
This shows that for a 3 inch diameter circular 
cylinder which is effec« ely infinitely long, 
the drag coefficient rerains approximately 
constant over the first 50 milliseconds with a 
inean value of 0.8. 

The acceleration coefficient for each 
cylinder is never greater than 0.02 in the iime 
range studied. This seen« to indicate that, 
fluid acceleration is unimportant because the 
work of Keim [7] and Selberg and Nichols [11] 
have shown that the effect of fluid acceleration 
on the drag coefficient is substantial only «hen 
the acceleration coefficient is greater than 
0.20. 

Experiments done on steady flow around 
cylinders of various finite lengths [12] fSow 
that for length to diameter ratios of about 10 
for the test cylinders »nd Reynolds number and 
Mach number of 1.3 x 10 and 0.5 respectively, 
the drag coefficient for steady flow was shown 
to be about 70%  of that of infinitely long 
cylinders [13]. however, measur«ii>ents made in 
a shock tube [14] suggest that for Reynolds 
numbers greater than 5 x 10-*, the drag co- 
efficient for finite length cylinders may be 
greater than that for infinitely long cylinders. 
It appears */iat more work needs to be done in 
this area- 

The largest probable error in the results 
is due to the error in the measurement of peak 
incident overpressure. The expected error in 
this measurement is *8 per cent and ± 10 per cent 
at the 12.0 psi and 8.5 psi locations respectively. 
This gives rise to corresponding errors of ±16 
per cent and ±20 per cent in the drag coefficients. 
The remaining probable experimental error is 
estimated at less then ±10 per cent so that the 
total tolerance in the drag coefficient at the 
12.0 psi location is about ±26 per cent and at 
the 8.5 psi location about tJ0%. 

The dust present in the air at the 12.0 psi 
location would increase the density of the fluid 
medium and thus increase the drag force. Since 
the amount of dust was unknown, no attempt was 
made to account for it in any of the calculations, 
although its effect is expected to be unimpor- 
tant, since density measurements indicated that 
the increase in density due to dust was small. 

The velocity-time graphs (Figs. ^ and 5) 
indicate that oscillations with frequencies 
between 100 and 350 Hz occurred in the cylinder 

motion. The causes jre unknown but a number of 
the possibilities can be eliminated as follows: 

a. The frequencies of the ground motion 
which could have produced a notion of the marker 
plate are much lover than the frequencies which 
appeared. 

b. The fundamental modes of lateral beam 
vibrations of the cylinders are above the 
frequency range observed in the velocity-time 
graphs. 

c. Oscillation in the film travel, through 
the camera, would show up as an apparent oscil- 
lation in the cylinder motion. Examination of 
the film timing disclosed no such oscillation. 

d. The only remaining possibility appears 
to the flow itself, such as reflected shock waves 
and vortex shedding in the wake of the cylinder. 

The frequency of I'D Hz at t = 20 ms (Fig. 4) 
corresponds to a Strouhal number of 0.04. The 
frequency of 130 Hi at t = 50 ms (Fig. 4) corres- 
ponds to a Strouhal number of 0.07. These values 
of Strouhal number are lower than the value of 
0.21 for the same range of Reynolds number in the 
steady velocity wind tunnel tests [15]. However, 
the frequency of 315 Hi at t = 40 ra (Fig. 5) 
corresponds to a Strouhal number of 0.17 which 
compares favorably to steady flow results. 

COMPARISON WITH OTHER EXPERIMENTS 

The drag coefficients obtained by the free 
flight method in Operation PRAIRIE FLAT are 
plotted against Reynolds number in Fig. 8 along 
with a value of drag coefficient obtained by 
analysis [9] of some results obtained by the 
Ballistic Research Laboratories in Operation 
SNOWBALL held at ORES [10] in 1%4. The Mach 
and Reynolds numbers shown for these results are 
the time-averaged values for the first 50 milli- 
seconds of the blast wave. Also shown in the 
figure is a graph of drag coefficient versus 
Reynolds number for flow in which compressibility 
effects are negligible [15] and a graph of drag 
coefficient ror steady flow Mach numburs of 0.4 
and 0.5 [13]. The results of the free flight 
tests are plotted on a larger scale in Fig. 9. 
Here the drag coefficients are plotted for 
various irstantaneo'Js Mach and Reynolds numbers 
in the first 50 milliseconds of the blast wave. 
Also shown in this figure are some results 
evaluated from direct force measurements in 
Operation PRAIRIE FLAT [2]. These tests were 
done on two sets cf jfa, $ and 5 9/16 inch 
diameter cylinders,, effectively infinitely long. 
One set was tested at the 8.5 peak incident 
overpressure location and the other at the 12.0 
psi location. 

CONCLUSIONS 

1.  The mean drag coefficient obtained for the 
12.0 and 8.5 psi locations were 0.67 and 0.48. 
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2.  The drag coefficient in the range fror 8.0 
to 15.0 psi peak incident overpressure in the 

first 50 milliseconds of the blast wave from a 
500 tor ■RiT surface charge appears to be epproxi- 
mately constant for a J^  inch diareter circular 
cylinder uher calculated from 

»here 

'jri - 

qteQ 

s2i 
e  +   frofp the 

Friedlander decay. 

3.  Reasonable agreement was shown between 
the free flight and direct force results. Also 
the results obtained fror the blast waves cor- 
related well with the drag coefficient curves 
for steady flow. 
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ANALYTICAL AND tAPEEIMEKTftL HESULTS OF 

LATTICE TYPE STRUCTURES SUBJECTED 20 A BUST IflADISG 

BY 

Robert Geminder 
Mechanics Research, Incorporated 

Los Angeles, California 

This technical paper presents the results of b program in which three antenna 
mast structures were designed, fabricated, and subjected to a detonation of 
900 tons of INT. The masts were instrumented, and the experimental data was 
compared with the analytical predicted results. A final analytical result 
was obtained which integrated the experimental results with the analytical 
predictions. 

INTRODUCTION 

An experlaental program was conducted to 
measure the response of three antenna masts 
subjected to a 500 ton TNT blast. This free- 
field blast trial was known as Operation Prai- 
rie Flat and was conducted on August 9, 1968, 
at the Defense Research Establishment Suffield 
(ORES) range at Suffiäld, Alberta, Canada. 

The purpose of this program was to de- 
velop the analytical design method for ship- 
board antenna masts and to modify this method 
with empirical data. In order to verify the 
analytical design study, three masts were se- 
lected. Two masts of unequal size (30 foot 
and 13 foot) were placed at one overpressure 
location, and a third mast (30 foot) was 
placed at a significantly lower overpressure 
location. (Figures 1 and 2 show the aast loca- 
tions and the blast, respectively.) Thus, the 
effect of mast size and the effect of two dif- 
ferent mast loadings with respect to the ana- 
lytical design could be evaluated. These 
masts experienced a blast loading equivalent 
to 12 psi ani 8.* psi overpressure. 

The three antenna mast structures were 
instrumented to obtain response and forcing 
function test data. The instruments used were 
strain gages, pressure transducers, accelero- 
meters, and drag probes. They were located so 
as to obtain an optimum amount of data with a 
fixed number of instrumentation channels. 
Approximately 120 channels of data were multi- 
plexed and recorded, A description of the 
instrumentation system used, along with a 
description of a dynamic "Twang" calibration 
performed on all the masts, is presented. The 
dynamic calibration on all masts established 
the damping ratio and the first two modes of 
frequency for each antenna mast. 

This paper presents the theoretical con- 
siderations used regarding the foundation, the 
masts, the antenna, the drag loading, as well 
as a sunmary of the computer programs used for 
the analysis. 

The results of the experimental program 
yielded a general formula for the design force. 

»L 

where: 

F. = maximum response load, lbs., 
as a function of time 

K = dynamic amplification factor 

q = peak dynamic pressure, psi 

A = member projected area, including 
shading effects, in2 

C_ = member peak drag coefficient 
as a function of time 

The force Ft, represents the maximum 
dynamic load in the "Structure and can be used 
as an equivalent static load for purposes of 
design and analysis. The location of the force 
is dependent on the CJJ and A of the individual 
members; that is, it is the resultant of the 
forces on each member. 

The above parameters are dependent upon 
the structural dynamics of the mast, upon the 
geometry of the mast, and upon the blast envi- 
ronment. A discussion of the parameters is 
presented in this paper. 

In general, there was close agreement 

101 



Figure 1. Antenna Masts Locations 

gure 2. Operation Prairie Flat 
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between the experimental and analytical re- 
sults. The consistency of the ratio between 
experimental and computer results indicates a 
factor which can be used for mast design 
purposes. 

For this particular prograai, that is, this 
type of structure and blast, the design force 
can be considered; 

Ft = 1.67 Kqo J] AC, 

where K is equal to the impulse response value 
of Urf and the factor 1.67 is an experimental 
factor obtained for all three masts. 

THEORETICAL CONSIDERATXOK 

The purpose of the project was twofold: 
(1) to develop an analytical design method for 
determining the dynamic loading of a typical 
shipboard antenna meist subjected to a blast 
environment, and (2) to design test antenna 
masts and provide instrumentation plans for 
test verification of the design approach. 

The preliminary analy3is showed that a 
typical shipboard antenna mast can be ade- 
quately represented by the following four basic 
components. (Figure 3) 

FOUlTO/mON DESIGN CONSIDERATIOHS 

The design of adequate foundations t? sup- 
port the 15' and 30' masts used in the tests of 
Operation Prairie F'at was based on the theo- 
retical dynamic rtsp-nse of the foundations 
embedded in the soil of the experiment station. 
The determination of foundation size was based 
primarily on the soil mechanics properties 
determined at the test site. 

The foundation was siztrd by considering 
tlie equivalent elastic springs of tne soil 
supporting the foundation, together with equiv- 
alent linear dating, with the foundation 
dynamically responding to the shear ami over- 
turning moment tine varying loads transmitted 
by the mast. The foundation natural frequen- 
cies were then deternined, and the response of 
the foundation to the nast which transmitted 
the time varying ßhear and overturning ncevent 
was calculated. 

The foundation designs .for the 3)' oast at 
lower overpressure and for the  15' "nast were 
determined by rationing the dyn.-jaic loads to 
one-half and one-third, respectively, of the 
reference design. The foundations vere sized 
in accordance with these loads. 

A preliminary analysis of the antenna 
rsast design showed that the mast foundation vas 
dynamically uncoupled and would not influence 
the dynamic response of the antenna mast. 
Consequently, a rigid base for the antenna 
aast response analysis vas  assumed. 

The a>jterminatlon of ';he iiaount of motion 
of the foundation due to frs 500 ton surface 
explosion of Operation Prairl« Flat WRS de- 
sired. This information provides insight into 
the response of buried fouwlalions to groand 
shock and provides knowledge of the amount of 
base motion input t'> the antenna mast. The 
foundation response was to be measured by 
acceleroraeters mounted at specified locations 
on the concrete block. These acceleroraeters 
were enplaced on mounting studs located within 
steel boxes. A minimum of six acceleroraeters 
were utilized to provide all three transla- 
tional components and all three rotational 
components of acceleration. 

Main Mast 

Foundatior; 

Side Antenna 

Side Antenna 
Support 

Figure 3.    Basic Components of Mast Program 
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Ä, Ji SÄST ÖD SUE ÄSS^ 

Aft»r fct-vlUj.- .iäesi^ifisi the bssSü ec^e- 

fr»** t* lnitl»te 4et«ü fcsl^i mi «eootaB«-. 
ilao sf sSe test «jstesa» atst aai aethsd of 

• tisree «eparmse aala a*sta, at» 15' 
ssist »^i tw: 'JO* aftsts  .. 

• • 3-5=ä*rt %äS« eonif igjnttic« 

• « slcfilst«! sia» asstesi!« of ^Ipe fws» 
ciHistraÄtioß «lt& a d«g are» nttla of 
0.3 (i*tia:of aateaaa iroj«cted »vem. 
t-o ste^'iaf« pjrejwtedi arm) 

•   tiio overpressar« lacaticais:   8.6 psi 
{«}* Äst) *aa 12.5 psl (15* a«A 30* 

Ä saSliesiitieai s^tel oi" tte aatema aast 
stractwr» u« dCTelojusd.   Is the aoäel, ttm 
satasMa afest «as östaieä to Im^ve rigid Joists 
«ä i«s asi»%eä as a rigid fouadstiaa.   the 
Jglet« «es« «Hawosi six degrees .of fffted«» «lA 
(«re ewranected by «elgfctless elastic "bar sea- - 
tos«,   2« «sight aad inertia of the atruetare 
msre located at the Joiats.   Toe gessaetriial 
«sä elastic jrafiertles of tfee straeture '«re 
represents hy the line bar aenbrars.   Is obtain- 
ing the dpiasic rssiönse, tt» extcanaal farces 
mA msmats due tc tiie blast nere allied at 
the Joist». 

Tt» vibratisit aharaeteristlcs of the m- 
tevtm. «tsts «ere calcalated by the Stardpje 
tinyater prcgr^.    These calculated gssdes were 
later Tertfied by a twang test cm the actual 
structure. 

msm. DESISH COKIDBSAflOK 

The geoaetry and basic design of the two 
slaulated antennas were detenlnsd in the 
analysis. 

The 15' antenna was fabricated with four 
equal frontatl bajs separated from one another 
by vertical plates. Two 1-1/2" nominal diame- 
ter tubes were located vertically in each bay. 
The bays were separated into two horizontal 
sections by three 2-1/2" nominal diameter 
tubes. 

Due to higher drag force data obtained 
fron njferences prior to the blast, the antenna 
was !Bod:"ltd by renewing two of the baya. The 
pri-mrj- reason for the ssodification was that 
the theoretical drag predictions were consider- 
abl. higher than anticipated, Conaequently, 
the antenna frontal area was reduced, 

In the structural model, the antenna was 
represent«! by a single joint at the tmtenns. 
werter of gravity and was connected by four 

■fear aMters to the side «tter-j» süitort. - He 
snteaM.'s iBertial fr^«rtle« at tie e.g. 
abDat »ite tteee mm* were eatoilKM msA need 
la Q» strttetärml' aodei. tbrn mbma* wsl^t» 
laenia mä. d^sg area '«re «edified 1A .the 
stfictoi-al aottei to cMrre^ond wltti the actaal 
mtmm tested« 

-  Brior to tbe test, it.was d«tenBlned a.-»- 
lytically that drag loä^, rattier ttoa dif- 
fräactl«! Ifflsdliie or grcuod-aotlan «rased by 
the blast, produce the aost slgnlficsiit loads 
«t. me i«t«Bi)Ms and oa the atst«. ^ She, ii^er» 
taut paraaeters affecting the drag overpres- 
sure laad lacla*»: 

the ti« history of the drag 
wenwesswre 

tiac drag, coefficient (€_) 

the projected area of ti» stractuz«, 
Inclaöiag shading effects 

the effects of gussets 

the SejnoMa nuster. 

Ike i«6t difficult partneter to detendtna 
was the drag coefficient. Se^oral eoaeepts 
ware studied before a satisfactory analytical 
»del was derived. "Bm original concept eoa- 
sidered tbe stecdy state drag coefficient to be 
equal to 1.2, with m> aerodynsKic shading of 
the aft meabers by the front ataiiers la the an- 
tenna uast structure. The load distribution 
was based an the bar nesbers' projected area 
and was a function of the dynamic pressure. 
Reynolds musber effect and the gussets area 
were not used and were assumed to be accounted 
for by the drag coefficient conservatism. 

IS» concept was later reviseu tc Include 
the gussets area with the bar meiaber irea, in 
addition to taking into account the effects of 
aerodynasdc shading and Reynolds nuaber on tSse 
drag coefficient. An overall effective drag 
coefficient of 0,56 was calculated for a quick 
look at the oast responses. On the basis of 
this coaBiarison, & final pretest analytical cal- 
culation was made for the individual effective 
drag coefficients. Again, the aerodynamic 
shading and Reynolds number effects were in- 
cluded. All flat plates used a value of Cp of 
1.6. These values were used with the appro- 
priate values of dynamic pressure and area to 
derive the forcing function used in the pretest 
dynamic response analysis. 

The data selected wiiich best represented 
the drag time history was measured by the 3" 
cylinder located at 8.5 psi. This data was 
normalized and used as the drag-time history 
curve for all the dynamic response calcula- 
tions. (Figure h). 
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Based on 3" c./ilnder at 8.5 psi 

2      4^8     10     12    14     it    it     20    2?    U    ' 

Ti«e (msec) 

Figure <«.    HonKlized Drag-Tine Hietory 
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COMPUTER PaOGRAMS 

The determination ot the dynamic response 
for a simple one, two or three degree-of- 
freedotn system subjected to a matbenaticaUy 
simple tiae variation load can be accomplished 
by a rigorous or closed font method. However, 
actual dynardo problems almost always have 
many degree» of freedor. and a complex loed- 
time variation. 

to obtain the internal design loads in a 
typical antenna mast due to a blast generated 
overpressure, calculations based on the rigor- 
ous method are very difficult, or impcssible, 
and a numerical analysis is required. Conse- 
quently, the calculations in this analysis 
were performed with a series of digital com- 
puter programs designed to analyze linear 
elastic structural models. The method of 
analysis using the computer program is illus- 
trated by the sinple flow diagram in Figure 5 
on the following page. 

The computer programs used for the mast 
analysis are briefly described below: 

PHEP 

The first in this series of computer pro- 
grams is the preprocef.sor. PriBiarilyj the 
functions of this program are to read the 
arbitrarily coded input data, check for model- 
ing and coding errors, and optimize the joint 
nun&ering scheme to insure the most efficient 
use of computer time. 

snSDYSE 

This is a large order finite element pro- 
gram based on the "Stiffness Method" or "Dis- 
placement Method". The program has two dis- 
tinct functions that are applicable to this 
study: a modal analysis ani a static analysis. 

Modal Analysis 

Once the mathematical model of the mast- 
antenna structure has been defined, SIARDYHE 
calculates the stiffness matrix and mass matrix 
along with their resulting dynamic matrix. The 
mode shapes and frequencies are obtained by one 
of the following methods: (1) Inverse Itera- 
tion Mettod, (2) Classical Jacob! Extraction, 
(3) Householder Tridiagonalization and Q-R 
extraction. In addition, the program computes 
the generalized weights, the participation fac- 
tor aad the internal forces on the members 
associated with each mode. 

Static load Analysis 

Given the mathematical model of the mast- 
antenna structure, STARDYRE calculates the 
reaction to any general type of static load. 
The displacements of the system, as well as the 
i.^rnal forces of the meofeers in the system 
due to the given external static load, are 
calculated by SXARDYNE. 

OYNRE-I 

This is a cc^ju^er program designed to 
analyse the time dependent response of linear 
elastic structural models subjected to dynamic 
loadings. The "Normal Mode Method" ia used to 
obtain the response. Tlie system's joint forces 
are calculated at several discrete time points. 
These loads are punclied on cards for input into 
the STARDYItE static load analysis. 

INSTRUMEBTATION SYSTEM 

The mast-antenna measuring system con- 
sisted of transducers, signal conditioning 
equipment, and a recording system. The trans- 
ducers were capable of measuring strain, vibra- 
tion, pressure, and drag forces. The data 
acquisition system is shown in the photograph 
of Figure 6 on the following page. 
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"Stardyne" 
Computer 
Program 
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n 
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"Dynre V 
Computer 
Program 

"Stardyn''" 
Computer 
Program 

Modal 
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Blast 
Characteristics 

Calculated 
Stress and 
Strain 

Figure 5-    Strain Calculation Flow Diagram. 
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Figure 6 

Photograph of the Data RecordiviK snd Bsta Playback Syster 
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."fie  iavi reeoriiri? systen sonsSsted of 
ibur iata Ki.ltipiexers asd a na^netic tape 
recorder,    rhe Ja^.a platytsack systea; consisted 
-f an •-■i.-f.-.t cnarj.ei iet-iltiplexin^ unit and an 
oscillograph recorler.    The transducers used 
:Vr -Jic aast rreasuresents were strain gages, 
acjel-sriEietcj's, pressure gages, and strain 
•ira^ sages,    locations are chow, in Figure 7. 
lo obtain a cotsplele picture of the force in 
the aast at the aast-foundation interface, 
strain ^ages were placed on the lower aeaber 
ie^.s.    these «acabers '«ere instruaented for 
axial loading.    Acceleronseters were placed on 
the foundation and on the oast, as shown in 
Figure 7.    S;x acceierf^neters were mounted on 
each foundation.    Additional acceleroneters 
were placed on the aasts to obtain the first 
ir-xade beiiavior of the aast.    Crag gages were 
nounted near each 30' mast at each overpressure 

location.   Too types of drag gages were used: 
strain gaged force neasurlng gages and free 
flight cylinders.   Tine piressure transducers 
were located on eich Hast. 

TMAKC TEST 

At the conclusion of the installation of 
all the transducers, a nechanlcal twang test 
was perxoraed on each of the Mists. This test 
consisted of applying a known load to the 
structure. The load was applied in three steps 
of approxlnately 10,000 lbs. each, to a value 
of 30,000 lbs. At the latter value, the load 
was released with a quick release systea, 
allowing the easts to oscillate. The twang 
teat system is shown in the photograph of 
Figure 8 on the following page. 

Joint 
Acceleroaeter Loeatioas 

Positive Sense 
Shown 

Antenna Acceleraaeter 
Locations 

Pressure 
Transducer 

Strain Gage 
Locations {All 
members to 
antsnna were 
strain gage 

Strain Gage 
Locations (A. 
bottom membe: 
were strain 
gaged) 

Foundation (Arrows indicate direction 
of vibration meaaurement) 

Flf^ure 7 

Tranducer locations on Antenna Masts 
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DRES 
Vehicle 

Figure 8 

Twang Test Setup 
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OL.iectivft 3.    The repeatability of tiie 
strain rutputs for a given load vas 
checked by applying sir.ilar loads to tl« 
ca,Tie ras-.    Ha iatu fror; this teit l:idi- 
cHte: tiia*  data repeatability was 
ebtained. 

objective Ir.atrui&entatios ciiannels 
were checke«! d.;rir.£ the twarii: test loading. 
Tr.ree c'nannels »ire found inoperative, 
li.ey were repaired, so that data was ob- 
tained fron these stations during the 
actual blast. 

'e^tlve- were ■•ealiied with the 

.r.jectivc- 1.    Tr.e analytical "Kiels of the 
•D' and s':,s 15' nastf ■.-.•ere verified,.    Tm 

■rijJal :''re3..er.cies ».ere corr.parei with the 
exi«i"l.T.«r.tal  freq'J indes obtainei äuring 
•.is twa:«r -.e^ts, arid t'rss actual da:-.pin=r 
;.f the :-Äötc was ailculated. 

The r.rdal fre^er.clas vera obtained fro~. 
th-3 experimental iczults both fcv filtering 
the iata recorded ;:. -Acetic tape and by 
the use of a ilrlt'.l eor.puter proj-ran. 
Ine latter r.et*;>d wss .r.ore accur?.te, as 
;o_.e  :f the -ode.- were too close in fre- 
'-:..ency to be seDaratcd by oxperinental 
:-ethods.     '.lie results fror, one of the 
char.rielä are shown in ri,:-ure 5. 

::.e rodal frequencies in the blast direc- 
tion were oorrxared, and the first and 
second -oie frequenoios obtained experi- 
mentally agreed with predicted computer 
results. 

In the theoretical predictions, a danping 
ratio of zero was u.ed.    The critical 
darr.pinr ratios obtained fro::, the twang 
test;; were 2' to -'■. 

The static strain values obtained froa the 
oo-puter autput were checked against the 
experi~enVil results.    The data agreer-.ent 
was very .^ood  (■. ith differences of less 
tr.an 2-, for r-.ost 01 the channels. 

Objective 2.     The strain values caused by 
the applied static load during the twang 
tests indicated that the leading was in 
the linear re-ion of the load-strain 

In conclusion, tlse twang tests indicated 
agree-ent between predicted conputer responses 
and cxperinental responses. The variaion in 
freqc ■••*:;• for the first two modes between ana- 
lytic J. and experiaental results was only Ti, 
and the variation in strair. values for aast 
r„ea'aers between analytical and experimental 
re? sits was 15J, tc aö>. 

RESULTS 

Jtilizing the results from the twang 
tests, new analytical predictions were obtained. 
Tine history plots for the oesier Joints, mode 
frequency values, and axial strain values for 
each aeKber were obtained. These analytical 
predictions were derived from the previously 
described conputer programs. 

The experimental data vas reduced to 
anplitude-tise histories and to the amplitude- 
frequency spectra donain. The peak axial 
strain values were reduced and tabulated for 
each member. 

The dondnant frequencies obtained from 
spectrum analysis of the blast data agree 
favorably with the values obtained from the 
Eodal analyses of the structures. Frequency 
agreement was obtained for the first six 
nodes. 

A conrparis-on of the maximum experimental 
axial strain with the raaxinup. calculated axial 
strain for instruaented tubular aembers of the 
antenna raast structures indicates that the 
calculated axia- strain is about 60* of the 
experimental axial strain. 

The duration of the analytical input 
pulse spike is approximately 2 milliseconds. 
The masts respond primarily in the first mode, 
as shown by both computer and experimental 

110 



0     10    20    50    ho    50    60    70    80    90    100   110   120   130   ihO 
Frequency in Hz 

111 



re;'.It;'.    ."!;e JJ.;*<?.- c-tr. i-e ■ipprcxIrjiteJ as a 
siR^le-4e.'.rtfe-vf-rreei^s, syster. for purposes of 
studying tue •»:";'ec'. c-f p-;lie iuration.    For 
val^e;  ^:" Tr„  less  tran :.;? th« impulse of the 
chock t^o-ras -ore  in^ortajit tiatn the s!iaj«. 
la this "in^jlse s-e^ion" the '^lue of t!« MS- 
plifiaatisn factor (far all p^lse oi»pes), a&n 
b« spproxirrited by: 

A ^jk 

Ifce taf>le on the foliowing pege shows &({IVK5- 
raent between the single-detrree-of-fretIco. ampli- 
fication factor, A^ .  ar4 t.ht- ratio of reaponse 
to input forces  frck   ,he coa^uter analyses. 
This Is a further indication of the significance 
of the  first mode vitt  regard to the mast struc- 
tual response.    The equation for A    i» an accu- 
rate approximation of the amplificltion factor 
Jin this case, attenuation factor).  It can oe 
concluded that changec in the actual shock 
pulse duration will change the response loads 
in the masts proportionally,   Therefore, the 
duration of input pulse has a significant 
influence on the loads. 

comtusims 

The »xperiinental program verified tiie 
aj3Ujg>tion of the theoretical predictions. 
Die conclusions obtained from the experimental 
program are stated below. 

1. The behavior of the masts clearly estab- 
lishes the quasi-single-degree-of- 
freedom dynamic behavior of antenna 
mast structures. 

2. The foundation will slightly loaer the 
dominant node frequency of the antenna 
mast. Thus, it is sufficiently accu- 
rate to predict that future designs of 
antenna masts will assume a rigid base. 

3. Dynamic analysis must be performed for 
any new mast design. The above conclu- 
sion is still deemed necessary in order 
to establish the modal frequencies and 
to find the load distribution throughout 
the masts. 

U,    Ground shock loads are negligible, 
amounting to approximately one tenth 
of the loads which result from the 
drag overpressure. 

5. The computer programs utilized enable 
very precise predictions to be made of 
modal frequencies for antenna mast 
structures. 

The computer predictions are adequate 
for masts of different sizes and at 
different overpressure locations. 
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TABLE i 

I                                             Dyaaaic Aa^llficatlca (Attenuation) Factors                                         Ij 

«ftST A MIST B MAST C 

theoretical 
single-degree of 
freedom system: 

.002 sec 

hO.U Hz 

• 323 

.002 sec 

23.7 Hz 

.19 

.002 sec 

23-7 Hz          j 

.19 

T pulse duration 

1       f , natural frequency 

C.^v oast mode) 

j        Conqputer Analysis 

230,U29 

72,600 

.317 

»♦63,167 

106,000 

.229 

217,507 

1*9,600 

.228 

Coo^uter Peak Input 
Force, F^, lbs. 

Equivalent Force, 
FT, lbs. 

(Response Load) 

Amplification factor 

PT 
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DISCUSSION 

Mr. Hughes (Naval Weapons EvaluaUoii 
Facintyl:   You mentioned the determination o{ 
damping, by your twang test.   Can you give us the 
damping coefficient? 

Mr. Gcminder:   Yes, it was of the order of 
0.2 orTLTfor the first mod'-. 

Mr. N'aylor (Defense Research EstabUsh- 
ment. Suffield):   Your value of about 0.6 of the 
computed results to experimental results 
showed a deficiency in estimating the drag loads. 
When you inserted your experimental forcing 
function did you include the whole of it or just 
the initial spike?   Recently we have done more 
tests with drag cylinders in the 6 ft. shock tube 
and we found that at these very H* overpres- 
sures the initial spike had rougijj' the same 
impulse as the succeeding drag for the next few 
milliseconds.  So than, as you pointed out, the 
initial spike is of great importance, but this 
does not account for all of the impulse applied. 
We estimated that if you add the drag load to its 
initial spike then your computed results would 
be very close. 

Mr. Geminder: You asked whether we put 
the whole time history in.   Yes, we did.   Our 
forcing function input is not just a number; it 
is actually a time history input. 

Mr. Naylor:   I thought you said that you 
just applied this initial spike. 

Mr. Geminder:  No, I made the statement 
that the initial spike has the most effect, just 
as you pointed out, but the actual time history 
shown was what was placed.   And not only that, 
that drag coefficient was merely a representa- 
tive plot.   It changed as a function of tube size 
from 3 1/2 to 6.   We changed it as a function of 
overpressure.   We delayed the time from the 
front to the rear.   We delayed the time around 
each of the cylinders because it was different. 
All of this was put into the computer program 
and this 0.6 was based on all of these inputs. 

Mr. Roberts (Martin Marietta Corp.): 
Would you speculate for our benefit as to what 
the difference is between the computer result 
and the measured case history? 

Mr. Geminder:  The computer results are 
based on strictly a computer model.  The only 
experimental data that was placed into the model 
was the forcing function, which is this drag that 
we kick around.   In other words, we do not know 
what force to put in there.   As I pointed out, 
when you have six cylinders and the cylinders 

at 12 ps! give you a lower drag coefficient than 
the ones at 8 1/2, they are suspect. The fact 
that we had fairly close (10-20 percent) agree- 
ment on our member loads on each of the mzsia, 
and that the model agreed frequencywise, made 
the forcing function suspect. 

Mr. Naylor:  As the Reynolds number de- 
creases you get an abrupt increase of drag co- 
efficient.  Now these 3 1/2 inch cylinders at the 
low pressures were very close to this abrupt 
rise.  Thus it is possible for the drag coeffi- 
cient to be higher at 8 1/2 psi than at 12 because 
of the dip in the li^ynolds number curve. 

Mr. Geroinder:   * agree with you.  This is a 
very critical region. 

Voice: I do not think the total drag could be 
higher at the 8.5 psi location, but it is possible 
at the higher pressure level that the drag co- 
efficient dropped as the cylinder size increased. 
That is, the slope of the curve is such that your 
drag coefficient decreases as Reynolds number 
increases.  I would say the drag coefficient 
could drop from about 0.6 conceivably down to 
as low as 0.4 lust by increasing the size of the 
cylinder. 
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LATERAL RESPCWSE OF SLIGHTLY CURVED COLUMN'S UNKR LOHGITtJDINAL FüLSE LOAD 
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This paper presents response spectra for the transient lateral vi- 
brations of columns of sli^it initial curvature.    The bending vi- 
brations are induced pararoetrically by the following .longitudinal 
pulse loads:    1) zero rise-linear decay. 2) linaar rise-linear decay, 
3) rectangular, and 4) linear rise-constant.    Si lected individual 
transient solutions are shown, and certain mnliüear effects to ac- 
count for large displacements and the effect of a mass attached to 
the end of the coltum are included and conpared with the linear case. 
Under certain conditions, the addition of damping to the system is 
found to result in an increased response. 

INTRODUCTION 

Considerable attention has been given to 
the parametric vibration of columns loaded by 
axial periodic loads.  The purpose of this paper 
is to present a portion of the results of an un- 
published study [1] which investigated, in part, 
the transient lateral response of an initially 
curved column under a variety of single axial 
pulse loads.  The column under consideration sup- 
ports an initial static axial load and then is 
subjected to a time dependent pulse load. Meier 
[2], Koning and Taub [3] and Taub [4] have aJJ. 
investigated the linear form of this prctlem, 
but treat only a rectangular longitudinal pulse 
load.    Transient solutions are presented in the 
form of dimensionless response spectra curves 
for four different longitudinal pulse forms. 
These response spectra represent the absolute 
maximum lateral coluim displacement at any time 
as a function of a characteristic frequency of 
the system.    The make-up and use of these plots 
in analysis and design are discussed at length 
in the literature [5, 6]. 

to tiie speed of propagation of the longitudinal 
stress waves.    In addition, it is assumed that 
the slight ii.itial column crookedness and the 
time dependent lateral displacements of the 
coluim are defined by a one-half sine wave. 
These assumptions have been justified analyti- 
cally [3] and experimentally [9] for similar 
problems.    The development of th«? differential 
equation governing the lateral displacement of 
an initially curved coluim under time dependent 
longitudinal load is available in the literature 
[1, 10, 11] and will not be repeated herein.The 
column is assumed to be .initially curved in cne 
principal plane, of constant crtss-section, 
stressed below the proportional limit, and sim- 
ply supported as shown in Fig.  1,    Ctmsidering 
the nonlinear effect of elasticity (.large dis- 
placements) and inertia of an end mass results 
in the following dimensionless equation of 
motion: . 

f + 2rf + (1- r)  f + Y [f f + (f)2]  f 
1-P 

BASIC EQ'MTIONS 

In the presentation that follows it is as- 
sumed that the longitudinal force in the coluim 
is constant throughout its length at any given 
time.    For practical loading velocities, this 
assumption is generally accepted [2, 7,8] owing 

(1-P*) 8 (L/r)2 

Sf(^Vfr[fft(f)2] 
i-p       r 

'i\ 
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Fig,  1 - Initially Curved 
Colunn on Siople Siftports 

«'herein the following dimensionless parameters 
are  to be considered: 

PL 
P* =    t , 
1      ,2EI 

which correspond to a cclun dsflectioo under 
the static lo-4 ?*. o 

soumoss 

Transient solutions of Cq. 1 for four dif- 
ferent pulse cwer-loads were ohtained oc a 
Jigit il coeputer.    Die equation u<6 integrated 
numerically using Runge-Kutta formulas of order 
h .    t. tine interval of 0.2«, corresponding to 
one-tenth the fundaaental period, was used. The 
four dynaa'c load pulse shapes considered are 
shown In fig. 2.    They are a) aero rise-linear 
decaf, b) linear rise-iintar decay, c) rec- 
tangular and d> linear rise-constant.    The di- 
aensionless paratster a represents the ratio of 
pulse duration to fundanental period.    The nu- 
merical values for The paranetcrs In Cq.  2 were 
selected to represent values of practical in- 
terest. 

The primary purpose of this [taper is to de- 
termine the maxinum lateral deflections which 
occur during or after the application of the 
pulses considered.    To acconplish this goal suf- 
ficient transient solutions were obtained to de- 
fine typical response spectra for each of the 
pulse shaoes.    The spectra are plotted for aero, 
ten and fifty percent of critical danplng.    Re- 
sponse spectra are shown for two different ini- 
tial    axial loads,?* = 0.20 and P* = 0.50. These 
values are assumed to be of practical interest 
since most design specifications contain require- 
ments which limit the axial load for a column to 
less than one-half of the Euler load.    Finally, 

W 

2'. UM' 
c 

2m5 (2) 

f = ^ 
r 

W = 
mgL 

The danping parameter e in Eq.  2 represents the 
fraction of critical damping.    The independent 
dimensionless parameters in the equation for 
dlmensionless dynamic lateral displacement f are 
as follows:    damping e, dynamic load P?, static 
load t**, slendemess ratio L/r, ratii of static 
load to weight of coluim or weight ratio W, and 
initial mid-span displacement a/r.    In this 
paper one value of initial imperfection is used 
(a/r = 0.1), and one value of slenderr.t-s ratio 
(L/r =  100)  is used initially.    Nonlinear tarms 
in Eq.   1 in which Y appears are due tc the end 
mass, and the terms with f   result from an ap- 
proximate nonlinear curvature expression for 
large deflections. 

The column is assumed to be "at rest," in- 
itially, therefore f(o) • 0, and the initial dl- 
mensionless mid-span displaceiwnr is 

f\^ p; 

K 

Ot 

(a) 

p.* 

1 

,^  ^  » 
(c) 

".' 

p; 

i*  o' » 
(d) 

f(o) 
p* 

* ( 2_) (3) Fig.  2 - Force-Time Characteristics for 
Pulse Shapes Studied 
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the diBereiqn'jess aeig.x. ratio W uas taken as 
270 for P* - 0.5, and for F* - =.2 a weight 
ratio of ICS was used which correspcnib to four- 
tenths of the above weight ratio.    This rtpre- 
seots the saae colian sectica hut under a re- 
duced initial static load. 

The response spectra are shown plotted as 
a function of dinensi ^sless pulse duration a. 
The ordlnate HI", callt-i magr-lfication factor, is 
defined as 

«• = fe <* 
which is  the ratio of oaxiBsua -Jynaaic displace- 
■ent to Initial static displaceoer.t. 

15 

Zero Rise - Linear Decay - The response 
spectra for this pulse shape are shown in Figs. 
3 and "i.    The effoct of decay of force on aaxi- 

2.75 

13 

1?.0 

?«—oo 

LINEAR 

 NONLINEAR 

VI-270 

L/r=100 

Fig.  3 - Response Curves for Mid-Span 
Column Displacement, Pi  = 0.1 

Fig.  4 - Response Curves for Mid-Span 
Column nispläcement 

mum displacement was neglibile as a became 
large.    The maximum magnification factors indi- 
cated on these figures were obtained by direct 
soiution cf the linear form of the basic equa- 
tion of motion using a rectangular pulse load 
variation.    The undanped spectrum curves are a- 
symptotic to these maximum ordinates.    It is 
evident from this spectra that for load com- 
binations near the Euler load a short pulse du- 
ration, vis., a = 2, will result in a MF of less 
than half the maximum possible.    These spectra 
were not affected by a change in weight ratio W 
from 108 to 270 for P* = 0.2, therefore the re- 
maining solutions were obtained for W=108 when 
P* = 0.2 and W = 270 when F* = 0.5.    These fig- 
ures also reflect response spectra for the lin- 
ear form of the basic equation of motion.There 
is a difference .between the linear and nonlinear 
spectra for one case shown in Fig.  4, wherein 
the total static plus dynamic overload ap- 
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proaches  the ^ul<-r iuckiing load for the col- 
atr;,  i.e., •"* t ;* = o.3.    ior these lo-ia ;-ira- 
selei-s   the     öii-;i  ii >:-iaoeBM:t"i  are   large 
whid.  is  t.' :e -si^^c.ed.     Tl:is differer.ce be- 
twe«i thi:  linear and ujilinear spectra can be 
attrlluteä,  i.i ; art, to the nonlinear aspect of 
coiurr. carvitu..-.     Yet  as  the daaplng p.ira»eter 
c  is  increased the nailinear solution-, produce 
larger disj laceasents l>ut   to a lesser   Segre«». 
ior a practical Lrobien with scsae da^iiftg,  the 
dsfiepenca  in caxicun t«spcnse pight  rtasonafcly 
b« neglected witnout appreciicle errcr.    Trans- 
jent solutions  for this situation are  shown in 
Fig.  5. 

and P* = 
occurs when c is 

läoear Rise - Linear Decay - The response 
spectra for this puise shave are shoiin In Tigs. 
6 and 7.  It say be observed that, in general,the 
saxioui nugni fication factor cccurs when the 
pulse duratlo • is approxiaatelv equal to the 
free lateral   'ibration period under the influ- 
?nne of th« s tatic load.    The notable exception 
is seen in Fig.  7 for load paraaeters P* = 0.5 

0.<i.    Far these loads the aaxisua HF 
larg".    The response .spectra 

for a da^>ln£ par<«eter c of 0.5 are always less 
than the HF at a = <■.    The »agnification tactors 
e3 a -» •» were conputed using Eq,  3 .^ince for an 
infinitely slow rh,e tines no vibrations will 
cccui-.    Thus, P* in that equation aay be re- 
placed by F* •■ r* to evaluate the displaoeoent 
at a = ••.    cbi s-.-ve that for certain pulse dura- 
tions the MF i; nearly the safis as if the load 
were applied s atically, and for cervain ;ulse 
durations the craped response is greater than 
the undamped response. _, 

D' 

LINEAR - x>^^ 
5- 

4 
> p\ 

HO). 

/ 

^-NONLINEAR 

o<=1 

2 

> 
V 

0- 

/ p;(T)> 

"^^ 

MF 

05      _T_ 
21T 

1.0 

Fig.  5 - Linear and Nonl;near Transient 
Solutions for Linear Decoy Pulse, 
P* =  0.50, P* =  O.i* o 1 

Fig.  6 - Response Curves for Mid-Span 
Column Displacement, P* = 0,1 
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310 

Fig. 7 - Response Curves for Hid-Span 
Colunn Displacement, P* = O.t 

Rfectangular - The response spectra for this 
pulse are shown in figs.  8 and 9.  It may be ob- 
served that for a small dynamic overload (P* = 
0.1) in Tig.  8 and when a>0.5, t'i8 maximum re- 
sponse is the sane as if the load duration had 
been infinite.    For P? = 0.4 this is true for 
a>2.    These spectra reach a different maximum 
fjr each damping parameter considered whereas 
for the other three pulse shapes considered the 
spectra reached a common asymptotic maximum as 
a -» •> regardless of e. 

Linear Rise - Constant - The response 
spectra for this pulse are shown in Figs. 10 and 
11. Fcr long pulse durations it may be observed 
that the response simply follows the gradually 
applied load with  little dynamic effect.    These 
spectra are asymptotic to the same values of HF 
as o -»■ «> as those shown in Figs    6 and 7, and 
they were obtained in the sMsft ir rrner.    Rise 
times a less than one-fourth p/oduce magnifica- 
tion faccors essentially the same as for the 
suddenly applied (rectangular)  load.    Thus, one 
may justifiably Igriore t:ie effect of rise time 
for this pulse shape when  a < 1A and treat it 
as a rectangular pulse of infinite duration 

IX) 
OJ 

f>:0£.W:tOa 

P*:O5.W:2T0 

gP=ioc 
e-o 

a?. 03 OS 
■ i ■ i 

0.7        1.0 

Fig.  8 - Response Curves for HiJ-Span 
Column Displacement, P* = 0.1 
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f»Q5 

Q2 0.3 
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Fig. 9 - Response Curves for Mid-Span 
Column Displacement, P* = O.1» 
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Fig. 10 - Response Curves for Mid-Span 
Column Displacement, P* = 0.1 

NONLINEAR PARAMETERS 

The question naturally comes to mind re- 
garding the influence of the nonlinear para- 
meters, W and L/r, on the magnification factor. 
It should be pointed out that the selection of 
L/r = 100, W = 270 when P* = 0.5 and W = 108 
when P* = 0,2 for use in obtaining the spectra 
was to a degree arbitraiy.    The authors, how- 
ever, believe they represent practical values 
to be found in design practice.    To study, in 
part, the influence of variation of the para- 
meters on the magnification factor, additional 
undamped solutions were obtained for the rec- 
tangular pulse load.    These comparative results 
are shown in Table 1 as magnification factors 
for P* equals O."» and two values for P* of 0.2 
and 0.5.  For each dimensianless static load two 

Fig.  11 - Response Curves for Mid-Span 
Column Displacement, P* = O.l 

pulse durations are shown ;one in which the maxi- 
mum displacement occurred during the pulse and 
one in which the maximum displacement occurred 
after the pulse.Magnification factors are shown 
for various combinations of the parameter a/r, 
L/r and W.In addition the magnification factors 
obtained by closed-form analytic solution tl]of 
the linearized form of the equation of motion 
have been included. 

Consider first the data for a ^ 1.    These 
data reflect little difference between the 
linear and nonlinear magnification factors as 
well as little change caused by variation of the 
parameter a/r, L/r and W.The greatest reduction, 
only 4%, occurred as a result of an increase in 
initial column crookedness a/r. In all cases the 
nonlinear magnification factors are smaller than 
those obtained by the linear solution.    On the 
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COMPARISON or HAfairiCATlCM r*CTORS FOR RECTAK.aiUlR-F^LSE OVERLOAT* 

Magnification Factors (Ml) for f* - 0.«»                       ] 

PX = Ü.2 •? S 0mi                          1 
a 

1     r r w a = 0.1 a - 1.0 a = 0.1 a = 2.1. 

O.X 50 108 2.B"i« 10.85 2.105 16.36              ! 
0.1 100 108 2.855 10.96 2.163 17.00 
0.1 200 1G6 2.e':8 10.98 2.211 16. P";                 | 

o.os 100 108 2.858 10.98 '2.211 16.88 
0,10 100 108 2.855 10.96 2.18fi 17.00 
0.25 100 108 2.836 10.81 2.o:-o 16.25 

0.1 100 50 2.857 10.98 2.233 16.35 
0.1 100 108 2.855 10.96 2.188 17.00 
0.1 100 200 2.853 10.93 
0.1 100 500 2.8H3 10. G3 2.163 .6.60 

LIMEnR 2.598 11.00 2.037 17.00 

1       HAXIMAX OCCURS: AFTER PULSE DURING PULSE AFTER PULSE DURING PULSE 

other hand consider the data for shart pulse 
duration (a = O.D.Here, the nonlinear solution 
resulted in larger maximum amplitudes compared 
with the linear results.  The maximum difference 
is 16% for P* = 0.2.For all the pulse durations 
shown the behavior of MF due to changes for tho 
parameters was similar, for example, an Increase 
in W caused a reduction in HF. 

For the rectangular pulse data shown one 
can conclude that the rectangular pulse spectra 
could be justifiably utilized without modifica- 
tion over a range of parameters of the follow- 
ing:    0 < p_< 0.25, 50 £-_< 200, and 0 _< W ^ 
500.    On the basis of the above discussion one 
may reasonably utilize the spectra for the other 
three pulse shapes considei^d in this study for 
at least a limited rang» oi'  "he parameters a/r, 
L/r and W near the numerical ■• J.ues used to 
generate the spectra. 

CONCLUSIONS 

Usin^ a nonlinear analysis, response spec- 
tra were obtained to define the absolute maxi- 
mum transient lateral displacements at mid-span 
of a simply supported column carrying a static 
load and subject to four different single pulse 
dynamic overloads.These spectra may be used for 
analysis and design.    The interpretation of the 
spectra to represent vertical ground acceler- 
ations is  also possible [1].  The general influ- 
ence of damping on the spectra was to reduce 
the dynamic amplification of the displacement 
except for some problem variabli s where the ad- 
dition of damping increased the maximum tran- 
sient dynamic displacement. 
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NOTATION 

E      = modulus of elasticity 

I      = moment of inertia of cjlumn cross-section 
about axis of bending 

L unsupported colu-in span 

M     = mass supported on the displaced end of 
the column 

MF = ratio of absolute maximum dynamic column 
disciäcement to initial static displace- 
ment, HF = f(T)       /f(0) may. 

P      = general axial column load 

P* = dimensionless ratio of axial column load 
to Euler buckling load 

P      = initial static portion of column load 

P.    = dynamic overload portion of column load 
a"; a function of time 

P*    - dimensionless ratio of initial static 
axial load to Euler buckling load 
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f. *= 

ilvsens'fraiess  t i-.io of •lymmic overload 

indept-udent  dirterssionles;. tiaie variable 
e^uii  '- •■ t; 

diSA'nsJiclesä  load Mtio ^qtial to ? /ngL 

initial   ju'.r^ssed oomro dir>;)laceiaent at 
coiiE'n T.c <i-i, )an 

coefficient oi.   linear velocity damping, 
a consldnt 

dim »nsiunless  time dependent displacement 
ar  VC'UKU mid-span,  f =  v/r 

first and recond derivatives respectively 
cf f with ivspect to T 

acceleration of gravity 

mans of column per unit length 

radius of gyiation of column cross- 
section about axis of bending 

a  independent  time variöble 

- dynamic lateral column displacement 
measured from the initial unstressed 
curvedaxis of the coluim 

= initial unstressed lateral colunn dis- 
placement measured from Hie a straight, 
line between supports 

= total colunn displacement v   + v 

- dinensionless ratio of load pulse 
duration to fundamental vibration period 
when acted on bv static load P o 

= nonlinear coefficient in basic equation 
of motion (see Eq.  2) 

5 per cent of critical damping 

- free lateral vibration frequency of a 
simply supported column loaded by a 
constant axial force P 
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RESPONSES OF AIRCRAFT STRUCTURES SUBJECTED TO 

BLAST LOADING 
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and 
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The responses of aircraft structural cle.iients subjected to blast loading 
were studied.    The nature and extent of damage of concern for representa- 
tive aircraft structures were established to define the specific regions and 
load distributions to be investigated.   After this was done, it was found 
feasible to use both a linear and a nonlinear (to consider the plastic effects) 
dynamic response analysis in predicting the transient blast loading required 
to cause to fail specified structural components.    The prediction is carried 
out by means of structural isodamage curves that were constructed for this 
study and discussed in this paper. 

INTRODUCTION 

In evaluating the airblast vulnerability of 
aircraft, several factors must be considered. 
The response of the aircraft structural ele- 
ments under impulsive, dynamic, and quasi- 
static loading must be studied.    The nature 
and extent of damage of concern for represen- 
tatne aircraft structures also must be estab- 
lished to define the specific structural regions 
and lor.d distributions to be investigated. 
When these were done, it was decided to use 
for this purpose a linear dynamic response 
analysis plus moderate corrections for plastic 
effects in predicting the transient blast loading 
required for failure of specified structural 
components - as discussed below. 

To develop a reliable blast analysis tech- 
nique, information is needed on:   (a) the 
importance attached to varying degrees of 
damage, (b) the geometrical and structural 
configuration of the pertinent cor. .ponents or 
regions, (c) the loadings (usually static ulti- 
mate) and load factors to which the compo- 
nents are designed, (d) the steady load- 
deflection characteristics of the components, 
(e) the dynamic characteristics of the struc- 
ture (e.g. , natural frequencies), (f) the 
nature -.i he blast failures (e. g., regions of 
plastic'/ and rupture)- and (g) the nature of 
the blast loading (e. g., peak blast pressure, 
duration,  rise time, etc). 

On the basis of the intormation needs 
enumerated above, the nature of the necessary 

shock analysis, and anticipated future efforts, 
the study was divided :ntc the following parts: 
(1) selection of aircraft vulnerable areas and 
structural dyn.'jnic characterization by a 
mathematical model, (2) selection of blast 
wave forms, (3) formulation of the governing 
equations for the elastic response of the 
model to the blast waves, (4) determination of 
the elastic isodamage response relations 
(ratio of blast load for failure to the elastic 
strength of the structure in te-ms of the blast 
load duration), and (5) determination of the 
plastic isodamage response relations. 

SELECTION OF AIRCRAFT VULNERABLE 
AREAS AND STRUCTURAL DYNAMIC 
CHARACTERIZATION 

For this htudy a cantilever beam,  which 
represents the major vulnerable element in 
failures of significant portions of aircraft 
tails, wings, etc., was chosen.    The loading 
case considered was the one most likely to 
cause a major failure (i, e. , a bending failure 
at the root), which subjects the cantilever 
beam to a uniform blast pressure. Fig.   1, 
A simple dynamic model system, Fig.  2, con- 
sists of a rigid body in rotation and an equiv- 
alent rotational spring. 

The moment-rotation characteristics of a 
physical example of a yielding rotational 
spring is shown in Fig.  3a. Note that in Fig. 
3a there are three significant points, namely, 
the elastic limit, the ultimate strength, and 
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Figure 1   A CANTILEVER BEAM SUBJECTED TO 
A UNIFORM BLAST PRESSURE 

Figure 2   AN EQUIVALENT SINGLE DEGREE OF 
FREEDOM MODEL 

ict the ca»e ot interest the model need« only to 
simulate the fundamental natural frequency of 
the actual aircraft component and the effects 
of it* inertial dynamic« on beam root bending 
moments. 
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Figure 3b TOTAL LOAD APPLIED TO «.OAD FRAME VS. 
DEFLECTION AT STATION 70 FOR STATIC 
TEST OF INTERNALLY REINFORCED F-80 
HORIZONTAL STABILIZER {FROM REF. 8) 

the fracture point.    But, results of tests per- 
formed on actual aircraft structures indicate 
that the yielding of thä composite aircraft 
structures of the cantilever type is much less 
than the yielding of a simple shape such as a 
spring, and its residual strength after reach- 
ing its ultimate strength also is quite different 
- see Fig.  3b.   Therefore, in the model, the 
three points in Fig.  3a must be made to match 
the corresponding points in Fig.  3b so that the 
use of the spring analogy is symbolic but not 
physical. 

(9,,Mfi 

FRACTURE 

Fioure 3a   MOMENT-ROTATiON CHARACTERISTIC 
OF AN EQUIVALENT SPRING 

Also, the model must simulate the dynamic 
properties of the beam under impulsive loads 
of varying duration relative to the natural 
oscillation period of the cantilever.   The crude 
simulation used is justifiable because (1) the 
curvature of the beam is relatively unimportant 
for the magnitudes of distributions of these 
loadings (i. e. , surface velocities of the sur- 
face with beam motions are small compared 
to blast wave speeds, etc.) and (2) the only 
location on the beam in which ther# is interest 
in bending moment and failure for the problem 
being studied is at the beam root.    Therefore, 

If in future cases there is interest in 
bending moments and failures at other stations, 
possibly as a consequence of special inertia 
distributions along the span, more complete 
models would be needed. Examples of pos- 
sible models for such purposes are given in 
Fig. 4. 

Figure 4    POSSIBLE DYNAMIC MODELS OF A 
CANTILEVER BEAM WITH TIP WEIGHT 
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SELECTION OF BLAST WAVE FORMS 

Fur ihif phase, the wave forms chosen 
were «imple representations of the essential 
features of the blast wave.   The representation, 
when used with the simplified model which 
represents beam motions and inertial reactions 
in the mode involved in major failures, yields 
solutions comparable to those which would re- 
sult if the irregular character of the higher 
frequency components of actual blasts were 
included.  On the basis of work of Morton, [l ] 
it was decided to use a triangular pulse with 
zero rise time as the approximation of the 
effective pressure-time curve.   This is shown 
in Fig.  Sa.   The equation for this pulse is 

(1) = o 

where   ^M 

1 

*ä r 

effective blast pressure acting 
on the structure, psi 

s effective peak blast pressure 
acting on the structure, psi 

r     - blast duration, sec 

i    = time, sec 
S(i)  - unit step function, dimensionless 

P(tl 

(bl FINITE RISE TIME 

Figure 6  A TRAINGULAR BLAST PRESSURE HISTORY 

Another wave form considered was a sym- 
metrical triangular pulse, i.e., a.triangular 
wave form (Fig.  5b) with rise time, t, , equal 
to one-half of the blast duration.   Such a shape 
might represent a partly developed shock 
front or a wave impinging on a highly curved 
surface. 

Other wave forms which should be given 
consideration in a continuation study are 
shown in Figs,  6a and 6b,   One is the "letter 
N" shaped wave of a fully developed blast wave 
at large standoffs, and the other might be 
obtained by timed double explosions at moder- 
ate standoffs. 

FORMULATION OF THE GOVERNING 
EQUATIONS FOR CANTILEVER BEAM 

The equation of motion for the equivalent 
single-degree-of-freedom system shown in 
Fig. 2 is 

JB 'Mute) * H(i) (2) 

where 

/    s mass moment of inertia about the 
axis of rotation,  Ib-in. -sec' 

rt#(6%, = resisting moment, Ib-in. 

M(tJ - excitation moment, Ib-in. 

The excitation moment is obtained from the 
beam dimensions and blast pressure and is 
equal to (for the pressure pulse in Fig.  5a) 

- 0 , it z 
In the foregoing equation, !*f0   is the peak blast 
moment and is equal to 

Mn hePh  • LbePb (4) 
where A 

e 

L 

b 

- blast surface area,  in.^ 

» momert arm of resultant blast 
force, in, 

= length of cantileve»* beam, in. 

= average width of cantilever 
beam,  in. 

{«) SINGLE BLAST - FULLY DEVELOPED AT LARGE STANDOFFS 

P(t) 

(b) MULTIPLE TIMED BLASTS 

Figure 6  OTHER POSSIBLE BLAST PRESSURE HISTORiES 
Similar expressions for the triangular 

pulse with rise time, t1  , can be developed. 
These expressions are: 

Mit) ' Mol^Li^ 5(t)   , ose m, 

WTVä-)- i,-*t t r 

= o t r T 
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Sg'■ fviion oi tJAmaeg Mychantsm PefinitiOBg 

The que&iton of vulr.erabilily reijuires a 
definition oi damage ni«-.jhiinisn',,.    In the initial 
{rl.is:iv   rrsjionsf) phdsc oi the nifthodology 
drvelop>iient • r:t;. i! damage is defined as that 
<*'••.:• h. otvurs when tlu maximum disiortion 
»■nergv (energy absorbed by tne structure) is 
etjua! to the energy .»t »he elastic limit of t}!e 
«tructun-,   i. e. . 

(/' t&kig 

-,- fÄ 
(5) 

where *^- A'= resisting n>.oment. Ib-in. 

*f.   = yield or elastic limit moment, 
'        Ib-in. 

e»      = yield or elastic limit distortion, 
rad 

Note that the yield or clastic limit moment for 
a cantilever beam subjected to a uniform blast 
pressure is 

where fL 
limit. 

(6) 

is the pressure at yield or elastic 

<4<S^ 

Since the damage criterion used above is 
energy absorbed by a material, it is defined as 
failure at "elastic limit toughness. "   In the 
subsequent plastic response phase of method 
development the elastic response was extended 
to the point of failure and other measures of 
toughness were investigated such as failure at 
"ultimate strength toughness."   As a necessary 
first step, the basic elastic model had to be 
developed.    The results obtained from the use 
01 elastic models are very interesting because 
they can be applied directly to aircraft con- 
struction and those materials which experience 
essentially brittle failures under these loadings 
(e. g. , built-up wood-plywood components, 
many plastics,  etc.).    Also, with so little 
plastic deformation of built-up aircraft compo- 
nents the elastic response reveals many of the 
essential features of the blast failure of such 
structures. 

Deflection Time History Response Solutions 
of Equations 

The time history reeponse of an undamped 
single-degree-of-freedom system in the clastic 
range which is subjected to a triangular pulse 
with zero rise time is ki    vn to be 

^['•S 

0(9)   =  -/- ^(t) 

I 1 
►-—Sinuini -ct>sa>„t\ f-Ost- 

(7) 

(8) 

;—suial {i-l)*-—itna>„t-ct)i uint\ 

■k   - elastic spring constant, Ib-in. /rad 

u/n   - fi/J   - undamped natural circular 
frequency, rad/sec and the remaining notations 
as defined previously. 

The time-history response for the 
triangular pulse with finit« rise time is also 
known (2, 3],    The response can be thought of 
as comprising three successive events, 
namely, (1) pulse rise time, (2) the pulse 
decay, and (3) the residual vibration. 

Cons 
Steady" 

truction of Elastic Isodamage (BlasMo- 
adv-Pressure Ratio for Failiurel Curves 

As pointed out in the early part of this 
paper, structural vulnerability will depend 
upon the dynamics of the structure and damage 
mechanism.    The damage equation derived in 
the previous section will now be converted into 
a structural isodamage (blast to steady pres- 
sures for failure) equations by using the blast 
mon.ont defined previously and the dynamic 
response in this section as follows: 

2 *  mm* 21k Mi 

J<(TO = 
(9) 

M. fo ym«« 

Me^'y« 

Ml 

(Aety* 

The construction of the graphs of 
Figs.  7a and 7b for the foregoing structural 
isodan.age equation will now be discussed.   The 
value« of y^^  as a function of the nondimen- 
sionalized blast duration, r/n (equal to the 
period ratio, r/r), were obtained from the 
response spectra published by Jacobsen and 
Ayre [3].   Some of these values are given in 
Table 1.   With these tabulated values, the 
nondimensionalized critical pressures, ft/Py 
were calculated and are plotted against the non- 
dimensionalized blast durations as shown in 
Figs.7a and fa.   Note that the critical pressure 
ratio approaches 0. 5 (or a magnification factor 
of 2) as a limit.   This to be expected because 
the blast pressure has a vertical front and the 
dynamic model is assumed to be an undamped 
single-degree-of-freedom elastic system, i.e., 
vhe dominant response is due to the fundamen- 
tal frequency of the structure and the blast 
wave. 

The structural isodamage curve for 
the case where the rise time is one-half the 
blast duration is also shown in Fig.  7a. 
IHtc that this curve shows a quasi-resonance 
phenomenon. 
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TABLE  1 

Undamped Single-Degree-o(-Freedom 
Response Spectra 
(zero rise time) 

Period Ratio Normalized Maximum 
Displacement. 

0.2 0.62 
0.4 1.05 
0.6 1.30 
0.8 1.46 
1.0 1.56 
1.2 1.63 
1.4 1.68 
1.6 1.73 
1.8 1.77 
2.0 1.80 
2.5 1.84 
3.0 1.87 
3.5 1.89 
4.0 1.90 

To present the results in the same form 
as standard practice, the structural isodamage 
equation derived in the previous section will 
now be converted in terms of the impulse. 
This is done by expressing the normalized 
blast duration in terms of the impulse as fol- 
lows.   The impulse is 

r= / P(t)ät (10) 

For a triangular pulse, the impulse is 

(11) 

(12) 

I'±rPt 

Division by P¥   will yield 

Multiplying and dividing the right hand side of 
the above equation by the natural frequency, 
fn   , will yield 

The normalized impulse, JT/^ (pressure- 
impulse) is obtained from the values of T/n 
and **/%    in the nondimensionalized curve 
plotted in Figs. 7a and b and by specifying 
natural frequencies.    The results can be 
plotted as a family of curves as shown in Fig. 
8.   The choice of natural frequencies is based 
upon published data [4] on aircraft structures. 
Note that damage at elastic limit depends not 
only upon the peak blast pressure and impulse, 
but also,  because this quantity is not nondimen- 
sionalized, upon the natural frequency of the 
structure.    For each blast shape,  however, 
only one curve is required l;i the nondimen- 
sionalized representations. 

The family of pressure-impulse curvet 
for the case where the rise time is one-half 
of the blast duration is shown in Fig. 9. Here 
again, the quasi-resonance phenomenon can 
be observed.    This quasi-resonance phenom- 
enon appears to be consistent with the plots of 
test data on the collapse-hinee failure of 
6061-T6 aluminum tubing [Slas shown in 
Figs.   10 and 11. 
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The consequence of the above definition is 
a resisting moment- rotation characteristic of 
the type   shown in Fig.  12.   In this figure, 
there are two axes, namely, an absolute 
resisting moment, MK , vs. an absolute dis- 
placement, 6 , and a relative resisting moment, 
m, fifa-Mf ■ vs. a relative displacement,>9*^-<{. 
Note that is this figure the moment-rotation 
rc'ation is linear up to the elastic limit, Mf or 
6    , and is characterized by a cubic equation 
in fi   beyond the elastic limit.   The main 
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PLASTIC RESPONSE 

Selection of Damage Mechanisms 

In this phase of method development, 
critical damage beyond the elastic limit is 
defined as that which occurs when the defor- 
mation at the ultimate strength (or moment) is 
reached (Fig.  3a).    The main reasons behind 
this choice are:   (I) static tests of aircraft 
structures show that the resistance drops 
sharply once the ultimate strength is reached, 
(2) aerodynamic loads would most likely be 
able to break the structure after it had exceed- 
ed its ultimate strength and started to deform 
drastically, (3) criteria are relatively simple 
to specify numerically, and (4) the static 
breaking strength of aircraft structures is a 
primary design requirement so that these 
strengths are available in aircraft structural 
analyses. 

Figur« 10  PRESSURE-IMPULSE STRUCTURAL 
ISODAMAGE CURVES FOR COLLASPE- 
HINGE FAILURE 
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reason* for this choice are:   (I) to .nake the 
characteristic a« realistic as possible with- 
out undue complexity, (2) to use data (see 
Fig. 3b) which show that the characteristic 
is linear up to the elastic limit, (3) to make 
the slope continuous at the elastic limit, and 
(4) to simplify the amount of static structural 
data needed. 

On the basis of the above description and 
the notations in Fig.   12, the moment-rotation 
characteristic can then be expressed as 
follows: 

= *!** Z. fi *■        t~*     tU 0*/'/**y 

M. 

M'6*U 
(14) 

= O 
where Ö-Ä, 

P'M-^ 

M- = AJ69 

0g = deflection at the elastic limit 

Deflection Time-History Response Solutions 
of Equations        ~ —— ■ 

Using the above resisting moment-rotation 
characteristic, the equation of motion then 
becomes 

jb + Mute) * na) (is) 
which can be normalized into the following form 

mU) (16) 9 * ul*    -A—   = «/ 

where 
■k/J (17) 

(18) md)   =    M(t)/M0 

In order that solutions be more generally 
applicable, the above equation is nondimen- 
sionalized by using a dimensionless time 
variable,  t   , defined as: 

'  *  "n* (19) 
which results in the following relationship 

* '"'ir' "'"e7', (20) 

Hence, the dimensionless differential equation 
of motion is 

0 ?/j *• Mg{6)/* -- ^-e^md) (21) 

where <% is the moment at the elastic limit. 
The above equation when expanded becomes 

■Z*fa\ 1 -*a.X 

*(i)'-£-6,m(i) ,ß'ß*6u   (22) 

e: 

EXTRAPOLATED 
ELASTIC 
LIMIT 

/     I 

6; 
EXTENDED ' 
ELASTIC /, 
LIMIT     W   f*    0.5 fi.. 

Figure 12   RESISTING MOMENT-ROTATION CHARAC- 
TERISTIC USED IN PLASTIC ANALYSIS 

The next step is to develop a computer 
logic.    A lo'.ic used in this project is shown 
in Table 2.   As can be seen, the first five steps 
are to specify values (based upon test data) for 
the physical constants, namely,^ , A , j*. , » , 
u>nv , the initial value of the ^„/AC  (or P^f P^    ) 
and the final value of Ma/Mv     .    The next step 
is to solve the differential equation, followed 
by print-out of the time-history solutions.    The 
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subsequent step is to increment the moment 
ratio, «„/Vy (or pressure ratio, P^ I P^     ) 
and the steps are repeated until the final value 
of the moment ratio is reached.    The calcula- 
tions are then repeated for new values of wnT• 

TABLE   2 

Computing Logic for Plastic Analysis 

1. Specify values for 8^ , \   , f*.   and a. . 

2. Specify value for u> r . 

3. Specify initial value for ^f,/i< (or Pj/ZZ   ). 

4. Specify final value for M0/Afy (or />/^   ). 

5. Solve the differential equation. 

6. Output time-history solutions. 

7. Increment i^0fMl.- 

8. Co to Jtep 5 if the new M0/Mv is less than 
the final, otherwise stop the calculations. 

9. Repeat the computations for other values 
of «-■ r • 

Construction of Structural Isodamage Curves 
Based on Ultimate Strength 

The construction of the critical structural 
isodamage curves will now be discussed.    The 
values of the maximum displacement, 0max  ■ 
corresponding to a particular pressure ratio, 
Pfi/Py    , are read off from the tabulated 

computer output of the displacement time- 
history solutions.   These maximum responses 
are plotted against the pressure ratio and are 
shown as a family of curves in Fig.  13, with 
the normalized blast duration as the third 
parameter.   It can be seen from these curves 
that the normalized blast duration is a very 
significant parameter. 
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ELASTIC "■ 

- PLASTIC 
- EXTENDED ELASTIC 
 EXTTAPOLATED ELASTIC 

0   ■ 0.2    0.4    0.6    0.8     1.0    1.2    1.4     1.6    1.8 

Figure 13  EFFECT OF PLASTICITY OWTHE MAXIMUM 
DISPLACEMENT BLAST RESPONSE SPECTRA 

A critical structural isodamage curve 
can now be constructed based upon the neces- 
sary pressure ratio to cause the structure to 
fail at its ultimate strength, i. e., the pres- 
sure ratio necessary to produce a maximum 
structural response equal to 0U    .   These 
pressure ratios are k-ead off the intersection 
between the response curves shown in Fig. 13 
and the line i?„ 1.80 0U These values of 
pt/p*      and «{.r   are plotted in Fig.   14, 

labeled PLASTIC.   6L 
curve from the top. 

= 1. 80 Ö.   , the second 

Other critical structural isodamage curves 
are also shown in Fig.   14.   These curves are 
based upon the necessary pressure ratio to 
reach the elastic limit,   öy   , to cause failure 
at an extended elastic limit,   0'    = l.'il 0^ 
or at an extrapolated elastic limit,   &£   » 
1. 80 &v   .   Note that these curves are based 
upon linear elastic and equivalent linear elastic 
moment-rotation characteristics shown in Fig. 
12. 
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Figur» 14  NONOIMENSIONAL STRUCTURAL 
ISODAMAGE CURVES 

It appears from Fig.   14 that for the funda- 
mental-mode type of failure of cantilever- 
type aircraft structures, the structural 
isodamage response curves for the extrap- 
olated elastic-limit typ?, of failure is slightly 
conservative, but the etioct of the conservative 
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result« will be lessened if the resistance be- 
yond the ultimate strength, material damping, 
etc., are taken into account. 

Finally, it appears that a simple cor- 
rection {actor could be defined because the 
proportion of the structure undergoing large 
plastic or buckling distortions is small for 
cantilever-type aircraft structures. 

5. Kaman Nuclear, "The Coliapse-Hinge 
Failure of Blast Loaded Cylinders,' 
U. S. Army Ballistic Research Labora- 
tories Contract No. OA-18-001-AMC- 
1047(X), Aberdeen Proving Ground, 
Maryland, August,  1967, pp. 27-28 

6. R. D'Amato, "Destruction Tests of Air- 
craft Structural Components,"   WADC TR 
54-365, Part 1, June 1955 

SUMMARY AND CONCLUSIONS 

Results of an initial study on the responses 
of aircraft structures subjected to blast loading 
have been presented.   The final results, 
presented as structural •sodamage curves, 
have been obtained after studying the nature 
and extent of damage of representative aircraft 
structural elements, the load distributions due 
toblast, mathematical models, time-history 
solutions and damage mechanisms.   The struc- 
tural isodamage curves (see Figs. 7,8,9 and 
14) in conjunction with static structural data 
(natural frequency, pressure at yield or 
elastic limit, and pressure at ultimate strength) 
and blast pressure characteristics (blast pres- 
sure shape and duration) can be used to scale 
from blast test data on built-up aircraft canti- 
lever structures the necessary blast loading to 
fail specified aircraft structural components 
with similar characteristics, i.e., those 
treated in this initial study.   For other types of 
Structure, slight modifications of the method- 
ologies discussed in this paper would have to 
be developed. 
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NOMENCLATURE 

k       - blast surface area, in. ^ 

b       - average width of cantilever beam, 
in. 

D       -   u/nT      - normalized blast dura- 
tions, dimensionless 

e      = moment arm of resultant blast 
force, in. 

fn      - natural frequency, cps or Hz 

I      - pressure impulse, psi-sec 

/      = mass moment of inertia about the 
axis of rotation, Ib-in. -sec^ 

■k      = equivalent rotational spring con- 
stant, lb-in/rad 

it - plastic spring constant, ib-in. /rad 

Z = length of cantilever beam, in. 

Mf = fracture moment, Ib-in. 

^ a ultimate strength moment, Ib-in. 

^      ■ yield or elastic limit moment, 
Ib-in. 

M<t)    ~ excitation moment, Ib-in. 

Mg(6) - resisting moment, Ib-in. 

Mt     » peak blast moment, Ib-in. 

m      =  Mq-My - relative resisting 
moment, Ib-in. 

mm      = relative resisting moment at one- 
half of plastic strength, Ib-in. 

'"^     =  Mu'^u - available plastic strength, 
y      Ib-in. 

m(t)   =   MCt]/^, normalized excitation 
moment, dimensionless 

p
k 

P* 

= effective blast pressure acting on 
the structure, psi 

s effective peak blast pressure acting 
on the structure, psi 

~ pressure at yield or elastic limit, 
psi 

S(i) = unit step function, dimensionless 

T = natural period, sec 

t = time, sec 

tf - rise timn of pulse,  sec 

t - normalized time, dimensionless 
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a, 

6 

*l 

normalized displacement,  dimen- 
siunlefs 

maxin.urn normalized displacemei.^, 
dimen^ionless 

/m, dimensionless 

6 
e(i) 
w      » 
0(b)    : 

/I 

rr 

t 

0 • &,.   - relative angular displace- 
ment,   rad 

^ -5   = available plastic defor- 
mation,  rad 

angular displacement,  rad 

angular displacement at elastic- 
limit,  rad 

angular displacement at extended 
elastic limit,  rad 

angular displacement at extrap- 
olated elastic limit,  rad 

angular displacement at ultimate 
strength,  rad 

angular displacement at fracture 
point,  rad 

angular acceleration,  rad/sec^ 

normalized angular displacement, 
rad 

normalized angular acceleration, 
rad 

it/A   , dimensionless 

PiJSu      > dimensionless 
3.1416, dimensionless 

unit step function, dimensionless 

)-k/J      - undamped natural 
circular frequency,  rad/ 

DISCUSSION 

Mr. Addonizio (Glbbs & Cox): In your <te- 
terminatlon of p sub y, did you use the dynamic 
yield or the static yield? 

Mr. Isada: This is the static yield.  In 
other words, we tried to use data which are 
normally available, either through tests or de- 
sign specifications for static structural analy- 

sis of these structures. 

Mr. Addonizio:  Are you saying that no 
rapid strain rate test results were available to 
you? 

Mr. Isada: Well, I could argue as far as 
rapid strain rate tests are concerned. When 
we talk about time we need dynamic methods. 
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PREDICTION OF BLAST-VALVE RESPONSE USING MODELS 

R. G. McCoy, G. Nevrincean, und E. F. Witt 
Bell Telephone Laboratories 

Whippany, New Jersey 

A louver blast valve has been developed for use in Bell System under- 
ground communication buildings to prevent air blast from possible 
nuclear detonations from entering air entrances and exits.   Because of 
the complex blast flow and resulting stresses during valve closure, the 
valve principle was demonstrated using a 1/4-scale model in the Bell 
Laboratories Chester shock tube.   Extensive data were obtained on 
stresses and closing times and compared well with subpequent data 
from tests on full-size valves in a 6-foot-diameter shock tube.  Im- 
proved prototvpe valves were then tested successfully in Operation 
Prairie Flat fa simulated nuclear detonation), demonstrating the value 
of prior shock-tube testing. 

The Bell System is hardening critical 
elements of its extensive communications net- 
work against the effects of nuclear weapons. 
Numerous underground buildings, used for 
network power and switching purposes, re- 
quire large amounts of air; some of the larger 
buildings use over 200,000 cubic feet of air 
per minute. Therefore, blast valves with large 
air-flow capacities are needed to prevent 
blasts from entering the building air entrances 
and exhausts. Also, the valves prevent contam- 
inated air from entering the building and en- 
dangering personnel. 

The valves, in addition to having a large 
air capacity, must also close rapidly so that an 
efficient detection system can be used for clo- 
sure before air-blast arrival at the building. 
And, of course, as in all systems, the require- 
ments should be met at a low cost. 

Many of the buildings are designed to with- 
stand nuclear-weapon effects associated with a 
peak free-field overpressure of 50 psi.  This 
produces an incident shock of 23 psi In the ver- 
tical air shafts in which the valves are mounted. 
This shock reflects from the bottom of the shaft 
and subsequently loads the valve with a 70-psi 
overpressure. 

A louver valve, shown in Figure 1, was 
developed by Bell Telephone Laboratories to 
satisfy the needs of the underground buildings. 

Fig. 1 - Louver Blast Valve 
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The opening of the valve is approximately 
44 inches square and is controlled by nine 
center-hinged iOuvers, as shown in Figure 2. 
These louvers are controlled by a common 
actuating link, shown in the center of the valve 
in Figure 1, and the motion of this link is con- 
trolled by an actuator at the bottom of the valve. 
The actuator contains a motor drive, to open 
the valve against a spring force, and a trigger 
mechanism which holds the valve in the open 
position.   The trigger is held engaged by a 
solenoid.   Normal electrical closing of the 
valve is accomplished I y de-energizing the 
solenoid; the trigger then releases the spring, 
which closes the valve in approximately 50 
milliseconds. 

The valve can also be closed directly by 
blast forces.   The high-velocity flow through 
the valve induced by the overpressure in the 
air shaft causes an aerodynamic torque on the 
blades which is transmitted to the actuating 
mechanism.  A linkage then uses this force to 

Fig. 2 - Detail of Louver Action 

overpower the solenoid, which causes the valve 
to trip.  Subsequently, the valve closes under 
the spring and aerodynamically induced forces. 
In this case, for the highest overpressure en- 
vironment, the valve closes in approximately 
10 to 14 milliseconds. 

Because of the complexity of the valve 
mechanism, the shock interaction, and the re- 
sulting flow through the valve, it was decided 
to test the valve principle in a shock tube using 
a one-quarter scale model, shown in Figure 3. 
These tests provided measurements of valve 
stresses and closing times under blast loading. 
The effects of various orientations of the valves 
were also observed. 

The quarter-scale model did not have a 
scaled actuating mechanism or trigger.   The 
valve was closed by a spring released when a 
restraining cord was severed by a cutter trig- 
gered by a pressure switch.  As a result, the 
blast-tripping threshold of the valve, i.e., the 
lowest pressure that would cause the valve to 
self-trip, was not obtained. 

The Bell Telephone Laboratories shock 
tube at its Chester laboratory was used for the 
tests.   This shock tube, shown in Figure 4, is 
driven by high-pressure air.  Shocks of up to 
50 psi can be produced in the 12-inch-ID sec- 
tion of the tube.   The model louver valve was 
mounted in a special test section with a 16-inch 
cross section at the end of the shock tube, in 
the foreground in Figure 4.   Peak pressures 
attainable in this section were approximately 
35 psi, which were more than adequate for the 
test. 

In performing scale experiments, it is de- 
sirable to use as large a model as practical; 
in this case, quarter scale was used.   This 
modest scaling provided a good simulation of 
full-scale conditions, and a model of this size 
was relatively easy to fabricate and handle. 
Also, it wasn't so small as to make the strain- 
gage installation unduly difficult.   The scaling 
scheme ured for this model was straight geo- 
metric scaling which maintained the same ratio 
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Fig. 3 - Quarter-Scale Model of Louver Valve 

Fig. 4 - Bell Laboratories Chester Shock Tube 

of stress to pressure.   Of course, as a result 
of the scaling, time scaled directly as the lin- 
ear dimensions of the model, and acceleration 
inversely as the linear dimensions.   Since 
gravity was not an important factor in these 
tests, scaling was expected to be valid. 

Pressure loading on the valve was a re- 
sult of shock defractlon around the valve and 
the resulting drag forces due to the high- 
velocity flow through the valve.   The shock 
loading on the quarter-scale valve would have 
the same peak value as on a full-scale valve, 
because the same incident overpressures were 
used and defractlon would be very closely 
simulated in the quarter-scale tests.   The 
validity of the scaling for shock defractlon 
can be seen in Figure 5, where the pressures 
in square cross-section vertical air shafts 
subjected to free-field blast pressures are 
shown for full-scale and 1/30-scale tests. 
The peak values and waveforms are very sim- 
ilar.   This adds considerable confidence to 
the use of scale tests of this nature. 
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Fig. 5 - Comparison of Overpressures in Air Shaft, Full-Size and 1/30 Scale Models 

Another factor in the loading of the valve 
was the aerodynamic force resulting from 
high-velocity flow through the valve.   This 
flow was generally in a transonic region, and 
because the same pressures were maintained, 
the same flow velocities and, as a result, the 
same Mach numbers, would be maintained. 
However, the Reynolds number for the scale 
test was one quarter of that for the full-size 
test.  This was not expected to be important. 

The shape of the louvers was determined 
from low-velocity tests on a shape similar to 
the louvers.   These tests indicated that a clos- 
ing torque would be induced on the blades by the 
flow through the valve.   The quarter-scale tests 
were to check the performance of the louver 
shape: if a different shape wera required, it 
would be a simple matter to install different 
louvers in the valve.   The shape of the louver 
in the original model proved to be quite satis- 
factory,* and the same shape was maintained 

♦Further shock-lube tests, not reported here, 
on various louver shapes did not indicate a 
better cross section. 

through subsequent tests and is now incorpo- 
rated in the production unit. 

The valve was tested in various orlenta- 
tioi s in the shock tube, as shown in Figure 6. 
Further, it was tested closed before blast 
arrival and also blast-closed, i.e., closing 
during the period of blast loading.   For the 
tests with the valve closed, a comparison can 
be made between calculated and measured 
stresses divided by the inducing pressure. 
This comparison is shown in Figure 7 for vari- 
ous locations, indicated as R() and B(), on 
the valve blade and rib.  The blade was pri- 
marily stressed in bending about the center 
hinge, and strain gages were positioned accord- 
ingly.   Th? ribs were stressed as beams with 
end supports, and gages were located to meas- 
ure longitudinal strains.   The measured values 
are averages obtained from all tests run on the 
quarter-scale valve when loaded with an essen- 
tially static pressure.  The measured values 
on the rib are consistently slightly higher than 
the calculated values, but agreement is quite 
good.   There is also good agreement for some 
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Fig. 6 - Test Orientations of Valve 

locations on the blade, but for several other 
locations differences between the measured 
and calculated values are as great as 2 to 1. 

Table 1 presents all values for stress di- 
vided by pressure for the various tests per- 
formed on the quarter-scale valve, and a con- 
siderable consistency can be seen in the re- 
sults.   For example, for the B4 location, al- 
most all the stress-to-pressure ratios are 
around 40, where the calculated value is 20. 
It would be very difficult to explain this type of 
difference by experimental error.   Rather, it 
may be due to anomalies in loading of the blade. 
For example, the blades were not exactly 
straight, so that initial contact was over only 
local areas; this could have induced greater 
stresses in certain areas than in others.   In 
addition, the crank which connects the blade to 
the linkage could have restrained the blade and, 
as a result, higher stresses may have been 
induced in the blade because it was not freely 
floating as was assumed in making calculations. 

The values used in Figure 7 were obtained 
from the peak pressure in the shock tube which 
corresponds to point M on the pressure/time 
curve shown in Figure 8.  At this point, the 
pressure in the tube was varying only slightly 
and was of very long duration compared to the 
natural frequency of the components of the 
valve.  As a result, the average strain during 
this period could be considered a static strain 
produced by the pressure at point M.   With this 
used as the static value for the ratio of stress 
divided by pressure, the dynamic stress factor 
for the incident and reflected pressure loading 
was calculated: The stresses caused by the 
Incident and reflected pressures were divided 
by their respective pressures.   These ratios 
were then divided by the static stress-to- 
pr ssurc ratio.   These dynamic stress factors 
are presented on the small drawings on the 
valve rib and blade shown in Figure 8. 

For the case where the shock wave sweeps 
across the valve, there is a distinct reflected 
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TABLE 1 

Biade and Rib Stresses for Pressure Plateau in Shock Tube 

Valve 
Or»^ntation 

Incident 
Overpressure 

(psi) 
Valve 
Open 

VPM* 
Gage Positiont 

R1 R2 R3 81 B2 B3 B4 B5 

Face-«« 2: 100 82 150 54 42 _ 421 34 
25 90 73 130 65 27 33 44t 37 
Vi X»» 89 76 - ~ 25 29 41 . 
no X 97 87 - - 27 48 43 46 

Side-on 27 88 71 120 82 . 40 42t 48 
12 X»* 82 70 - - . - 39 . 
17 X** 97 68 - . . _ 56 - 
9 X 92 65 150 - 43 76 60 - 

Recessed 15 X 81 72 142 « 20 53 70 .. 
Perpendicular 20 X 76 72 120 - - 43 76 - 

23 X 79 64 130 - - 32 81 - 

'^M ~ stress and PM ~ pressure, corresponding to point M on pressure traces in Figure 8. 
tGage positions are shown in Figure 7. 
tFrojii strains on a different blade. 

•»Absorber used. 

wave on the valve, caused by a reflected wave 
from the closed end of the shock tube.  The 
dynamic-load factor for the rib is considerably 
higher for the Incident pressure than for the 
reflected pressure, which is reasonable because 
the reflected pressure loading does not start 
from zero as does the incident pressure load- 
ing.  The same situation is not consistently 
obvious in the dynamic-load factors on the 
blade. 

For the case where the shock wave hit the 
valve face on, there was no separate delayed 
reflection because reflection occurred im- 
mediately.  It is interesting to note that the 
dynamic-load factors for the rib, in this case, 
were consistently somewhat less than they 
were for the incident wave hitting the valve in 
the sweeping condition.  However, the 
dynamic-load factors In the blade appear to be 
approximately the same within the scatter of 
data. 

Fig. 7 - Calculated and Measured Stresses in Quarter-Scale Model 

M • MEASURED AV6. 
OF ALL TESTS 

C<CALCULATED 

•• »STRESS 
DIRECTiOMS 
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(Z) 2.6 
(Rl  1.3 

Fig. 8 - Dynamic Stresses in Quarter-Scale Model 

The data in Figures 7 and 8 were obtained 
^th the valve closed before the arrival of the 
shock wave. When the valve was blast-closed, 
there was a combination of stresses due to two 
factors: one, the overpressure loading on the 
valve, and the other, due to impact of the blades 
when they close.   Figure 9 shows the effects of 
this impact for the valve oriented in the face-on 
position.  The circles represent the stresses 
caused ordy by pressure loading when the valve 
was closed.  The squares represent the 
tttresses on the blade caused by blast closing 
but with an absoroer cushioning the last por- 
tion of the stroke.  The triangles show the 
stresses induced on the blade without any ab- 
sorber.  This data has a reasonable inter- 
relationship.  The stress on the upper surface 
of the blade was tensile as a result of pressure 
loading: The blade impacting against its neigh- 
boring blade caused an additional tensile force 
en the blade and thus would increase the stresses 
on that section of the blade.  On the left sec- 

tion of the blade, the impact would come from 
the opposite direction and the stresses on the 
upper surface of the blade would be compressive 
and would subtract from the stress due to the 
overpressure.  Since there are no data for this 
region, the curves in Figure 9 are not extended. 
However, it is probable that the stress levels 
in this section would not be appreciably less 
than the peak stress levels caused by the 
overpressure alone because, shortly after im- 
pact, the stress would again reach the value 
caused by the overpressure alone. 

There was very little change in stress at 
the center of the blade.  Along the top surface 
of the blade, a tensile stress propagating from 
the right and a compressive stress propagating 
from the left met at the center of the blade; the 
net result should have been a zero change in 
stress, which appears to be verified by the test 
data.   This also indicates that very little stress 
reflection would occur. 
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Fig. 9 - Blade Stresses Due to Impact 

The impact stresses in Figure 9 apply only 
to the face-on orientation.  Other orientations 
result in different impact stresses, as shown 
in Figure 10.   The impact stress is taken as 
the difference between maximum stress at im- 
pact and stress caused hy the same overpres- 
sure acting on a closed valve.   (The average of 
Impact stresses at locations B3 and 84 are 
plotted.) This corresponds to the distance be- 
tween the curves in Figure 9.  Impact stress 
should be a function of the velocity at impact 
which, in turn, should be a function of the total 
closing time of the valve.   For all orientations 
except the recessed perpendicular orientation, 
a reasonable relationship existed between im- 
pact stress and closing time.   However, for 
the recessed perpendicular case, which is the 
most common mounting, the data was quite 
different.   Stresses were very high, but the 
valve closed quite slowly.   There has been no 
satisfactory explanation for this data, but since 
it occurred for three separate tests, it is not 
an anomalous condition; it merely indicates 
the rather complex situation which exists when 
these valves are blast-closed. 

Because the force for blast closing is pro- 
duced largely by aerodynamic forces and not by 
spring forces, as evidenced in these tests, one 

would expect the closing time to be a function 
of the incident overpressure.   The data shown 
in Figure 11 indicates that this is not generally 
the case.  Valve orientation seems to have a 
much stronger effect on valve closing time 
than the incident overpressure. 

The quarter-scale tests demonstrated thai 
the louver-valve principle was sound and would 
meet the design overpressure requirements in 
any orientation.   Stresses induced in the valve 
by blast closure, even without a shock absorber, 
were not excessive.  However, the data did 
demonstrate that there were some rather com- 
plex interactions that were not easily explain- 
able. 

The next step in the development of the 
louver valve was a full-size test in the shock 
tube at the Defence Research Establishment, 
Suffield, Aloerta, Canada.  This test was to 
investigate further valve characteristics.  A 
complete valve, including the actuator, the 
linkage between the actuator and the valve 
mechanism, and the trigger, would be subjected 
to blast loading.   Use of the trigger provided 
data on the blast threshold level, i.e., the 
lowest pressure which would cause self-tripping 
of the blast valve. 
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Fig. 11 - Valve Closing Times for Various Pressures 

The test setup is shown in Figure 12, with 
the valve shown in the side-on recessed mount- 
ing.  The valve was tested with the louvers 
vertical and horizontal at that location.  It was 
also tested in a face-on position at the end of 
the shock tube, where it was fitted into the 

square assembly visible through the end of the 
shock tube in Figure 12.   The Suffield shock 
tube is driven by high explosives, contrasting 
with the high-pressure air used for the Chester 
shock tube.   Up to 20 pounds of explosives 
were used in this test series.   The tube has a 
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recüilless construction so that no horizontal 
loads are transmitted to the shock-tube founda- 
tions.   This was the reason for mounting the 
test vehicle on rails. 

Some of the most interesting information 
obtained in the full-scale test was the compari- 
son of this test data with that obtained from the 
quarter-s.Mle test.   The full-scale test did not 
have as extensive strain-gage instrumentation. 
However, one l^ation on the ribs and one loca- 
tion on the blade were instrumented so that a 
comparison could be made with (Uta from gages 
it the same locations on the quarter-scale 
valve.   The comparison is summarized in 
Table 2. In the case where the valve was closed 

before blast arrival, the stress levels were 
quite similar, especially for the side-on and 
recessed perpendicular cases. The comparison 
is made for the side-on valve in the quarter- 
scale test and the recessed perpendicular valve 
for the Soffield test because no flush side-cn 
tests were made at Suffield.  Comparison is not 
quite as good for the lace-on condition. 

Similar correlation is generally evident in 
the tests where the valve was blast-ckoed. For 
the recessed case where the louvers were par- 
allel to tiic axis of the shock tube, the closing 
times between the quarter-scale and full-scale 
tests were within 3 milliseconds. (The closing 
time for the quarter-scale tests had been 

Fig. 12 - Suffield Shock Tube 
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TABLE 2 

Comparison of Quarter-Scale and Full-Size Test Data 

Valve Orientation 
Incident 

Pressure 
(psi) 

Rib Stress 
Location R3 

(psi) 

Biadc Stress 
Location B3 

(psi) 

Closing 
Time 
(ms) 

1/4 J^ 1/4 l_ 1/4 l_ 1/4* l_ 

Closed before blast 
arrival: 

Side-on and 
Recessed 
Perpendicular 

21 23 10,000 9,700 4,200 4,500 - - 

Face-on 25 27 17,000 - 6,100 8,500 - - 

Blast-closed: 

Recessed Parallel 20t 19t 6,9001 3,ooon 4,600tt 19tt 16tt 
Face-on 20 

23t 
22t 10, soot 5,800t 

7,400t 
6,lOOtt 11.2t 

11.6t 
iott 

Recessed 
Perpendicular 

23 23 12,500 8,300 
6,300t 

11,300 9,400 
7.900t 

26 10 
20t 

* Actual values multiplied by 4. 
lOata compared in Figures 13 and 14. 
tAbsorber used. 

multiplied by four to compensate for scaling 
factors.) The blade stress, however, was 
somewhat less in the quarter-scale test. Com- 
parison of these blade stresses is presented in 
Figure 13.  The waveforms are quite similar, 
but the stresses are generally higher for the 
full-scale test.  This can be attributed to the 
reflected pressure in the full-scale test; this 
was not present in the quarter-scale test, as 
can be seen in the overpressure waveforms, 
hi the full-size test, the geometry of the test 
arrangement simulated the pressure environ- 
ment for a valve located near the bottom of a 
vertical air shaft and, as a result, the reflected 
wave would interact with the blast valve during 
blast closure.   For the quarter-scale test, this 
geometry was not considered and, as a rei ill, 
the reflecting end of the shock tube was too far 
back to cause the reflected pressure to inter- 
act with the blast valve during closure. 

For the fact-on case, closing times and 
blade stresses were very similar and, as can 

be seen in Figure 14, the waveforms for blade 
stresses are also quite similar.   The over- 
pressure traces for these tests show separate 
incident and reflected shocks, because the trans- 
ducer was approximately 24 inches from the 
valve in both cases.   However, the valve itself 
saw only a reflected pressure.   The compari- 
son made in Figure 14 is for a quarter-scale 
valve with no absorber and a full-scale valve 
with an absorber.   Table 2 presents a compai?.- 
son between the closing time and blade stress 
for a similar quarter-scale test made wl'h a.i 
absorber, and the peak values are also quite 
similar.   The data most difficult to interpret 
were obtained in the recessed perpendicular 
orientation.   This is the same orientation that 
produced the very high impact stresses and 
long closing times noted earlier.   There is 
similar data on a full-scale valve without a 
shock absorber which closed in 10 milliseconds,* 

♦This was one of the tests in which the valve 
was damaged. 
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Fig. 14 - Comparison of Stresses in Quarter-Scale and Full-Size Models in Face-on Orientation 

as compared with the 26 milliseconds indicated 
by the quarter-scale tests.   Stresses, however, 
were much closer than would be Indicated by 
the difference in closing times.   There is also 
data on a full-scale test with a shock absorber, 

and the closing time is more compatible with 
that predicted by the quarter-scale test.   But 
the stresses are considerably less: almost 
one half the values observed in the quarter- 
scale test. 
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These füll-size tests indicated weaknesses 
in the linkage between the actuating bar and the 
actuator.  The parts were modified and retested 
in the shock tube to prove their performance. 
Also, the blast-threshold tripping level for the 
valve was determined to be approximately 
2 psi for the various orientations. 

Perhaps the most useful information ob- 
tained in the full-scale test was the good cor- 
relation between the quarter-scale and full- 
scale data, indicating the validity of using scale 
testing for blast-valve performance. 

Final test of the louver valve was made in 
Operation Prairie Flat, a free-field detonation 
of 500 tons of TNT which simulated the blast 
and ground-shock effects from a nuclear 
detonation.  The valves tested in thi6 operation 
were essentially the same as those tested at 
the shock tube but were fabricated to reflect 
production techniques.  Also, the modifications 
dictated by the shock-tube tests were made and, 
in addition, an improved trigger mechanism 

was used in the valve.  The valves were 
mounted in a simulated, essentially full-scale 
air shaft,* as shown in Figure 15, to repro- 
duce as closely as possible the actual blast en- 
vironment that would result from a nuclear 
detonation.  The upper valve was blast-closed, 
that is, closed by the aerodynamic forces on 
(he valve.   The lower valve was closed before 
blast arrival.   This required a control system 
to electrically trip the valve.   The control sys- 
tem was itself tripped by a pressure switch 
located upstream of the valve test structure. 

Both valves performed perfectly during the 
field test and were completely operational after- 
wards.   The success of the field test is attri- 
butable to the extensive shock-tube test program 
performed on the valve and demonstrates the 
value of shock-tube tests before an expensive, 
one-shot field test. 

*The full-scale data shown in Figure 5 was ob- 
tained in this shaft. 

Fig. 15 - Air-Shaft Installation of Louver Valve Tested in Operation Prairie Flat 
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DISCUSSION 

Mr. Fay (TRW Systems):  What are the re- 
quirements and performance relating to the 
down stream pressures that are allowable or 
seen? 

Mr. Witt:   Normally, this valve is supposed 
to be closed before blast arrival at the building. 
That is, for these underground communication 
buildings, we have a sensing system which 
causes these valves to be closed before shock 
arrival. So essentially there is no pressure 
down stream in this mode.  In the blast closing 
mode we had no requirements on this, but we 
made some measurements during Operation 
Prairie Flat.  We tested some of these valves 
in an actual airshaft and found that the peak 
pressure down stream of the valve was about 
7 psi for a free field pressure of about 33 psi. 
For normal air conditioning ducting and air 
filters, such pr< jsure levels would be 
intolerable. 
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TESTING THE RES^O'iSE OF GAS TURBINES TO AIR 3LAST 

J.C. lAiirhead, P.. '.aylor and CG. Coff«."/ 
Eeferco Resea^cH EsiaHl i^hr.eri Suffieid 

Raision, Alberta 

The effect of blast on gas turbine engines is of interest to the 
Canadian Forces because of the use cf gas turbines in a new series 
of destroyer. Exploratory experiments used an Orenda S engine, 
which was subjected to blast waves from a valve-operated, conpressed 
air driven shock tube, ".o  significant effects were caused by inlet 
loadings, but blast waves impinging on the exhaust caused compressor 
stall and flame-out at low RR.';. A general review of the program is 
given. 

ICTROOUCTION 

The Canadian Forces are using Pratt and 
Whitney"FT-^A-S and FT-12A-3 gas turbint 
engines as the prirr« movers in a new clasö of 
destroyer. The former has a dual axle, 15- 
stage compressor. The latter has an 8-stage, 
single axle compressor. Beth have 2-stage 
turbines. 

An effort is being made to incorporate 
sotne degree of blast hardness into th?se des- 
troyers. The complexity of the equipment is 
such that it is impractical to harden all com- 
ponents to a specific level. Thus, certain 
critical components have received special 
attention. Among these is the propulsion 
system. 

The Defence Research Establishment Suffieid 
was requested to obtain information concerning 
the ability of these engines and their associa- 
ted ducting systems to withstand blast loadings. 
Studies on the response of the ducting and 
demister systems have been reported (Ref. 1-3). 
The effect of blast on the engines is reported 
herein. 

No theoretical models, and little back- 
ground data were available. This, combined with 
a requirement for a rapid acquisition of infor- 
mation, prompted the initiation of a program oT 
exploratory experimentation. As marine power 
units were not available for test, our experi- 
ments employed an Orenda 8 gas turbine of the 
type which was used in the CF-100 interceptor. 

It has a 10-stage single axle compressor, with 
a single s'age turbine,  it was chosen because 
of its gene-al similarity to the marine tur- 
bines, and because of ready availability. 

SHOCK TUBE FACILITY 

Two basic choices were available in 
selecting a source of blast waves with which 
to load the engine;  large free-air explosions, 
and shock tubes. Large (up to 500 tens of TNT) 
blast trials are a regular feature of the ORES 
research program. They offer the opportunity 
of testing large equipment under realistic 
conditions. However, these trials are of in- 
frequent occurrence, wlierear shock tubes may be 
operated several times during a single day. 

The basic system chosen v.as a 17 inch 
internal diameter shock tube. This device, 
which is described in Ref. (A), is driven by 
compressed air, which ic released by a flexible 
diaphragm shock wave valve, similar in principle 
to the valves described in Ref. (5). The method 
of operation of this valve is illustrated in 
Fig. 1. 

The driver gas is contained in an annular 
compression chamber which surrounds the upstream 
length of the expansion chamber. Additional 
compressed air in the actuating chamber acts to 
seal the nylon reinforced Hypalon diaphragm 
aoainst the entrance to the expansion chamber. 

Upon release of air from the actuating 
chamber (through a conventional bursting 
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flexible diaphragm in Hie 
/ infermedial'e position 

i     expansion chamber 

fronl" support grid 

K compression chamber 

Flexible diaphragm seals 

Fig. 1 - Shock Tube Driving Sysiem 

diaphragm), the flexible diaphragm moves back- 
ward, allowing the compression chamber gases 
to exhaust into the expansion chamber. 

An external view of the compression chamber- 
valve system is given in Tig, 2. 

!i.'a ior advantages of this type of shock 
tube include the avoidance of the residue which 
is normally associated with frangible diaphragm 
operated shock tubes, and the absence of gaseous 
impurities which are associated with explosively 
driven shock tubes. Either of these could 
severely affect the operation of a gas turbine 
engine. 

The 17 inch shock tube is capable of 
handling compression overpressures of up to 
200 psi, and of producing shock waves having 
overpressures of up to 4.5 psi with positive 
durations of up to 200 msec. 

Modifications were needed to allow this 
shock tube to fire into the engine. An 
important requirement of any modification was 
that it be capable of delivering blast waves 
to the engine, but that its presence should not 
interfere with the normal engine operation. 
For blast loading of the inlet, the 17 inch 
tube was fired into a 36 inch diameter tube, 
which led to the turbine inlet. This is illus- 
trated in Figs. 3 and 4. 

The exhaust was loaded by firing the 17 inch 
tube into a 2^ inch tube which led to the turbine 
exhaust. This arrangement is illustrated in 
Figs. 5 and 6. 

Both of these systems worked well, although 
the maximum blast overpressure available for 
delivery to the turbine was only 20 psi. Details 
on the development and performance of these 
modified shock tubes are described in Ref. (6). 

INSTRUMENTATION 

The engine was mounted in a CF-100 airframe, 
which was mounted on a concrete pad. All 
operational instrumentation was left intact in 
the cockpit, and parallel circuits were taken 
to the control room. With the aid of remote 
controls and video coverage of the cockpit con- 
trol panel, all aspects of the engine operation 
following start-up were conducted from the con- 
trol room. 

A variety of instrumentation was used to 
monitor the behaviour of the aircraft during 
blast loading, and to check the transmission of 
blast waves through it. Locations of these are 
indicated in Fig. 7. 

The pressure transducers used were piezo- 
electric types of DRES design and manufacture 
where the local temperatures did not exceed 
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Fig.  2 - Shock Tube Driving Sys-tem 
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blast' wave direcMon 
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Fi^. 3 - Shock Tube Geomeiry For Inlet Loading 
(not to scale) 

Fig. U -  Shock Tube For Inlet Loading 
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Fig. 5 - S^.ock Tute Geo~eiry For Ey^aust Loadirg 
iioi to scale) 

Fig. 6 - Shock Tube For Exhaust Loading 
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preswre P 
acceleration A. 
air velocity-- V 
blade teflechon- 0. 
teimerature T. 
lijhT L. P L 

thrust nozzle 

compressor 

combustion chambers AAA. 

ri3. ? - i'-strure^tatiof Locatior'S 

arcut SO C «ndBytrex strair gauge type «»here 
temperatures were Hipher thap 30 C.  Satisfactory 
results were obtained witH the latter up to 150 C. 
Ahere temperatures were higher as in the cor- 
bustion charbers or tail-pipe, water cooled 
rounts of DRES design and manufacture were used. 
Iron-ccnstantan therrocoupl^s were used for 
auxiliary tail-pipe temperature measurerents. 

A constant-temperature thermistor bead 
sensed the air velocity at the inlet, while a 
Bertly-'!evada proximity roil sensed the gap of 
the first stage compressor blades. 

Endevco strain gauge acceleroreters sensed 
the vibration of the front of the engine in the 
three principal axes. Their output was electri- 
cally integrated to velocity as an indication of 
engine roughness; higher frecuencies than first 
engine order were attenuated by use of low-pass 
filters on the field lines. 

All tests were recorded on F'.l tape recorders 
and a video tape recorder. The latter recorded 
indications from the cockpit instruments for sub- 
sequent analysis. 

PROCEDURE 

The inlet of the turbine was subjected to 
blast waves on 12 occasions, while the exhaust 
was loaded 20 tines. These tests were conducted 
with the engine stationary; and operating at a 
variety of speeds ranging frotr 3855 to 100? of 
its maximur. speed of 7800 RPM. Blast waves 
having overpressures of up to 13 psi were 
applied to the inlet and up to 20 psi on the 
exhaust. The thrust nozzle (Fig. 7) was re- 
moved for the exhaust loading experiments. Mo 
attempt was made to apply blast waves to the 
inlet and exhaust simultaneously. 

RESU.TS - Front End Loading 

Blast loading of the inlet of the engine 
caused small (less than ?.%)   transitory changes 
in engine RPM. However, no mechanical damage of 
any kind was observed. There was no evidence of 
compressor stall, nor of any disruption of the 
combustion processes. 

Considerable data were accumulated on the 
transmission of blast waves through the turbine. 
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A sunrwy of <h« average p^esiure i?«asurep«r<*s 
is give« in Table 1.    These are exp'esse«* i" 

«Ji^^-sio^less torr as % ratic   lo 'he  i'^ide-* 
overpressure '<-   f*-e y   i'jr   «:«'»'5ic- sec*!-1' 

T/a.E i 

Suprary of peak Ove'pressures "easured IXirirg 1'let Lcadi^c txpe'I-'ctss 
Overpressures Ar« Txpressed as Ratirs to the l-'cid'i't Dverpr«ssure 

Tur bi ne 
RPS; 

(? of Vax) 

Corpressor Surrer 
Cover 
^late Tailpipe Stage ? Stage 5 3«age 3 

0 1.5 1.2 0.9 C.3 tw *' 

33 1.7 1.8 1.'. C.7 _        j 

93 1.7 2.0 1.? 1.5 1 
100 1.7 2.0 1.9 1.- ~ 

The overpressure of  the blast wave is 
increased upon entry into the corpressor. This 
increase is a result of the reduction in the 
area of the ava-lable flow channels, which cy- 
presses the blast wave. For exariple, the flow 
area at the 3th stage is about 150 square inches, 
conpared to 850 square inches in the shock tube. 
An increase in overpressure is also associated 
with an increase in engine RPW. Presumably, this 
increase is related to the velocity of the air 
flow through the engine. These pressure trans- 
mission results are reviewed in greater detail 
in Ref. (7). 

RESULTS - Rear End Loading 

Blast loading of the engine exhaust re- 
sulted in flame-out, compressor stall, and sore 
mechanical damage. The damage occurred to the 
exhaust bullet, and consisted of longitudinal 
buckling. The bullet, whose location is indi- 
cated in Fig. 7, was manufactured of 321 stain- 
less steel, and contained reinforcing ripples. 
These were aimed at increasing the resistance 
of the bullet to radial compression, hut tended 
to weaken it against longitudinal compression. 
A damaged bullet is illustrated in Fig, 8. 

Flame-f.ut occui -ed at 38? and 58? RPM, 
with incif^ !' overpressures of 10 and 11 psi 
respect u l1,, however flame-out could not be 
achieved at higher RPM. The results of these 
experiments are illustrated in Fig. 9. This 
IndicJittj the incident overpressures which we'e 
used, and whether or not flame-out resulted. 
While the projected curve is speculative, it is 
clear that flame-out requires increased pressures 
at higher RPM. 

The recharis~ of rlare-ou*. appears tc 
involve corpressor stall ard dis'uptic cf t'e 
corbustior process.  Analysis of photographic 
records obtained in the cort-stic- c^afber, 
pressure records obtained ir t^e cc-presscr, 
and of the i^-le; air velocity -easure-erts 
indicated a patterr of flare disruption, *hich 
was racked by an intense brigh.ter i-g of the 
flare, followed (after abcut 15C rsec; cy a 
rapid drop in flare i^tersity. Simultaneously, 
3 stall (narked by a strorg 'negative" press'-re 
signal) was observed !•■ the co~pres&or, a-d the 
in'et sir velocity dropped rarkedly. 

If the corpressor recovered fror it? stall 
before extinction of the flare cccurr^-i, the 
engine kept running.  If, however, stall (and 
the resulting drop in air flow] conti'-oed until 
the flare had been extinguished, then the engine 
stopped. Extinction of the flare, therefore, 
appears to have resulted fror enhanced corhustion 
(and enhanced oxygen consurptio") caused by the 
initial disruption cf the flame by the blast 
wave, followed hy oxygen starvation which resulted 
from the compressor ^tall. 

A typical set of transducer records is 
presented in Fig. 10. '-'ere, a corrcn absolute 
time base is used so that the relationship among 
various parameters ray be observed. 

Considerable data wert again obtained or the 
transmission of blast waves through the engine. 
This is summarized in Table 2.  As in Table 1, 
these data are presented in dimensionless form, 
as ratios to the incident overpressure (ir this 
case, in the 24. inch tube). 

A more detailed review of these data is 
given in Ref. (8). 
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Hg. 8 - Dameged Bullet 

*• INDICATES FLAME-OUT /\ PROJECTEn 
•« INDICATES NO FLAME-OUT/" F^E-OU? 

/ Ä     CURVE 
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FLAME-OUT 
CURVE 

40 60 
RPM (%) 

80 100 

F*g-  9 - Overpressur e Vs RPM For Flame-Out 
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TAILPIPE 
TEMPERATURE 

COMBUSTION 
CHAMBER 

PRESSURE 

STAGES 
PRESSURE 

ZUaÄÄBn .:::;::;■ h:;:- r^: ;tr;::..::;;::: 
60 300 4S0 

TIME   (MSEC)   —( 
600 7S0 

Tig,  10 - Typical Transducer Records 

TABLE 2 

Summary of Peak Overpressures "«easured During Exhaust Loading Experiments: 
Overpressures Are Expressed as Ratios to the Incident Overpressure 

Turbine 
RPH 

(if of Max) 
Tailpipe 

Combustion 
Chamber 

Burner 
Cover 
Plate 

Compressor 

8th stage 5th stage 

38 1.0 0.9 1.0 O.S      0.^ 

58 0.9 1.1 0.8 0.5      0.2 

79 0.9 0.6 0.5 0.3      0.06 

100 0.9 0.7 0.2 0.3     0.06 
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M is clear i>af •;" increased W«, th« 

'last »ave fi^ds it i'C'easi^elv difficult to 
travel upstrear. 

Thes« exper :'''!'■*s illustrat«» that the 
particular Owda ? ef gire which was involved 
i- 'hei«? t^its is ^ r'jpoed and s.ahle machinef 
ad is relatively i ^'ie^-s i t i ve to blast loadings. 
It »as subjected tc rore than 3? Mast waves« 
and operated in an open air test stand at tem- 
peratures rarpinp fror -4,0 to +9C F. Sith the 
exception ^f the exhaus* bullet, no evidence of 
di.r-age could re detected by visual inspection, 
or fror vibration aralyses. 

31ast loading cf the exhaust caused inter- 
ference with the coirbustion process and compressor 
stall, phenorera which were not observed during 
blast loadings of the inlet,  it may be instruc- 
tive to note 'hat blast loading of the exhaust 
tends to oppose the normal pattern of air flow 
through the engine, whereas blast loading of the 
inlet tends to reinforce this flow. 

It is hoped to apply the facilities and 
background knowledge which have been established 
by this program to the prediction of the effects 
of blast or. the marine power units which were 
discussed in the Introduction. 
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Ibis paper discusses a technique hy which electronagnetle exciters are 
controlled to produce specific tlne-hlstory transient vaveforas. Hie 
technlqiie utilizes an "en line" digital ccqputar In a near-real-tine 
configuration. A receatV, developed Fast Fourier 'Onaetam algorltfajn 
fons the operational fo-odatloo of the technique. A prototype trans- 
ient vavefom control syrtea vas asseabled and tested. That prototype 
ays ton and itc perfcr nance are discussed. 

IRTBODÜCnon 

Shock testing In the aerospace Industry bos 
been soaewhat schizophrenic, torn between a 
confusing mixture of opinions concerning the 
test device and loposed aotlon tine history. 
Test devices take the form of lapact Mchlnes, 
eleetroaagnetic exciters, and the shock pro- 
ducing device itself. Specified time hlatorles 
have ranged froai a slaple pulse, to ccaplex 
decaying transients, to slew sine sweeps, to 
fast sine sweeps, to short randan bursts, and 
to creation of the actual shock producing 
event. 

One cannon ground of agreement has been the 
desirability of being able to use an electro- 
nagnetle exciter to produce specific transient 
waveforms with the sane degree of convenience 
that exciters are used to produce sine and 
random vibration environments. Curing the 
past five years, a nmnber of investigators 
hove reported on efforts to utilize the shaker 
for shock testing [1-6] . Ihese efforts have 
followed tiro distinct paths. Use of the shock 
spectrum as a standard of comparison is comsan 
for one group, whereas, the other group has 
concentrated on producing a specific tine 
history waveform. Without having to becone 
embroiled in the merits and demerits of the 
shock spectrum, the specified time history 
path certainly provides greater simulation 
realism. Even for the case where a specified 
shock spectrum is t>w oasic criterion for 
simulation, some time history can be associ- 
ated with the shock spectrum. Therefore, the 

ability to produce a specified tine history 
encoopasses both of the simulation criteria. 
This fact, coupled with the increasing capa- 
bility to predict transient tine histont» 
[7,8], prcnoted an effort to produce a near- 
real-time, on line, transient wavefom control 
systen for use on e'Vectronagnetlc exciters. 
Ibe first results of this effort are presented 
in this paper. As can be seen, there renains 
more work to be done to ftilly explore the 
Units of this control nysten. 

TECEHIQUE 

The successful implementation of Transient 
Wavefom Control depends upon the test system 
being a time-invariant linear system. Hie 
test system is defined to include the power 
amplifier, exciter and speelnen mounting fix- 
ture, with the specimen acting as systen load*. 
The general approach to this transient wave- 
form cootrol systen is to: 

l) Develop an accurate definition of the 
test system transfer function, H(a»); 

2} Develop the Fourier transform of the 
required waveform, F(a>)n, and divide it 
by the test system transfer function; 

3) Inverse Fourier transform the quotient, 
developed in 2) above, Into tht time 
domain. 

«TMb assumes the test system output is at the 
fixture-specipien Interface. 
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Figure 1:  TRANSIENT WAVEFORM CONTROL, LOGIC DIAGRAM 
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Bila cMfntvr-cuwntad tlM dOMla tmeUoa 
ttttmmb a rtüt^ß that» «tan ffXUi M «I 
loptt to tte tot •}•««• »Hl MBM Ite 
raviiMd wowfon to bo gtuumtni «t tte eoo- 
troiL ajstai oatiwt.   tte «atlr» concept U 

rtlMlly lUiutnted in Tigm 1. 

tte ttaaslvt OOfteatioa Zaptt »igaü., ^t)^ 
■ttt te of o fcn auch that it« Arnwney 
contant taplotoly Mtuzata« tte «nUrt op«r- 
*tia& taaAWldth of tte ayataa.   Curraatly * 
pulao at tte Tom, 

at ^t^» K«        for t >0 

f(t)i - 0 for t < 0 

IM iiaed M tte caUtn«ting transient.   Its 
Fowrlar tranafan 1« of tte saw fom as a 
first order, low pass filter, with a comer 
frequency of fc, «bare. 

f6 ■ o 

Refar to Flgiu« 2. 

(2) 

Botii tte transient calibration Input, f(t)j 
and tte transient calibration output, fvt)^ 
signals are paasad thru Identical analog to 
digital convertara (ADC), and tte digital 
laforaatlon stored In tte coagputer ■■or/. 
Kroa this digital Infoiaatlon, tte raapactlve 
Fourier traaafoms, F(»)1 and Fj«»)^ are coa- 
puted and then ratloed to produce tte teat 
aystea transfer function. 

■f^SJI (3) 

Prior to tte tlat tte test ayataa la eaU- 
bratad, tte digital daserlptlca of tte raqulrad 
transient «arafosa, f(t)it, la read Into tte 
eo^Mtar and Its Vonrlar transfota, Fv^g, Is 
ecaputed.   this transfota la then dltrl^ad by 
tte test ayataa tranafer function to syntteslze 
tte frequency doaaln description. 

p6o)a ■ Ffeji 
^;8    HPT* 

W 

F(w)5 Is than "Inverse" Fourlar sranaforaed 
into tte tlae doaaln and tte digital data 
passed thru a digital to analog coonrerter, 
(DAC), to produce f(t)s. 

this tedmlqiie la based i; JO tte capability 
to accurately, econoalcally, and rapidly coa- 
pute Fourier tranaforas of transient tlae 
functions Into frequency funeVons, and "In- 
verse" Fourier transfon» of syntheslsed 
frequency functions into continuous, usedble 
functions of tine. 

In I965, a new algorltfaa for copputlng a 
discrete Fourier transfora was deacrlbeS by 
Cooley and 1IUk«y [9,10] . Xbls algorlttai Is 
known as tte "Fast fturlar transfoxr/' (FFT). 
Assunlng a tlae history is described by H 
discrete data points, the FFT will ccapute the 
Fourier transfora in KLoggK operations vbereas 
previous or conventional algorlttes required 
r operations. For axaaple, «asualng If equals 
k096 data points, the FFT algcrltte. would 
coepute a traasfoia 3f*X tines faster than the 
conventional algoritha. 

K - 

0        tine 

Figure 2a:     TRANSIENT C/UBRATION INPUT 
SIGNAL 

LOG F(ai) 

LOG frequency 

Figure 2b 

f - 0 
c 

FOURIER TRANSFORM MODULUS OF 
TRANSIENT CALIBRATION INPUT 

Figure 2: TRANSIENT CALIBRATION INPUT 
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The ITT I» a discrete Fourier trausform based 
upon the follculng reciprocal equations of the 
Fourier Transfora [lO] , 

H-l 

iS> 
-J28nk/H 

A(ii) -^ > X(k)€ 

k»0 

and the Inverse Fourier transfom, 

(5) 

■-1 
X(k) •//(n)€ 

J2Snk/ll (6) 

n»0 

The quantities A(n) and X(k) represent motber 
sets only. H equals the nuafcer of data values 
In each set. the uumtlon counters are n 
and k. In this form, they are not restricted 
to a tlae-frequency doaaln relationship. 

Equations (5) and (6) are used to conpute 
discrete Fourier transforms in units of tlK 
and frequency hy inclusion of the sonpling 
Increments, at and AT,  and use of the follow- 
ing theorem. 

If x(t) (a continuous time function for 
-•o<t<a*) and a(f) (a continuous frequency 
function for -•« < f< «• ) are a Fourier 
Integral transform pair, 

x{t)*—►a(f), 

then TXp (kAt), k = 0, 1, 2, .... H-l 

and Ap (n4f), n - 0, 1, 2, .... H-l 

are a discrete Fourier transform pair, 
where, 

Af - -i- • i ■ 452 
Mt  T 2u 

and H = number of time data points, 

ßt » time sampling interval, 

T ■ time duration of total signal (NAt), 

Af > frequency sampling lute mal. 

The resulting transform pair are, 

Ap(n-f).At£
1Xp(k&t^

i,2if,lk/^ 
n«0 

and 

N-l J2tTnk/H 
3L, (kAt) -&t V   UnAf) 

where, 

Ap(nAf) M nth coq>lex frequency sample 

Xp(kAt) - kth time sample 

I " total number of time/frequency 
samples 

J - /T 

PROTOWPE TRAieiEirr WAVEFORM CORntOL SYSTEM 

A prototype control system, corresponding to 
the Transient Waveform Control - Logic Diagram, 
Figure 1, was developed and evaluated in the 
Environmental Test Laboratory of The Boeing 
Company Aerospace Group. The primary elements 
are illustrated in Figure 3. The digital 
computer and its peripheral equlpaent (not all 
shown) was designed to provide data processing 
support for vibration, acoustic, and shock 
test operations and is geared to provide 
large volume production analysis capability 
for random and transient data [ll] . 

Coonunication between the vibration test lab- 
oratory and the cosputer Is accomplished with 
a remote computer test station located at the 
vibration console (Figures k and 5). The 
computer is controlled by the vibration test 
system operator using six thtofc wheel switch 
position« on the remote station. The soft- 
ware "inter-overloy Operational Logic Versus 
Remote Test Station Switch Position" is shown 
in Figure 6. A synopsis of the switch posi- 
tions and their functions are as follows: 

Position 1 allows the computer operator to 
enter and transform the required 
transient waveform, f(t)R. 

Position 2 instructs the computer only to 
send the transient calibration 
input pulse, f(t)1, without 
recording or computation. This 
allows for adjustment of the 
excitation level. 

Position 3 instructs the computer to send 
the transient calibration pulse, 
f(t)1, record f(t)1 and f(t)0, 
and calculate the test system 
transfer function, H(w). 

Position k instructs the computer only to 
send the synthesized input 
voltage, f(t)8, without recording. 
This allows inspection of f(t)B 
while the test system amplifier 
is down. 

Position 5 instructs the computer to send 
f(t)g, and record and plot* the 
test system output waveform 

♦Many plot options are available for additional 
operation inspection and test qualification. 

160 



o 

o 

Sis 

( r V 

*£ oe 

SE 11 IK) 
0* zt 

o 

c o 

UJ 

13 >—» 
in 
UJ 
Q 

O 
O 

(U 

161 



THUMB SWITCH- 
6 POSITION J 

Figure 4: TEST STATION FIHCTIONAL LAYOUT 

Figure 5: TEST STATION LOCATION AT VIBRATION CONTROL CONSOLE 
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f (t)i, which should mch the 
required trans lent vavefom. 

Position 6 Instructs the cosqputer prograa 
to exit. 

The test operetor Is free to rotate the com- 
puter control fron position 5 teek to position 
1, 2 or 3 for additional testing. 

The prototype control system «a* evaluated to 
determine Its performance. The prototype 
control systea characteristics during evalua- 
tion were: 

1) The word site for both the analog to 
digital and digital to analog converters 
was 10 bits plus sign (ll bits). 

2) The saapllng and up-date rates were both 
20,000 sables per second. 

3) The anti-aliasing filters in front of 
the ADC's and the saoothlng filters on 
the output of the IMC were identical 6 
pane Butterworth low pass filters cutoff 
at ^ KHz (systea bandwidth is 2 - 5000 
He). 

In its present configuration, the prototype 
control system, when operating on a I1O96 data 
point description of the required wavefora, 
requires a cycle tins, fro« systea calibration 
to controlled wavefcra, of 16 mnutes. In- 
cluded in that cycle tiae is tiae spent to 
produce a digital plot of the synthenizttd 
input voltage f(t)a. The cycle tiae of a 
special purpose control systea eoaqjNiter could 
be reduced to less than two ainutes. 

Detailed knowledge of the required transient 
is fundamental to correct control. This 
requires that: 

a) The transient is physically realisable 
within the capability of the vibration 
equipnent, 

b) The digital description of the transient 
is within the capability of the coopu- 
tational equipnent (i.e. storage require- 
ments for long duration, high frequency 
transients). 

Thr^j examples of transient waveform control 
are illustrated and discussed below. The 
waveforms selected were: 

i) A 20 g terminal peak sawtooth designed 
to meet Hit SPEC 810-B requirements for 
component shock testing. 

2) and 3) Two waveforms derived from the 
TAT/Agena-D launch vehicle (OOO-D) 
spacecraft* [12] considered typical of 
staging transients eligible for simul- 
ation on laboratory test apparatus. 

lbs «Bperiatnts wars eoatoetad on a Uog 2«? 
(30,000 forea-paaad) vibrator drivan by a 
L-'cg » 120/150 UK aapUfiar. The test spaci- 
aafi MM a >»90 potad plate. 

Figure 7 illustrates the perforaanee of the 
prototyj»* control systea operating on the 
terminal psak Stiwtaoth. Figure 7a Is a 
digital pliit of the required teridpal peak 
sawtooth in ordlnate units oC millivolts**. 
The transducer calibration «as 50 av/g, there- 
fore the required peak «as 20 g's. Figure 7c 
is the Fourier traasfora (aodulus only) off the 
required teradnal peak sawtooth. Figure 7b 
illustrates both the a) syatheslsed input 
voltage to the test systea and b) the controlled 
terainal peak sawtooth aeceleraaioa function 
aonltored on top of the %50 pound plat«. 
Figure 74 is the Fourier traasfora of the coo- 
trolled terminal peak sawtooth pulse. A visual 
caaparisaB of Figures 7a and 7b indicate 
excellent agreement in the tiae domain while 
Figures 7e and 7d demonstrate excellent agree- 
ment In the frequency domain. The one cbvious 
diserepsney In the coaparison off Figures 7c 
and 7d Is In the low frequency domain. This 
discrepancy «as caused by biased quantisation 
errora produced in the asalog-to-digital eon- 
version process. This discrepancy can be re- 
duced by using ADC's having a larger word 
size or by using a statistical unbiaslng 
scheme. One such scheme has been developed 
but not lapleaented into the prototype control 
system yet. 

Figure 8 illustrates the perf araance of the 
prototype control system simulating a typical 
flight transient. Figure 8a 1» the digital 
plot of the required transient waveform and 
represents telemetered transient data from an 
OQO-D spacecraft transducer [12J (PL 30 at 
T ♦ 23^.5). Figure 6c is the Fourier trans- 
form of the required transient waveform, and 
demonstrates the fact that the majority of 
the energy lies well below 1000 Hz. Because 
of this, this transient is considered a low 
frequency type of transient. Figure 8b is a 
digital plot of the controlled waveform simul- 
ating the actual flight transient. Figure 8d 
is the Fourier transform of the controlled 
transient. Visual cooparison between Figures 
8a and 8b and between Figures 8c sad Sd, again 
demonstrate the excellent performance of the 
prototype system. In addition to this visual 
comparison, a comprehensive statistical study 
was made from digital listings of the two 
transients to put some "figure of merit" on 
the performance. This study is discuased at 
the end of this section. 

* TAT Is an augmented Thor/Agena-D Launch 
Vehicle and OGO-D is the Orbiting Geo- 
physical Observatory. 

** The rectangular undershoot was programed 
so that the terminal velocity would equal 
zero. 
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A - Comnunr imrand vibraiion 
Nn tyntfii inw< v :£>■• 

B - Control ■cwHromiwi iwwim« 
C-IOMSfCM 

Figure 7-A:  TERMINAL PEAK SAWTOOTH 
SPECIFICATION (MIL810-B) 
SO MV/G 

Figure 7-B:  SHOCK SYNTHESIS ON VIBRATION 
TEST SYSTEM 

Figure 7-C:  FOURIER TRANSFORM MODULUS 
OF SPECIFIED TERMINAL PEAK 
SAWTOOTH 

Figure 7-0:  FOURIER TRANSFORM MODULUS 
OF SYNTHESIZED WAVEFORM 
(Control Accelerometer 
Response) 

Figure 7:  TRANSIENT WAVEFORM CONTROL APPLIED TO MIL810-B SHOCK TEST REQUIREMENTS 
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Figure 8A:  TINE HISTORY OF REQUIRED 
WAVEFORM PL-30. f(t)R 

Figure 8B:  TIME HISTORY OF SYNTHESIZED 
WAVEFORM PL-30, f (t)R 

5/35=:" l.S'TV VSS'S.'-^^Ji^jt 

Figure 8C:  FOURltR TRANSFORM MODULUS OF 
REQUIRED WAVEFORM PL-30, F'Mn 

Figure 8D:  FOURIER TRANSFORM MODULUS OF 
SYNTHESIZED WAVEFORM PL-30, F'M,, 

Figure 8;  TRANSIENT WAVEFORM CONTROL APPLIED TO SPACECRAFT 
FLIGHT TRANSIENTS 
L249 Vibrator, PP120/150 Amplifier, Specimen Weight 4501b 
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new« 9 lUnrtnttM th* perfonuie« of the 
pratotyp« eootral symUm •twlatlag another 
fUtfct t-nawleat. Plgure 9» !• the digital 
plot of the requlrid tmwlent wntaem and 
repwenf tcleaetered tmwient data fro« 
another OGO-D apacecraft Tlbratioo tranadueer 

[12] (PL 20 at T ♦ 23«*.5). Figure 9e 4a the 
Fourier tranafoni of the required tranalent. 
Tnm this traaafom It can 1» teen that thia 
third required transient wavefam contains 
bUfa frequency laforattlan oat to and beyond 
5 KHz. This transient, therefore. Is a severe 
test of the prototype control systen perfom- 
aace. Figures 9b and 91 are the digital plots 
of the controlled transient and its Fourlcv 
transforn. Since Figure 9b can only denon» 
■träte "envelope slallarlty" due to the high 
frequency coateot, the test was reran and 
conputer llstin«s of both the required trans- 
ient and the controlled transient produced. 
Fro« thia Hating, an expanded tine doaaln 
overlay of the two transients was produced. 
See Figure 10. In this figure, only the first 
19 ■llliseeands are plotted; however, that 
tiaa span covers the first nain burst of 
energy in the transient. 

Fran the digital listings of the transient 
sets illustrated in Figures 8 and 9, the 
following error analysis was developed. A 
statistical error tern, E,,, was defined as the 
difference in anplitute between the required 
and syntheslred wavefom at corresponding 

discrete points in tl«e 

B,, - Tit)*  - f'Mt 

Operating on appraxlmtely fcOO equally dis- 
tributed data points, the following statia- 
tieal paraniters are used to further describe 
the error tent, the aean of the error tern. 

>** it 
n • 1 

Indicates the tero frequency or non>alternatlng 
coaponent of the error terc and the variance 
of the error tern. 

^•i^E^-zt)8 

n*l 
Indicates the nean squared value of the alter- 
nating coapment of the error tern. The 
results of this analysis are tabulated in the 
table below. 

Both sets of statistics were derived fro« 
approximately kOO equally distributed data 
points over the "transient" interval. Assuolng 
a chi-sqnared distribution of the error tern, 
KJJ, there is a .99 probability that the tine 
doaaln variance of the control systen is equal 
to or less than 13 percent. 

STmSTICAL PARMCTER 
PL-20, TILtmRATED IH 
FIOURE 9, nns OF O's 

PL-30, n.MBTRATED IK 
FIGURE 8, «ITS OF G's 

-6A x 10"^ .231 

Error Variance, <£ 2.283 .0827 

Mean of the Required Wavefom,/^ .117 .263 

Variance of the Required 
Waveform, g* 

18.87 .715 

Variance of Test System 
Holse, (T* 

.27 .0625 

P.«» Doaaln Variance, in 
Percent, fjjbt x 100 

12.0^ 11.6^ 
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Figure f-ft: TRANSIENT VIBRATION DATA FROM Figure 9-B: 
THE TAT/AGENA-D LAUNCH VEHICLE 

(OGD-0 Spacecraft), PL20 AT T+234.5 

LABORATORY ELECTROMAGNETIC 
TEST EQUIPMENT SYNTHESIS 
OF OGO-D FLIGHT TRANSIENT 
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OGO-D SPACECRAFT RESPONSE OF LABORATORY SYNTHESIZED 
PL20 AT T+234,5. OGO-D aiGHT TRANSIENT 

Figure «: TRANSIENT WAVEl-ORM CONTROL APPLIED TO SPACECRAFT 
FLIGHT TRANSiF.iTS 
L249 Vibrator, PP120/150 Amplifier. Specimen Weight   4501b 
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toaaAstom 

This control concept repreaents one of the 
first aarrlages of an on-line digital CMK 
l-uter, using modem coaqtuting al^orlthns, to 
on electroaagneilc vlrator in an enriroo- 
nental testing laboratory to oeet a transient 
notion control requlreaent In near-real tlae. 
Experimental results using the prototype 
control systi» demonstrated controlablllty 
with a tine dooalu variance of less than 13 
percent. The fidelity neasurenent for lab- 
oratory transient vavefora synthesis requires 

- time history, 

- Fourier transfer» modulus, 

- Fourier transform phase spectrum 

representations of the data. Error variance 
figures can be employed to specify test 
criteria. 
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DISCUSSION 

Mr. Fandrich (Radäation Inc.):  By using an 
impulsive input to establish a system trans- 
form it is necessary to assume amplitude 
linearity.  Did you find that this assumption was 
warranted?  If this assumption was not war- 
ranted, have you considered using the data from 
the first trial to update the transfer function ? 

Mr. Favour:    To answer your first ques- 
tion, generally the assumption of linearity was 
warranted. The systems are mildly nonlinear, 
and therefore we can set the calibration pulse 
so that the response is at approximately the 
same level as the desired output. In general, 
the systems have been sufficiently linear; how- 
ever, we had one problem in the test program 
this past spring with a grease lubricated slip 
plate that exhibited nonlinearity, therefore we 
had to use other means. 

Mr. Favour:  Economics.  We do not have 
to build another fixture for the shock testing. 
We use the same fixture that is used for vibra- 
tion testing.   Furthermore, in a test program 
conducted this past spring, we had eleven 
separate specimens, and each one was given 
eighteen separate shocks; this is a matrix of 
about 200 shocks, and the entire program was 
completed in less than a month by using this 
technique.   We have documented savings of the 
order of $17,000 over conventional shock test- 
ing techniques. 

Mr. Fandrich:  The second part of my 
question was have you considered using the 
data from the first try to update the transfer 
function?  In other words, you are trying to 
establish a time history; after your first try you 
would be able to establish amplitude nonlinear- 
ities in your system transfer function. 

Mr. Favour: No, we have not done that. 
We have not felt it was necessary. 

Mr. Ballard (National Bureau of Standards): 
How "35 you handle phase, or are you automatic - 
ally handling the phase of the frequencies in the 
system through your Fourier transform ? 

Mr. Favour: This is automatically 
handled in the algorithm. 

Mr. Ballard:  How about the high frequency 
response in reference to the shaker?  You have 
a DC that you cannot handle, so how high in 
frequency can you go in the synthesis in refer- 
ence to the ability of the shaker to respond? 

Mr. Favour:   We have conducted tests out 
to approximately 5000 Hz. 

Mr. Ballard:  What is the resonant fre- 
quency of the shaker system which you used to 
conduct tests to 5000 Hz ? 

Mr. Favour:  The first axial resonance of 
that shaker system was approximately 1700 Hz. 

Mr. Stathopoulos (Naval Ordnance Lab.): 
What do you consider the advantage of using the 
shaker over conventional shock testing 
procedures ? 
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AN IMPROVED ELKCTROÜYNAMIC 

SHAKER SHOCK TECHNIQUE 

J.R. Moser and D. Gamer 
Texas instruments Incorporated 

Dallas. Texas 

Many investigators have been wording to improve K-chniques Tor performing shock 
testing on standard laboratory vibration facilities. The result of this work shows (I) 
that the shaker system response is inherently frequency dependent and (2) suggests 
moihods for modifying the real-time input pulse to the shaker amplifier using 
transient synthesisers, such th.!t the shaker response conforms to specified ;julse 
shapes. This paper details how we have frequency-compensated our shaker/ampiifier 
system response such that, to achieve the same pulse at the output. onl> the 
required real-time pulse at the system input is needed. We will demonstrate how It 
is possible to use standard laboratory pulse generators rather than the cumber* mc 
waveform synthesizers in use throughout the country. The time required to do :he 
test is estimated to be one-third of that required using the present state-of-the-art 
technique A circuit will be presented which will allow for in-lab construction of 
the required inverse shaping filter. This circuit is quite simple, using a solid-stale 
linear integrated circuit. Discussion will be included in support of performing 
full-sine shock testing because of inherent shaker mechanical limitations. 
Recommendations will be made for including a full-sine shock pulse in 
MIL-STD8IÜ3 as an option when performing shock tests on clectrodynamic 
shakers. 

j 

INTRODUCTION 

The advantage of shock testing on electrodynamic 
vibration machines is the resultant savings in fixture costs and 
test time. Optimally effective test techniques have .lot been 
fully developed at this time. Never. ii^-Uis. many environ- 
mental engineers are realizing the advantages and are 
specifying an increasing portion of shock "ests to be done on 
vibration machine facilities. The purpose of this paper is to 
discuss an aspect of shaker shock testing which has not been 
discussed adequately in shock and vibration literature. A 
technique for frequency-compensating an electrodynamic 
shaker system will be presented. It will be shown how 
compensation will allow generation of a shaker pulse 
response which is nearly identical in duration and shape to 
the input pulse of the shaker amplifier. Discussion will be 
specifically directed toward the creation of the 11- 
-millisecond half-sine shock pulse of MIL-STD-810B. but the 
principles developed herein are general and wil! be of value in 
generating pulses of any arbitrary shape on vibration 
machines. 

FREQUENCY COMPENSATION OF SHAKER SYSTEM 

It is highly desirable to be able io produce a specified 
acceleration pulse (Kt) at the shaker head by injecting an 
identical voltage pulse v(t) at the shaker preamplifier. The 
■•.ystem transfer relationship can be stated symbolically: 

GAu) = Vf(w)H(w)H'(w) (1) 

where 

Ga(u) = t'.ie Fourier transform of the desired 
shock pulse (Kt) (output) 

VjCu) = the Fourier transform of the voltage 
pulse v(t) to the shaker preamplifier (input) 

K(u) = shaker/amplifier system frequency response 
without compensation 

HW) = compensation amplifier response (=1 for 
uncompensated system). 

The Fourier transform of a real-time pulse is uniquely 
paired to that pulse. Therefore, if two Fourier spectra are 
shown to be identical, they represent identical pulses. 
Therefore, if 

v(t) = kG(t) 

compensation must be accomplished by making H(a;)H'((o) 
of Equation (I) independent of frequency. Figure 1(a) shows 
a typical shaker/amplifier system response H(w) versus 
frequency. Each response point was obtained by driving the 
shaker preamplifier with a sinusoidal voltage of fixed 
amplitude and by observing the corresponding output 
acceleration level. The figure shows the response H(aj) to be 
very frequency- and mass-load-deptndent below 100 Hz. But 
what then is the range of frequency over which one must 
compensate? Figure 2 shows relative spectral (Fourier) 
distributions of (1) a half-sine pulse of  II   milliseconds 
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Response H'iu) Versus Frequency 

durjtion. i 21 J Itil! SUK- piiU>e of 22 millisecomls duration. 
JIIJ li\ A praclK-al f»cuJi>-hj!l-Miu- pulse of II milliseconds 

durjlion The latter pulse confornis to the limits of method 
5I<>. Figure 516-2 of MIL-STD-SIOB. and is typical of the 
PJIIM: »hape ohtainablc on an electn<dynamic shaker. The 
lull- and full-sine distributions «ere obtained using a 
voltape-ionlrolled generator (VCGt triggered by a 30-Hz 

ane-wave osctllatur. The pseudo-half-sine pulse was generated 
by a wateform »ynthesi/er. Both half-sine pulses were of 
I I-millisecond duration and I-volt zero-to-pcak amplitude. 
The full ..ne puls-- »ü of 2.2-niillisecond duration and 2-volt 
peak-to-pcak ampiitude. The magnitude of each spectral line 
was observable by scanning the output of the VCG (or 

waveform »ynthesi/er for the pseudo-hilf-sine pulse) with a 
wave analy/er having a ''-Hz bandwidth. For plotting 

purposes, the time scale was multiplied by 10. yielding the 

Fourier spectral amplitudes of the various I l-iiiillisecond 
pulses Note that the above is equivalent to an yzing the 

output of - Imp of magnetic lap- containing tie desired 

pu!se but played back at 10 limes the recording speed and 
vvh lh.it Ihc tape loop travels at .'0 revolutions fer second. 

Only lb«- loci of the spectral component peak» are plotted in 

I igurc .: The relative spectral amplitude distribut on of tlv. 

thiee puNcs would remain unchanged as the pulse repetition 
rate is reduced l<> zero )single pulse) and the Fourier spectra 

become continuous. The results for the half-sine and full-sine 
pulses arc consistent with those of Gertd and HollandJ'I It 

is clear from the figure that the significant portion of the 

spectra for the half- and full-sine pulses lies within a 
frequency interval determined by 

0s;f<;2/T 

where r is the pulse duration. For the 11-millisecond half-sine 
pulse of M1L-STD-KI0B, this corresponds to a frequency 
interval from dc to 182 Hz. With this and the shaker response 

(Figure l(a)| in mind, it is clear that the shaker must be 
compensated over the same frequency interval for good pulse 
transmission fidelity. In general, shorter pulse durations 

would require frequency compensation over a wider 
frequency inteival lo keep H(CJ) H'(w) independent of 

frequency over the principal portion of the Fourier spectrum 

of the pulse. 

To make H(co) H'(u) independent of frequency, a 

compensating amplifier having an amplitude versus frequency 

response inverse to that of H(w> is required in the system. 

The compensation amplifier of Figure 3 is designed to have 
the required response H'(io) by using the noninvertinginpu; 
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\ ♦/, R.    I ♦ I i><,K% «2» 

R^', iAf. be duMfn to jnc the iloMTtrJ u-Hnmv; ts tinnm in 
ftg^K l»bl «ch shal the iv>>Jiul a« both ihe uiwxmpm- 
viU-d «»•»UTt K-^mM-s Ihvjl Jrtd (he cHnpcfi-alion amplifier 
icH»on-»c H'lw» «or Ihe *um if UK'** «.-»ponwi. arc «|>re»e4 
dB) i» indcjviHk'nt of fr«iuincy over «he ilcsirctl frenuency 
intcrvjt B> vjrvme R%. ihc ktwv ol Ihi* int.vise filttfr n*spom« 
ian be m>«cd in irciuviKv to i«ncs|x>nd to the knee in (he 
frcii'icn, v response of the vibnito» system shown in 
Figure 4 Figure Uai shuv» that, as Ihe shaker load mere-wes. 
Ihe knee in the shaker frequency tesponse characteridic 
U«u!» d<<:rea.->es in frequeiwy. The cireuil of Fipire 3 is 
capable af arnipensaiing the vibration system for aB loads 
tested iu dale for shock pulses of I l-milltsecond duration. 

Figure S is Ihe eweutt aiagram for the triggering ciicuil 
used in ihe sy&lem (Figure 4». It is composed of an SCR 
switch for positne-aclion sin^le-pube trisering and a 
unijcncikm roullhribnil'ir for repetitive triggering. The latter 
is used white adjusting Rt of Figure 3 for optimum 
compensation at a low G level. 

RESULTS 

The limitaliamaf pcrfornmcliaifciiieaiMKkpiihcaaM 
vibration system* have been toamti hcfowJ^*^ For 
this unidircctioaai atwektaliaa pulse, the armature vdocily K 

!i»jm>l;«iicaHy increasing during Ihe puke la a maximum 
when the pube ha» passed. Since the velocity it maximum 
when coninU is nrmoved. the armatuie maumum Aspboc- 
menl limit is exceeded for lebtivdy smadl G levels. Cleatiy. 
longer duration hdf-sine pulses more severely limit the 
nuximu.n Olevel ohtainaMe on a given vibntkm system. 
F>gute6 is a photograph of the largest ll-müfeccaml 
half-sine (Vkel accefetatio« pulse obtainable using a 
compensated 15,000 force-pound shaker. This acceleration 
pulse is dearly outside the acceleration pufae envdope 
specified in UIL-STD-SIOB. Figure 7 is a phologn|di of die 
pulse obtained under the same conditkms except that ihe 
vibration system is uncompensated. This puhe in no way 
lesemMes a half-sine acccieration pulse. Inspection of 
Figure 7 cleatiy indicates the differenUating characteristic in 
the critical frequency range of the uncorapenuted vibration 
system used. AH shaker systems are transformer ccupled. so 
their response near dc is necessarily quite limited. No amount 
of compensation found is adequate for controlling the 
SO-miliisecond undershoot shown in Figure 8. 
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MOOCU aioMioe 

PP 3S/70VC 

EUECTfiOOYNAMIC 
VIBRATIOH SYSTEM 

TEKTRONIX 
MOOEU S64 

STORAGE 
CRO 

TRIGCEB 
CIRCUIT 

(FICURE 5) 

COMPCHSATION 
AMPLIFIER 
(FIGURE 3) 

WAVETEK MOOEU 
t 14G VOLTAGE 
CONTROU.ED 
GENERATOR 

Figure 4. Diagram of Compensated Electrodynamic Shaker for Shock Testing 
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ARMATURE LOAD * 50 LBS 

?gmcT«gEc&imm^Mv&_ 
HORIZONTAL SWEEP " 5 MSEC/CM 
VERTICAL SEKSITIVITV M 5G/CM   (INVERTED) 

.TAGE INPUT 
.SPONSE 

ARMATURE LOAD ■  SO LBS 

VERTICAL äENGITIVITY •  SO/CM 

Figure 6. Half-Sine Shock Pulse from Compensated Shaker Figure 7. Half-Sine Shock Pulse from Uncompen-ated Shaker 

Some investigators have increased the half-sine C-level 

capability by prestressing the armature one way, then by 

reversing the drive to the shaker to form the "desired" puls,-, 

and then by controlling the undershoot such that 'he IK'I 

signed area under the acceleration verrus time curve is nejr 

zero.'3,4' They have been partially successful in finding a 
combination that would both satisfy the G-level requirement 
and fit within the specified bounds of. for example. 

M1L-STD-8I0B (apparently ignoring the requirement on the 
velocity change AV), Schell'7' has demonstrated the major 
effects ot variations in the real-lime acceleration pulse shape 

on the Fourier and shock spectra. The reader should again 
compare the Fourier spectra of the ideal half-sine pulse and 

\lie "practical" half-sine pulse (which lies within the ewclopc 
of MIL-STD-8I0B! of Figure : 

ADVANTAGES OF USING A FL'LL SIM: 
ACChLFRATION PULSF 

How can shock testing be accompli .hed in a controlled 
and repcalable fashion using an clectrodynaiaic shaker1' The 

besl method is to control the undershoot retnnrcd to keep 
the net velocity change zero by specifying in method 5lti of 

.MIL-STD-8IÜB an i-plional full-sine acceleration pulse, such 

as the one given in Fi?ure 9. Figures 10 and 11 are examples 

of ht'w near to ideal the full-sine pule can be produced wrlli 
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ARMATURE LOAD  '  SO LBS 
BOTTOM TRACE  IS IDEAL HALF-SINE  VOLTAGE INPUT 
TOP   TRACE   IS  COMPENSATED SYSTEM  OUTPUT 
HORIZONTAL 5WEEP  =   1 0 MSEC/CM 
VEHriCAL SENStTIViry   '   5C./CM   (INVtHTtDJ 

I issiii V ILIlSinc Sliiulk I'IUM- IWiin ( «iii|viis.itcii Si.jkoi 
Sliowniü 50-!i!M'«. IJuratiiHi L tidcNuHii 

11K-  ^.•iiiivnviu-ii  okMnxivnaniK   \1hrjl1011 sjMcitl.   Those 

pjilx's vvoidd cj\t\\ in within '.hi- hoiinds i>l rieun. '>. From 

lipirv ' IIK- I «Hiru-i spotiu i») llu- lull- JIIJ IUII-MIU- pulH-> 

.He c<>ninu'ii>urjlv in J^liilnili-wi llu- IIUMI JilK-iciuv K-mj: 

M.m '5H/ 

liinirt'v 12 jnJ 1! slum llu- ■»ysK-m liilt-Miio -Juvk 

PUIM- cjpjhiliiy bclou- lOinpi-iiuliini. The liphtU Kudod 

Ijhk- ll'ipire [2l mos the |«K>rol results without 

vnnipensjtiou. This resiiit i> eonsisteiil with I ipuie I. Below 

2UU 11/. the \jrijti«ii of lltu» with lie«|iieiK> ispejtesl lor 

the liphlK lojde>l sluki . 

IXJMLUSIOX 

We have shown how t're<|uene>-eoiiipeiis.iliiig m 

eleetriKU namii nhrjlion sysi> in allows lor great!) impioved 

single pulst' generation. Instead ot eompensjting the real-time 

inpiit Miltage pulse to the shaker ainphlier by using 

eumhervMiie wavelonn synlhesi/crs. classical slunk pulses 

IJII he generated by standard voltage-controlled generators. 

The inpul \ollage pulse closely chara\ieri/es the output 

acceleration pulse. Thus, even those required to use •itslse 

waveform syntheswers for generating arbitrary' pulse shapes 

wil! find the compensation techniques presented herein of 

benetll in reducing setup time and optimizing pulse shape. 

Arguments have been made for audition of an optional 

full-sine acceleration pulse to method 516 of MIL-STD-KIOB. 

thereby making shock testing on vibration systems much 

more uniform and repeatable. 

rOUE'lANCt   LIMITS 

SINE VVAif   r»ASSLAr£D 
UPWAHO   : ' » 

REP LINE 
ZERO 

SINE WAVE  TRANSLATED 
DOWNWARD   1 5 *e 

IDEAL SINE WAVE 

Rjuire '■>. Sho.k Test Pulse Rei|iitivments 

178 



ARMATURE LOAD "50 LBS 
BOTTOM TRACE  IS IDEAL FitUL SINE VOLTAGE INPUT 
TOP TRACE IS COMPENSATED SYSTEM UL'TPUT 
HORIZONTAL SWEEP =  5 MSEC/CM 
VERTICAL SENSITIVITY  -  SG/CM 

ARMATURE LOAD =  -SCO LBS 
BOTTOM  TRACE  IS  !DEAL FULL SINE  VOLTAGE  INPUT 
TOP  TRACE  !S  COMPE.NSATXD SYSTEM OUTPUT 
HORIZOfiTAL SWEEP =  S  MSEC/CM 
VERTICAL SENSITIVITY   =•   lOO/ZM 

I ipuro 10. I •.ll-Sinc Slunk PUIH- Iron! ( HüIJ iiiwtc.l Shaker 
willi 50 Pramd Load 

;!iir» II   Full-Siiu Sii.-.k PuJw in-m C.n 
with 40(; l'.iuüJ L'>.:u 

. lifted Sliakcr 

ARMATURE LOAD =  SO LBS 
BOTTOM   TRACE  IS  IDEAL FULL SINE  VOLTAGE   'NPU. 
TOP TRACE  IS UNCOMPENSATED SYSTEM  RESPONSE 
HORIZONTAL SWEEP "  5 MSEC, CM 
VERTICAL SENSITIVITY =   5C/CM 

ARMATURE LOAD  -  4 0U LBS 
BOTTOM  TRACE   IS   IDEAL FULL SINE  VOLTAGE  INPUT 
TOP   TRACE   '.S   UNCOMPENSATED  SYSTEM   OUTPUT 
HORIZONTAL SWEEP  =   5 MSEC/CM 
VERTICAL SENSIIiVITY  -   SG/CM 

Figure 12. Full-SiiK- Shock Pulse troni Uiicoiiij'ins.ikd 
Shakir uilh 50 Pound Load 

Figua' I,.'. Fiill-Siia' Si >,!; Vuhc (mm L'tivoinivnvjivd 
Siii.kcr ttilh 40U Pi>,iml Load 
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DISCUSSION 

Mr. Verga (Hazeltine Corp.):  I was very 
much encouraged by the simplicity of your 
block diagram, compared with the one in the 
previous paper. Of course, you were aiming 
for a si-iusoidal pulse and the previous ^per 
was concerned with a much more complicated 
pulse. Still, in your simple diagram there 
were many things which were not familiar. 
Given an electrodynamic system which enables 
you to perform a sinusoidal vibration test, what 
is the basic additional equipment required for 
the synthesis of a sinusoidal pulse ? 

Mr. Moser:  The basic equipment is the 
$4.95 SN-52709 operational amplifier with the 
circuit I showed.   It is in the paper, and I think 
the concept could be extended to other pulse 
shapes.   I did not try it for this study.   Eighty 
to ninety percent of our testing is to the half 
sine. 

reasons why you might run into some objections. 
The responses to the two pulses would be quite 
different.  Whether either one of the pulses is 
more realistic as far as the environment is 
concei ned is debatable. 

Mr. Ames (Frankford Arsenal):  You men- 
tioned about adding something to MIL-STD-810 
I believe that requires you to go both positive 
and negative, so why could you not use the full 
sine wave rather than modifying it? I would 
think this would be within the requirements. 

Mr. Moser:  The requirements actually 
outline an envelope.  The full sine pulse would 
not fit within the envelope because of the re- 
quirements for 0.4 sec before the pulse and a 
long period after the pulse. 

Mr. Ames:  Even if you consider that you 
have to go both positive and negative ?  They 
do not say you have to have some finite time 
between them. 

Mr. Moser: Well, I hope you are right be- 
cause then it is less difficult to sell the full 
sine pulse.   Frankly, I have been thinking along 
these lines, not trying to sell it as fitting with- 
in that envelope, but thinking it would be the 
way to go. 

Mr. Schell (Naval Research Lab.): 
Basically, while you do have two half sine 
pulses, one starts out with zero velocity and 
the other with a very high initial velocity.   We 
also have the system still responding to the 
first half sine, therefore the second half sine 
would not produce the same response.  These 
are theoretical arguments against letting such 
a test represent the application of a half sine 
shock in both directions.   I do not necessarily 
mean to imply that this could not be done in 
MIL-STD-810; 1 am just citing one of the 
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PROTUBERANCE EFFECTS ON UMITER-EQUIPPED 

HARD LANDING PAYLOADS 

John L. McCarty and James T. Howlett 
NASA Langley Research Center 

Hampton, Virginia 

An analytical and experimental study was conducted to evaluate the 
effects of surface protuberances, such as rocks, on impact limiters 
for hard landing payloads.   The analytical phase of this study consisted 
of extending an existing analysis to include protuberances and the 
application of this extended analysis to establish the effect of protu- 
berances on impact limiter design.   The experimental phase was 
undertaken to validate the analysis and consisted of impacting full- 
scale (for a prospective Mars mission) hard lander configurations, 
equipped with balsa wood as an impact limiter, onto a rigid planar 
surface having cylindrical and conical protuberances.   The experi- 
mental test results substantiate the capability of the analysis to predict 
the effect of surface protuberances on the design and behavior of the 
impact limiter. 

INTRODUCTION 

One possible technique for exploring an 
extraterrestrial body is that of hard landing 
survivable scientific instruments en the sur- 
face of the body.   This technique is attractive 
because landing, guidance, and control systems 
can be simpler and less expensive than those 
required for soft landing techniques.  However 
one of the major problem areas associated 
with this concept is that of designing an impact 
iimiter which will attenuate landing accelera- 
tions to levels acceptable to the scientific 
instruments.  Much work, both analytical and 
experimental, has been don>.' toward evaluating 
various materials and devices suitable for 
impact Iimiter applications.  Crushable 
materials such as foams, balsa, and honey- 
combs have been examined for their shock 
alleviation characteristics and analyzed when 
applied to various payload shapes (spheres and 
disks, for example) [1-9].    Other impact 
energy absorbing techniques such as frangible 
metal tubing [ 10] and inflatable gas bags [11] 
have also received some attention.  These 
studies have concentrated upon planar impacts 
wherein the target is effectively a flat rigid 
surface.   However, one significant aspect 
which has received very little attention in the 
hard lander approach is the effect of surface 
protuberances, such as rocks, on the design 

and behavior of the impact Iimiter.   In partic- 
ular, no analysis exists, substantiated by 
experiment, which treats this effect. 

The purpose of this paper is to present 
the results of an analytical and experimental 
study to evaluate the effects of protuberances 
on impact limiters for hard landing payloads. 
The analytical phase of the study consisted of 
the extension of the analysis of Cloutier [5] for 
planar impacts to include the presence of pro - 
tuberances, and the application of this extended 
analysis to establish the effect of protuber- 
ances on impact Iimiter design.  The experi- 
mental phase was undertaken to validate the 
analysis. 

DESIGN PHILOSOPHY 

To accomplish the objectives of this study, 
certain parameters had to be established to 
define the hard lander configuration, the target 
protuberances, and the impact conditions. 
Since this project was conceived in 1968 in 
support of considerations of a hard landing 
instrument payload for the scientific explora- 
tion of the planet Mars, the selected parame- 
ters were based upon that prospective mission. 
The chosen Mars mission defined a scientific 
payload of 300 pounds having a 3000g tolerable 
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shuck loadiitt;, a nuniiiuil impact velocity of 
150 fps, and surface ijrcuüji'rance* as high as 
5 im-iu-s.   Further, the payioad was required 
to .survive regardless of its orientation upon 
impact.   Although other shapes, relying upon 
rather unique shock attenuation devices, have 
been proposed for u hard lander configuration, 
it was apparent that the objectives of this 
.•■tudy could best be achieved by using the 
design configuration illustrated in Fig. 1. 

HAISA 

'WIAl UAIV 

SPHf.M 

^ROIUSfRAWSS 

CVLINDfR 

COW T 9"MAX. (tXP.) 

WTT^ .'/,■/?■••/?/??/?//?//},•//? 

Fig. 1 - Analytical design configuration 

This design consisted of a full-scale spherical 
payioad completely encapsulated within a 
crushablo impact limiting material.   Assum- 
ing the density of the payioad (scientific 
instruments, supporting equipments, and 
packaging structure) to be approximately 
70 lb/ft', the diameter of the payioad was 
fixed at 24 inches. 

Radial grain balsa wood was selected as 
the impact limiter material although other 
materials such as plastic foams and metallic 
and phenolic honeycombs were considered. 
Balsa has a high energy absorbing capability 
per unit weight, is easy to shape, and is 
economical and available.   Furthermore, 
preliminary calculations based upon estimated 
hard lander sizes and impact conditions of 
this study indicated that the crushing strength 
of balsa would maintain impact acceleration!? 
below the tolerable 3000g level. 

A maximum experimental protuberance 
height of 9 inches was selected because it 
appeared to be a reasonably severe test inas- 
much as 5-inch protuberances were postulated 
for the Mars mission.   From the many possi- 
bilities for protuberance shapes, the protu- 
berances for this study were restricted to 

those which provided symmetrical impacts: 
that is, to those protuberances which were 
symmetrical about an axis coincident with the 
velocity vector of the impacting hard lander. 
The shapes selected, a circular cylinder and a 
cone, were felt to bracket the extremes of 
symmetrical impacts. 

ANALYSIS 

Equations of motion were developed to 
describe the impact of a spherical body, which 
consisted of a payioad encapsulated within a 
crushable balsa wood limiter, with the targets 
of this study.   These eauatu-ns are a straight- 
forward extension of UK analysi« of Cloutier [5j 
for impact of a crushable sphere on a planar 
surface to that of impact on rigid symmetrical 
protuberances.   The necessary assumptions 
and the analytical approach for the develop- 
ment follow. 

Assumptions.-   1.   Variations in the mass 
undergoing deceleration are neglected. 

2. Effects attributed to 
shock waves generated in the balsa limiter are 
neglected. 

3. AU limiter crushing 
occurs at the impact surface and parallel to 
the direction of impact. 

4. The balsa is of 
uniform density and has completely radially 
oriented grain. 

5. Balsa crushes up to 
20 percent of its original length. 

6. The variation in balsa 
crushing strength, CT, with grain angle, Ö, is 
given by 

2.7 m - ac(l - M 9) 

where   ac   is the crushing strength of balsa 
parallel to the grain and is assumed to remain 
constant during crush.   Limited available data 
[1 and 5, for example], including the results of 
tests performed in conjunction with this study, 
indicate that this expression is a reasonable 
first approximation for values of   0  up to 
ir/3. 

Approach.-   Consider the impact of a 
crushable sphere with an arbitrary symmetri- 
cal protuberance as illustrated in Fig. 2.   The 
general equation of motion for this system is 
of the form 

my = F(y) = \ 
JA 

dF 

where   m   is the mass of the sphere, y   is the 
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distance from the planar surface to the center 
of gravity of the sphere, and   F   is the force 
exerted on the sphere by the crushing balsa 
wood. 

Fig, 2 - Analytical impact model 

The last term of this expressiou is the 
integral of the force over the entire surface 
area of contact between the impacting body and 
the target.   Since 

dF = o(e) dA 

the equation of motion for any protuberance 
can thus be written 

my = ^    a(e) dA 
■:A 

Hence, for a specific protuberance, the 
final equation 01 motion is obtained by inte- 
grating the right-hand side of this expression 
over the area of contact.   For example, in the 
case of a cylindrical protuberance, the motion 
is divided into three phases: the initial phase 
where the sphere is in contact with a portion 
of the upper surface of the cylinder; the 
second phase, during which the cylinder is 
penetrating into the sphere and the integration 
is over the entire upper surface of the cylin- 
der; and the final phase, which commences 
when the impacting body contacts the planar 
surface and the area over which the integra- 
tion is performed includes both that of the 
second phase and the appropriate area of the 
plane.   For some protuberance shapes, the 
cylinder being an example, the integration 
over the surface can be done in closed form; 
for others, a numerical integration may be 
required.   However, a numerical integration 
over the surface of &ome protuberances can 
be avoided, as was done for the cone, for 

example, by approximating the expression for 
dA  by   23 X dX, the area of an annular strip 
of radius   X (see Fig. 2) and width  dX, and 
expressing   X  as a function   <'. 

The analysis was used to determine the 
amount of balsa wood limitcr required to pro- 
tect the payload of this study during impact 
with the various protuberances.   The proce- 
dure consisted of the arbitrary selection of a 
limiter thickness and the computation of the 
response of the body as it impacted a specified 
target.   The process was repeated for differ- 
ent thicknesses until, following impact, the 
clearance which remait-ed between the payload 
and the target was the minimum acceptable on 
the basis of 80 percent balsa wood crush-up. 
The analysis defined a limiter thickness of 
9.5 inches for impacts on a planar target and 
a thickness of 21.5 inches for impact on a 
9-inch-high protuberance projecting from a 
planar surface.   (To introduce some conserva- 
tism into the design, the impact velocity for 
these calculations was assumed to be 175 fps 
rather than the nominal test velocity of 
150 fps.) 

EXPERIMENTAL TESTS 

The impacting body coidiguration for the 
experimental tests on protuberances is shown 
in Fig. 3 and consisted of a simulated payload 
equipped with a hemispherical shell of radial- 
grain balsa wood.   Seven impacting body con- 
figurations were fabricated — six configura- 
tions, 67 inches in diameter, to study the 
impact response to protuberances and une, 
43 inches in diameter, to study the UEJ ict 
with a planar target.   The testing technique 

HEMISPHERICAL OOivlE 

ACCEl£R0M£rtRS (3) 

BALSA (RADIAL GRAIN WITHIN '?0) 

HEMISPHERE 

Fig. 3 - Experimental test configuration for 
impact on protuberances 
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pravidcd tbt Ixxiies with a fixed attitude at 
impact which eliminated iht- need for cmni- 
directiuual pnitcctian of the test paytoad and 
thus the mot'f f^rmfd^ble task of fabricalüg 
C'jn'plocely spherical limiters.   In the fabrica- 
tion 01 tin u.i!),u sms; SHJCIH s, a steel hemi- 
apheriral dome I 2 inch thick and 24 inches in 
diameter served an the pay load to which was 
■■onded the balsa Umiter.   The balsa was 
applied in sections to provide a grain orienta- 
tion within 5° of the radial and then covered 
with fiberglass layers to art as a sealant and 
to minimize fngmentation during impact. 
Each body wa* instrumented with three piezo- 
resistive accclerometers of different sensi- 
tivity to provide both redundancy and a better 
definiticu of the impact acceleration?.   These 
accelerometers were attached to a mounting 
plate welded within the hemispherical dome 
and oriented along the impact axis.   Signals 
from ea<h accelerocaeter were routed througa 
a cable to an oscillograph recorder. 

The teat configuration «as mounted to the 
tumchtag apparatus by means td a three-arm 
support structure which was bolted to the 
fltnge of the hemispherical dome.   This struc- 
ture and load-distributing plates fastened lo 
the rear face of the Umiter provided ballast 
which effectively equated the mass of the bemi- 
spherieal impacting body to that of the analyti- 
cal sphere <£ the same diameter.   Figure 4 is 
a photograph showing the installation of an 
impacting body to the outrigger sting of the 
high-speed carriage at the Landtag Loads 
Track Facility (12|.  The bodies, centered la 
the 8-foot-wide. 6-foot-deep channel which 
parallels the track, were propelled Jo t!«e 
desired velocity by the carriage and released 
upon impact with the targets located in the test 
region of the channel.  The targets consisted 
of the various protuberances attached to a 
64-ton concrete backstop fronted by a sheet of 
1/2-iiich-tMck boiler plate. 

Fig. 4 - Installation oi impacting body on sting of propelling apparatus 
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RESULTS AND MSCUSOOK 

Figure 5 to a gcjproduetioii oC an oacillo- 
fngk record ahowiag typical nafoamm ct the 
accelerometers tiariisg Impact «itb a protuber- 
ance.   The protaherance for tbe record 
illiutntfed is a 9-iiicli-liigh cone having a 
total included angle of 100°.  Hie signals con- 
tained a high-frequency response «tücb, it «as 
determined, corresponded to a natural fre- 
qiK acy of the steel hemispherical dome and 
wr-e faired as shown.  To arrive at 

tit. •«»• 

AcaL na: 

ACai. NO. 2 

Fig. 5 - Typical impact response of acceler- 
ometers   (IQff conical protuberance ) 

a single impact acceleration time history for 
each test, the outputs from the three acceler- 
ometers were faired independently and 
compared.  The reported acceleration time 
history was the mean of the outputs from the 
accelerometers at lower sensitivity, where the 
high-frequency noise level was less.  One such 
faired experimental acceleration time history 
is presented in Fig. 6 together with that devel- 
oped analytically.  The protuberance of this 
figure is a 15-inch-diameter cylinder, 9 inches 
high and purposely selected to differ from that 
of the previous figure to illustrate the differ- 
ence in the shape of the time histories during 
penetration of the protuberance.   The analyti- 
cal acceleration time history of this figure 
ceases when the velocity of the impacting body 
is computed to reach zero, whereas the 
ejqjerimental time history is shewn to continue 
until the acceleration reaches zero and 
includes the restitution which was observed. 
The overall agreement between the experi- 
mental and analytical acceleration time histo- 
ries, typified by that of Fig. 6, is considered 
good, particularly in view of the possible 
variations in physical properties of the 

y units   Vi 

»«IftlCAl-^ 

ID 

IIMC. nwc 

20 

Fig. 6 - Typical impact acceleration time 
history for cylindrical protuberance 

individual balsa wood segments from which the 
limiters were fabricated.  The analytical 
acceleration time histories were based upon 
an assumed balsa crushing strength parallel to 
tbe grain of 1232 psi — an average value 
determined experimentally [ Ij which corres- 
ponds to the gross otasity of tbe balsa 
employed in the fabrication of the impacting 
bodies.  The use of a somewhat lower value of 
crushing strength for the case illustrated 
would appear to better correlate the experi- 
mental acceleration time history. 

Effects of Protuberance Geometry 

The next two figures further illustrate the 
agreement between the analytical and experi- 
mental results and simultaneously indicate 
trends associated with protuberance geometry. 
The impact characteristics illustrated are 
payload maximum acceleration and the extent 
of limiter crush depth and are considered to be 
the most significant characteristics from the 
standpoint of impact limiter design.   Figure 7 
shows the variation in these characteristics as 
a function of the diameter of a cylindrical 
protuberance 9 inches high at a nominal impact 
velocity of 146 ft/sec.   Experimental data are 
presented for protuberance diameters of 5, 15, 
and 22 inches, whereas the analytical results 
are extended to a diameter of 40 inchos.   The 
experimental data are ahown to verify the 
analytical trends.   The figure shows that with 
increasing protuberance diameter, the maxi- 
mum acceleration decreases, reaches a mini- 
mum (for the impact conditions considered) at 
a protuberance diameter of approximately 
22 inches, and then increases for larger 
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MAY. Kai.. 

CRUSH 

ViflH. «n. 

10 2D » 

mOtüKUKa SiMtllK. m. 

an toe figure correapoads to tb? eo-perceei 
alknrabk email ctepth assumed for balsa wood 
and is ahnm to pruHöe the coofigaratioa 
design with appradmateljr a 1.5-üK* clear- 
ance.  Iliis ndniBHun clearance oeears io 
tbe region where the protaberanee diameter 
is extremely small and the impact energy 
absorbed by Jm protuberance during penetra- 
tkm is pracLcally nil. 

amilar trends arc ooied in the variation 
of maxbuum acceleration and cruah depth with 
the included angle of a eouical protuberance as 
presented in Fig. 8 for the same impact condi- 
tions and protuberance height.   The figure 
indicates that, for these conditions, a conical 

Fig. 7 - Effect of cylindrical protuberance 
diameter on impact characteristics 
(Protuberance height = 9 in.: impact 
velocity = 146 fps ) 

protuberances.  At diameters below 22 inches, 
the entire protuberance penetrates the limiter 
and the maximum acceleration occurs when 
the body impacts the planar surface.  Thus, 
for smaller protuberances, less energy is 
removed from the impacting body by the pro- 
tuberance and hence the accelerations during 
impact with the plane arc greater.  As the 
protuberance diameter increases beyond 
22 inches, less and less of the protuberance 
penetrates the body and the protuberance 
begins to resemble a planar surface.  Calcula- 
tions show that the maximum acceleration 
increases in this region until the protuberance 
diameter is roughly 65 percent of the body 
diameter (for the configuration considered), 
beyond which the maximum acceleration is 
identical to that for an actual planar suriacs. 
When the protuberance gives the appearance 
of a plane, the maximum acceleration occurs 
during impact of the body with the face of the 
protuberance and not with the target surface 
to which the protuberance is mounted.   For 
impacts where the protuberance does not 
resemble a planarlike surface, the extent of 
penetration, and hence the extent of crush 
depth, is a function of the amount of impact 
energy absorbed during penetration of the 
protuberance.  Thus, as the diameter of the 
protuberance increases, the limiter crush 
depth decreases to a value corresponding to 
that for impact with a plane surface.   The 
difference between the crush depth for very 
small and for very large diameter protuber- 
ances is equal to the protuberance height. 
The maximum available crush depth denoted 

9MX. ACCEL. 

CRUSH 
«PIM. m. 

Fig. 8 - Effect of protuberance cone angle on 
impact characteristics   (Protuberance 
height = 9 in.; impact velocity = 146 fps) 

protuberance begins to resemble a planar «ir- 
face at a cone angle of approximately 120°. 
At 120° the peak acceleration is a minimum 
and the crush depth, only slightly affected at 
lower angles, is definitely influenced by cone 
angle changes.  The acceleration for impacts 
on a 180° cone is analytically identical to that 
for cone angles approaching 0°, since both are 
essentially plane surfaces.  However, as the 
shape of the cone approaches a flat plate, 
penetration of the protuberance into the lim- 
iter decreases until at a cone angle of 180°, 
the crush depth is exactly 9 inches (protuber- 
ance height) less than that which occurs at 
very small cone angles.   The results from 
experimental impact tests on 40° and 100° 
conical protuberances at approximately the 
same impact conditions are shown to agree 
favorably with the analytical results. 

As shown in Figs. 7 and 8, as would be 
expected, the maximum impact accelerations 
are greatest when the protuberance, 
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rcprilMs of dope, si*«* the appevaaee of a 
pliaar aurface; tint is, Ctther «ten the pratn- 
beraaee Is small la cross secttoo aad tins 
^Mortw a aegligible ataoont of lavact ^tei^y 
or «hen the protuberance itself presents a 
planar surface to the InipaffiHg body.  How- 
ever, from the sfcnitKiiHt of limiter crush 
depth, the most severe protuberance is one 
«faich has a small cross section regardless of 
slope.  Hence, in the design of a limiter for a 
hard lander to accommodate protuberances, it 
is apparent that height is the critical protuber- 
ance dimension. 

.application of Analysis to Limiter Design 

Having established that the analysis is 
capable of predicting with reasonable accuracy 
the response behavior of a hard landing con- 
figuration during imparc with specified protu- 
berances, the anatyUcal technique «as used to 
study the interüependent effects c£ protuber- 
ance height, limiter thickness, and impact 
velocity on limiter design.   For prrposvs of 
this study, the payload was assumed to be a 
2-foot-diameter sphere weighing 300 pounds, 
and the impact limiter to be of balsa wood 
having a density of 6.5 Ib/ft^ and a crushing 
strength 1232 lb/in2 parallel to the grain.  The 
protuberance selected was a cylinder, 1 inch 
in diameter, which would imply, from the 
previous analytical results, a severe impact 
which requires a limiter design that is appro- 
priate to any protuberance shape. 

Figure 9 presents the thickness of balsa 
wood limiter necessary to protect the payload 

I. in. 

h. in. 

doling impact at 150 fps with proiuberances 
ranging in height up to 30 inches.  Smtlar 
curves can be derived from the analysis for 
other velocities, paykwds, and limiter mate- 
rials.  At limiter thicknesses less than those 
described fay the thickness (t) curve, the l«-i*a 
'Tnttoms out" and the payload itself effective. ■ 
strike a rigid target which results in greatly 
increased accelerations and possible damage 
to the payload structure.  Also included on the 
figure is a curve which represents the sum of 
the protuberance height, h, and the limiter 
thickness, t^, required for a planar impact.  A 
comparison of the two cmves indicates that a 
limiter thickness in excess of the protuberance 
height is necessary to provide for the increase 
in kinetic energy of the impacting body result- 
ing from the larger body mmss. 

Figure 10 shows i'm thickness of limiter 
material required to protect the payload as a 
function of the velocity at impact on a protu- 
berance of fixed height.   The protuberance 
height selected for this figure is approximately 
10 inches, however, similar curves can be 
developed from the analysis for other heights 
as well as other payloads and limiter mate- 
rials.   Hie figure shows that, as expected, the 
greater the impact velocity, the more limiter 
material is required to absorb the increased 
energy of the impacting system.  A hard 
lander with an omnidirectional limiter, such as 
the one under consideration here, suffers a 
severe mass penalty, particularly at the 
higher impact velocities, since limiter mate- 
rial must be applied over the entire spherical 
surface.   For example, at 100 fps, the weight 
of the limiter for the hard lander is approxi- 
mately 37C lb; whereas at 250 fps, the weight 
of thi required limiter is 1100 lb. 

I. in. 

10- 

PAVL0AD: 

WT. . 300 lb 

DIA * 24 in. 

100 150 200 250 

V, fps 

Fig. 9 - Effect of protuberance height on 
limiter thickness Fig. 10 - Effect of impact velocity on 

limiter thickness 
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The effect of protuberance height on the 
allowable impact velocity of a fixed configura- 
tion dejsigr is illustrated in Fig. 11.  Hie 
impact Uffliter for the fixed ccnfiguration was 
based upun an impact velocity of 150 fps and % 
protuberance height of nearly 10 inches which 
described an overall configuration 64.8 inches 
in diameter weighing 809 pounds.   The curve 
of thif figure w.xs obtained by computing the 
maximum impact velocity for which the limiter 
of the design configuration affords protection 
to the payload against protuberances ranging in 
height up to approximately 16 inches.  Thus, 
in effect, any point on this curve would design 
the same hard lander configuration.  For 
combinations of impact velocity and protuber- 
ance height which fall below the curve, the 
payioad is provided with ample protection: for 
those combinations which fall above, insuffi- 
cient limiter is available and the payload 
"bottoms out" and effectively impacts a rigid 
target.  The figure shows that, as expected. 

v. rp 

loo 

J. 
/   OT-MOIb 

/0\    i>M-24«1 

f^N. V i \m- -|-2a«ii>. 

1                       \ 

^ 

h 

\ 

LANOER, 

-OWRAU: 

WT. .an» 

I OCSICN CCNDiriONS -/ 

DIA'Mlia 

5 10 
(1. in. 

15 20 

Fig. 11 - Effect of protuberance height on 
impact velocity for fixed hard lander 
design 

for protuberances higher than that for which 
the hard lander is designed, the impact 
velocity must be reduced for the payload to 
survive; and similarly, if the impact velocity 
Is higher than the design velocity, the limiter 
will only provide adequate protection for pro- 
tuberances shorter than those for which the 
configuration was designed.   It would appear 
that in a hard lander application, curves 
similar to that of Fig. 11 would be useful in 
assessing the probability of a successful land- 
ing on a surface of unknown protuberance 
sizes for missions where some control is 
provided over the impact velocity. 

CONCLUDING REMARKS 

The result« from cnperliwiatal Impact 
teats demonstrated the capabUUy of an analy- 
sis for planar impacts, eatended to include 
protuberances, to describe the tmpact behavior 
of hard landing payloads on various protuber- 
ances.  The analytieal expressions predict with 
good accuracy both the accelerations seised by 
the payload and the extent of llmiter crush 
during impact.  The application of the analysis 
to limiter design indicates that limiter thick- 
ness and mass penalties are associated with 
an increase in. either protuberance height or 
impact velocity. 
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DISCUSSION 

Mr. Hughes (Naval Weapons Evaluation 
Facility):   I wonder if you can come up with a 
rule of thumb for the optimum design of year 
balsa wood impacting stiere ? I noticed that 
you had some dips.  You could have combined 
the last two sides and come up with an optimum 
diameter and an optimum length required to 
reduce the number of g's. Have you done this? 

Mr. McCarty; You are speaking primarily 
with respect to protuberance height, are you 
not? 

Mr. Hughes; Hei^it and diameter of the 
sphere. 

Mr. McCarty; Of course, the mo    -iritical 
protuberance, & * you saw on the slide, *ould be 
a needle, although this may not be very realistic 
in practice.  Not knowing the impact velocity or 
what the limiter material is going to be, it is 

rather difficult to come up with a rule of thumb 
that would tel! you how much limiter material 
is required to protect the payload for that 
protuberance. 

Mr. Hughes: I just happened to notice that 
on the third from the last slide you had a 
marked dip.  In that case, the diameter of the 
protuberance was about one-half the dianu'ter 
of the impacting sphere. 

Mr. McCarty;  About one-third. I might 
also point out that in the case of conical pro- 
tuberances, where we varied the included angle 
of the cone, we had a similar dip.  You begin by 
absorbing energy for a real small cone and 
then, as the cone angle increases, the amount 
of energy being absorbed in penetration in- 
creases.  It began to resemble a plane impact 
at an included angle of about 120°. 
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IMPACT TESTS OF NUCLKAR FUEL 

MATRICES USING A VACUUM TUBE LAUNCHER 

H. W.  Nunez 
Sandia Laboratories 

Albuquerque, New Mexico 

This paper discusses a Va-uum Tube Launcher (VTL) and its operation. 
The VTL uses the small difference between atmospheric pressure and a 
vacuum as the force to propel a piston through a tube.   The interesting 
features of the work described are the radioactive nuclear fuel being 
tested and the precautions necessary to handle the fuel.   The method of 
obtaining the required impact conditions is discussed as are the calibra- 
tion shots used to determine the functional parameters of the VTL and 
to verify the attitude of the nuclear fuel puck at impact. 

INTRODUCTION 

As part of a test program aimed at study- 
ing the safety aspects of nuclear-powered fuel 
devices when impacted onto a hard surface, 
Sandia Laboratories received a request to per- 
form a series of tests to subject both simulated 
and live fuel matrices to a shock environment 
representative of impact after reentry.   The 
live fuel matrices contained 239 Pu02 (approxi- 
mately 2 to 6 curies) compressed into the form 
of a disc about 1. 5 inches in diameter and 0. 5 
inch thick.   Because of its size and shape, it 
was referred to as a fuel puck.   Due to the radi- 
ation hazard of the nuclear material, and be- 
cause all pieces of the material had to be 
recovered for analysis after impact, it was 
essential that the fuel pucks be enclosed in 
thick-walled steel containers.   This assembly 
was referred to as a fuel capsule. 

These fuel capsules were fabricated by 
the Los Alamos Scientific Laboratories (LASL) 
and by Battel. e Memorial Institute (BMI).    The 
simulated fuel pucks (fabricated by the same 
agencies) were similar to the live pucks in size 
and shape but were made of a compressed 
ceramic material. 

Requirements of the test were to develop 
impact velocities of the fuel puck relative to 
its container ranging from 100 to 150 feet per 
second and to have the container essentially at 
rest (zero velocity) when the impact of the fuel 
puck occurred.    The fuel puck was to be held 

flat against the inside upper surface of the con- 
tainer during travel and then to impact flat 
against the inside lower surface.   No adhesive 
or restraining device could be used to hold the 
puck in position. 

Another important requirement of the 
test, from the standpoint of »afety, was tnat 
the fuel capsule impact area be in an enclosed 
chamber so that in the event a capsule did rup- 
ture and expose the radioactive fuel material, 
this material could be trapped by an absolute 
filter system.    These requirements indicated 
that a Sandia Laboratories test facility called 
a Vacuum Tube Launcher (VTL) could be used. 

VACUUM TUBE LAUNCHER THEORY 

In principle, a vacuum launcher is ex- 
tremely simple and not very costly.    Figure 1 
shows the essential parts of a typical system. 
A long tube is sealed at the ends by a close- 
fitting piston and a diaphragm or an impact 
block.   Since flexible nylon flanges can be used 
to seal the ends of the piston, the tolerances on 
the inside of the tube are not critical.   The 
piston is held by some form of restraint and 
the pressure on the interior o/ the tube is re- 
duced by means of a vacuum pump. 

When a predetermined differential be- 
tween interior pressure and atmospheric pres- 
sure is reached, the restraint is removed and 
the atmospheric pressure accelerates the pis- 
ton through the tube.   A reservoir opening 
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into UK- tub« f-'tvivvs tho air bt.'inn eompressoti 
ahi.-ad of tiio jiistoii.     The sizo of the rosürvoir 
can IK- Un'yt! enoui-h tt> ensure that the piston 
dous not lii'd'l.n-ate as it pushes the air ahead 
of it in the tube, or its size may be selected 
so that the piston will slow down prior to im- 
pact.    The pislon may be allowed to break 
throuyh the diaphragm and go into free flight, 
or it may impact against a block used to seal 
ihe end of the tube. 

Restraint 

Diaphragm 
or impact 
surface 

Atmospheric 
pressure 

Piston with 
"sealing flanges 

Launcher tube 

To vacuum pump 

The object being tested may he mounted 
to or inside the piston or may be on the impact 
block and be hit by the piston. 

Impact velocities in the VTL are func- 
tions of the weight of the piston, the length and 
diameter of the tube, the differential pressure, 
the reservoir volume, and the friction between 
the piston and the tube wail. 

The mathematical analysis of a V TL is 
presented below. While the general analysis 
appears rather complicated, for a given VTL 
setup it is reducible to a fairly simple state- 
ment that lends itself readily to nomographic 
solution. A computer solution has also been 
programmed. 

MATHEMATICAL ANALYSIS OF VACUUM 
TUBE LAUNCHER 

The analysis of a vacuum system sn.ch as 
the VTL Is very similar to that of a high pres- 
sure open-end air gun with the following exczp- 
tions: 

1. In an open-end air gun, the 
high pressure behind the pro- 
jectile is decreasing and the 
pressure ahead of the projec- 
tile remains atmospheric: 
while in a vacuum system, 
assuming no flow restric- 
tions, the pressure behind 
the projectile remains the 
same (usually atmospheric) 
and the pressure ahead of the 
projectile is increasing. 

2. In an air gun, the volume 
behind the projectile is in- 
creasing and the volume 
ahead of the projectile is 
infinite; while in a vacuum 
system, the volume behind 
the projectile remains infi- 
nite and the volume ahead of 
the projectile is decreasing. 

Figure 2 is a simplified diagram of a 
general vacuum system showing the piston in 
its initial condition and the condition after pis- 
ton release.   If the air ahead of the piston is 
assumed to be an ideal gas compressing isen- 
tropically, then 

Atmospheric pressure PV^ 
o  o 

P Vk 

X   X 

Fig,   1 - Diagram of a typical vacuum launcher 
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W • Mai weight of piston »iirbtf 
6 ■ «ngle tube makes wi0> vertical 
L ■ *obl length ol tr«el in tube 

Pe' external pressure (atmospheric) driving piston 
A ■ piston area 
k • specific heal ratio for gas in lube, ■ cptey ■ L 4 for air 

v0 • initial piston velocity 
Vx ■ piston velocity after piston travels x distance 
P0 • initial internal pressure in tube 
Px ■ internal pressure after piston travels x distance 
V0 ■ Initial volume of tube (ano reservoir) 
Vx * volume of tube (and reservoir) after piston travels x distance 
AP • initial pressure differential ■ P« - PQ 

f ■ total frictional force on tube 
x, x. V - distance, velocity, and acceleration of piston at any time 

rr = P A - p A + w cos e - f' — *x -     (3) 
ex g 

Assume that the tube is vertical (cos 9=1) 
and let the f ricUonai force equal the piston 
weight.   Then: 

W = f 

ana Eq. (3) becomes 

W . 
P A - P A = —x 

e x g 
(4) 

Substituting the value of Px from Eq. (2) into 
Eq, (4): 

P A - AP vNv   - Ax)"k ' — x .       (5) 
e o  o    o g 

Poic the purpose of integration, introduce a 
dummy variable: 

Fig. 2 - Diagram of a general vacuum system 

y = x 

PV* 
3       - 0     0 

X yk 
X 

(1) 
Then: 

= x=-^x=^ 
dx        dx" 

Also 

Therefore, Eq, (5) becomes 

V   = V   - Ax . 
X          0 

Therefore: 

PV* 
P   =         0  0 

X     (V   - Ax)k 

0 

(2) 

P Adx - AP vNv   - Ax)'kdx = ~ydy . 
0   0      0 

Then, by integration: 

V* 
P A+-°-Z{v   - Ax)1'1^ /-y2

+C .    (6) 
e 1 - K    o 2g'' 

Summing the forces acting on the piston at any 
given time: But initially when x(o) = 0, y(o) = v 
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1   -  r.        ii ill    O 

V Vk(V  )'   k     .. 

: - k 

''^o       VV 

Jii   c 

1 - k      Js;   o 
(7) 

Now substituiint! the value of C from Kq.  (7) 
into Kq.  (ti) and also replacing the dummy vari- 
ablt- v with x: 

which indicates that for a given VTL setup, the 
velocity is a function of only four variables: 

V.' = the piston weight 

X = the length of travel in 
the tube 

P0 - initial pressure in the 
tube 

4.        Pe ~ atmosi aerie pressure, 
which for practical oar- 
poses can be assumed 
constant for a particu- 
lar location. 

Letting 

P V . . 
r.     . O    O    ... .     .1-K P Ax ♦ -—- (V    - Ax) 

e 1 - k      o 

AP = P   - P     or    P   = P   - AP (10) 
e       o o       e 

F V Wf .2        o  o     JYV    2 
3g X    *   1 - k "  2g vo ' 

P Ax + e 

P Vk<V   - Ax»1  k - P V 
o  o    o o  o 

1 - k 

and substituting this value of P0 into Bq. (9) 

= {^[PeAx + (Pe-.\P){R5]j (11) 

where 

W..2       2 
2g o R = I -k (-r- 

or 

P V 
PAx + T^ 

e 1 - k 

W /. 2       2\ 
=  2ilX    " Vo) 

(-C- 
(8) 

Rearranging Eq, (11) and solving for AP, 
the differential pressure required to achieve a 
given velocity. 

\P = 

Wx P R + P Ax - ■^- 
e e 2g 

(12) 

If the initial velocity \Q - 0, then the 
square of the piston velocity at any instant in 
the tube is 

,1 P  V o  o 
*2 = ll iP Ax +   ,      , W j  e 1 - k (-r (9) 

The maximum piston velocity, Vm, pos- 
sible in any given test setup is: 

lw[PeAL + (Pe- AP)(R)]| (13) 

where L is the length of the launcher section of 
the tube and \P g one atmosphere. 
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Ulis empirical solution has been devel- 
oped using the assumption that the ffictional 
force between the piston and the tube is equal 
to the weight of the piston.   This implies that 
the piston will not slide down a vertical tube 
under its own weight.   The correct value erf 
thic frictlonal force and all other losses should 
be determined experimentally for any given 
tesi setup. 

VACUUM TUBE LAUNCHER DESCRIPTION 

Figure 3 is an overall view rf the VTL 
as it was set up for the impact tests of the fuel 
pucks.   The VTL consisted of three sections of 
steel tube, each 9 in. ODxSin. ID x 200 in. 
long, with Hanges at each end.   The three sec- 
tions can be bolted together in line to form a 
continuous tube 50 feet long with u separate 

Supporting cable 

Fig,  3 - Vacuum tube launcher (VTL) setup for impact tests of fuel pucks 
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reservoir [jrovided.    However, in this case, 
by usinti a transition section, one length of 
tulh* was used vertically as tht* launcher tube 
and the other two sections were used horizon- 
tally as the reservoir,    n vacuum purnp waa 
attached tc the tube, and a differential-type 
pressure cell was used to monitor the differ- 
ence between atmospheric pressure p.nd the 
pressure inside the tube. 

Three wires were inserted through tue 
wall of the launcher tube at known distances 
apart.   As the leading edge of the piston passed 
these wires, they were bent down against the 
tube wall completing a circuit and causing a 
voltage change which was recorded on a tape 
recorder.   This permitted the calculation of 
the piston velocity just prior to impact. 

The piston was held in the upper portion 
of the tube by a cable loop between the piston 
and the supporting cable.   When the desired 
differential pressure was reached, this cable 
was cut by means of an explosive cable cutter 
fired from a remote location.   The piston then 
accelerated down the tube to the impact cham- 
ber. 

PISTON DESCRIPTION 

Figure 4 shews a typical VTL piston 
used during calibration tests.   A typical piston 
and capsule containing a fuel puck are shown 
in Figure S.   The pistons consisted of foam 
cylinders (approximately 6 lb/ft3 density) fit- 
ted at the top and bottom with nylon flanges. 
These flanges were slightly larger than the ID 

Restraining cable loop 

Nylon sealing flange - top and bottom 

Fig, 4 - l^pical piston used during calibration tests 
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of the launcher tube and formed a seal around 
the Inside.   Cover plates and tie-rods held the 
assembly together.   The fuel capsule was 
bolted to the bottom cover plate. 

The main purpose of the foam was to pro- 
vide a piston of minimum weight to load the 
capsule during impact and to hold the sealing 
flanges apcrt a distance approximately 1. 5 
times the tube ID.   The foam was usually 
crushed during impact. 

Fig. 5 - Typical piston and fuel capsule 

CAPSULE DESCRIPTION 

Figure 6 is a diagram of a typical fuel 
capsule containing a fuel puck.   After the fuel 
puck was placed in the container, the plug was 
screwed in place and the cap welded in.   This 
assembly was done either at LASL or BML 
At the time of assembly of the fuel capsules, 
several empty containers were also fabricated 
to be used as proof-test containers prior to 
impacting the live fuel capsules.   Also during 
fabrication, live fuel pucks were placed in 
some of the containers, and simulated fuel 
pucks were placed in others.   All of these cap- 
sules were fabricated at the same time and 
under exactly the same conditions.   Each cap- 
sule weighed approximately 13 pounds. 

-3. 0ÜO l)iatnel«r »f   u, TSO 

-4. 500 l>iair.«ter  

Fig. 6 - Diagram of typical fuel capsule 

Tlie proof-test containers were impacted 
at approximately 155 feet per second, the max- 
imum velocity obtainable on the VTL; whereas 
the containers with live or simulated fuel 
pucks were impacted at either IOC or 125 feet 
per second velocity.   All of the fuel capsules 
were returned to either LASL or BMI for 
opening and analysis. 

Figure 7 shows a special slotted contain- 
er used during the calibration shots of the 
VTL.   This container was the same size as 
the LASL and BMI containers, but It had sev- 
eral cutouts in the side walls to permit photo- 
graphing a dummy fuel puck during the tests. 
A plywood disc served as a dummy fuel puck. 
Additional weight was added to the piston to 
compensate for the difference in weight of the 
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Note:  Top of container 
has been removed. 

Fig. 7 - Slotted comainer used 
with dummy puck 

two capsules (see Figure 4). A typical piston 
and fuel capsule weighed approximately 18. 75 
pounds and was approximately 16 inches long. 

IMPACT CHAMBER 

In order to provide photographic verifi- 
cation of the fuel puck behavior during impact, 
a special chamber was designed for use in con- 
junction with the slotted fuel capsule and dum- 
my fuel puck just described.   Three of the 
walls of this chamber were of 1-1/2-inch thick 
plexiglass, and the fourth wall formed the 
opening to the transition section between the 
launcher tube and the reservoir.   The bottom 
of the impact chamber was a 2-inch thick steel 
plate bolted to a heavy concrete block.   The 
bottom flange of the launcher tube was bolted 
to this plate.   This impact chamber is shown 
in Figures 8 and 9. 

The lead cones shown in these two photos 
were selected as the impact medium for the 
piston assembly.   Previously, considerable 
work has been done at Sandia on the deflection 
and energy-absorbing properties of these lead 
cones.   Computations indicated that if the fuel 
capsule could Impact on seven cones arranged 
as shown in Figure 9, the flow of the lead dur- 
ing deformation would cause the capsule and 
piston to decelerate and come to a stop in about 
1 inch and then begin to rebound.   The impact 
chamber was designed so that its height would 

permit the slotted calibration container to 
come into view during the impact, but the con- 
tainer would be stopped and rebound would 
begin before the lower flange had left the tube. 

An important safety requirement for the 
test was that the pressure in the impact cham- 
ber during and immediately after the test had 
to be less than atmospheric to prevent any 
leakage of radioactive material.   The vacuum 
pump used to evacuate the launcher prior to 
the test also had to be off and the valve closed. 
B was then necessary to provide a controlled 
leakage from the launcher past the piston, 
through the reservoir, and through an absolute 
filtering system. 

To do this, the end of the reservoir sec- 
tion of tube was fitted with a spring-loaded 
flap valve and a length of 6-inch diameter flex- 
ible hose that led through an absolute filter 
(99. 97 percent retention of 0. 3 micron parti- 
cles) to a filter pump.   The flap valve was held 
closed by pressure close to atmospheric before 
before and during a shot.   After a shot, as the 
pressure rose on the reservoir side of the 
flap valve, the spring opened the valve, and 
the filter pump pulled the air from the tube 
past the piston, through the reservoir into and 
through the filter.   A dlagrem of this flap 
valve and filter section is shown in Figure 10, 
Personnel experienced in radiation monitoring 
examined this filter and the entire setup after 
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Launcher lube 

Steel impact plate bolted 
to concrete block 

Seven lead 
impact cones 

Plexiglass front 
to impact chamber 

Fig.  8 - View of the VTL impact chamber 
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i~ Steel plate 

Plexiglass 

Fig. 9 - View of opened impact chamber 

Reservoir section 

\ 
.....j jjjij ij J J JJ 

Flap valve 

Spring 

/ 
Flexible hose 

Fig.  10 - Diagram of spring-loaded flap valve and 
absolute filter a*, end of reservoir section 
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each teat of a live fuel capsule to determine if 
any radioactive material bad escaped from the 
capsule. 

FACILITY CHECKOUT 

The initial checkout of the VTL facility 
was made using the standard piston assembly 
fitted with the slotted fuel container and the 
dummy puck.   Several shots were made at dif- 
ferent differential pressures to establish a 
correlation between theoretical velocity and 
actual velocity; L e., to determine a value for 
friction and other losses in the tube.   At the 
name time, high-speed motion pictures were 
made to study the behavior of the dummy puck. 
These films indicated that the puck behaved 
exactly as predicted. 

During transit down the tube, the puck 
was forced against the inside upper surface of 
the container.   As the container crushed the 
lead cones, it was brought to a stop.   During 
the short period of time that the container was 
at rest and before rebound started, the puck 
impacted against the inside bottom surface of 
the container.   The velocity of the fuel puck at 
this point was the same as the velocity of the 
container before it hit the cones. 

The calibration shots indicated that at the 
maximum differential pressure possible with 
this setup (approximately 11. 5 psi), the meas- 
ured velocity (155 fps) was about 89 percent of 
the theoretical velocity.   At lower differential 
pressures (approximately 7. 0 psi), the meas- 
ured velocity (98 fps) was about 80 percent of 
the calculated velocity.   By using Eq. (12) to 
determine the theoretical differential pressure 
for a given velocity and "correcting" that pres- 
sure by the "friction factor" appropriate to the 
velocity range, it was possible, in the later 
shots, to achieve velocities within 2 percent of 
the desired values. 

Hie use of streak camera techniques 
also played an important part in the checkout 
of the VTL facility.   Figure 11 is an enlarge- 
ment of a portion of the streak camera film 
taken during one of the calibration shots.   This 
picture shows the entry into the field of view of 
the fuel container and the dummy puck.   The 
impact of the container onto the lead cones and 
the impact of the puck onto the inside bottom 
surface of the container are also shown.   Fig- 
ure 12 is a diagram explaining the various 
features shown in Figure 11. 

The streak camera was used as a backup 
system of piston velocity measurement on all 
tests.   This camera and the high-speed motion 
picture camera were excellent tools for study- 
ing the impact of the fuel pucks. 

TEST "iTSULTS 

A total of 18 shots were made in the Vac- 
uum Tube Launcher (VTL) for this test. 
Seven of these were calibration shots to deter- 
mine parameters of the VTL and to define the 
impact medium necessary to assure the re- 
quired impact conditions.    Five of these cali- 
bration shots used the slotted container and a 
plywood puck.   One calibration shot used the 
slotted container and p. ceramic puck.    (This 
test was run to provide photographic documen- 
tation of the breakup of a fuel puck.)  The final 
calibration shot was made using an empty 
welded container and was shot to achieve max- 
imum impact velocity. 

Of the other 11 shots, seven were fired 
to proof-test either an empty container or a 
container with a simulated fuel puck, and four 
were fired with live fuel pucks. 

None of the containers showed any signs 
of damage after testing.    There was no escape 
of radioactive material from a container.   Re- 
ports from LASL and BMI indicated that the 
fuel pucks impacted as desired and broke up 
in an anticipated manner. 
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Fig.   11 - Enlargement of portion of film from streak camera 

»Kntry of bottom ed^e of container into field of view. 
BKntrv of bottom inside surface of container 

_ü. 75-inch thickness of bottom of container 
Kntrv of bottom surface of l/2-inch plywood puck 

.1. 00-inch open space between bottom of pucit and inside of container 

—Kntry of top surface of puck and upper inside surface of container 

^1/2-inch thickness of plywood puck 

^1. 50 inch between inside top and bottom surfaces of container 
- Upper inside surface of container 

f_Pui:K rebound to impact 
upper surface of container 

_Puck impacts against lower surface of container and begins to rebound 

-V.aximum crush of cones - container rnomei'tarily at rest 

_, Container hits cones - they begin to crush 
Top surface of lead rone 

Fig.   12 - Diagram explaining features shown in Figure 11 
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DEVELOPMENT OF 100,000 g TEST FACILITY 

Robert L. Bell 
Endevco 

Pasadena, California 

A mechanical amplifier was built to produce high 
accelerations - on the order of 100,000 g - for 
survival testing of accelerometers. Theoretical 
calculations underlying the des:gn of the facil- 
ity are included. Data and results of the 
actual testing show reasonable agreement between 
experiment and theory. Absolute calibration of 
the apparatus has not been undertaken as yet. 
Accelerometers calibrated by the comparison 
technique at low g's have been used to indicate 
the output. These devices have indicated accel- 
erations in excess of 100,000 g can be generated 
by the shock bar. 

INTRODUCTION 

Modern technology has created a need to 
monitor high levels of acceleration. In gen- 
eral, the highest accelerations are produced in 
shock environments. The aerospace industry with 
pyrotechnic explosions can and does produce ac- 
celeration pulses and ringing w'th a l-lO^sec 
rise time and peak amplitudes over 50,000 g. 
Because of the great expense of these activities, 
mentoring systems must be tested to assure re- 
liability in survival and measurement in this 
environment. For this reason a feasibility 
study was begun in 1968 which has culminated in 
the creation of a test facility capable of gen- 
erating in excess of 100,000 g. 

The choices available for development 
would seem to fall mainly into the category of 
cannon devices. A slingshot shock machine has 
been used to accelerate a projectile to high 
velocity. The projectile then impacts a 
specially designed impact anvil and can produce 
accelerations greater than 20,000 g (I). 
Another group has an air gun facility which 
works in the same fashion as the slingshot gun, 
but which generates higher velocities and hence 
higher acceleration levels, up to 100,000 g (2). 
In yet another scheme, an electromagnetic field 
is used to propel a projectile. One problem 
with all these techniques is the high velocities 
attained. High pressures, large electrical 
currents, and dangers from explosions are also 
possible hazards to technicians. Space limita- 
tions and lack of noise isolation facilities at 
Endevco make an alternate technique attractive. 

One approach had not been tried. Mechani- 
cal amplification of a stress wave traveling 
through a shock bar would allow low impact 
velocities to produce high accelerations. A 
shock bar would have the advantages of 1) no 
explosive potential; 2) low impact velocities; 
3) a length sufficient to prevent ringing to 
interfere with the impact pulse.  It was decid- 
ed to attempt to build a shock bar with an inte- 
grable amplifier section to give an amplifica- 
tion of sixteen.  If an impact of 10,000 g could 
be obtained, then a peak acceleration of 160,000 
would result. 

DESIGN OF THE FACILITY 

The Appendix presents the theoretical argu- 
ment basic to the mechanical amplifier. A model 
of the shock bar to be proposed was needed to 
experimentally support the theoretical argu- 
ments. An exponentially tapered aluminum bar 
2 in.long was fabricated.  It was attached by 
means of a IA-28 threaded bolt to another alu- 
minum bar 7in. long. An accelerometer, ENDEVCO" 
Model 2225, was mounted on the small end of the 
amplifier section. A 2in. diameter steel ball 
was dropped from a height of three feet. The 
average acceleration measured was 17,000 g for 
four drops. Next, the amplifier section was re- 
moved and the accelerometer mounted directly on 
the end of the aluminum bar. The average re- 
corded acceleration level was 8,800 g. 

Theoretically, the model amplifier should 
have produced an amplification of four.  Howevei; 
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the contact between the alumini,^ bar and the 
amplifier was less than perfect. Mismatches in 
artas and roughness of both mating surfaces 
could hav~ caused considerable reflection and 
the apparent loss in amplification. Noting the 
probable causes for the failure of the model to 
attain better than  a" amplification of two, the 
shock bar design was begun. 

Several assumptions were made concerning 
the impact <.nd stress wave. From the Hopk'nson 
bar tests v.e  found the impact ball does not re- 
bound to a frst approximation.  If we also as- 
sume that no inelastic deformations take place, 
then it follows that the entire energv of the 
impact must be traveling through the shock bar 
in the foTn of a stress wave, For reasons of 
f :iriplicity ana from experimental data, it was 
assumed that the impact would produce a half- 
sine compression wave. It was important that 
the impact would produce sufficient accelera- 
tion to allow the bar to reach 100,000 g. 
Therefore, a theoretical calculation was needed 
to hel,- specify the parameters, e.g., material 
for shock bar and impact ball,needed impact ve- 
locity, cross sectional area of bar, and mass of 
the ball. Using the assumptions above and the 
conservation of energy and momentum, the appro- 
priate differential equations can be solved. 

V 

T 

e 

Y 

w 

c 

A 

m 

P 

1 
P 

U 

energy associated w th the 
stress wave 

volume 

stress 

strain 

Young's modulus 

characteristic frequency of 
sinusoidal stress wave 

wave propagation velocity 

cross sectional area of 
shock bar 

mass of impact bait 

momentum of stress wave 

mass density of shoe1, bar 

impact velocity of the ball 

t  =  pulse duration 

The energy density of a stress wave is: 

Te , , , (1) 

Since the stress wave has a sinusoidal 
shape and T = Ye, we have 

-H = Ye 2 sin2 
d V     o if) ■   (!) 

/".'"•'(fy I     ■=     |Y«_*- Sin'/wg\dV     ...   .(3) 

The area is constant so that dy = Adx 

w  sin2A«\dx , . (k) ?)' 
c   VAe 2c 
c =   o H .(5) 

The energy of the stress wave must equal 
the energy of the impact ball. 

2 

1/2 mu0
2 - 1.57 YAe0 C  , , . .(6) 

2      2 
o     o 
w   (J.l'OYAc, 

. . . .(7) 

Stress 

Time 

Fig, I - Compression Wave 

The momentum density of a stress wave is: 

dV 
1 du 

' Tt . . . .(8) 

Since e = I du we have with Eq. (8) 
c dt 

= p ce 

"/ 
p'cedV 

• • • .(9) 

.' ,'. .(10) 

a ö  
w  sin^dx.O.) 

P = 2p!Ac2 e„ . • .(12) 

The momentum of the impact ball must be 
equal to the momentum in Equation (12), 

mu_ 2p,Ac2e/, .(13) 
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. ("0 

Equations (13) and (14) can be solved to 
give e and w. 

o 

o    o 
(l.57)c 

w = 2p1Ac 

t   = (2M)m 

P'AC 

The maximum acceleration is a 

p Au c 

.  (IS) 

wee 

(1.22) m 
•  •  (16) 

Acceleration doubling takes place at the 
end of the bar, hence 

"max °  C-aQpy 
•  •  •  (17) 

Equation (I?) will then give the peak ac- 
celeration expected whenever the initial assump- 
tions are satisfied and the properties of the 
materials, impact velocity, and impact ball mass 
are known. The validity of this equation was 
tested by applying it to a 12 foot, 3/V' dia- 
meter Hopkinson bar. The measured and known 
parameters are: 

p' 

A 

= 8 gm/cnr 

= 2 cm2 

c = 5 X I05 cm/sec 

u = 200 cm/sec 

m  = 250 gtn 

From Equations (15) and (17), we have: 

t  = 77nsec 

e   = 10,000 g 
max     '   3 

These calculations are within 20% of the 
actual measured values. 

The final design of the shock bar incor- 
porated the following choices: 

p =8 gm/cm 

A = 2.85 X I02 cm2 

c = 5 X I05 cm/sec 

u. = 200 cm/sec 

m  = 120 lbs. = 5M  X to'' gns 

From Equations (15) and (17) again we have: 

t  = UOiisec 

e„v  = VAi'm/in max 

amax  = ,20009 

With an amplification factor of 16 the ac- 
celeration level at the small end of the shock 
bar should theoretically be 190,000 g. 

The actual construction of the shock bar 
was quite difficult. To keep the reflections 
small the entire bar was to be one piece. 8y 
choosing the smallest mounting area commensurate 
with our needs, we could arrive at the diameter 
for the final end of the amplifier section. 
This diameter would have to be multiplied by 10 
to achieve the necessary amplification. The 
small diameter was chosen to be 3A", meaning 
-the large diameter would have to be 12". 

The lengths of the sections of the  shock 
bar were also important. The large diameter 
must continue for a reasonable length to allow 
the stress wave to become fairly uniform. A 
long amplifier section was attractive because 
more length meant a lower cutoff frequency and 
lower cutoff frequency would put more energy in- 
to the small end where the tests would be con- 
ducted. At the small diameter end the longest 
length possible would give a more planar uniform 
stress front at the test interface. In general, 
then, it would appear that the longest bar would 
be the best. However, several structural rea- 
sons exist for keeping the individual and total 
dimensions smaller than would otherwise be ex- 
pected. If the test end were made too long, 
then bending strains could become very great in 
the horizontally hung bar. Also, if the amoli- 
fier section and/or impact section were very 
long, then the bar would weigh enough to make it 
unwieldly both to move and to adjust. 

Compromise lengths of 18 in., 2k  in., and 
30 in. were chosen for the impact, amplifier, 
and test sections respectively. The total 
length of 6 feet would give a ring freque> •_, of 
only \.lf  k Hz, if no reflections occur ar the 
interfaces between sections. The uninterncied 
pulse duration would bj twice the time it would 
take the wave to travel the length of the bar - 
approximately 600(ifec. This would be enough 
time to take the d«»ta of interest from the ini- 
tial Shock pulse. 

The end result of the above logic is a 
shock ba- with - diameter ranging from 12 in. to 
3A in., 6 feot Ic~g, and weighing approximately 
850 lbs. in its fi-u'shed form. See Figure 2. 
The rough shape of the bar was forged out of 
kikO  steel. In testing the forging for cracks 
with an ultrasonic transducer a large forge 
burst was found in the center. A new forging 
was made to slightly larger dimensions and was 
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Mrt  is 'j.^jtlu-tc i - . iN-n heat tri-aled to 
?JL'.GOJ PS: tvnsTt 4tr,n-,ih o; 53 Rockt-ell C 
Hard-tvs.  FoM «.^i»; Iht quenchl^q, tht- cart 
■..js a.;j: ■ a.i^j-!u»t;i. Thf -pact surface was 
then Ijpptij to .000/ f latiicis. The "■allc-t also 
wt-ft !f Kiqh t^t: hardi-f^inq and lapping process. 
!t ;. 'pjvi siiiiact- was hardened to 130,000 psi 
yitli itrcn^th ar--« ' ippeJ to .0003 t*dtness. 
Ore hole was drilled and tipped into the S'de of 
the lallet to accept a 1/2-20 bolt, i;hich wouid 
act as a pendulum am. 

Fig. 2 - 100,000 g Shock Bar 

The superstructure was built from standaid 
weldable pipes. The shock bar was hung by four 
steel cables with turnbuckles to allow adjust- 
ment of the alignment. A pendulum arm was at- 
tached to two pillow blocks which were in turn 
belted to the superstructure. At the rear of 
the superstructure a winch was placed to pull 
the mallet to its drop height. The release 
mechanism consisted of a Ball-lok' release pin 
and receptacle. 

The electronics consisted of a set of 
charge amplifiers, two band pass filters, a 
stral' gage power supply and ampüfier, a "memo" 
oscilloscope, and a photoelectric trigger cir- 
cuit. In general, two charge amplifiers were 
used to monitor the output from accelerometers 
mounted on the impact and vest errfs of the 
shock bar. Outputs from the accelerometers 
were amplified, filtered, and recorded on the 
menoscope. The photoelectric circuit triggered 
when the mallet cut off the light source from a 
detector. The strain gages were mounted two 
feet from the test end. Two strain gages were 
jsed; one mounted on top and the other below. 
Us^ng a full bridge circuit, the sensitivity was 
10  in./in. per 10 mV. The strain gages were 
mounted to the bar using high temperature cement 
so that the heat involved in testing accelero- 
m-'ters at temperature would not destroy the bond 
between strain gage and bar. 

SHOCK BAR TESTING 

Certain problems exist in measurine shock 
motion» of 100,000 g, not the least of which is 
keeping measuring devices in one piece. Another 
major problem is to keep the high 9, high fre- 
quency components of the acceleratioT wave from 
ringing the acceieraneter. Lastly, it  is dit- 
ficult to calibrate any measurement system to 
100,000 g. No absolute calibration is built in- 
to tht present fac Hty. Possible means of ab- 
solute calibration exist in the techniques of 
interferometry and ultra-high speed photography. 
These techniques are being contemplated for tests 
in the near future, but for now the only avail- 
able methods of calibration are to use calibrat- 
ed accelerometers and strain gages. Strain gage 
output must be differentiated and multiplied by 
the appropriate constants to give the output 
acceleration. 

The accelerometers used most in evaluation 
sf  the facility were ENDEVC0' preproduction 
prototypes. Model 2291, which had a resonance 
frequency of 250 k Hz and a designed dynamic 
r^nge from 1,000-100,000 9. The piezoelectric 
material used, PIEZITE- P-10, is identical to 
that used in the ENDEVCO" 2225M5 accelerometers 
i.hich have been teste-) linear to 100,000 g by 
SanHia Corporation. Several other types of ac- 
celerometers were useu, including 2225H5,S, 
27' I's, 2222b's and 2270's. The nature of the 
acceleration viave in «-he shock bar causes large 
amplitudes In bcti'» positive and negative direc- 
tions. The 2225H5 has and can successfully 
measure 100,000 9 shocks in the positive direc- 
tion, but failure in the negative direction 
occurs below $0,000 g when the mounting threads 
in the stainless steel case collapse. Also, the 
resonance frequency of 80 k Hz and minor 
resonance at M) k Hz present problems in work- 
ing with the short pulse duration. Each of the 
other accelerometers mentioned failed for lack 
of high resonant frequency and/or strength. 

The 2291 weighs only 1.3 gm and mounts in 
a \/U-2S  threaded hole. This small weight and 
large thread allows the unit to survive acceler- 
ation levels well in excess of 100,000 g in both 
positive and negative directions. Its sensiti- 
vity is nominally .003'+ pC/g. Calibration of 
this sensitivity was by comparison technique 
using the ENOEVCO" Shock Calibrator Model 2965C 
with drops from 1,000 g to 15,000 g. See 
Figure 3. 

It was hoped that the output of the 100,000 
g shock bar would be similar to the Hopkinson 
bar's, as shown in Figure U. The actual output 
is pictured in Figures 5 through 10. Note that 
there is a very predominant ringing at about 
5 k Hz in Figures 5 through 10. The shock bar 
had to be the source of the ringing. Other ac- 
celerometers, 2225 and 2220, were mounted on the 
100,000 g shock bar and they too recorded the 
same 5 k Hz ring. Apparently, the amplifier 
stction was not transmitting all of ths stress 
wave and reflections were taking place. vhe 
specific frequency involved could be associated 
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with several different path lengths. Large 
strips of butyl rubber were wrapped around the 
different sections and taped snugly. It was 
hoped the damping would be sufficient to de- 
crease the amplitude of the ringing but not af- 
fect the pulse to any great extent. No iraprove- 
rncnt was noted in the peak pulse amplitude to 
rino amplitude ratio. 

Fig. 3 - 2291 Acce?erometer 
Magnified 2.5 Times 

Fig. 5 - Low Level Shock Bar Output 
Vertical Scale: 33,000 g/div. 

(Test) 
«1,000 g/div. 
(Impact) 

Horizontal Scale: 200usec/div. 
Test: 33,000 g peak 
Impact: 2,200 g peak 

Fig. k -  Typical Hopkinson Bar Output 
Vertical Scale: 4,000 g/div. 
Horizontal Scale: 200nsec/div. 
9,400 g peak 

Fig. 6 - Moderate Level Shock Bar Output 
Vertical Scale: 60,000 g/div. 

(Test) 
4,000 g/div. 
(Impact) 

Horizontal Scale:  2Ü0usec/div. 
Test:  78,000 g peak 
Impact:  3,800 g peak 
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Fig. 7 - High Level Shock Bar Output 
Vertical Scale: 120,000 g/div. 

(Test) 
5.00C g/div. 
(Impact) 

Horizontal Scale:  I00iisec/div. 
iest: 102,000 g peak 
Impact: 6,500 g peak 

Fig. 9 - High Level Shock Bar Output 
Vertical Scale: 120,000 g/div. 

(Test) 
5,000 g/div. 
(Impact) 

Horizontal Scale: lOOi^sec/div. 
Test:  138,000 g peak 

Fig. 8 - High Level Shock Bar Output 
Vertical Scale: 120,000 g/div. 

(Test) 
5,000 g/div. 
(Impact) 

Horizontal Scale:  I00|isec/div. 
Test:  11'♦,000 g peak 

Fig. 10 - Frequency Content of Shock 
Bar Output 

Vertical Scale: Normalized to 
peak of unity 

Horizontal Scale: 5 k Hz/div. 
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The Measured pulse duration is 2i0n sec. 
There are sane distinguishing characteristics of 
the pulse shape« Large positive and negative 
accelerations have been measured by the impact 
and test accelerometerf. However, the test ac- 
celerometer shows an initial acceleration which 
is Smaller than that which appears in the impact 
accelerometer output, i.e., the ntio of the 
initial pulse amplitude to the peak pulse ampli- 
tude varies from an extreme of 85 per cent at 
the impact accelerometer to 20 per cent at the 
test accelerometer. The time lapse between ini- 
tiation of the impact and test outputs is 
SlO^sec. In a steel bar, the compression wave 
should travel with a velocity of about 5,800m/ 
sec, and, therefore, if the first output arises 
from a compression wave, then the time lapse 
should have been 3l5»>sec. This indicates that 
the first pulse is a compression wave, as would 
be expected. 

The ringing begins about 230iisec after the 
initial pulse begins in both the impact and test 
outputs. The characteristic length associated 
with this time interval is t'ikcm or 52.5 in. 
There is also a 16 k Hz ring superimposed en a 
5 k Hz ring. The 5 k Hz may be the major 
resonance of a section of the bar and the 16 k 
Hz may be a third harmonic which is being ex- 
cited by the impact. Unfortunately, none of the 
section lengths correspond exactly to the char- 
acteristic length. There are two possible ex- 
planations for this behavior. One is that the 
wave velocity is lower in some sections of the 
bar than in others. Another is for the reflect- 
ing surface to be located somewhere in the 
middle of a section. 

Alignment of the impact surfaces of the 
shock bar and mallet was very critical and has 
been a major problem. The original pendulum arm 
was not torsionally strong enough to limit os- 
cillations of the mallet after release. A re- 
design produced a much stronger arm which kept 
alignment for impacts producing less than 
40,000 g. Refinement and strengthening of the 
new arm still does not allow us to produce more 
than 50,000 g without a misalignment resulting 
from each impact. 

The amplitudes obtained to date have been 
lower than calculations predicted. The main 
reason for this was the decrease in impact ac- 
celeration level from increasing the mass of the 
impact mallet. Another major contributor to the 
lower Performance is the dispersion in the large 
diameter section of the shock bar. The highest 
acceleration level measured using the 2291 ac- 
celerometer was IW»,000 g. Most high drops, 
two feet, produce an output between 90»000 g and 
120,000 g depending upon the specific impact. 

A series of tests conducted at the 18 inch 
drop height produced a very repeatable output 
of 9^,000 g with a standard deviation of only 
±5 per cent. See Table I. 

Table I - A Series of 100,000 g Tests 
Using a 2291 Accelerometer 

Acceleration 

ilSfiact Tjst 

7,500 g 
8,000 g 
8,000 g 
8,500 g 
6,500 g 
7,500 g 
6,500 g 
7.000 g 
6,750 g 
6,000 g 

93,000 g 
90,000 g 
90,000 g 
95,000 g 
85,000 g 
110,000 g 
90,000 g 
90,000 g 
90,000 g 
105,000 g 

As soon as absolute methods of calibration 
are developed for this facility these findings 
Hill be verified more fully. 

APPENDIX 

The following discussion will establish a 
differential equation and solve it. Consider a 
solid horn with a cross sectional area A=A(x), 
Young's modulus Y, density p', pressure P=P(x), 
and displacement u=u(x). Assuming axial 
symmetry of the cross sectional area, the force 
density is: 

.2 

P   2  »f« 
dt' 

dP 
dx 

d u_ _l dP 

dt p' dx 

.(13) 

. • .(19) 

-^ X 

Fig. 11 - Solid, Tapered Horn 

The stress at any distance x from the end 
of the horn is Young's modulus times the strain. 

P(x) = Y d(Au) 
Adx 

• (20) 
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dP(x) Y d 
dx [f^] 

We will designate 11/2 as 

.(21) 

Using Equations(I8) and (20) and after much 
algebra, we get: 

p" d2u  Y dA du  ¥_ /iäY "» * 
dx " A2 [to) 

¥ dj* u   Y d2u 
A.2  +   ,1 2 dx       dx 

.(22) 

Assuniog that the displacement is sinusoi- 
dal in time, rearranging terms, dividing by Y, 
and substituting the wave velocity, c, for 

1/2 
(V/p')   yield -- 

d2u  I dA du  1 I (TA    I /drtV  w2?']" 

- 0 . . .(23) 

There is no general analytical solution for 
Equation (23). However, for some variations of 
cross sectional area. Equation (23) reduces to 
a linear second order differential equation 
which can be solved. Letting the cross section- 
al area vary exponentially results in a simpli- 
fied differential equation. 

A (x) = Aoexp[-Gx] 

Equations (23) and (21») yield 

in 
dx2 

du  w     „ 
d; + 7U = 0 

.(2«0 

.(25) 

Differentiating Equation (25) with respect 
to ti.ne and interchanging differential operators 
since the solution will be separable, we get: 

dV 
"dx2 

C du'  w  . 
"s; + -2u 

c 
(26) 

where u' — du 
dt 

Assuming a solution of the form u' = u ' 

exp [(ia + b) x] , substituting into Equation 
(26), and doing some algebra, gives: 

11/2 
la + b = G ± I /or - /wX" , uV 0 vW-i$] 

• (27) 

If we require the solution to be sinusoidal 
with respect to x, the term under the square 
root must be negative. 

il/2 

(G/2) 
,(28) 

Q. Then the solution u^x) can be written; 

g* (x) = exp [CK/2] | A, exp [ tQx] + 

A2exp[-iQx]J .  . .(29) 

For e traveling wave u* = IMU and the 
stress, T, is 

T(x)=-iX*ll v '  w dx . . .(30) 

+ T(x) = ^ exp [G«/?]j[§ * *]*, «P ['*«] 

[l-QJAjexp^iQ^]!       . . .(31) 

At x = 0, the stress is zero, hence 

A. = !lM A, 
m 

. • .(32) 

TW^Azjl-iQJjeKp^sin^jj 

• . .(33) 

The result of tapering the horn is shown by 
Equation (33). There is an amplification of the 
stress by the factor exp [Gx/2J for frequencies 
greater th>n/ 6c \ . Those frequencies below nur) 
this cutoff frequebcy do not have sinusoidal 
wave shapes with respect to distance. Using 
similar reasoning, the stress can be calculated 
for frequencies less than cutoff. 

T(x) = iAjV fa 4- Gl expRd + G/2)x'j x 

1 - exp 

to G/2 
Ml , w less than or equal 
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DISCUSSION 

Mr. gjMJjSg (Naval Weapong Evalwtf tor« 
Paciltty):   What is your explanation 315*" 
initial negative output from your accelerometer, 
the one that looked like about 20 percent of the 
first high peak in the positive direction. 

Mr. McWhirter (Sandia Corp.): The little 
dip before it goes'up. 

Mr. Bell: That is the initial dip that you 
see.  to other words, you see a sine wave on 
the top one and it is the same thing on the lower 
accelerometer only for some reason the first 
swing is attenuated. I do not have an explana- 
tion for it. 

Mr. Hughes: I might suggest you look into 
the possibility of using manganin wire gage or 
manganin foil gage as a calibration technique 
as opposed to your laser interferometer,  ft is 
much simpler and I think it might give you some 
good answers. 

Mr. Bell; Do you actually think that we can 
calibrate this particular strain gage? 

Mr. Hughes; This is not a strain gage per 
se; these are used for measuring solid wave 
propagation rise times of less than one tenth of 
a microsecond. 

Mr. Bell: 
sure bar? 

Are you talking about a pres- 

Mr. Hughes: 
quartz gages. 

ft is similar to the x-cut 

Mr. Ramboz (National Bureau of Standards): 
I believe that this effort into this fairyland area 
of 100,000 g requires more than one calibration 
method because you are not sure that any one 
method would give you the correct result.  I do 
not think you pointed out, for example, that this 
particular accelerometer which you are using 
has something like a microvolt per g sensitivity 
which almost prohibits any other lower g cali- 
bration; other than up in the several-thousand- 
g land 

Mr. Bell:  That is true, but calibrations up 
into the several thousand g realm are done 
more or less routinely these days. 

Mr. Ramboz: One of the other little 
subtleties that does not show up immediately 
when you look at this very small accelerometer, 
which Is buried within the material, is that the 
actual mounting interface is not as well defined 
as it is for an accelerometer that has a definite 

base.  I am not quite sure where one might 
want to define the mechanical input to that 
accelerometer, and I am sure that if you mount 
that in different materials at these frequencies 
the sensitivity will be a function of the mounting 
material.  I think a lot of attention will have to 
be paid to the nature of the tapped hole and the 
interface. 

Mr. Bell:   I do not really agree with this 
but that is something we cannot correlate or 
discuss at this time.  Maybe at some later time 
we can discuss that more fully. 

Mr. Ramboz:  I have some comments on 
your oscillograms.  I noticed fairly wide traces 
compared to the pulse amplitude.  Was there 
any reason why you did not run the scope gain 
up enough to obtain the resolution you needed 
to look at this better? 

Mr. Bell:   That was the best Memoscope 
we had.  We did not open up the camera and 
just let one trace go by.  That is a Memoscope 
reproduction of it and we just took pictures at 
our leisure.   When one uses the Memoscope 
one obtains wider traces because the screen 
widens them. 

Mr. Ramboz: What kind of noise levels did 
you obtain prior to impact? 

Mr. Bell:  You mean if you just trigger the 
scope and measure the noise level? 

Mr. Ramboz: Yes. 

Mr. Bell: Just the width of the line. 

Mr. Ramboz: I estimated that to be some- 
thing like 10,000 g's. 

Mr. Bell: Yes, 10 percent. 

Mr. Carpenter (Goodyear Aerospace):  I 
was curious whether you used the one accel- 
erometer for repetitive testing, and about tue 
little blips on the first peak.  Have you in- 
vestigated the air gap which is left after you 
mount your accelerometer ?  That is, you do 
not have a continuous rod at the end now.  You 
have an air gap waich you must now traverse 
in both directions which would affect the accel- 
eration on the end of that rod. 

Mr. Bell:  In other words, when you put the 
accelerometer in there, is there some distance 
to the end of the tapped hole that is not filled 
up, and how does this affect the calculations ? 
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No. the actual percentage area taken out by that 
hole is rather small, and I do not think it makes 
much difference in the calculations, although 
that could be a partial cause for a few of these 
problems« 

Mr. Mattegon (Naval Ordnance Lab.): Are 
you familiar with the VHG tester that recently 
has been developed at the Naval Ordnance Lab- 
oratory? 

Mr. Bell; No. 

Mr. Matteson: 1 is a pressurized system 
where a piston is fired into an anvil thereby 
inducing high acceleration levels, and one of 
our big problems is recording the accelerations 
because we have reached a point where the 
accelerometer disintegrates at about 160 or 
170 thousand g's, and we cannot record any 
higher than that unless we protect the acceler- 
ometer mechanically. 

Mr. Bell; What kind of accelerometer are 
you using? 

Mr. Matteson; ft is a crystal type—I am 
not sure of the number—but it is a very high 
frequency type—Etaievco, I am sure. 

Mr. Bell; That is good, but I am Skeptical 
that any products currently on the market 
would take acceleration levels like that in both 
positive and negative directions. 

214 



on ras mratmrmoN AND APPUCAIION or SHOCK TEST RESUIIS IM BCUEERU» DESIGRS 

Chi-Hung Mok 

General Electric Conpany 
Philadelphia, Pennsylvania 

A theoretical study of the characteristics of a shock spectrum which is measured 
In a shock test of equipnent is presented. For this purpose, the machine and 
the equipnent are represented by two systens connected in series: an upper and a 
lower bound of the spectrum of the shock motion at the Interface of the two 
systems are found using the Fourier transform and iopedance method. Hie spec- 
trum is shown to be affected by the characteristics of both systems. It is 
demonstrated that in a system containing negligible damping, hills would occur 
In the spectrum at the resonant frequencies of the combined system whereas 
valleys (spectrum dips) would appear In the neighborhood of the fixed-base 
resonant frequencies of the equipment. The possible effects of damping and of 
the variation In the characteristics of the system on the phenomenon sre also 
discussed. The results support, at least In the case of systems with low damp- 
ing, the current design practice of the Navy In which an envelope of a group of 
the dips of measured spectra is used in creating a design spectra for similar 
equipment. The analysis developed here would also be useful In understanding 
the behavior of vibration absorber and other shock phenomena. 

IHTHODUCnOW 

Iti ••'■a design of equipment or buildings 
which are subject to shock loading, analyses 
can be performed easil> using normal mode 
theory and shock spectr mi [1, 2, 3] , A shuck 
spectnmi is a plot oi' v-lsplacement or velocity 
amplitudes at various f.'equencies and can h& 
Interpreted as the maximum absolute values of 
the relative displacement or velocity genera- 
ted by the shock load In a set of massless- 
single-degree- freedom systems of various 
natural frequencies. Once the magnitudes of 
shock spectrum are specified at the fixed- 
base resonant frequencies of the equipment, 
the extreme response at any position ci  the 
equipment can be estimated by combining the 
contributions from all normal mode:« which are 
weighted according to the shock spectrvm 
values at the natural frequencies, »his 
design practice is very simple to use. Never- 
theless, the difficulty lies in the specifica- 
tion of the shock spectmm. Situ.',  a shock 
motion is always transmitted into an equipment 
through another medium which usutlly has 
finite Impedance compared to that of the equip- 
ment, the fotn of the shock spectrum would 
depend on the characteristics of both the 
foundation and the equipment. The spectrum 
for design purposes, therefore, must be 
obtained In the field under conditions which. 

however, do not exist until the equipment is 
designed. One of the methods being employed 
in the U.S. Naval Research Laboratory to over- 
come this difficulty is to perform shock tests 
on structures similar to those to be designed 
[4]. In each test the motion of the Interface 
between the equipment and the test is measured, 
an.? a shock spectrum is derived fron lt. The 
spectra from several tests are then put 
together In one graph, and an envelope of 
these spectra is chosen as the spectrum for 
design which Is usually called the design 
spectrum to be distinguished from the test 
shock spectra. Since the upper envelope repre- 
sents the worst possible conditions, the prac- 
tice of using It  for design purposes would 
seem to be a logical one if the Navy's 
research workers had not found that the pract- 
ice often leads to extremely over-conservative 
designs. In searching for an explanation, 
O'Hare [5], has «town experimentally that a 
valley often occurs in the test shock spectrum 
in the frequency range close to a fixed-base 
resonant frequency of the structure being 
tested. Since only those magnitudes of the 
shock spectrum which correspond to the fixed- 
base resonant frequencies of the equipment 
are needed for the design of the structure, 
the use of the upper envelope of test sp>ctra. 
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which tends to pass through all the peaks 
rather than the dips of the spectra, would 
undoubtedly lead to an o-/er-conservative 
design. Accordingly, they have suggested that 
the lower i:.stead of the upper envelope of  the 
test spectra should be used for design. 

O'tMra, Blake, and Belshoia! attributed the 
test- spectrum dip at the fixed-base resonant 
frequencies to the interaction between the 
equipment and the test machine In view of the 
fact that the relation between a testing mach- 
ine and an equipment Is very similar to the 
one existing between a vibrating machine and 
its shock absorber. They have attempted to 
show; theoretically, the existence of the spec- 
trum dip [6,7,8] . Nevertheless, their argu- 
ments do not appear to be sufficiently expllcit 
and physical intuition Is needed to understand 
them. This paper Is intended to present 
another theoretical approach which 1c able to 
show the spectrum dip directly from the basic 
characteristics of the transfer function of a 
testing-machine-equlpnsent system.  Recently, 
Cumiff and Collins made numerical studies of 
the phenomenon in a system of several degrees 
of freedom [91. Their results are In agree- 
ment with these of this study obtained for 
the most general "machine-equipment" system. 

In the following sections, the character- 
istics of the transfer function of two systems 
connected in series will be studied first. A 
lower and an upper bound are then obtained, and 
the results are used to explain the spectrum 
dip phenomenon in »bock testing. The possible 
effect of the damping of the equipment aru of 
the machine on the shock spectrum are also 
discussed. Finally, a numerical example using 
a two-degree freedom model is presented to 
demonstrate the general theoretical conclusions. 

TRANSFER FUNCTIOK OF TVO SYSTEM IS SERIES 

In studying the mechanics of shock test- 
ing, the equipment specimen and testing mach- 
ine In a shock test* can be considered simply 
as two systems connected in series (Figure 1), 
and a shock load t(t) is transmitted through 
one of the systems, namely, the machine into 
the other, the specimen, or the equipment in 
designers' language. The motion at the inter- 
face of the two systems is usually measured 
during a test, and shock spectrum is then 
derived from it by obtaining the maximum 
absolute value of the following integral for 
various frequencies, w : 

**, uT±2 a0(t
,)8in w  (t-ndf, 

2      n (1) 

*The same evaluation is applicable to a 
piece of equipment attached to a supporting 
structure rather than testing machine. 

tihere «2(1') is the acceleration at the Inter- 
face point 2 or 3 in Figure 1. Instead of 
acceleration, shock spectrum can also be defined 
in terms of velocity or other parameters repre- 
senting the shock load LlOl. Nevertheless, 
spectra derived based on these various defini- 
tions can be mutually related; thus the dis- 
cussion presented here «111 apply equally well 
to shock spectrum defined otherwise. 

If the mechanical impedances of both 
systems, namely, the equipment and the machine 
are known, the Fourier transform of the accele- 
ration at the Interface, i.e., ajtt), in (1) 
can be predicted from that of the input load at 
point 1 [11]; I.e., 

A2(P) T^Ljtt.) (2) 

In this equation as well as in the rest of the 
paper, the functions denoted by capitalized 
letters are the Fourier transforms or spectra 
of the functions represented b\ the lower case 
of the same letters; thus, A2 and Lj are corre- 
sponding to «2 and H' respectively: 

A2(p) = / a^e'^dt (3) 

a2(t) = =^7 A2(p)e
K dp .    (4) 

Accordingly, the Fourier transforms are 
functions of a purely imaginary variable, 
p • jfe' , «here 0!, a real quantity, is the 
frequency. Lj in (2) is the shock load at 
point 1 and can be the velocity or other para- 
meters; T21 is usually called a transfer func- 
tion and is a function of the impedance of the 
two systems. 

For any system, four components of the 
inverse of the mechanical impedance, i.e., 
mobility can be defined between two points, say, 
1 and 2 in the systems. The first component. 
Mil ^s the ratio of the velocity to the force 
at point 1 when a sinusoidal force is applied 
at point 1 and when point 2 is free of con- 
straint . 

Mii=F (5) 

F =0 
2 

The other three components are similarly 
defined as follows: 

216 



M22S P2 

"12=?: 

M21 " F 
1 

v0 

V0 

F = 0 
2 

(6) 

(7) 

(8) 

Equations (5) to (8) lead to the following 
relations between the velocity and force at two 
points of a system: 

Vl " Fl Hll + F2 M12 

V2 - F1 Mjj + F2 ^2 

(9) 

(10) 

The velocity of a linear system to a sinu- 
soidal force Input, 

K**    . di) 

can be written as 

v pt (12) 

where F and V are amplitudes at t - 0. For a 
realistic system, where the response is governed 
by equations having real coefficients, V0 should 
be a real function of F0 and p; thus the nobili- 
ty components of such a system are always real 
functions of the frequency variable p. More- 
over, the mobility components M^ and MJJ should 
be equal for a bilateral system in which a force 
can be transmitted equally well in both direc- 
tions, namely, from 1 to 2 and from 2 to 1. 

Since a Fourier spectrum cf a shock is 
essentially the amplitude of itt sinusoidal 
components, the mobilities can alto be used to 
relate the Fourier spectra of the velocity 
response and of the input shock load. Conse- 
quently, the TJI in (2) should be a function of 
the mobilities of the two connecting systems. 
Using the definitions in (S) to (8) and the 
relation between the Fourier integrals of velo- 
city and acceleration, i.e., 

A - pV, (13) 

the transfer function T-, can be found; i.e., 

^12^3 
'21 (W) 

Mll M33 "M12 + Mll M22 

for a velocity input at location 1, and 

l21 
^U   M33 
M22 + M33 

(15) 

for a force input.  In (1^) and (15), the mobi- 
lity components MJJ, My, ••-, etc. are definad 
when the two connecting systems are independent 
of each other. The transfer function Tji also 
possesses the property of reciprocity or of 
symmetry, i.e., Ty " T21. as a result of the 
same property of MJJ ^nd M34. If the machine is 
infinitely rigid compared to the equipment, i.e. 
M33 - • , equations (14) and (15) will reduce 
to the following forms: 

pM 
l21 

12 

'll 
(16) 

and 

21 
pM 12 (17) 

Therefore, in these cases (when the machine 
is much more rigid than the equipment), the out- 
put of the testing machine is not affected by 
the characteristics of the equipment but only 
by the properties of the machine, i.e:, MJJ and 
My as onie would have expected. Nevertheless, 
the situation, M33 — • , would occur only at a 
few frequencies; for most frequencies, M33 is 
finite and may even be equal to zero at the 
fixed-base resonant frequencies of the equip- 
ment, as will be shown later in this paper. 
Therefore, the Interaction between machine and 
equipment is always present in shock and vibra- 
tion testing. 

When the exact mass-spring-dash-pot repre- 
sentation of the connecting systems I and II is 
known, the transfer function T21 can be expanded 
further and expressed ccmpletely in terms of 
the frequency u , the itiass m, the spring con- 
stants k and the damping coefficient c [ill. 
As Kn example, the transfer function for a two- 
degree- freedom system shown in Figure 2 has the 
following mobility components; 

M 
11 

2 

^ + ^ C2 'k2 (pni2 + k2/p)/p^ /pm2 

c2
2-(k2/p)

2 

(18) 
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Figure 1.  Schematic Representation of 
Shock Testing 

Figure 2.   Two-Degree-Freedom Representation of Shock 
Test Arrangements 

M12 - M22 = ^     ' <19) 

and M33 is also given by the right-hand side of 
(18)  If the subscript 2 of k,  c and m Is 
replaced by 1.    Using this Information, the 
transfer function in (14)  for a velocity-forc- 
ing function can be derived; denoting 

a - (k1/m1) 1/2 1/2 (20) ß  =   (k2/m2) 

«2=  c2/2ßm2 ■   (n) 

the transfer function for the case where cj => 0 
but C2 f1 0 is 

tf^iP + ß/2Z2) {P2+ <*2)P 

21      p4 + zßc/' + C^2 +  (l + W a2! P2 + 2ßc\p + o
2|92 

(22) 
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Similarly, the transfer function for the 
reverse case. I.e., C2 * 0 but c^ # 0 i« 

»Ü 2   .    2 
P (P + 20(C p+ ft )p 

21  p4 •« 2»^ (1 + If)/ ^ L^2 + (1 + Wft23 P2 + 2«^ ^P ■* oV 
(23 > 

where Z\    is  equal to c,/2 ft ■,. For the 
undamped case, when  Cj » 0 and   £^ » 0, both 
transfer functions In (22) and (23) should 
reduce to the came form. 

ZEROS AND POLES OF TRANSFER FUNCTION 

It Is noted in (22) and (23) that the 
transfer function T21 is a quotient of two real 
polynomials of p. This is Just a direct con- 
sequence of the fact that all the mechanical 
mobilities of a realistic system are real 
functions of p. The real polynomials possess 
real and complex conjugate roots. Those of the 
numerator are the zeros while those of the 
denominator are the poles of the transfer func- 
tion. As in an electrical system lizi, it  can 
be shown that all the zeros and poles have 
either sero or negative real parts If the 
system is a stable one. These general proper- 
ties can be observed in the results for the two- 
degree- freedom system. The transfer function 
in (23) has two zeros at 

z   - -ftC ± 
1.2     T *(-?) 1/2 

1/2 

»JCJ *JW
1(

1-H)     '   (24) 

OCj [Z»2 "(I * »OWg2] 

3,4 2   2 
2   3 

In these equations, 

1/2 

01 = ft 
(27) 

Vi = o ^ * a + M)*2] 2,3  2 

? l\[?*a*m2f-4W\l/\ 
(28) 

Letting the damping Cj approach zero, the 
results In (24) to (26) will reduce to the 
following; 

and four poles at 

a^ [A2 -(i + M><«>2
2
] 

1.2 2   2 
2  *3 

ij»« 

^"^l • 
(29) 

P1,2E±3W2    ' 
(30) 

PM-^3    • (31) 

W.  is the undamped fixed-base resonant fre- 
quency of the equipment system II, while W2 

,1/2       and u„   are those of the combined equipment- 
machine system [13] . Thus, (29) to (31) state 
that when damping is not present, the resonant 
frequency of the equipment is a zero, while that 
of the whole machine-equipment system is a pole 
of the transfer function T21. As shown in the 
following paragraphs, this conclusion also hold* 

(25)      for any two linear bilateral systems connected 
In series. 
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dmsiJeritv- that   the system 11  It. FiKure  1. 
i.e.,   the e<julpr«.-iit   is   fixed at   its  bate posi- 
tion  5,  nfi a sir-usi-i.ial  force  is applied to 
polfst '-,  the ratii> of the tirivl^i; tor:« to the 
velocity response r.t point 4 can be  ft md uslns 
(4)  and (10);   i.e., 

M 
Jl, 

M:aM44-M:M 

(32) 

Wtien the equipment is at resonance, the • eloclty 
respond» to » drivirr.  force of finite aupHtmte 
will become Irfinitely  large: 

M    (M      M.    -M,.2) + M    (M_ M_    -M   2> 
v^ -   a  Vt   33 2«     Vt   Ij  22 12- r^ 

Mll(M22 + M33)  .MU 

(36) 

Acccrdinsly, the condition« Cor resonance.  I.e., 

F4/V4 "• 0        , (37) 

is either 

I       .   « (38) 

11 

V4 

This requires that either 

«33 *0 

(33) 

(34) 

44 
- 0  , 

hl(*22 + M33) - «U " 0 

(39) 

(40) 

M33 y44 "M34 
(35) 

The latter condition lead' to a trivial 
solution as can be seen from (9) and (10). 
Thus, (34) Is the only condition for the occur- 
rence of resonance in the equlpoent. Conparl- 
son of this equation with the expression for 
T21 in (14) and (15) «hows that the roots of 
this equation are also the zeros of the trans- 
fer function. Therefore, the equipment will be 
in resonance at some of the zeros of T21. 
Nevertheless, since the resonance so defined in 
(33) can only cccur in an undamped system, the 
zeros or the roots of (34) should be purely 
imaginary numbers for the case of an undamped 
system but will be either complex or purely 
real numbers for a damped system. The absolute 
value of the zeros for an undamped case will 
correspond to the undamped fixed-base resonant 
frequencies while those of the damped case 
should approach, and be equal to in the limit, 
these frequencies when damping decreases. The 
relation between the zeros of transfer function 
T21 <■»•- the undamped resonant frequencies of 
the equipment, as demonstrated above using the 
two-degree-freedom system, is thus verified for 
the most general system. 

Similar arguments can be used to demon- 
strate the relation between the poles of T2I 
and the resonant frequencies of the combined 
machine-equipment system. When the base of the 
machine-equipment system, i.e., point 1 shown 
in Figure 1, is fixed, the velocity response to 
a sinusoidal force applied at location 4 is 

after excluding the trivial conditions which 
are similar to the one In (35). As it is evi- 
dent in the form, the first two conditions are 
associated with the resonance either of the 
equipment or of the machine alone. The third 
condition is thus the only one governing the 
resonance of the combined machine-equipment 
system; Its roots, which are alao the poles of 
the transfer function Tjj in (14), are there- 
fore related to the undamped fixed-base reso- 
nant frequencies of the whole system in the 
same manner as Just discussed for the zeros. 
Sinili rly, one can also show that the poles of 
th« transfer function Tjj In (15) are related 
to the free-base resonant frequencies of the 
whole system. Accordingly, the transfer func- 
tion can be written In a general form. 

l21 

M(p) (p-z^ (p-z2) (p-z^ 

D(p) (p-pj) (p-p2) (P-P,,) 
(41) 

where N(p) and D(p) are polynomials of p; 
Z}, .... z,,, are zeros related to the fixed-base 
resonant frequencies of the equipment, and 
Pl,  ....,  pn are poles related to the resonant 
frequencies of the coiübined machine-equipment 
system. The foregoing interestlrg properties 
of the transfer function will be utilized in 
the following section to study the spectrum 
dip phenomenon. 

LOWER AND UPPER BOUNDS OF SHOCK SPECTRUM 

A lower and upper bound can be found for 
the shock spectrum and will he  sufficient for 
the study of the spectrum dip phenomenon. A 
lower bound has been givrn by Rubin [io] based 
on the facts that the shock spectrum defined 
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in (1) U actlMtljr tbc mtotimam 41apUcCMK 
rempotu* of • oMH^cgnM-ficcdd* *j*tm •ubjact 
to an «ccclcrMloa ihock, ajCt) at th« base and 
that the —tfa— taatdnat respooac of th* 
•ytteo 1» *qval to tk<t abaolvt« value of the 
Fourier «pectna of the Input shock evaluated 
at die fhwd-baae reaonant frequency of the 
one-dcgree-ireeaaa «yatea.    Since the residuil 
reapome conatats of only the rei«faaae after 
the input shoct aubsldea, Ita DaxUna value can 
only be let» than or equal to the absolute naxt 
■ua of the entire teaponae.    The Fourier «pec- 
tna cf the »bock, therefore, fumishe« a lower 
bound for the »hock spectrun; I.e., u»lng (2) 
and denoting q « ju^ 

8L(q)=|-A2(q) 
V) 

IVjW 1 « S(«0,(W) 

An upper bound of the »hock »pectrum can 
be obtained by taking the Fourier tranafom of 
(1)S thu». 

Afr.q) A2W 
r21») 
2 

P -n 
2   Vl^)'   (43) 

Using the factorial for» of the transfer func- 
tion T21 in (41) and Heavtside's Inversion 
fonula for a factorial Fourier transfom (jMl. 
the following fora is obtained for the shock 
spectrua, in terns of the poles of the trans- 
fer function: 

It can be nofd in (46) that die difference 
between the uppev and lower bounds given hare 
does not reaaia a constant but varies inversely, 
to a large extent, with the factor |q - p. I 
where p. is the pole of the transfer function 
whose («gnitude is closest to the value of q. 
local aaxiata value of Sp - Sj, will, therefore, 
tend to appear at a frequency close to a pole 
of the transfer function. 

GEBEML CHARACTERISTICS OF SHOCK SPECTRUH 

Equations (42> and (46) show that the 
shock spectrua at the interface depends on 
both the Fourier spectrua of the input shock 
and the transfer function. The variation of 
the shock spectrua with frequency, therefore, 
reflects the characteristics of both quanti- 
ties. Since the aagnltude of the transfer 
function would experience large variations as 
the frequency variable q goes through the 
zeros and poles of the transfer function, 
corresponding large variations would al«o 
appear in the shock spectrua. The aaplitude 
of variation will be detennlned nainly by the 
relative position between the frequency vari- 
able q and Its neighboring zeros and poles of 
the transfer function; i.«., the determining 
factov will be  iq - q 1 where q0 is a zero 
or pole whose value is nearest to the variable 

When daaplng does not exist In the systea, 
q, as shown In the foregoing section, will be 
a purely imaginary number, and thus q can be  , 
identically equal to q,,. Consequently, the 

Max 16(t,q) I - Max l-i- A(q)eqt + — 
2q  2w,e   211 

A
2ö>
eH 

n 
+ E 

1=1 

r21**rW V 
Oi eft 

(44) 

where q - jltö and q - -j«n; P., is a pole of 
the transfer function T2it  and 

^l^^l^"^- 
(45) 

As a confirmation of previous discussions on 
the poles, the requirement for a negative real 
part of the pole can be clearly seen here. If 
any of the piles had a positive real part, the 

tern e ^ would increase indefinitely and the 
Miock spectrum would hav« infinite value fox 
all frequencies. Taking the absolute value of 
both sides of (44), an upper bound is defined 
for the shock spectrum»; i.e.. 

v« SL(q) 

n 
E 

1=1 

iT'2iM K^ 
12    2, |pt - q I 

* S{q). 

(46) 

shock spectrun will have an Infinite magnitude 
when q assumes the value of one of the polest 
i.e., when, for an undamped system, the fre- 
quency is at a resonant frequency of the roach- 
ine-equipnent system. On the other hand, the 
shock spectrum will have a finite and probably 
a near zero magnitude at one of the zeros of 
the transfer function T21, i.e., at a fixed- 
base resonant frequency of the equipment. In 
short, for a machine-equipment system of little 
or no damping, the shock spectrum measured at 
the Interface will show hills at the resonant 
frequencies of the whole system and vvlleys at 
the fixed-base resonant frequencies of the 
equipment. 

When damping is present in the system, the 
zeros and the poles of the transfer function 
T21 will be complex numbers and thus can never 
be equal to the frequency variable,which ia 
always a purely imaginary number. The minimum 
magnlti Je of (q - %\   will be different trom 
zero and increase with increasing damping. As 
a result, as damping in the machine-equipment 
system increases, the amplitude of the hills at 
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the resanaac frequencies of the combined •ystea 
ullt decrease while the level of the valley* 
(01 <Up«> corresponding to the resonant fre- 
quencies of the equlpaent will be raised. Ore 
sequently, the "oscillations" In th« shock 
spectnsB night eventually disappear at a 
sufficiently high daisplnvt. Kevertheless. 1( 
the daoiplng Is not in the equipment, the zeros 
of the transfer function which correspond to 
the resonant frequencies at the equlpaent will 
not be affected by the danplng and will remain 
purely Imaginary quantities; thus, the SMgnl- 
tude of the shock spectnas at tne fixed-base 
resonant frequencies of the equlpnent will stay 
staall coopared to chat at the resonant frequen- 
cies of the whole systea. Consequently, In 
this case, dips night still appear in the shock 
spectrun at the resonant frequencies of the 
equlpvent,even for a very high daaplng In the 
machine (or equlpnent-supporting structure). 

The extent of the oscillations In the shock 
spectrva will also depend greatly on the degree 
of separation between the neighboring zero and 
pole. This can be shown by considering the 
change of the value of the transfer function in 
the neighborhood of a pole and of a zero when 
the distance between the pole and the zero Is 
reduced. For a frequency q In the neighbor- 
hood of a zero z^, the absolute value of the 
transfer function and. In turn, of the shock 
spectnn, will Increase as one of the neighbor- 
ing pole pj approaches z^. This is due to a 
decrease in the value of factor |q - pi t In 
the denoaiinator of the transfer function. 
Slnllarly, for a frequency in the neighborhood 
of a pole, the value of tl.e shock spectrun will 
decrease with decreasing distance between the 
pole and its neighboring zeros. The effects of 
reducing the separation between poles and zeros 
on the shock spectrusi is thus similar to that 
of increasing danplng. The effects will be 
greater when more poles are converging simul- 
taneously towards a zero or vice versa. All 
the above results can be clearly observed in 
the numerical example presented later In this 
paper. 

Based on the foregoing results, one can 
expect that the oscillations In the shock spec- 
trum tend to appear more distinctly in the high 
frequency than In the low frequency range, 
since the separation between a zero and a pole 
would probably be larger at high frequencies; 
I.e., the separation |z. - p.| can be larger 
compared to the differences "bfetween the fre- 
quency q and the zero and between the frequency 
and the pole; namely, |q - zlmiD and 
|q - pljjiiii. This conclusion is, of course, 
arrived at with the assumption that the effects 
of the damping on the zeros and poles will be 
Independent of the frequency; i.e.,|q - Z^lmin 
and |q - Ptlmin! "HI remain nearly constants 
for all frequencies. 

raakuat cuivu 
Tbm two-degree-freedom representation of • 

aachiBc-equipaent sy'iC«** depleted In Fl«ure 2 
and discussed prevl/zvsly, wilt be analysed 
further here In order to ««Boaatratc in—rtcaily 
the foregoing results coacernlcg shock spectnas 
dip. It is considered that • velocity shock of 
constant Fourier spectnas is tranasiltted throufth 
the  testicg aachire. The transfer functloo is 
given in (22) for the system «hoc« damping 
exists only In the machine system, «ad in (23) 
for the case where damping exists only la the 
equipment. Based on this information, the 
bounds of the shock spectrum of the system can 
ba obtained nuMrlcally from (42) and (46). 
The results for the case of a damped equipment 
is shown in Figure 3 for several magnitudes of 
damping. It can be seen that a distinct spec- 
trum dip exists in the neighborhood of the 
undamped fixed-base resonant frequency of the 
equipment when the damping la small. However. 
when the damping increases, the appearance of 
the valley In the spectrum becomes less dis- 
tinct and finally disappears completely, whan 
C Is at the value of 0.2. Therefore, a spec- 
trum dip at the fixed-base resonant frequency 
of the equipment may not appear when the daaqt- 
ing in the equipment being tested is very large. 
On the other hand. When the damping In the 
equipment is negligible comparing to that In 
the machine, spectnn dip may not disappear at 
large damping. This result, which was obtained 
using (22), is desxmstrated in Figure 4. 

A#> discussed in the foregoing section, the 
spectrum dip effect also depends or. the separa- 
tion between the poles and the zeros of the 
transfer function; i.e., between the resonant 
frequencies of the equipment and of the whole 
"machine-equipment" system. When the two reso- 
nant frequencies are closer together, the spec- 
tnn dip would appear less prominent provided 
the damping remains constant. This fact is 
depicted in Figure 5 for the present system. 
The magnitude of the quantity Sj/Sg, shown In 
Figure 5, Is an inverse measure of the extent 
of the spectrum dip; i.e., the larger the mag- 
nitude of SI/SQ, the less pronounced Is the dip 
at the fixed-base resonant frequency of the 
equipment. It can be seen in the figure that 
this situation occurs When the resonant frequen- 
cies 0i2 and Wj of the whole system approach 
that of the equipment, namely, (0^.  For this 
extreme situation, the value of the «hock spec- 
trum at Wj can even become much higher than 
those at u^  «nd Wß, i.e., S^/Sy >1. this 
extreme situation occurs In the case mm/a. 
«0,01 when both uo   and (1Ü3 are about equi- 
distant from Wj; Ce., ü^Wi M 0.95 and 
us^/m-f  *> 1.05.   It is, however, noticed 
that this situation does not appear in the 
case of u^/nij » 0.1.  The reason Is that in 
this case, when the frequencies big, (1)3 simul- 
taneously approach the frequency Wj , they 
cannot approach each other closer tnan for the 
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_ i of «1/% ■ 0.01.   ror the CM« of "i'^ 
- 0.1 , tfi« MXIMM M«nicudc of SJ/SQ occur* 
for two OCCUIOM. !-• j *eB «3. -j *• a'S5i 

ami Sy«! M  i.17; «lao «boa WJ/UJ * 0.915 

•nd U3/W1 *  1.28.    these values can be cca- 
pared Co the correspoodlv oi^e cited above for 
the other case of BI/BJ " v 01. 

0.0 0.7 0.8 0.0 1.0 1.1 1.2 

FORMALIZED FREQtTN'CY. tf/u! 

Figure 3.  Effects of Equipment Damping on Upper and Lower Bounds of Shock Spectrum of Machine- 
Equipment System 
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0.9 1.0 1.1 1.2 

NOKMAUZED FREQUENCY, ul/u! 

1.3 1.4 

Figure 4.   Effects of Machine Damping on Upper and Lower Bounds of Shock Spectrum of Machine- 
Equipment System 
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RATIO OF RESONANT FREQtTNCIES (COMBINED SYSTEM TO EQUPMCKT) 

figure 5. Effect« of Sepanttton between the Resonant Frequencies at Equipment and Madiine-Equipmeiit 
System on the Extent of Spectrum Dip 

COHCUISIONS 

It has been showc using an impedance 
method that hills and valleys (peaks and dips) 
always appear In the shock spectrum of a shock 
motion which Is transmitted through one linear 
bilateral system to another similar system of 
negligible damping. The valleys would appear 
near the fixed-base resonant natural frequen- 
cies of the "receiving" system while the hills 
would occur at frequencies close to the reson- 
ant frequencies of the whole system. This phe- 
nomenon is a direct result of the characteris- 
tics of the transfer function of the shock 
motioti. The "oscillation" in the shock spec- 
trum can be shown to decrease with Increasing 
damping in the receiving system and with 
decreasing separation between the resonant 
frequencies of the receiving system and of the 
combined system. 

The present results have an immediate 
application in the interpretation of test shock 
spectra for design purposes. In this case, the 
equipment under a shock test is the receiving 

system and the testing machine or supporting 
structure Is the transmitting system.  In the 
light of the present results, the magnitude of 
the shock spectrum at the fixed-base resonant 
frequency, which is needed for design against 
the Input shock, are always closer to the mag- 
nitudes at valleys than at the hills of test 
spectrum. Consequently, in constructing a 
design spectrum from the test spectra of a sim- 
ilar system subject to similar loading, an en- 
velope which connects the bottoms of the valleys 
could be used as has been suggested b' O'Hare, 
Blake, Belsheim, et al. One of the current 
practices which makes use of the upper envelope 
passing through the peaks of the hills tends to 
provide an unnecessarily large margin of safety. 
This is particularly true according to the pre- 
sent results when the damping in the equipment 
is very small, and when the resonant frequencies 
of the machine are quite different from those 
of the equipment. The present results suggest 
that a design of reasonable economy and con- 
siderable margin of safety can be achieved by 
using an envelope which connects the dips of 
the shock spectra for some similar pieces of 
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«qulpaem that have higher dating than ehe 
equlpaent being designed. 
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METHODS OF COMPUTING STRUCTURAL RESPONSE OF HELICOPTERS 

TO WEAPONS' MUZZLE AND BREECH BLAST 

W. E. Baker. S. Silverman,  P. A. Cox, Jr., and D.  Young 
Southwest Rexearch Institute* 

San Antonio.  Texas 

In this paper,  the authors consider methods of computing response of 
helicopter structures to muzzle and breech blast from weapons located 
on or near the aircraft.  They review the current state of knowledge 
in this field and then present techniques for applying existing response 
analyses and for developing new analysis methods where existing ones 
are inadequate.    Finally, they describe computer codes for prediction 
of response in the elastic and plastic regimes of various elements and 
major components of helicopter structures. 

INTRODUCTION 

The importance of the helicopter in tactical 
military operations has been demonstrated by 
the Vietnam war.   Many of these versatile air- 
craft have proven to be very effective weapon 
platforms--so effective that several new types 
of helicopters are being specifically designed 
as helicopter gunships.   Whenever a helicopter 
is employed as a weapons platform to mount 
machine guns, grenade launchers, cannon, 
recoilless rifles,  rockets, or it functions as a 
prime mover for artillery which can be fired 
in its vicinity, the helicopter is subjected to 
blast waves from the muzzle or breech of 
weapons.    These blast waves have the poten- 
tial of causing significant structural damage. 
In arming existing helicopters which are not 
designed to withstand muzzle blast, one must 
either limit the weapons which may be carried 
or strengthen structural members to resist the 
blast.   In the development of new helicopter 
gunships,  blast effects should be considered 
from the outset in the design. 

In order to consider the effects of muzzle 
and breech blast from weapons on helicopter 
structures, one must first define the charac- 
teristics of the blast field about all types of 
weapons.   Although many blast measurements 

have been taken near various weapons, few 
systematic attempts have been made to pre- 
dict the blast field about weapons from a 
knowledge of gun and ammunition chd -acter- 
istics,   Westine [lit has recently reviewed 
past efforts in this area and developed a pro- 
cedure for predicting the blast field about guns 
in general and for making reasonable estimates 
of the transient load imparted to various heli- 
copter structural components. 

From a knowledge ol the transient load 
applied to a helicopter,  the response of the 
structure and the effects of this response on 
structural integrity of the aircraft can be 
determined.    In the past, the empirical 
approach of mounting the weapon on a heli- 
copter, firing it,  and observing the results, 
has dramatically demonstrated the compati- 
bility or lack of compatibility between a heli- 
copter and a weapon system.    The analytical 
approach offers another technique for estab- 
lishing mathematical models to analyze the 
dynamic response of helicopter structural 
components for both elastic and plastic defor- 
mations.    In the past, few attempts have been 
made to adopt the analytical approach to this 
problem because of the extreme complexity of 
most helicopter structures.    In this paper, 
the applicable digital computer solutions from 

♦The work reported here was performed under contract to the U. S, Army Ballistics Research 
Laboratories. 
tNumbers in brackets refer to the references at the end of this paper. 
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previous» work have been applied to this heli- 
copter problem and new computer solution« 
developed to assist in analyzing the elastic and 
plabtic response of helicopter structural com- 
ponents subjected to muzzle and breech blast. 
The work reported here is a condensation of a 
comprehensive effort reported in Reference 2. 

REVIEW OF PAST WORK 

A comprehensive review of past studies 
on interaction of blast waves with structures 
and on response of structures and structural 
elements to such waves is presented in 
Reference 2.   Only those studies which bear 
directly on the problem of weapons blast, 
loading,  and response of helicopter structures 
will be discussed here. 

Interaction of Blast Waves with Helicopters 

Measurements of the actual transient loads 
on rotary-wing aircraft or portions of these 
aircraft from weapon blast are so sparse as to 
be almost nonexistent, and the geometry of 
these aircraft or their component parts is so 
complex that data obtained for loading of 
simpler structures mast be applied with cau- 
tion.   Let us discuss such informatioii as is 
available for various parts of helicopters. 

If fuselages of rotary-wing aircraft could 
be assumed to be an assemblage of simple 
geometrical shapes such as cylinders and 
rectangular blocks, and if sources of blast 
energy were located reasonably far from the 
fcjelages, then data obtained from shock-tube 
and field studies such as References 3 through 
6 would probably prove adequate for estimation 
of fuselage loads.    But,  most rotary-wing air- 
craft fuselages are distressingly irregular in 
shape, and the sources for weapons blast 
loading are so close to the structure that such 
data will be of little use.   For completeness, 
however,  let us describe the data available in 
the literature. 

Some portions of fuselages can be approx- 
imated by right circular cylinders.   Unfortu- 
nately,  the diffracted loading on such type 
cylinders is extremely complicated, and, 
therefore,  all past efforts have been devoted 
to a cylinder oriented with its axis either 
parallel or perpendicular to the direction of 
propagation of the shock front (References 3 
through 6).    The most severe loading occurs 
for the axis perpendicular to the direction of 
propagation of the shock; for the axis parallel, 
"free-air" blast parameters will apply. Based 
upon the discussion contained in Reference 7, 
the best approach for determining the pressure 

distribution o«i the cylinder seems to be that 
given by Morris, et al., i» Reference S. The 
range of Reynolds and Mach number« for which 
the simple expression* presented in Section 3. 2 
of Reference 5 are valid is unknown.   In Refer- 
ence 3, the result* of some carefully performed 
experiments are reported.   It was concluded 
that the computed drag coefficients, except 
for the initial shock-irteraction phase, are of 
the same order of magnitude as the steady- 
state values obtained for comparable Reynolds 
and Mach numbers.   This is significant in that 
the dreg coefficients presented in Reference 5 
are based upon steidy-state values. 

Reference S should be consulted for details: 
of the blast load prediction technique.   Steady- 
state drag coefficients must be employed since 
more accurate coefficients are not available. 
The loads computed by this technique are 
"overall" loads applied to the fuselage.   Data 
and methods of prediction of transient pres- 
sures on all sides of rectangular block struc- 
tures are also given in References 4 and 5. 

In predicting structural response of fuse- 
lages to blast loading, we may in many cases 
be interested in loading small portions of the 
structure such as skin panels between stringers 
and frames,  skin plus striugers between longe- 
rons and frames, windows, etc.   These struc- 
tural elements can be small enough that the 
surrounding structure acts as a reflecting 
surface, and diffraction effects are not impor- 
tant.   Because the blast source may be close 
to the structure, such panels will usually be 
loaded by a blast wave which impinges on 
them at some changing angle of obliquity,  so 
that the wave sweeps across, changing in 
intensity and duration as it does so.   Data are 
available in quantity for the limiting cases of 
either normal or side-on ircidence of the wave, 
provided one assumes that the weapons blast 
source is equivalent to a conventional source. 
Reference 8 is an excellent source for such 
data.-   Limited data are available in Reference 4 
(Figure 3.71b) for the variation of reflected 
overpressure with a single angle of obliquity 
and additional data for blast from guns are 
presented in Reference 1. 

Most rotary-wing aircraft employ small 
nonrotating airfoils for stability in forward 
flight, and some compound aircraft also utilize 
stub wings for lift in forward flight.    These 
airfoil structures are usually thin enough that 
data for blast loading of stationary flat plates 
can be utilized to estimate loading from 
weapons blast,  for certain limiting cases.  If 
the blast source lies in the plane of the foil, 
then the wave will engulf the foil with little or 
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no perturbation, and the crushing blast loading 
on both sides will be defined by a wave with 
side-on eirblast parameters »weeping over the 
foil with the shock front velocity.   If the source 
lieii on a normal to the foil, then diffracted 
blast loads can be estimated with reasonable 
accuracy for front and rear surfaces (and also 
for net tran«/erse loading) by methods de- 
scribed in Reference« * and 9.   If the aircraft 
is moving at a great enough forward velocity, 
the diffracted blast loading of nonrotating air- 
fuils is seriously altered, as indicated in 
References 10 through 13.   We will now discuss 
the d&ta that exist for blast ,oading of moving 
airfoils. 

There have been two series of investiga- 
tions pertaining to blast loads normally incident 
on translating airfoils.   In the first series [10, 
ll], blast-induced loads on the wing and hori- 
zontal foil of an airplane model were deter- 
mined at low Mach numbers (<ü. 7). An 
important characteristic of the loading was 
shown to be the travel of a leading edge vortex, 
generated by blast loading,  aft along the foil 
surface and a consequent time-varying lift and 
moment change.   Subsequently, the blast- 
induced vortex movements about a wing in sub- 
sonic flow were investigated experimentally 
and theoretically in an effort to understand 
more completely how the blast wave interacts 
with the foil [12, 13].   Experimental investiga- 
tions of blast-induced loading on an airfoil in 
Mach 0. 7 airflow were conducted in Refer- 
ences 14 and 15.   Chordwise pressure time 
histories wert measured and used to calculate 
lift and moment coefficients. 

There has been only one reported experi- 
mental investigation of the response of a 
rotating helicopter rotor blade to blast loading 
from high explosive [l6].   In an unreported 
experiment, O.  T. Johnson, of Ballistic 
Research Laboratories, Aberdeen Proving 
Ground,  Maryland, detonated a 20-lb explosive 
charge which was placed beneath a tethered 
H-21 which had its rotor blades in motion. The 
blast caused a blade to oscillate so violently 
that it collided with the helicopter fuselage.  In 
neither of these experiments were there any 
attempts to measure details of loading on the 
moving rotor blades.    It therefore appears 
that no data whatsoever exist on blast loads on 
helicopter rotors. 

Response of Structures and Structural Elements 

Many analyses have been developed for 
elastic and plastic response of relatively 
simple structural elements to transient loads 
such as those produced by muzzle blast from 

weapons, and a very few for response of more 
complex structures typical of entire airframes 
Or large portions of airframes.   Also, u. num- 
ber of computer codes exist for dynamic 
response of aerospace structural elements and 
structures.   In addition,  there are limited test 
results for aircraft or aircraft components 
subjected to blast loading, and much more 
extensive data on simple structural elements 
under such loading.   We will discuss here 
the past unclassified work in this area. 

Very few an'^.yses have been made in the 
past of either    ; »stic or plastic response of 
aircraft structures to blast or other transient 
loading.    Most aircraft manufacturers do 
indeed perform complex dynamics analyses, 
generally using matrix techniques, as typified 
by Sciarra's paper [17] describing an analysis 
of the CH-46 helicopter,  but these are usually 
limited to determination of the mode shapes 
and frequencies for elastic vibration and do 
not include computation of response to transient 
forces.    The status of analysis methods for 
helicopter rotor blade response to time-varying 
forces is apparently typified by Reference 18, 
wherein the blade response is computed based 
on elastic flapwise bending only.    Several 
reports deal with methods predicting elastic 
and post-failure response of fixed airfoils. 
These include Reference 19, which presents a 
lumped-parameter dynamic analysis, and 
References 20 and 21, which present a modi- 
fied modal analysis. 

In contrast to the paucity of work in 
response to transient loads of complex air- 
craft structures,   there are many analyses 
of both elastic and plastic response of simple 
structural elements.   A review of such 
analyses is given in Reference 2.    We will cite 
here only two general papers,  one which dis- 
cusses MIT finite-difference computer 
codes [22] and another general discussion of 
analysis methods for simple structures [23]. 

In reviewing the literature,  we found a 
number of solutions to problems in elastic 
response of rectangular plates and membranes 
which could represent portions of helicopter 
structures.    These are cited in Reference 2. 
There were,  however, very few solutions for 
plastic response or permanent deformation. 
Greenspon [21, 24] has applied membrane 
analysis for large deformations,  as have Baker 
and Hoffman [25].    An analysis of the plastic 
bending behavior of plates by means of varia- 
tional approach is also presented by Greenspon 
in Reference 26.    Plastic deformation theory 
is employed (as opposed to flow theory), and 
the plate may be of a sandwich type or stiffened 
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type of construction.    The chief disadvanta[;.>8 
of this approach are that a deformation pattern 
must be assumed, and,  for other than the 
simplest pattern,  the calculations are 
extremely tedious. 

As compared to beams and plates,  the 
theory for determining the dynamic response 
of such shells as exist in helicopters is poorly 
developed.    The vast majority of the work deals 
with shells of revolution loaded axisymmetri- 
cally whereas,   in practice,  few helicopters 
components ran be so idealized.    The tail boom 
on some of the smaller helicopters is cylin- 
drical,  but often is not a shell of revolution and 
is of stringer/rib construction, thus hopelessly 
complicating the problem.    Many of the heli- 
coptev components may be approximated by 
portions of cylindrical and spherical shells. 
However,  the boundary conditions for these 
shell segments are not well defined.    The out- 
ward curvature o' the helicopter components 
dictates that dynamic buckling be considered. 
Unfortunately,  it is well known that such 
buckling is extremely difficult to predict even 
for very idealized shell structures.    Further 
difficulties arise in predicting the blast loading, 
as pointed out in Reference 1 and earlier in 
this pajjer.   Since few of the papers reviewed 
seem appropriate,  we will net discuss them 
here.   A limited discussion is presented in 
Reference 2.    In Reference 2 may also be found 
further discussion of literature on elastic and 
plastic response of structures. Included is a 
listing of computer programs which were 
uncovered in available references. 

Experiments on Aircraft and Components, and 
Related Teitts on Structural Element» 

A number of empirical blast damage 
experiments have been conducted on a wide 
variety of aircraft, but the results of these 
tests are, almost without exception,  classified 
because they relate specified levels of blast 
loading to vulnerability of specific military air- 
craft.    Discussion of such tests will, there- 
fore,  not be given here.    We can state hare, 
however,  that almost none of these tests were 
instrumented and also that the investigators 
were usually concerned with producing severe 
damage to the aircraft,  rather than the rela- 
tively superficial damage which concerns us in 
our study of muzzle blast effects on helicopters. 

Essentially all of the experimental data on 
dynamic response of simple structures and 
structural elements are unclassified.  But,  in 
contrast to the plethora of response analyses 
for simple elements,   there are surprisingly 
few experiments to corroborate or negate 

these analyse«.   This may be in part due to 
the difficulty and expense of conducting care- 
fully instrumented dynamic response tests. 

More experimental data exist for response 
of blast- or impulsive-loaded beams than any 
other simple structural elements. Locklin 
and Mills [27] present data for simply- 
supported and cantilever beams and undergoing 
elastic deformation when subjected to normal 
blast loading.   Considerable data on maximum 
elastic response and permanent deformation of 
slender cantilevers subjected to diffracted blast 
waves are reported by Baker,  et al., [9]. A 
number of the papers by staff members from 
Brown University, notably References 28-30, 
report data for impulsively-loaded beams. 
Humphreys [3l] reports some careful experi- 
ments on impulsively-loaded clamped beams, 
and Florence and Firth [32] give data for an 
extensive serier of both clamped and simply- 
supported beams under similar loading.   A 
number of impulsively loaded beam and ring 
experiments are also reported by Clark, 
et al., [33], and these experimental results 
were comparable to computer code predictions 
by Balmer and Witmer [34] using the MIT 
DEPROSS Codes.    The conclusion in this last 
study wai that the DEPROSS codes yielded 
predictions which were in much better agree- 
ment with experiment than rigid-plastic theo- 
ricS'-eveti those rigid-plastic theories which 
considered strain-rate and atrain-hardening 
effects. 

We could find no experimental data on 
rectangular plates, or indeed on any plates of 
geometry other than circular. 

In contrast to the paucity of data on blast 
response of plates, there exist considerable 
data on blast or impulsive response of shells. 
Most of the results are on cylindrical nhells, 
with some on conical shells. Schuman has 
conducted an extensive program on blast-loaded 
cylindrical shells of a variety of materials and 
dimensions.   His work is summarized in Ref- 
erence 35. Abrahamson and Goodier [36] pre- 
sent some data on thin cylindrical shells 
subjected to uniform radial impulses, as do 
Anderson and Lindberg [37].   Results of an 
extensive series of blast loading tests of short 
cylindrical and conical shells are also given 
by Lindberg,  et al., [6].   Baker, etal., [38] 
gives data on permanent deformations under 
impulsivr loading of a wide variety of simple 
and composite cylinders.   Finally,  Baker and 
Westine [39] have conducted a series of experi- 
ments involving the dynamic loading, by means 
of spray explosive, airblast from HE, and 
airblast from a shock tube,  of cantilever beams 
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and cylindrical shells fabricated from a wide 
variety of materials.   But. very few dynamic 
response measurements are included in these 
references. 

Summary 

Our revic ' of the current state of knowl- 
edge regarding 'nteraction of blast waves with 
aircraft structures and structural elements 
reveals Chat:   one must probably rely on very 
approximate methods for estimating blast 
loading; one may have considerable difficulty 
choosing an appropriate analysis or computa- 
tion method for simple structural elements; 
one cannot expect to have the chosen analysis 
methods corroborated by existing experimental 
data; and one has no acceptable techniques for 
computing plastic response of the entire com- 
plex aircraft structure available.   Although 
this overall assessment is quite pessimistic, 
many specific subproblem? in structural 
response can indeed be handled quite adequately 
with existing methods or by modification of 
existing methods. 

In general,  both elastic and plastic re- 
sponse of beams or beam-like structures is 
in the best state and can be handled with 
existing methods or relatively minor modifica- 
tions of these methods.    Most of the literature 
on theory of plates is confined to axisymmetric 
response of circular plate's, and the only data 
for impulsively loaded or blast-loaded plates 
are confined to this geometry, which is seldom 
applicable to helicopter response problems. 
For rectangular plates and membranes, the 
response problem is somewhat more difficult, 
but, for elastic behavior, a number of practical 
problems have been solved.   There is no solu- 
tion for the plastic behavior of rectangular 
plates, except for that presented in [z]. 

In shell response methods, most analyses 
to date, including involved computer codes, 
treat only axisymmetric motion of shells of 
revolution. 

We can see, therefore, that much remains 
to be done before one can, with confidence, 
predict response of helicopter structures to 
muzzle blast loading. 

DEVELOPMENT AND APPLICATION TO 
HELICOPTERS OF TECHNIQUES FOR 
LOADING AND RESPONSE 

Methods of Estimating Blast Loading 

As indicated earlier in this paper,  the 
general problem of prediction of blast loading 

of helicopters from weapons blast is so com- 
plex that one cannot hope to solve it completely; 
i.e., one cannot predict the time history of 
pressure at all points on the surface of the 
helicopter.    But, for various components of 
the structure whose response may be critical 
in determining compatibility of a given weapon 
with a given helicopter,  the loadings can per- 
haps be predicted with sufficient accuracy. We 
will now discuss techniques for estimating 
transient blast loads for various structural 
elements. 

If the etructural element which we are 
considering is a flat or slightly curved panel 
which constitutes a small part of a muca larger 
surface which is subjected to the blast wave, 
and if the blast source is a closed-breech 
weapon,  then the loading can probably be 
predicted with reasonable accuracy from the 
empirical data and scaling laws generated in 
Reference 1. 

The geometry for loading of a flat panel is 
shown in Figure I,   A nearly spherical shock 
front emanates fron- a point A some distance 
r0 ahead of the weapon muzzle and impinges 
on the flat surface which is a distance h beneath 
the muzzle.   At the particular instant in time 
depicted in the figure, a circular area of the 
surface,  including one corner of the panel,  is 
loaded, and the shock has just arrived at point 
B on the p&nel.    The incident shock 1 has 
impinged on the surface, and the reflected 
shock 2 has been generated by the reflection. 
The general character of the pressure varia- 
tion is shown graphically in the figure. As the 
shock front expands,  a circular area centered 
on the point C will be loaded, with the pressure 
at the front attenuating and the velocity of pas- 
sage over the panel decreasing.    The length of 
the pressure pulse also increases.    So, one can 
see that,  in general,  the panel loading ran be 
described as a complex nonseparable function 
of time and space coordinates which nearly 
defies analytical description.    This complexity 
does not, however,  prevent a reasonably ac- 
curate numerical description of the loading at 
any specific time or for any specific sequential 
time steps.    Such description is possible, 
based on techniques described in Reference 1, 
provided the geometric parameters of Figure 1 
are known and provided one knows the effective 
blast energy W for the weapon,  the gun caliber 
c and the barrel length i.    A limitation is that 
the line of fire must be parallel to the panel. 

For two limiting cases,  the loading Is 
relatively simple.    If the panel is located 
directly under the point A and if the largest 
dimension b of the panel is much less than h. 
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Figure 1.    Geometry of Shock Loading of Panel 

then the shock wave undergoes essentially 
normal reflection and the loading is a function 
of time alone.    If the panel is located far from 
A and if the weapon muzzle is close to the 
surface,  i.e.,  BC » AC, then the shock front 
moves across the panel as the plane front at a 
constant velocity essentially equal to Mach 1. 0 
and the pressure pulse does not change in 
character while passing over the panel. 

No general procedure can be evolved for 
prediction of loading of curved  panels which 
form a small part of a larger surface unless 
the radii of curvature are large enough for the 
curved panel to be considered essentially flat, 
in which case the methods described for flat 
panels will apply.    If a curved panel has double 
curvature, there is no good rational or empir- 
ical method of defining the blast loading v/ith 
reasonable accuracy,   but a technique is pre- 
sented in Reference 5.    The loading car be 
defined for a panei with single curvaiure which 
is part of a cylindrical or nearly cylindrical 
surface,  for two limiting cases.    For a blast 
source far ahead of or behind the cylinder, 
the panel will be loaded by a travelling wave 
moving along its length at nearly constant 
velocity and with essentially unchanging charac- 
teristics which can be determined from the 

"free-air" blast wave properties discussed in 
Reference 1.   For a blast source normal to 
the cylinder axis,  panels on the side struck 
first by the blast front will be the most heavily 
loaded, and they will have a shock running 
rapidly across front one side to the other, 
with varying velocity, intensity, and duration. 
An approximate method of estimating the load- 
ing presented by Lindberg,  et al.,  (Reference 
6) is tu ignore the "travelling" load and assume 
that the transient pressure can be given by a 
separable loading function. 

p(9.t)=f{9)p0(t) 

where 

f(e)= (Pr-P^cosZe + Pj, -90,<e<90' 
(1) 

= P^ •JO^fl^TO" 

and 

Po(t) .-t/T 

In these equations,  Pr and P; are reflected and 
incident overpressure,  0 is angle measured 
between the point of first contact of the shock 
front with the cylinder to the point of interest, 
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and duration T U adjusted ao that the blast 
wave impulse agrees with experiment. Although 
loading estimated from Equation (I) is con- 
siderably oversimplified, it may prove adequate 
for response calculations of panel*.   It will 
probably prove adequate for all cases where 
total loading duration T is significantly greater 
than time of shock front travel across the panel. 

Taäi booms and fixed airfoils are struc- 
tural components of helicopters which faU in 
the category of fixed,  beam-like structures. 
For one special loading case, we can devise 
methods of estimating the time history of load- 
ing on these elements. (We are interested here 
in defining loading which affects overall bend- 
ing and torsional response of a beam-like struc- 
ture rather than response of local panels in 
such a structure, which we have already 
covered. ) 

The particular case which we consider is 
that of a blast source located some distance 
from, and on a normal to, a relatively flat 
structural element such as an airfoil, or some 
distance off the side of an approximately 
cylindrical structure such as a tail boom.  The 
shock front is then essentially plane, and the 
shock wave diffracts around the structure, 
producing a net transverse loading. Procedures 
based on shock tube experiments have been 
developed for predicting this loading. These 
are reported in References 3-5 and a specific 
application to thin cantilever beams is given 
in Reference 9. 

Let us consider a slender beam-like 
structure, viewed from the direction of ap- 
proach of the shock wave, as in Figure 2(a). 
An element of this structure will have a net 
transverse pressure applied to it which can 
be approximated by the time history shown in 
Figure 2(b), with a diffracted phase of dura- 
tion T], followed by a drag phase which com- 
pletes the loading in total time T.   The ampli- 
tude Pr of the diffracted phase can be obtained 
from sources of compiled blast data such as 
Reference 8, once the effective blast energy 
W of the explosive source and its standoff 
distance R are known.    The duration Tj of the 
diffracted phase may be expressed as 

Tj =^ 
U 

(2) 

for either a flat or cylindrical structure,  where 
w is the width of the structure at a given sta- 
tion along its length [Figure 2(a)],  and U is 
the shock front velocity,  which can also be 
obtained from a source of compiled blast 
data.    The amplitude of the drag phase, Cj}q8> 

1*1 1(111-lite SiruchiraVfeMFrosiOiraciMn 
aSlMcklrMt 

Pressure 

Time 

lb) Tie» HHtory a Net Transverse Pressure 
On Bern-like Structure 

Figure 2.   Time History and Shock Wave on 
Beam-Like Structure 

is composed of a drag coefficient CQ which is 
a function of the beam geometry, u, Reynolds 
number, and the peak drag pressure. 

Is iou2 pu» (3) 

where P and u are peak density and particle 
velocity immediately behind the shock front. 
CD = 2. 0 for a flat beam, and CJJ = 1. 0 for a 
cylinder.   Values for qs, or for p and u from 
which qs can be computed, are also obtainable 
from sources of blast data such as References 
4,  8,  and 40.    The duration T for the drag 
phase must be modified from drag duration 
data in the literature because we have assumed 
a linear decay of pressure, while the pressure 
in actuality decays as a modified exponential. 
We suggest that T be estimated by the formula 

T = 2Ii (4) 

where Pj and Ij are the peak incident overpres- 
sure and impulse for a "free-air" blast wave. 

The method of estimating loading which 
we have presented here should give reasonably 
accurate estimates for relatively weak blast 
waves,  i.e.,  Pj < 25 psi.    For stronger 
blasts,  complications occur,  as indicated in 
Reference 7, and these techniques may be 
inaccurate.    The reader is cautioned not to 
use the methods for estimating loads on 
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vy'indncal «truttures presented in Reference 
4 as they are consitierably in error for the 
stated ran^ie ni overpressures. 

Kstimation u{ the Mast loading of moving 
rotor blades is an exceedingly complex, prob- 
lem,  mu. h more so than estimatio-. for air- 
foils which are simply translating, as would be 
the case for sixed-wing aircraft.   For a fixed- 
Aing nwhintr,  the airflo« t-ver the foil at time 
of bla»t intercept is essentially constant 
velocity,  -.vhilc, for a helicopter rotor in for- 
ward flight,  the airflow vi'lacity varies along 
the length of the blade and even reverses in 
direction over a portion of a retreating blade. 
A torque-balancing tail rotor is an even more 
complex flow field, which nearly defies 
description.    Even the geometry of the blast 
wave intercept with a rotating main blade is 
complex for the case of a blast source mounted 
on or near the helicopter.    But, because blade 
response may prove to be critical, we have 
attempted to generate methods for estimating 
the loading.    The- methods developed require 
description of the complex geometry of blast 
wave intercept with the rotating blades, division 
of the blade into spanwise elements,  and inte- 
gration of pressures during passage over these 
elements based on linear fits to data from 
Reference 15 to obtain normal force Ff{ and 
moment M on each element.   The procedure 
is described in considerable detail in Refer- 
ence 2. 

Response Methods 

From the review of past analysis of struc- 
tural response given in the first section of 
this paper, it is apparent that many investi- 
gators have presented analysis methods for 
elastic and/or plastic response of certain 
structural elements to blast or impulsive 
loading, and very few have done so for complex 
structures.    We must here apply those methods 
which already exist to our problem of response 
of helicopter structures to muzzle and breech 
blast or generate new methods where existing 
ones appear to be inadequate.    The problem of 
overall response of the entire helicopter is 
quite forbidding, particularly for plastic 
deformation.    Because of this and also 
because of the localized nature of structural 
damage which will probably be of concern in 
muzzle blast effects,  we will not attempt to 
attack the complex overall problem but will 
instead limit ourselves to those subproblems 
which are amenable to analysis. 

Of the various substructures into which 
helicopters can be divided,  flat panels are 
potentially one of the most critical elements 

>'n response to blast loading.   The panels can 
represent section« of fuselage skin between 
stringers And frames, panels of fuselage 
ircluding stringers between longerons and 
frames,  sections of airfoil skin between spars 
and ribs, flat or slightly curved acrylic resin 
wiisdows,  etc.    Generally, in helicopter con- 
struction, the skin gages are quite light and 
flat panels deforming under blast loading will 
develop appreciable in-plane (membrane) 
stresses as well as bending stresses, and will 
also undergo elastic or plastic deformations 
which are large compared to skin thickness. 
We feel, therefore, that some of the analysis 
methods which one uses to predict response 
of flat panels must include the effects of mem- 
brane as well as bending stresses, and per- 
haps must also include effects of large defor- 
mations. 

Depending on the dimensions of the panels, 
different theories may yield acceptable pre- 
dictions of response.   The simplest concep- 
tual theories are so-called "strip-theories," 
wherein the panel is assumed to be an assem- 
blage of parallel strips, each of which is 
analyzed as a beam responding to the blast or 
impulsive loading.   Strip theories will probably 
yield acceptable response predictions for long, 
narrow panels, if the strips are assumed to 
run across the narrow dimension of the panel. 
Such theories can perhaps also be used to pre- 
dict response of stringers plus attached skin 
between fuselage frames.   Usually, the 
boundary conditions for the strips are sym- 
metric and can be approximated as clamped 
or modified simple-support (pinned ends-- 
rotation possible, but translation impossible). 
The best available method for computing 
response of strips, under the assumptions 
noted in the beginning of this paragraph, is 
that developed by Balmer, et al., [21] at MIT. 
Using their methods, large deformations of 
clamped-clamped or simply-supported strips 
under symmetric impulsive loading can be 
computed, with reasonably accurate accounting 
for elastic and plastic material properties, 
plus strain-hardening and strain-rate effects. 
The particular computer program employed 
for these calculations is called DEPROSS 1 
(see Reference 42).   Using the MIT code, 
one can predict elastic,  incipient plastic, or 
large plastic deformation. 

From the above discussion, one can see 
that none of the existing analysis methods is 
capable of handling the most general case of 
a strip subjected to blast loading, i. e. , large- 
deflection elastic-plastic response to a tran- 
sient pressure loading which varies both in 
space and time.   Conceptually, the best 

234 



approach to solution of thia problem would be to 
generalize the MIT technique, to include loading 
other than impnlae, and response other than 
symmetric about the midspan of the strip.   But. 
this approach would undoubtedly generate a com- 
puter program of great complexity and running 
time, and we could not. therefore, consider it 
seriously in this program.   We have developed 
a somewhat more limited program for beam 
response which can be used to predict plaMic 
deformation of strips to more arbitrary loads 
than the MIT programs.   Strips are a degenerate 
case for this program,  so we will defer discus- 
sion of it until later. 

Membrane theories are appropriate for flat 
and perhaps slightly curved panels which are 
thin as compared to the other panel dimensions. 
Since plate theory is also applicable to these 
panels, the analyst and/or designer must decide 
which theory is appropriate.   For large panel 
deflections, membrane forces must be accounted 
for and classical plate theory can be excluded 
on this basis.   In the following, three membrane 
theories are discussed.   It is suggested that 
these theories be employed for membrane cal- 
culations. 

For a constant thickness rectangular mem- 
brane,  subjected to suddenly applied, uniformly 
distributed, linearly decaying pressure, the 
response is presented by Baker and Hoffman in 
Reference 25 (see also Ref. 2).    The u*-'al re- 
strictions of membrane theory hold, i.e., elaöMc 
material behavior, small deflections, and con- 
stant in-plane membrane force. The solutions 
for an arbitrarily decaying pressure loading may 
be readily derived from the information pre- 
sented.   The solution for an isotropic, cross- 
stiffened or sandwich membrane subjected to a 
suddenly applied, arbitrarily distributed pres- 
sure loading is presented by Greenspon in Ref- 
erence 26.    Plastic material behavior,  but 
small lateral deflections, was assumed.    The 
most versatile approach to the membrane prob- 
lem is that developed by D.  Young and pre- 
sented in Reference 2.   With this program, the 
membrane is approximated by means of a pin- 
jointed frame.    Essentially, the large deflection 
equations of motion for the pin-jointed frame 
are solved numerically by means of a computer. 
The stress-strain behavior for each member 
is assumed to be bilinear with hysteretic 
recovery.    Time-dependent applied forces hav- 
ing linear decay may act at the joints.    In the 
elastic range,  the program gives results which 
agree well with those of Baker & Hoffman [25] 
for the case of a square membrane.    This pro- 
gram is called DANAXX5. 

Because none of the solutions or «'omputer 
programs for rectangular plate response include 
plastic deformation, we developed our own pro- 
gram called DANAXX 6*. In tills program, the 
linear equations for plate bending are cast in finite- 
difference form, with moment-curvature rela- 
tionships assumed to be bilinear with hysteretic 
recovery, as shown in Figure 3(a).   For the 
finite-difference analysis, the plate is divided 
into a network of nodal stations, as in Fig. 3(b). 

.X-i—i—i~4-4—i~4—ifc.i 
•-1 a •♦! a-NA 

(b) 

Figure 3.   Plate Lumped--Mass Model 

The actual boundaries of the plate are along 
vertical rows a = 2 and a = NA and along hori- 
zontal rows b = 2 and b = NB.    The outside 
nodal points (along dashed lines) are fictitious 
points that are introduced in order to establish 
boundary conditions.   The accelerations of the 
nodal points are computed and used in a step- 
by-step numerical integration f cheme to obtain 
the time history of the response.    Boundary 
conditions for simply-supported,  clamped, 
free and guided edges can be used in any 
desired combination.    No interaction in the 
plastic range between orthogonal moments Mx 
aiid My was assumed.    If a plate theory which 
employs an interaction between the moments 
is desired)  then the only choice currently 
available is to follow the technique employed 
at MIT (Refs,  24 and  30) and develop another 
computer program. 

♦See Reference 2 for more detail. 
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The fixfrf  bram-like structures common 
to most present-day helicopters included large 
airirame assemblies such as tail boom», hori- 
zontal and vertical stabilizers,  as well ns 
small airframe components such as stringers, 
longerons,  and frames.    Gene-rally,   these 
structures have irregular cross sections,  are 
nonuniform over their length, and are com- 
posites of more than one material.    The over- 
pressures on these structures re mlting from 
weapons fired nearby may vary in intensity 
and duration along their length.    When the 
structure is irregular in shape, like a tail 
boom, the blast loads can cause twisting as 
w^U as bending offi* structure.    Thus,  deter- 
mining the response 01 helicopter beam-type 
structures to blast loads presents formidable 
problems. 

Past analyses which treat the response of 
beam-like structures to impulsive and transient 
loads are discussed earlier in this paper.  None 
of the analyses discovered in the literature are 
general enough to handle the most complex 

response problem encountered in this study; 
that is, the elastic-plastic response of a non- 
uniform beam in bending and torsion when sub- 
jected to a nonuniform force-time histoiy. 
Consequently, SwRI developed a computer pro- 
gram general enough to treat alt of the beam- 
type response problems we have encountered. 
This program is entitled DANAXX4. It calcu- 
lates the time history of the response of a beam 
to applied force pulses and applied torque 
pulses.   The beam is represented by a lumped- 
parameter system which is essentially equiva- 
lent to the finite-difference approximation of 
the governing equations.   In addition to solving 
the general case of coupled bending and torsion, 
the program can be used for uncoupled bending 
and torsion, for torsion alone, and for bending 
alone. 

As shown in Figure 4(a), the beam it 
divided into a number of segments which do not 
have to be equal in length.   The mass of the 
beam is lumped at the nodal stations.   For 
coupled bending-torsion problems, the center 

My 
Jj-i GJi-i u]  GJi   U'M 

Xj., 
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Initial Position Of 
The Elastic Axis 

Figure 4,    Beam Lumped-Mass Model (Shown with Ciamped-Hinged Ends) 
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of gravity of each nodal maaa mj it offset a 
dintaace sj from the elastic axis.   The apfdied 
forces aad applied torques »re taken as acting 
on these offset arms (Figure 4ib)\ 

The program provides for any combination 
of the four differential flexural boundary condi- 
tions--hinged, clamped, free or guided.   The 
beam is assumed to be fixed againttt torsional 
rotation at hinged, clamped, and guided ends. 

The applied forces, Pi(t), and the applied 
torques, ATi{t J, are functions of time.   Sub- 
routines are available for a number of different 
pulse shapes.   Subroutines for other pulse 
shapes can be prepared when needed.   The 
present program require* that the type (shape) 
of the applied torque pulse must be the same 
as that of the force pulse.    The program can 
be modified if the need arises to have different 
pulse shapes for torques and forces. 

The program orovides for inelastic behav- 
ior by assuming that both the moment-curva- 
ture relation and the torque-angle of twist 
relation are of the bilinear type with hysteretic 
recovery.   The fact that these two relations 
are interdependent is neglected. 

The effect of shear on deflections is 
neglected.   No damping is included.   Rotatory 
inertia effects in the plane of bending are not 
included. 

The response is determined with a steo- 
by-step integration of the equations of motion 
using the linear acceleration method.   To pre- 
vent instability of the numerical integration, 
it is necessary to take the integration time 
step. At, about one-fifth or less of the smallest 
period of vibration of the system, that is, the 
period corresponding to the highest natural 
frequency of the system.   Since the actual 
magnitude of the smallest period of vibration 
may not be known, it is often necessary to try 
a series of successively smaller values of At 
until there is no significant change in the cal- 
culated response curve as At is decreased. 

In our survey of the literature, no solutions 
directly applicable to the aeroelastic response of 
rotor blades to blast loading were discovered. 
Although several analytical techniques have been 
developed for studying the aeroelastic behavior 
of rotary wings, the emphasis has been on the 
aerodynamic performance of rotor blades in 
forward flight and rotor blade response to con- 
trol inputs. A good survey of this work is given 
in a paper by Lemios,  et al.,  [41]. 

To study the response of rotor blades to 
blast loading, SwRI has developed a computer 

code based on the same approach as noted 
above for fixed beams.   The program solves 
for the coupled bending-torsion response of 
the blade to blast-induced forces and torques. 
Elastic and inelastic material behavior, 
including strain-hardening and hysteretic 
recovery, is taken into account.   This program 
is called ROTOR 10. 

The blade is represented by a lumped 
parameter system as shown in Figure 5.   The 
blade is divided into segments of equal length, 
i.    The mass of the beam is '.umped at the 
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Figure 5. Blade Lumped- -Mass Model 

nodal points joining the blade segments,  but 
the CG may be offset a distance SJ from the 
elastic axis as required.    The external forces 
are assumed to act on these offset arms ae 
shown in Figure 6. 

The blast load,  Bj(t),  is a function of time. 
Different pulse shapes can be handled by the 
program.  The aerodynamic loads, Aj andM^i, 
depend on blade motions.    The overall rotor 
blade geometry and the blade section geometry 
pertinent to the airload calculation» are shown 
in Figures 7 and 8.  Bilinear relationships for 
moment versus curvature and torque versus 
twist are incorporated in the program,  as 
shown in Figure 9.  These simulate elastic- 
plastic deformation with hysteretic recovery. 

The response is determined in the same 
manner as for progiam DANAXX4. 
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COMPUTER PKOCRAMS FOR RESPONSE 

In previous sections, we have discussed sev- 
eral computer progiams developed for predicting 
elastic-plastic dynamic response of portions of 
helicopter structure to w<-..{ons' blast load- 
ing. Much more details on all of these programs, 
including complete program listings, ar«given 
inReference 2.  To summarize, welistthese pro- 
grams together vi-ith short descriptions in Table 1. 
Alt have beer, written in FORTRAN IV language 
for use on a CDC 6600 computer. 

11) Free Body I - Forces In Radial Direction On Torsion Arm 
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Figure 8.   Blade Section Geometry 

I b I Free Body II - Forces In Vertical Direction On Torsion Arm 

Figure 6.    Sketch Showing Position of 
External Loads on Blade 
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Figure 7,   Overall Rotor Geometry 

(b) Torque-Twist Relationship 

Figure 9.   Moment-Curvature and 
Torque-Twist Relationships 
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Tabl« 1.   Lasting of Computer Programi Developed *t SwRI 

PfoErwn Number Title De»criptton 

1 VIBRATE 

DANAXX 4 

This program •urn* the infinite aerie.t aolution 
for response of an elastic rectangular membrane 
to blast loading given in Reference 27.   Blast 
loading is restricted to a normally incident wave 
of triangular shape. 

Thi» program computes the time history of 
response of a nonuniform beam tu applied force 
and torque pulses.   Elastic-plastic relationships 
for moment-curvature and torque-twist are 
included.   A variety of shapes of force and torque 
pulses can be accommodated.    In addition to 
solving for the general case of coupled bending 
and torsion,  the program can be used for 
uncoupled bending and torsion, bending alone, 
or torsion alone. 

DANAXX 5 

DANAXX6 

ROTOR 10 
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SHOCK TESTING FOR EQUIPMENT IN 

PROTECTIVE STRUCTURES 

M. M. Dembo and C. C. HtUDg 
US Army Engineer Division, Hurtsvllle 

Huntaville, Aiabaros. 

This paper presents a new shock test system which has been developed to 
simulate the predicted shock envtranmeHt induced by nuclecr weapons.  The 
test system was developed as part of the SAFEGUARD Facility Equipment 
Test Program directed by the US Army Engineer Division, Huntsville, 
Corps of Engineers.  The induced envtroament was predicted by dynamic 
analysis performed by the Ralph M. Parsons Company, Los Angeles. 
California.  The shock test system consists of an electrohydraulic exciter 
and complex waveform synthesiser.  The system was developed at Wyle 
Laboratories, Norco, California. 

INTRODUCTION 

Protective structures are designed to withstand 
all nuclear weapons effects, including ground shock 
and air blast, and to protect housed equipment and 
personnel.  The critical equipment, which roust 
maintain normal functioning daring and after attacks, 
are required to survive laboratory tests simulating 
the shock emriromnent induced by the exterior shock 
loads on the strutore.  This paper presents a shock 
test aystöKi whicit has demonstrated its capability in 
providing close simulation for testing such equip- 
ment. 

The induced shock envlronmect predicted by 
analytical methods for a protective structure 
designed to withstand specified shock loads is pre- 
sented in terms of time-history acd shock spectrum. 
The acceleration time-history provides a basis for 
the development of a test system that can best sim- 
ulate the motion; the shock spectrum defines the 
specification for equipment testing. 

The system which has been used for testing the 
equipment consists of a complex waveform synthe- 
sizer, servo-hydraulic exciter and shock spectrum 
analyzer.  Several items of equipment have been 
tested by this system with satisfactory results. 
What has been done, however, is only the beginning 
of a continuing effort directed toward the operation 
of a full scale testing program.  The equipment 
items which have been planned for testing vary over 
a wide range in weight, size, dynamic properties 
and functional requirements.   For a system which 

would be adaptable to testing such a variety of equip- 
ment on production basis, repeatability of simulated 
motion, reliability of test equipment, and economy in 
operation and maintenance are all important factors. 
Evaluation of this test system will give insight into 
finding forther innovations so that it can be developed 
to the full stature of a systeu capable of fulfilling the 
demand of production runs. 

PREDICTION OF SHOCK ENVIRONMENT 

The induced shock environment within a protec- 
tive structure was predicted by use of the classical 
dynamic analysis with the aid of a digital computer. 
The parameters that define the exterior shock envi- 
ronment were specified in a criteria document which 
controlled the basic design of the structure.  The 
specified shock loads were then used as the excita- 
tion for the structure.  The structure, for which the 
interior shock environment was predicted, is a 
partially buried, multi-story, heavy concrete build- 
ing.  Its model used for dynamic analysis, shown is 
Fig. 1, contains 71 mass points, with a total number 
of 142 dynamic degrees of freedom.  The mass 
points which represent the mass distribution are 
interconnected by elastic elements which simulate 
the stiffness and damping ch iractertstics of the 
structural elements, as well as the soil elements 
that support and surround the structure.  The shock 
loads are applied to the structure in the vertical and 
the horizontal planes and the horizontal load can be 
in any direction with respect to the orientation of the 
building.  Accordingly, the process of predicting the 
peak interior shock environment requires numerous 
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•.-u.-isiiutaMoiM t« f m!>i'ac*- all («jssih'ie variations of 
tl:f ijaniKifJers .-ivolved.   The rtfsuftä of such com- 
)iut'ili;>ns (»rovitte time functions of diaplacenient, 
vt'l'Xitv, and acceleration for each of the mass» 
point* df the model.   From the time functions, shock 
iptttra have Jjeen generated. 

The induced motion is a transiaat whose char- 
acteristics -- the peak level of severity, pattern 
and duration of motion — can be found In Its accel- 
eration time-history.  The energy distribution can 
bu determined from a power spectral density de- 
rived from the time-history. 

9    10     II     i:    13    I«    IS    16    17    is    19 
i 

Figure 1.   Mathematical moJel of structure. 

A typical calculated acceleration time-history. 
Fig. 2, dt'pitts the induced acceleration at a mass 
point on the second floor of the building.   The 
pattern of the transient is characterized by a slow, 
oscillatory motion of relatively low acceleration, 
followed by an abrupt increase in acceleration as 
well as frequency.   The total duration lasts several 

seconds, but the portion dominated by high fre- 
quencies lasts only a fraction of a second.   This is 
the type of motion a piece of eii'iipment located In 
the proximity of that mass point  would experience. 
The transient excitation provided for testing equip- 
ment in laboratories, therefore, should have a 
close similarity to this motion.1 

TIME SECONDS 

Figure 2.   Calculated acceleration time-history. 

For simulating the transient, another Impor- 
tant parameter ia needed: namely, the frequency 
rar.ge of excitation.   Fig. 3 indicates the energy 
distribution of fee transient and Fig. 4 the per- 

centage of the total energy for various frequency 
ranges. These curves indicate that the predom- 
inate energy content lies in the region between a 
frequency range of 0 Hz to 35 Hz. 
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The discussioa, so far, has been concerned with 
the in-stmcture Induced motion «Mob is also the 
excitation for the equipment.   Nothing has been said 
about the effects of such excitation «Aldi can be 
related to the damage or malfunction of the equlp- 
inent.  Sue* effects can best be rapresented by shock 
spectra.3 A shock spectrum is defined for this test 
program as the peak response of an array of un- 
damped oscillators to a transient excitation. There- 
fore, the shock environment at each mass point can 
be represented by a shock spectrum.   Fig. S is an 
envelope of all the shock spectra for the mass points 
modeled for the second floor of the building.  This 
envelope was accepted as the test shock spectrum 
for all the equipment mounted on that floor. Similar 
envelopes had been prepared to represent the shock 
environment for Hip other floors, walls and roof. 
They, too, became the test specifications for the 

29 «0 60        (0 
FREQOEIICY (CPS) 

equipment located in their respective areas. 

Two aspects of the test specifications (Fig. 5) 
need clarification.  First, apparent over testing may 
result from using the enveloped shock spectra.  The 
environment required by the test specification is 
clearly more severe than that calculated for the 
various specific locations at which the equipment 
will actually be moulted.  Second, the frequency 
range of the test shock spectrum, as indicated la 
Fig. S, has been extended to 200 Hz which is beyond 
the range of predominate energy content, 0 to 35 Hz, 
discussed previously.   Both modlflcations to the cal- 
culated predictions have been considered necessary 
lu order to provide a margin for compensating the 
uncertainties due to inevitable assumptions and 
practical limitations involved.   For example, the 
physical phenomena about the application of air blast 
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Figure 5.  Vertical and horisontal shock spectra for Ik» secoad flow. 

pressure on the exposed surface«, and about the 
interaction between the structure and its surrounding 
ground were idealized for mathematical treatment. 
It is reasonable to expect that If a more refined 
model were used, variations in the peak acceleration 
for various mass points might have occurred.  Sim- 
ilarlf. more high frequency content might have 
appeared. 

TEST SYSTEM 

The critical equipment contained in this building 
may be divided into two group* based on their source 
of supply.  One group contains equipment which is 
especially developed to withstand the predicted shock 
environment.  Hie öfter group contains industrial 
equipment which has not been designed and built to 
meet such a shock requirement.  The objective of 
this test program is. then, to determine whether 
several equipment items selected from the latter 
group will survive the shock. 

There are three general approaches to accom- 
plishing a shock test:  (1) tedting made on a specified 
testing machine, (2) testing made with a specified 
excitation and (3) testing to a specified shock spec- 
trum requirement.   Discussions concerning pros 
and cons on each of the above approaches, from 
various viewpoints, have been documented abundant- 
ly in literatures and will not be repeated here.  The 
third approach of using shock spectrum as test spec- 
ification was adopted for this test program.  How- 
ever, specifying a shock spectrum alone without 
additional requirement for the type, duration and 
range of frequency of excitation still lacks the com- 
plete definition of a desired simulation.  It is well 
known that there is no single, unique excitation 
associated with a specified shock spectrum.  The 
requirements for the test system used in this test 

program were designed to bridge the gap and can be 
summariztrd as follows: 

(1) The excitation should be a transient complex 
waveform having the characteristics similar to 
Fig. 2. 

(2) The teat system most be capable of produc- 
ing, with each slntfe shock appUcatioo. a shock 
spectrum which closely matches the specified shock 
spectrum. Flg. 5. 

(3) The test machine must be capable of testing 
specimens weighing up to 1,000 pounds. 

The above requirements pointed to the fact that 
a shaker system might be a promising candidate. 
Inveatigations were made on the appUcatlena of 
electrohydraullc and electrodynamic shakers.  An 
electrohydraulic shaker system was finally selected 
for its inherent suitability for application in the 
frequency range of interest, as well as Its adapta- 
bility for providing file required long stroke. 

In order to meet the first two requirements, the 
choice of excitation waveform was limited to the use 
of a combination of transient sinusoids ^^ The wave- 
form synthesizer thai available at the testing agency 
was capable of generating arbitrary complex wave- 
forms consisting of superimposed transient sinusoids. 
The transient sinusoids were generated from pulse- 
excited 1/3 octave filters.  However, the lowest 
center frequency of the 1/3 octave filters was only 
12. S Hz.  Since a large percentage of energy does 
exist below this frequency as shown in Fig. 4, it 
was necessary to modify the synthesizer by adding 
more 1/3 octave filters to cover the frequency region 
below 12.S Hz.  Since modification, the synthesizer 
has contained two banks of 1/3 octave filters: 1.25 Hz 
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to lOK Hs tnd 12.5 Hs to 4UK H«. 

Figure S is « block (KagniB of the teat mr*»m. 
Hie riaker «u • Wjie Model WSSO D-3 equipped 
with a 200 gpm eervovalre.  Operating with • 3.000 
psl 120 gpm hydraulic power supply, the shaker 
accepted the ayntheaized waveform and produced the 
desired excitattoc to the specimen.  The accelero- 

meter mounted on the ftature. adjacent to the speci- 
men, provided aignsls from which acceteratton Ume- 
hlstoriea of the shaker were recorded on tape for 
auheeriiient ahock spectrum analyalB.  The spectrum 
amlyser and the ancillary eqaipment are standard 
commerrial items capable of plottiiig responses at 
1/6 octave frequency intervals. 

-ACCELEROKTER 

SHARER 
ELECTRONICS 

SERVO 
CONTROL 
VALVE 

r^T- 
SHARER 

I 
»ESPOUSE SIGNAL 

TAPE 
RECORDER 

SPECTRHI 
ANALYZER 

Figure 6.  Simplified block diagram. 

Typical acceleration and displacement time- 
histories of the excitation generated by toe shaker 

system are shown in Fig. 7 and Fig. 8. 

TINE, SECONDS 

Figure 7.  Acceleration time-history generated by test machine. 

The pattern of the acceleration time-history gene- 
rated by the test machine (Fig. 7) appears as if a 
mirror image of the calculated time-history shown 
in Fig. 2.  This is toe peculiarity of the synthe- 
sizer used; that is, toe high frequency predominates 
at the start and successively lower frequencies 
predominate as time continues.   Nevertheless, 
toe duration of excitation and level of peak accel- 

eration were closely simulated.  The effect on dam- 
age potential to the equipment resulting from trans- 
posing toe early arrival of low frequaacles with high 
frequencies has yet to be Investigated, but instead, 
plans have been made to investigate further modi- 
fications to the synthesizer to reverse the pattern 
of the motion by producing low frequencies at start 
followed by high frequencies. 
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Figur« 8.  Displacement ttme-histary generated by test macUne. 

The shock spectra genensted by the test system 
(Q ■> 10O> are shown in Fig. 9 and Fig. 10.  These 
spectra match fairly well with those specified. 

All of the tests were made on a single shaker head 
and the excitations were made in one «ttrecUon at 
a Urne. 

~   « 

Figure 9. 

10 
FREQUENCY Hz 

Comparison of design and test response spectra, 
horizontal axis. 

1000 

Eight items of equipment have been tested by 
this shaker system.   The test set-ups for two of the 
Itew tested are shown in Fig. 11 and Fig. 12.   The 
motor control center (Fig. 11) failed the test, 
because the relays inside the cabinet dropped from 
'or." to "off' due to contact chatter while the shock 

was being applied.   The pump (Fig. 12) survived 
the tests without damage or malfunction caused bv 
shock.   It was noted that hydraulic pressure lucti-a 
tlons existed in the piping loop during shock but 
damped out quickly after the shock stopped. 
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Figur« 10. Compariaon of design and teat respou e spectra, 
vertical axis. 

Figure 11.   Motor control center mounted 
on test machine. 

Figure 12.   Pump and valve assembly mounted 
on test machine motion. 
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CONCLUSION 

This paper ha« described a shock teat ayatem 
whU-h has met the shock spactnim requirements 
formulated by the dynamic analysis for a protective 
structure.  This test system ha» laid the fuundation 
for further innovations so that its Improved version 
wilt be able to fulfill future demands of testing 
heavier and larger specimens and to meet a variety 
of shock spectrum requirements. 

The Innovations envisioned for investigation 
include:  {I) Increasing the test system capacity by 
use of a multi-shaker arrangement for specimens up 
to 15,000 pounds in weight. {2) exciting the speci- 
mens simultaneously in two orthogonal axes with 
different waveforms, and (3) Improving the techni- 
ques of synthesizing waveforms in (a) simulating 
acceleration time-histories of various durations and 
different arrival times of varying frequencies, 
(b) improving repeatability and establishing toler- 
ances for the shock spectrum generated by the 
system. 
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