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SHOCK

AN EXPERIMENTAL APPROACH TO
UNDERSTANDING SHOCK RESPONSE

Merval W. Oleson
Naval Research Laboratory
Washington, D.C.

Those with experience will probably agree that attenipis to interpret
most measured shock response data ir a meaningful fashion — that is,
to develop undarstanding ~are always difficult and frequently futile.
Many careiully planned measurement programs have produced ambig-
uous, obscure, and nonrelevant final reports. Inceed, recognition of
such limited resclts has precluded measurement attempts in many
other programs.

It is the author ‘s co. ten’ion in this paper that our problems stem from
attempts to interpret itz measured response data in terms of the pri-
mary parameter of ni»'.-.;ement —usually acceleration or velocity —

whereas the parametr- - . __ je2dily related to the actual structure is
that of differential displacen * .ross siructural elemenrts. In addi-
tion {no numerous illuswraticas fuo
various arguments are offered to ju.':’v th:3= contention.

In practice, differential displicement is rict aiways feasivle as a direct
measurement, particularly across those structural > me-i< which are
very stiff. In such cases displacement information can be :e: - -7 =
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 still proceeds from the differential displacz-
ment parameter rather than from the inertially measured velocity or
acceleration parameters. Such a cenceptual distinction may sound
overly fine, but nevertheless has real significance to the mental frame-~

.. zuC.zssful measurement program, |

[T

work on which interpretive understanding is developed.

Among factors whith 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 tc 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 60,600 pounds weight, accentance stand-
ards are based on one of several shock test
procedures spelled out in MIL-S-901C [1].
Heavier items are presently qualified on the
hasis 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 its 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 subsiantial, 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 legaiism of a o no-go cesult. Unfortu-
nately, experience suggests that the inclusion
of such insirumentation is — by itseif —no
guurantee of information.

In this connection, one might pose the
question — "for what specific purpose are
measuring instruments installed during the
shock test of shipboard eguipment 2 At the
conceptual level the question is not dificult 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 ai the implementing level,
where the easy words mu:t be replaced by
€quipment, techniques, and results —by trans-
ducers and that form of cryptoanalysis peculiar
to interpreting shock records, that "understand-
ing on the basis of measured data™ bezomes
formidable. So formidable in fact that we have
learned methods of evasion; don't install instru-
mentation, thereby aveiding an embarrassing
problem in interpretation —report oscillo-
graphic results as ""raw data’ and let somebedy
else worry about interpretation —or report ex-
tensive tabulations of the establishment param-
eters (peak g, peak velocities, frequercies,
etc.) with the implication that any competent
reader will understand their significence. 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 exgerimen-
tal measurements led more-or-less accidently
to a new approach, one that was conditioned
largely by concurrent instrumentation develop-
ments [2]. More recently, thls 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 characterlstics of this instrumenta-
tlon. However, rather than trace the evolution-
ary association, a qualitative rationale for tae
technique will be suggested on the basis of the
objective of shock response ineasurement.

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.

Rzcall 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-
faormance of an equipment under shock loading ?
While this question is not necessarily suscepti--
ble to a universally satisfactury 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 limiber
structures, or may be very small in the case of
stiff strectures. They may be linear In the
case of loads below the elastic limlt, or may be
nonlinear In the case of loads above the elastic
limit, sliding joints, mechanical stops, etc. Tn
any event, the deformztion of elements of the
structure is one link associating the incident
shock and the eculpmert 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-
charically complex. Excessive defornation or
rupture of parts of the structure are evidence
that the designers assumptlons or simplifica-
tions were incorrect. Experimental measure-
ments which identify or anticipate such exces-
sive deformations of structural elements are
clearly of key lmportance 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 ol simplifying assumptions, de-
composed into a mathematical model (the ncr-
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 dimensicns of acceleration,
and the coupled (but still simplifiedj 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-
mazl mode responses {3]. Hidden in this
analytical procedure is the fact that the shock
design values actually derive from dimensional
change acress the spring elements of a set of
synthetic sdof systems, the dimensional
changes having been scaled by a radial fre-
Guency multiplier to produce design values with
the dimensions of acceleration [4]. Similarly,
the combined responses associated with the re-
composed model relate directly to deformations
between the foundaticn 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
diinensional 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 obvicus, the
methods of structural analysis have anticipated
the experimental technique proposed above.

But there is a significant difference Le-
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 bhis
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 dimensivnal
change across structural clements —as such a
format.

At this point it may be appropriate to at-
tach a more epecific 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
sufficieqt grasp of the nature of each such
characteristic to explain cause and effect. The
implicit assumption is that useful insight can
be huilt 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 confirmaticn oi design predictions, or it
may ve an empiricism corstructed to fit the
observational evidenice. Iu the first case the
cause and effect explanaticn stems from the
desiners 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 paper that
the associative interpretation is most obvious
to the imagination if measured data is avaiiable
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 imiplomentation problem in
"understanding’ has been shifted fron: 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:

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

o The accelerometer signal was elec-
tronically filtered to remove high {requency
mechanical signals.




e The hiter was exchanged for an eicc-
tronic integrator, which not only served to re-
move high frequency signai components, but
aiso produced a record in the more "under-
standabie’ velocity pirameter.

o Improvements in the electronic integrat-
ini;, equipment allowed cascaded integration
which produced not oniy a velocity record, but
aiso an inertial displacement record |6,7).

e 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 mirimize 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 iess, but still useful advantage in
others. Fu:rther 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 combiration of two gages, both beam
translation and beam rotation can be defined.
With three gages in combination, deflecticn 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 th2 eiement 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 tke minuend
tend to result in a much iarger percentage in-
accuracy in the difference. Thus the require-
ment on absolute accuracy of independent motion
measurements must be Guite stringent if ac-
ceptable accucacy 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:

e Transducer calibration accuracy.

o Nonlinearity in the transducer or in the
electronics.

o Zero stability of the transducer and the
electronics. {Instability causes an apparent
shift in inertial reference.)

o Cross axis sensitivity of the transducer.

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

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

e Calibration accuracy of the cascaded
integrators.

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

o 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.
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However, one may observe that dimensional
change between two points or a structure can
be recognized from the difference in velocity
hetveen the same points. Velocity, being pro-
gressively less sensitive o 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 viewed in relation to the structure be-
tween the points of measurement, can he pro-
ductive of understanding. Similarly, dimen-
sional change may somctimes 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 interpretatior, 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
recoris are employed for defining differential
motions rather than inertial motion at a single
point. {Oune 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 o one reason as to why
mnany 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 cb-
tained during a recently completed series of
shock evaluation tests have been chosen. From
these segments - reproduced here from actual
iield transcriptions - plus an abbreviated de-
scription of the physical structures involved
and of the instrumentation employed, irterpre-
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 evaluatior: tests were aimed at estab-
lishing satisfactory shock miiigating perform-
ance of three versions of a surface-to-air
missile stowage system. Stowed missiles,
giipped 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 cne 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, dyramically 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-801C (Fig. 2). Explosive charges
were detonated in the water at various standoff
distances from ihe 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. ¢ - In this schematic drawing, a '"cradle type" shock-mitigating missile

stowage assembly is showr in rdlled in a Floating Shock Plat‘orm (FSP).
‘». the matrix is supported on two rubber shock

vnamic characteristics of a shipboard installation, a

vertical column of mis«<ile
mounts, To simulate the :

Each

section of ships deck is w:ided to the FSP along the port edge, and supported on

pedestals at the two starbuard corners,

shocks, for 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 +2500g
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 /subtractor ta 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:

e 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 discounied 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




™

Y

Fig. 2 - A typical assembly of two inert operational missiles and seven
dynamically simulated missile mockups in a 3 by 3 ma:rix is pictured.
Components of the stowage system are pinned and clamped to provide a
rigid structure, but one which can be quickly assembled or disassembled,
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the greater dynamic signal ranges produced by
those gages installed at severe shock locations,
Cousequently, any comparison between uncor-
rected deck motion records and the stowage
system records required that the systematic
error be discounted.

s Various factors such as electronic
aoise, minor electrical or mechanical overload,
slight angular misalignment of the transducer,
ard calibration inaccuracies, sometimes pro-
duced nonsystematic drifts in the irertial 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 equivalent ac-
celeration error of 0.2 g in the combined sig-
nals couid 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.

o Characteristically, the initiai 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 - Avcrage 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 mit‘qating stowage
system. Acceleration signals from gages located on the stowage
assembly were recorded directly, allowing reproduction in a
three-parameter format.
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coupled roll motions have been eliminated by
summing the response of four spatially dastrib-
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
respoases in various rotational and transia-
tional axes. By comiparing 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 piane
through the corners of the deck, a point near
one of the rubber mounts is seen to have an
initial neak 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 uurealizable
drift otherwise iundicated.

Axial deflection of a rubber shock mount
was obtained by subtracting measured inertial
motin 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 o! the stowage system. By estimating

the portion of total system Joard supported on
each mount, the measured acceleration-
deflection characteristic could be converted to
a force-deflection curve and compared with the
design value for dynamic atiffaess of the mount.
As shown on the figure, the measured stiffness
was slightly nonlinear, and, on the average was
somewhat less than that employed for design
prposes.

Bending of a Stowed Missile and 2
Handling Baad 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 2
cantilever beam to support much of the weight.
In Fig. 8, records from three gages along the
length of cne missile were combined to show
vertical bending of the cantilevered forward end
off a line through the 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 high internal damping in the mis-
sile structure.

In attempting to understand certain features
of the missile bending record, such as the two
cycles of increased amplitude osciilation which
appear about 60 milliseconds after the initial
input (Fig. 8), an otherwise unrecognized prob-
lem in handling band tolerance was uwncovered.
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:ti

on 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 acceleromet
In many instances such drifts
estimating a revised inertial r
cal possibilities for structural

ers or its associated electronics.
may be partially compensated by
eference baseline based on physi-
deformation,
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Fig.7 - Dynamic response characteristics of a rub-
ber shock mount were obtained from two gages, one
located 2t the deck attachment and another at the
stowage systemn attachment. Data points shown on
this plot were taken at 10 millisecond intervais.
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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 collisions.

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 establisbed 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.

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

12

Fig. 10 - Structural behavior, hypothesized
from the records of Fiz. 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 wag obtsined from four vertical gages lo-
cated above the shock mounts. Similarly, roll
records for one of the stowed booaters, 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.

Bending of Vertical Frame Members
and Athwartiship 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 gag-s above
the shock mounts
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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

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.

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
berding-deflection and the more sensitive
bending-velocity records from the two opposite
sides of the system compare in great detail,
thus showing that athwartship clamping integrity
was indeed maintained.

14

Excessive Clearaice in a
Pinned Joint

All of the rigid body modes of the stowage
systems were designed to be below about 8 cps,
such that the stowed missilez 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 kigher
athwartship levels were o-s3rved on the stow-
age framework itself. The source 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
jointa to reduce the clearance and thus the se-
verity of the collisions.

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

o Identification of the mechanisms of
prominent driving motions.

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

e Quantitative definition of the shock
mount characteristics.

o Delineation of shock effects on the
stowed missiles, whose protection was the pri-

mary purpose of system design.

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

It may 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 forward-port (A) ard the
forward-starboard (B} vertical members
of the stowage framework as the moticn of
the center of each member off a line be-
tween s ends. The similarity in veleocity
trace detail across the 65-inch width of the
system confirmed proper performarce 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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ATHWARTSHIP
STABILiZER MOUNTS

Fig. 16 - Dominant athwartship restraint on
the stowage 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:

e While the details of such understanding
as has been developed are uniquely related to
the particular test structure, the methods
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employed to gain this understanding are appli-
cable to other structures as well.

o 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 cach 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 scme 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, ans « ~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 protlem.

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 empiri-
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
vears, none has lent itself so readily to inter-
pretation in terms of structural response char-
acteristics as that proposed here. It is for this
reason that the dimensional change format has
been called "The most understandable."

ANALYSIS VS EXPERIMENT

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

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 fuiility. 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. Wkile both of these conten-
tions may have some justification, one suspects
thai they are more than likely the ritualistic
ploys of a game played by individuals with a
vested intecest 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 zges 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

scientific coatributions of an experimentz} 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 the con~
testants.

In an article titled ""The Unity of Science-

Technology," M. Kranzberg, Professor of His-

ry at Case Institute of Technology, repeatedly
emph: sizes the notion that . two or more
good men, particularly if they have different
backgrounds, are more creative in prcblem-
solving than one good man by himself; ..." [11].
Reason verifies this statement. In the present
context, a ccoperative 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 kas been to put more
"meaning"” in the term "meaningful understand-
ing' 2s it applies to experimental shock meas-
ureme::t, 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, Neubert (Pennsylvania State Univ.):
Since you were talking about bending deforma-
tions, 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. Oleson: 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 meaningiul only at the instru-
mented point, With a collection of motion
measuring gages, which are intelligently po-
sitioned on the structure, we can define not
what happens at a point, but rather what hap-
pens across various structural elemerts. To
illustrate, how 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-
placemert 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: Iam not really sure that I
understand your question. Ihave 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
kncws 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 secms thai there
is a hesitancy to measure strain as compared
to measuring acceleration.

Mr. Naylor {(Defense Research Estavlish-
nent, Suffield): I I understand you correctly,
you are taking the displacements of varicus
parts of the missile stack and subtracting the
gross motions of the carrying frame to obtain
the differer.tial motions of the missiles in the
frame. I have great confidence in your inte-
gration methods: but you are subtracting twe
large quantitivs, one {rom 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 potentivmeter--
between the frame and the missile, or between
extensions of the frame and the missile, to de-
tect the bending or reiative 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 18 inches at the
end of 200 milliseconds. So we are {aking small
differences between rather large numbers, and
are doing this successfully. 1 will not say with
universal success, but still successtully 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 empioying.

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




EAPLOSIVE SHOCK

dilliam H. Roberts
Hartin Marietta Corporstion
Orlandn, Florida

Intense shock has proved to be sn environsent capable of producing
widespread damagz tc missile structure and equipment. A search for

the cause of fsilure shows it resides in dynawmics rsther than other
tecanologieas. The changed waveform which results from introducing
abrupt loads to structure generates near resonant resgonse internal-
ly. An analogy is found which identifies the poriion ¢i the frequency
band most highly stressed. This is not the high frequency bands coa-
monly brought urder examination but a middle frequency band. Throughout
the middle frequency band the stresses are high, in sharp contrast to
sost dynamic response problems where the stress in nigher modes is less
than in the adjscent lower frequency mode. The utility of the shock
spectrum analysis is demonstrated. The shock spectrua 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 mublea, Incmased velocity correspands to
increased stress. The analysis specifically excludes the genersl view
that scceleration is the best messure 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

shown to be dependent on velocity.

of structural materials to withsiand sudden loads is ideatified and
The ultimate capability of tke
material is used to show the relative limitations of resl structure.
Equipment and components are limited more drastically relative to
materisl capability. As an absolute numtar, the iimit deacriptive of
current equipment is surprisingly low.

INTRODUCTION AND DEFINITION OF PROBLEM

Recent attempts to qualify missile struc-
ture and equipment to intense shock has proven
to be a very difficult task. HNumerous failures
have nccurred in flight and in test.

Explosive shock is a typical csusitive
source. Explosive devices are used in missile
space vehicles to perform a variety of functions
includ’.ng stage separation, jettisoning,
1surrii separation, circuit switching, actuation
an/. propulsion ignition. Because of their power,
reliability, and ease of application, 100 or
mol'e may be aboard s single vsnicle with a
complex mission. When one of these devices
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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 scts as 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 ard 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




Airectly coupled to a structure, wner aensitive
sirurture »ni ejuipment are located near the
source. and wirn dazaszing s*ress concentrations
and other structural complicatiovns are located
in tne main path of tne s:ock. HResponse levels
deyerd on ize amount of charge, the structural
confi-uration, a1 tre transvission character-
istics. Hecause the abrupt load produzes
Jdifferent responses, sv the failures it engen-
ders are differeat, affecting such structural
elegents a5 joints, w»e)ds, bonis, fasteners,
branch strictures, and ce. tines. High frajuency
resgonses cover tae frejuency bani of equipment--
an unusual feature of explosive sinock that Jdif-
fereatiates it {rox mechanical shock with longer
rulses aadmildergradients. Ejuipment flexibility
causes ejiipment problems -- relay malfunctions,
excessive electrical noise, structural failures
in transistors, diodes, capacitors, accelero-
meters, rate gyros, and failures in connectors
and solder joints.

The structural problems of equipmer.t snd
the structural probhlems of the primary space-
fraze correspond. <hen equipment fails, as
opposed to malfunction of ejuipment with moving
parts, it is usually a failure of the eguipment
structure. The cause is the same as for the
failure of spacecraft structure -- the type of
structural inadeguacy is the same in both cases.
Frequent eguipment failures are associated with
the greater nusber of parts, the significeatly
less design effort per par:, and the grester
diversity of geometry and materials.

The loads, dynamics, structural response
and materials were each examined to ascertain
where the current technologies may have been
limiting and therefore responsible for the
failures. Each technology ercept dynarics 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 unknown static loads may have been
present. The structures discipline which trans-
forms external loads to internal losds and
stresses appeared free from potential error,
And nothing in the dynamics transforms material
progerties to values sigaificantly different
from their static vslues. With other parts of
the problem free from involvement, the analysis
becomes a searcn for the particular dynawmic
characteristics responsible for failure,

Unfortunately the current technology in
dynamics is so inadequate as itseif to be s
problem. Understanding of the physical mech-
anisms has been limited and accordingly the
encgireering 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
are 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.
Equipment is not brought under early development
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and tests sre not run specificslily to define
the envirenment for use oy suppliers. Thus
state of the art developments are bdadly needed.
An improved understanding of the phenomena
would depend on knowing:

« The cause of the transient oscillation.

« Usefulness of shock spectrum
technique.

« A measure of shock severity.

« A description of the internal events in
complex structure and s defimition of
the problesm,

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

DISCUSSION AND RESULTS

Explosive sheck is not unique in introduc~
ing sbrupt loads to structure. Other sources
alao intrcduce similar loads which produce
similar response at all parts of the frequency
band and therefore similsr damage. An example
was svajlable 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
1sunch tube.

« Stage Separstion Ordnance.

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

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

Next we show three means of anslysis aad
presentation of data for one of the four shocks
presented above, the nose impact. The time
history, the shock spectrum, and s Fourier
spectrum are shown in Figure 2. The time
history measured at s point in structure is
a decsying transient oscillation not a single
pulse even though a single pulse was the ex-
ternsl 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-
pested cycles of nearly constant smplitudes
occurring in a slowly decsying transient. The
many repested cycles give responses nearly as
great as that for steady stste vibrstion re-
sonance. Experience shows the time history
cannot be read directly to obtain these signi-
ficant dsta and that the supporting analyses
sre valuable. Nsturally the near resonsnt
response greatly increases the likelihood of




failure., Trus %he transient oscillation is a
significant change in waveiorm.

THE ORIGIN OF THE TRANSI1ENT

It is worthwhile to consider tne origin
of the decaying transient. A simple dynamic
model for analyzine wave transmission in com-
plex structure was constructed. The model,
the nccounting system for tracking the waves
and the calculation and measured time nistories
are shown in Figures 3, 4, and 5 respectively.
At each impedance cnange 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. Thus the origin
of the oscillating transient arises from dense
upstream and downstream sirnals generated by
the many changes in impedance present in complex
structuce.

A MEASURE OF Sd0CK SEVERITY

The problem of determining a proper measure
for shock intensity is probably the problea of
greatest importance. The most useful informa-
tion to develop probably would be the portion
of the frequency b:ind where damage is produced.
To the dynamicist 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=vw

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 45° slope for
the constant velocity portion.
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Thus velocity, the only variable describing
the input, defines the event. Velocity
acting as the only variable describing the
input, slso parametrically determines stress
or strain in lengitudinal imoact.

e s v/e aad & = pecv
o
here, . strain 0’s stress
c = speed of = mass density of

material
velocity of impact

sound in tne
material. v =
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If complex structure exhitits siailar
response as detersined by its shock spectrus
over portions of the frequency band, it is a
seasure of the velocity shock at a particular
point of complex structure. Thus, even though
8 complex transient oscillatjon say have been
the waveform experienced ss the internal struc-
turai load (fros which it would not normaliy
be expected to find a simple responsej, we ask
if the reszponse may be reduced to separate fre-
quency bands of nearly conatant displacement,
velocity and acceleration. Figure 6 iz an
examination of five very diverse shocks, eacl
characterized by a transient oscillation.
Clearly the response has been simplified by
the shock spectrum analysis technique to re-
gions of exceptionally simple responses. The
figure shows nearly constant motion,displace~
ment, velocity or acceleration,in successively
higher frequency bands. The shock spectra shown
in this figure ware specially chosen to display
this result. However, finding shock spectra
with these characteristics was not difficult
since spproximately % those examined at random
were as shown. Those not showing these charac-
teristics merely had larger peaks and valleys
imposed on an overall tendency similar to that
shown. Thug the shapes shown must be considered
to be typical for some class of complex structure.
To susmarize, we have learned then we have s
freedom to draw lines of constant displacement,
velocity and sccelerstion through shock spectra
for systems wnose damping is low, whose response
shows strong resonant like characteristics, if
the shock spectrum shape permits such equivalent
construction, Sketch & shows highly resonant
response and an estimate of the equivalent
velocity.

ACCEL ERATION

/
/

/

FREQUENCY

SKETCH 4, SHOCK SPECTRUM CONTAINING TWO
NATURAL FREQUENCIES,
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The origin of the characteristic shape
of the shock spectrus is of interest. The
separate extremes may be described by the
extremes of the dynamic characteristics: the
seisamic mass region where the pulse is intro-
duced to the support while the mass remains
subatantially at rest; the impulse - momentum
or velocity shock region; and the equivalent
static load region. In crder, these extremes
yield simple relationships.

a = w25, Mass resains essentislly at rest
v = w §. Jduring motion of the suppert.

S= 8,

as vw Mass receives a step change
vs= v, in velocity during a time

%= v,/u wken deflection resains smali.
a=a, Mass closely follows the

v = a./ha support.

S= a,/vw

The regions sre defined by different relation-
ships between the characteristic time which
descrites the pulse length and the charscter-
istic time descridbing the natursl cscillation
of siructure.

The delineation of the shock spectrum into
component parts is useful on two counts. The
shock spectrum becomes an engineering tool
which measures the velocity and acceleration
at a given point of complax 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 spectrum. The line of
constant stress will indicate which definition
of the motion has the grester mesning. To do
this the structures modeled by the shock spec-
trum 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 slso result in structursl
dimensi~ns related in an easily identifiable
pattern. Alternatively he might relate small
items to large by building dynamic models, a
different approach, also easily jdentifiable.
Another approach would consist merely of using
relatively constant structure, a conservative
approach to the design of small items.
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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 {o 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 model)
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This particular structural array leads to
the conclusion that equal stress is aeen by
each structure when a disturbance of equal
velocity is imposed. At high frequency where
the response velocity decreases tie 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
bvand where highest velocity is measured, This
permits a judgment to be made as to what part
of the frequency spectrum is important.

ACCEPTABLE YELOCITY FOR STRUCTURAL MATERIALS

A theoretical limit of acceptable particle
velocity for structural materials exists. The
theoretical limit is low {100-200 fps) so that
it presents a prominent limitation to structure
and eguipment that must maintain integrity and
preserve function. The limiting velocity in
common structural materials is given in Rinehart,
Reference 5. 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 theoreticsl 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 impnsed 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 a3 5-10 fps, an
order of magnitude less than the structural




limits and oply 5-10 percent of the theoretical
limit of the naterial, Thus equipment failures
occur at surprisingly low load levels.
the problem by defining a limiting velocity

is to define an approximste limit which really
depends on tne fragility of unique items and
tiie amount of improvement &ccomplished in ana-
lysis and test. In practical terms, however,
it may be expected that inpul limitations to
this degree apply to structure and equipment.

VYIBRATION RESPONSE SPECTRA

Because of the near approach of the wave-
forms recordad in explosive shock to random
vibration waves..apes, 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
tn show the spectral response to random vidbra-
tion is similar to that from the shock tran-
sients -« nearly constant velocity and accele-
ration.
by analogy to the discussion on the shock spec~
trum that vibration velocity measures internal
stresses, not vibration acceferation.
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OINAMIC OVERSTRESS

It is often presused that a significant
material characteristic exists which gives
it the capability to accept very briefly high
leads of shourt duration «hich are unacceptable
statically. The presumption presumably is based
on material piasticity and material inertis.
An examination of available data suggests a
materisl acts in an equivslent ststic manner
within small limits to times shorter than those
of interest to the problems being discussed.

References 6, 7, 8, 9, snd 10 show negligible
rate dependency in the dynamic behavior of ma-
terials. The degree of dependency is shown in
Figures 10, 11, and 12 where dynamic stress
strain relationships are compared to static
and where snalysia and test of wedge penetra-
tion into a thick target are compared. The
exceedance of stress due to abrupt load is
limited to 25%. The snalysis of wedge penetra-
tion shows s satisfactory prediction of material
dynsmic behsvior provided work hardening and
thermnl effectg are included. The large de-
formation plastic behavior as described in
Reference 3 follows closely the expression

o = AL/ )e* pe®

'“°ﬁ21- 8.24 x 10“ psi 8 universal constant and
Tﬂ- melting point temperature
€ = strsin

O’s 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 ststic csses often cannot be
applied when impulsive loads are involved.

The marked differences in behsvior under con-
ventional and under impulsive losds are usually
tracesble to the siiort duration of the loads”,
is to gather under one hesding a number of
dynamic sspects of structure and material be-
havior with marked differences. The necessity
to separste materisl dynamic behsvior proved

to be possible and instructive,

Thus, nothing in the dynamics of short durs-
tion loading significantly transforms material
properties from their ststic values. Thus,
materisls considerations and materisls-determined
structursl behsvior are nesrly independent of
the loading duration.

28

20

1”2

STRESS - 10% PSY

FIGURE 10.

STRESS-I10® PST

02 o1 06 08 -0
STRAIN

COMPARISON OF DYNAMIC AND STATIC

~oMaans omnaTy Mg
DL REDI=D L AL C‘.R‘u...

DYNAMIC
STATIC

FIGURE 11.

002 0049 .006 .008 0|

COMPARISON OF DYNAMIC AND STATIC
STRESS-STRAIN CURVES,




T TR PO

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

‘The question of where along the frequency
band and where aiong the ahock spectruas the
highest internal structural loads may be ex-
perienced was resolved by relating large to
amall structure by “standard" dynamic modeling.
The main point of the development was that
internal stresses are hest 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 akility to define
lines of constant stress depends on an auxiliary rela-
tionship relating large and small structures across
the frequency band. Variations in the manner real

5

8

PENETARATION (IN.)
B

0 :glagl"!ﬂ'n.tsl H’.,‘m, structure and equipment are designed in terms of

—— THEORY their structure, their masses and stiffnesses suggest
s lines of constant stress will occasionally agree with
‘°‘°- s wo* s o° S ® lines of constant displacement, at times with constant
velocity and at times with lines of vonstant accelera-
™ UNERG ~-ib
Wib - tion. They are related as follows,
FIGURE 12, WEDGE PENETRATION, Design Approach Linea of Constanu Stress

load factor design | lines of constant accelerstion
dynamic model lines of constant velocity

constant structure {lines of constant displacement

The limiting velocity as a siructural 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 equipmeat are limited to
still lower velocity than the materials, equip-~
ment to levels only 5-10% of the limit of the
material alone.

CONCLUSIONS

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 5-10% of the ultimate avail-
sble capability. The portion of the frequency band generating

The principal dynamic characteristics greatest damage is the mid frequency band, not
responsible for failure are the high frequency band.

. 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 con 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

29
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DISCUSSION

Mr. Schell {Naval Research Lab.): You did
not get into much 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
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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

Nava! Civii 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 scveral 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 a» 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.
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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:tir? 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. 3 Contrasted to
strain gages, acceleration transducers are
easier to install, and they can be removed and
used again.
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Further, Newton's Second Law of McZion
te-lls us thal force oquals mass times accelera-
v, and all emfineers dave trained awareness
tha! @amare to a structure is dependent on
forces borns by ot |

A5 4 medasure of shack severity, however,
acceleration bevels iwithout revard to fre-
quenev?) do not exhibnt a straightforward cor-
reialion with sheck-induced damage.  Shock
titerature coenfams nam discussions on this
lack of correlition and on arbitrary weasures
taken in attempling to estabiish better corre-
latien. 1. 2.4.5 8o ione ae acveleration re-
n:aas the predominantly used shock param-
eter, the correlation between shock level and
shock-induced damage will remain elusive,
as shock-1nduced acceleratiens have too wide a
dynamic range to allow resoiuiion of all
aamave-causing accelerations.

J. P. Walsh ¢f the Nava! Research l.abora-~
tery has pinpointed the nroblem regarding
dynamic rarzc, resclution, and darrage corre-~
lation. He states:6

“On: the acceleration-time recora the
high-frequency component obscured the low-
frequeacy components. The maximum veloc-
ity and time to maximum velocity could not
be determined because reliable integration
was not possible. No information about the
displacement-time curve could be found.

~In crder to deterniine the range of the
instruments 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 brittie and
ductile materials. It was shown that a vari-
ation in acceleration betwven 2. 40 g and
9x103 ¢ combined with displacements varying
between 1.9 and 7.6 x 10-4 inches was nec-
essary ‘o produce damage. The extremes of
each would dasnage one part but not affect the
others. The extremes of velocity associated
with th 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 damage-causing motions was 3700 to 1, or
71 4B, for acceleration; 2500 to 1, or 68 dB,
for displacement: and 8 to I, 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
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ower-level damaye-causing accelerations {or
displacements, for that matter) would not be
resolvable with today’s instruments and tech~
niques. Mote well that damage-causing mno-
tions described in terms of velocity spanned
only an 18-dB range. Therefore, only the
velocity parameter wuuld have permitted re-
cording this shock with inclusion of all of the
damayirg components.

HEURISTIC VELOCITY - DAMAGE
CORRELATION

The above experiment indicates the heur-
istic relation between d2inage aad velocity; in
fact, it is one of the few reported studies of
motion parameter and damage. Shiphoard
shock studies have also indicated this relation.
Oleson? specifically cites t ¢ "empirical cor-
relation” between damage :.nd veloc!’y.

Shaw, 8 of the Royal Navy, in explaining choice
of velocity transdacers, states that they ...
could obtain more readily from velocity-time
records information cn the damaging charac-
teristics of shock... " And in discussing ex-
plosively generated ground mo.iors, Hudson?
has referenced several stvzies in which
”...velocity shows gnod correlation -ith dam-
age over a wide range of frequencies.

Thus a great dea! of experience leads one
to expect a strong ccrrelation between shock-
induced velocity and damage.

SHOCK CHARACTERIZED BY COWSTANT
VELOCITY SPECTRUM

In addition to the work reported by J. P.
Walish, € 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, ’‘hey all ex-
hibit 2 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 examp!es 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 plottad logarithmically,
drawing the v=i lines is easy. Drawing a
straight line through the points where
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OSCILLOGRAPHIC PRESENTATION. THIS RECORD WAS OBTAINED FROM A SPECIALLY MOUNTED PIEZO-RESISTIVE ACCELER.-
OMETER ATTACHED TO A STANDARD NAVY “LIGHT WEIGHT SHOCK MACHINE.” (FROM NRL MEMORANDUM REPORT 1903)
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acceteration in ¢'s namericiatly equals the fre-
quency 1n Hz, one constructs a tine where the

veloeity at att points s 61, 4 inches per second.

All othes parallel hines atso represent 1=4

and therr nagnitudes ca:a be easily dedermined.

For instance, when the nuntber ¢'s is thrree
times the frequency, velocity is 3 x 61,4
inches per second.

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

STRESS-VELOCITY CORRELATION

Mcdat analysis!® 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
poiut of a structure, where a suitable motion
transducer might be located, will vield a time
response that is built up of these separate
modal motions.

Ideally then, spectral analyses of the mo-
tiun 4t this puant vught 1o shuw 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
petik ol mome paetivilar Fregeoey indicuos
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 mction histories
bl be @xperied 1o ¥l e mmpliluds of alt
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 som:e simple structures and
theoretically show that maximum modal veloc-
ity is a valid indication of maximum modal
stress, independent of the frequency and mode
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shape. Although no generalization for all
structures can be made, the results certaialy
lead one to expect that velocity is the single,
most directly damage-related dynamic motion
property. Naturally this analysis will in no
way erplain 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 remazin plane with uni-
forai stiess aad the lateral ur “Potsson" de-
formation has irsignificant effects. (See Ref.
11, pp. 297-298.) Let us consider a semi~
infinite rod being sinusoidally excited at its
end. Since it i8 semi-infinite no reflections
can occur and hence it can (within its elastic
it ) wibdale & any amplifude and (Fequines
thus accepting all inputs. Timoshenko, 11 on
page 299 shows that transverse planes in such
a rod have the motion

u = (Ccos !;—"+ Dsin%"ﬁ) (4 cus pr
1)

+ B sinpt)

wlere: x = distante down P00

u displacement of a plane located at x

= Wireulne ‘redust gy

wave speed = v E/p.

£ = Young's modulus
p = density
t = 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 = 4cos £X cos pt 2)

From elasticity12 the strain and hence stress
is given by

o= Fe=EQu-= -EAi.’sin ’_’ai‘ cos pt (3)
X

the maximum value of which is

(rma_x = Ea_” (4)

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

“max =4

imax - 4P i )
; 4,2

By S0P J

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

V = Ap, (6)

The substitution of Eq. 6 into Eq. 4 yields
E
= 4 (7)

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

%max = Vma_x \/E— (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 Eqgs. 5 and 8 yields

¥ max .
Tmax =P \/5 ©)
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Eq. 9 shows that for modes with constant max-
imum acceleration, the stress is inversely
proportional to frequency. Thus, high accel-
eration at high freguencies 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-
sider a rod of length f , with free ends. This
rod has the natural frequencies

, = Lz (10)

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

and desig¢gnates

The complete free (or ringing) solution is

8

u=z cos = [A‘- cos '—TM + B; sin :f—!] (11)
i-1

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

u; = A; COS ‘_"ii‘ cos LL;’ (12)

As above, the stress in the ith mode is given

by
o = Ee.:E(éE)
]
Ix/;
o (13)
= - B4, i sin 17 cos L,
the maximum value of which is
_ EA;jim
% max '-é—_ 14)

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

L AT
Yimax © "1 (15)

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

E Vi
T max - _a" (16)

or the result identical to Eq. 7 and again using
the definition of «, we find that the maximuvm




stress in any mode is given by

“max  ‘max vEP" (®)

Finzlly, it is a simple matier 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

_gQu _gpP 3
rr-é-a—':-fz (—csinE‘!+Dcos%{)

(4 cos pt + Bsin ).

In Ref. [13], the maximum values of the guan-
tities in parentheses are shown to be ve2 o2

and v42 4 82 respectively, Lence the maxi-
mum vajue of the stress is

omax = FL VEE + 02 Va2 482, (1)

The particle velocity is found from Eq. 1 to be
F-Te p(ccos Bx 4 psin L‘)
Y d a

(-A sin pt + B co8 pl).

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

3 5 2 2 /2 2
i ax pVC2 +p Va2 4 82, (18)

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

;'max, (19)

Tmax =

aim

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 materia) properties and the
maximum modal veloci'y.

TRANSV ERSE 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
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depth. (This neglects the so called rotary
inertia and shear effects.) For these cases,
simple bending theory suffices; Timoshenko's
presentatiou (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

v= (c1 sin kx + Cy Co8 kx+ G5 sinh kx

(20)
+ €y cosh &x) - (4 cos B sin pt),

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

o (20a)

ol
miw

In these equations the following definitions are
used:

deflection of neutral surface,

>
[}

distance down the beam,

C.A.B = arbitrary constants,
p = density,
£ = Young's modulus,
n = radius of gyration = Ai,
I = cross-sectional area moment of
inertia about neutral axis,
A = cross-sectional area

Let us specialize Eq. 20 to consider a
semi-infinite beam, which starts atx = 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.

y

t..
7

Fig. 8. Semi-infinite beam with zero slope
and shear at end.
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The boundary conditions to be imposed on Eq.
20 are:

1. The solution remains finite for very
large x,

2. Zeroslopeat x=0;+v'=0atx =0,
3. Zeroshearatx=0; """ =0at x=0,

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

C3 = -C4.

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

G sinh kx + 4 ¢ash kx
(21)
= Cy (sinh kx - cosh kx),

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

kx

Cy (sinh kx - cosh kx) = Cy e (22)

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

Y= C) Bin kx + Cy €OS kx + Cy e ¥ (23)

By applying boundary condition 2, we obtain

0=1¢-cp

or

hence (23) becomes ¢

-kx
= i C + C .
Y C1 sin kx + 9 COS kx 1 e

Finally, application of boundary condition 3
proves that C; 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 8 zero, in Eq. 20. Thus the deflection
of this beamn may be expressed simply as

y = C €OS p! COS kx. (25)
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The maximum stress in any initially
straight beam bent to a curvature given ap-
2
proximately by é—é is shown in beam theoryl‘

to be given by

{26,
where
E = Young's Modulus;

h = 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

_ 2
Tmax = € EMES 27)

Substitution of the value of x2 from Eq. 20a
gives the expression for maximum stress as a
function of the maximum deflection, ¢, to be

- =Ch§ JEp. (28)

max

Note that in this case the stress is a function

of both the deflection, ¢, and the frequency, p.
Now the maximum value of the first time de-
rivative of Eq. 25 shows the maximum velocity,
v, to be

vecp (29)

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

=vh
ax = V7 JEp. (30)

“m

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, %

Finally, and as a last example, we shall con-
sider a f{inite beam to illustrate the previous
result is not altered by finiteness per se. The
bar of length ¢ 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 =2, y=y" =0,

(31)
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These speerly zero deflection and monrent at
the beam ends.  Timoshenki 1! shows that these
cochtions require the shape function of Eq. 20
1o reduce (o

’ {.l S A,

and the moides are such that
¥ BT
where + 1, 2, 3, etc.

Ausain we may select the starting time in Eq.
20 so that 8 is zero and hence each mode of
the hinged beam is described by

v, = C, Sink,x cos p;s (32)
where + may only take on the values

1

where «+ = 1, 2, 3, etc. and %, and p, are re-
lated by Eq. 20a.

Application of Eq. 26 skows the maximum
stress in any niode to be given by
2

Tymax S FRCkiT (33)

and the incorporation of Eq. 20a yields

T omax = i Lo JEo- (33a)

+ Max

Noting that € is the maximum modal displace-
meni, again the stress in terms of displace-
nient depends upon the frequency, P

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

= :Pl Ci’

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

= &\ JEp, (30)

7 max ]

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
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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 a single dynamic prop-
erty, maximum meadal velocity. Thus, in
order to monitor shock modal response levels
that may lead to failures as a result of high
stress, modal velocity, at least for {iese
simple cases, is the single, mog! significant
parameter.

Table 1 lists values of the beam shape
tactor, %, 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, %, for Dynamic Bending Stress

Solid rectangle = V/3~1.73

Solid round bar 2

2 /2~2.83
V2=~1.41

Solid triangle

Thin hollow tube

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..n 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 detinitely the poorest
choice as a shocx resistant material. Steel is
ductile and local yielding m.ay 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 severiiy will be much
more amenable to evaluaticn,
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TABLE 2
Severc Velocities

Rectangular

Material (pgi) (p(;i) pr :';,}ﬁ I(jpS) r Bea::p !
nax
Douglas fir 1. 92x106 6, 450 36 1b/1t3 633 366
Aluminum 6061-T6 10. 0x106 35,900 .098 1b/in? 695 492
Magnesium AZ80A-TS 6. 5x108 33,000 . 065 1b/in3 1015 586
Structural steel 29x106 33,000 . 283 1b/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 commarcially 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 requiremert 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
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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 appiica-
tions. Unfortunately, as displacement range
increases, or as natural frequency is lowared,
weight goes even higher, and area of applica-
bility of the seismic velocity transducer is
further limited. 3,16

Since the arrival of the age of integrated
circuits, there is now commercially available
a "piezoelectric velccity transducer. ' Basic-
ally an accelerometer, this device contains an
integrated circuit within the transducer hous-
ing which electronically integrates the accel-
eration signal to v2locity. In size and weight,
it is slightly larger than the average acceler-
ometer, and thzrefore has a distinct advantage
over the moving coil type of transducer. A
major disadvantage in this approach is the
wide dynamic signa! 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 lackirg in dynamic range
to be useful in any but the lightest shock meas-
urements. Many advances have been made in
the field of integrated circvits since these
transducers were introduced, and greatly en-
hanced "piezoelectric velocity ‘ransducers"
are possible, and may be forthcoming.
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M. W. Oleson of the Naval Research
Laburatory has reported success in on-line
inteyration of accelerometer signals?, 17 (see
Fig. 5a). His method differs froni the “piezo-
electric velocity transducer™ approach in that
his electrenic 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. Oleson is quite aware that his method
has the disadvantage of having to dea! with the
wide dynamic range of skock acceleration, 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".D"
to integrate and double-integrate acceleration
signalsl8 (see Figs. 7, 8, «nd 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.19 It
has been stated that velocity records corrected
in this fashion provnide 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.
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Because of the direct relationship between
stress and modal velocily, and the small dy-
namic range of vibrational velocity in shock,
it is apparent that, of the three reluted param-
eterr, 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 shock-severity measurenients, a
velocity-measuring syi;tem need have a lower
frequency resporse a little below the lowest
modal frequency of the structure in question.
For many usual structures, an instrumertation
system with a lower frequency response of 5 Hz
would be racre than adequate.

Again, vecause of the direct reiationship
between modal velocity and stress, the wisdom
of using normal mode theoryl0 in shock-
resistant design is indicated. The Dynamic
Design-~Analysis Method (DDAM), 23, 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 bottomiiug 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 mrvst 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): 1 have done
some work for Frankford Arsenal on high fre-
quency cutoff criteria for computing shock
spectra. My study 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 smail area out to
some frequency, I was able to find that my
acceleration was constant. It is similar to the
Navy shock spectrum where you have three
backbones of constant displacement, ccustant
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 problemr 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 irto 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.
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Mr. Chalmers: That is correct. We are
trying to do t»o things. First, if you are mea-
suring in terms of velocity, insofar as shock
is concerned, you have a very imuch reduced
dynamic range required for your measure-
ments. Secondly, Dr. Gaberson nas shown
that velocity is probably the best descriptor of

stress in a simn»le beam.

Mr. Scharton (Bolt Beranek & Newman):
1 think the conclusion that much of the data
which you have looked at 1s 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 imodal density is con-
stant with frequency. This means that the
irequency separation between modes i< con-
stant, so the observation that one has a con-
stant velocity spectrum would be equivalert to
saying that each mode of the structure has the
same amount of energy. We can then ask,
when you piat 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 rct local yield-
ing, it might be that the yield pke:omenon
would damp each mode and automatically bring
the level of each mode down to some fixed
energy level. Could vou 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 vou
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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INTRODUCT 0N

A swdy, comprising amaivtical aad degign etforts,
hias been conducted for the purpose of tssessing the
feasibilicy and practicalite of performing combined
environnient tests. In navticular, the inguiry has ad-
dressed tue problems of performing enviroamental
tests on Navy electroric sysioms by the device of a
shiphboard envirenmes: simalator with special emphn-
sis being dirccted iovwnrd effecting transient and
stewedy -state dvnamic exeitatons with @ common
exciter svsteny.

The study on which this naper is based was per-
formed for Navul Electronies Laborator, Cenier
(NELC), San DRiego, California, {Contract = N00123-
64-C-0066) and has been summarized in a formal
report (Refevence 1), The study included the consid-
erition of other environments: which factor is reflect-
ed in the design features and characteristics of the
facitity, but which is not otherwise addressed herein.

The objective of establishing a conceptual design
for a combined envivonment test facility is predicated
on a desire 1o account lor synergistic effects and tn
mmpose test environments which, espe:ially for the
case of dvnamic excitations, have been determined
from actunl servvice enviromuents. Accordingly,
meclimical excitation systems (as distinguished from
electrodvnamic or electrohydraulic shakers) were
dismissed from consideration rather early iu the
study sinece their responses ure more or less fixed
and the duplicution of programmed random oxeita-
tions would he virtually impossible.

On this basis, the tundimental problem wus to
devise a svstem of exciters (electrohydraulic or
electrodvnamic) capable o imposing avbitvarily pro-
sranuned excitations on complete shipboard installa-

tions {which were, all the while, being subjected to
other simulated shipboard environments? and to ef-
fect. simultaneously, the sitip's pitching and rolling
maneuvers,

It his 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 toad capability of single present cay shakers;
henee, 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 shiphoard 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
test tacility were derived, primarily, from MIL-E-
16400, a general specification for Navy ship and shore
clectronic equipments, and other subordinate docu-
ments. The basie mechanical excitation requirements
celate to transicnt shock excitation, steady-state vi-
brations, and low frequency inclinations, i.e., ship-
hoard pitch and roll.

The transient excitations specified for tests of
naval equipments are bascd on those associated with
underwater explosions, gun blasts and ierodynamic
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A design coneept has been estabiished for + combined environment test facility in
which transient and steadv-state dvnamice excitations arve effected simultaneously
by a sysiem of muitiple clectrodenamic shakers in conjunction with a two-axis gim-
efizcts pitch and roll maneuvers. The facility is designed
10 simulate Navy shishoard environments and to impose required environmental
test condiiluns on Navy ¢lectronic cquipments. The subject matter of this paper, is
limited to thee consideration of design and anzalysis of the dynamic excitation sys-
tems. The systems are designed for 2 maxiowm test load of 25, 000 pounds and are
capable of effecting siwck excitations in the range of 5-20 g's as well as imposing
reqguisite vibratory and oscillatory excitations.

INTRODUCTON

A swdy, comprising analytical and design efforts,
has i»en conducted for the purpose of assessing the
feasibility and practicality of performing combined
environment tests, In particular, the inquiry has ad-
dressed tiue problems of performing environmentai
tests on Navv electroric systems by the device of a
shipboard envirenmes: simulator with special empha-
sis being directed toward effecting transient and
steariy-state dynamic excitations with a common
exciter system.

The study on which this paper is based was per-
formed for Naval Electronics Laboratory Cenievr
(NELC), San Diego, California, (Contract # N00123-
69-C-0066) and has heen summarized in a formai
report (Reference 1}. The study included the consid-
eration of other cnvironments; 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 cunceptual design
for a combined environment test faciiity is predicated
on a desire to account for syncrgistic effects and to
impose test environmenis which, espesially for the
case of dynamic excitations, have been determined
from actual service cnvironments. 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 lundamental problem wus to
devise a system of exciters (electrohydraulic or
ciectrodynamic) capable of imposing arbitrarily pro-
grammed excitations on compiete shipboard installa-
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tions {which were, all the while, being subjected to
other simulated shipboard environments) and to ef-
fect, simultaneously, the ship's pitching and rolling
maneuvers.

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 éay 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
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
velate 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 ure based on those associated with
underwater explosions, gun blasts and aerodynamic
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The essential characteristics of the two dynamic
actuation systems comprised by the simuiator are
shown in Figure 2. The framed structure supporting
the electrodynamic shakers is rigidly attzched to the
inner gimbaled drive ring and is designed to support
a total weight of 200, 000 pounds; which total includes
the tesi system and the shakers. The support franie
structure itseit would weigh on the ovder of 6000~
12, 000 pounds; the actual weight being determined by
the overali system natural frequency limits and as-
sociated operational 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 assemby 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 slown, the shakers are positior.ed below the
gimbal axis in order to insure stability in the pitch
and roli 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 additionai analysis
in order to establish the validity of the design concept.
These¢ are the matiers of control and klnetics.

The problem of control of multipl= chakers has
been considered in earlier investigations (References
5, 6 and 7). Techniques for controlling multipls
shakers in parallel (i.e., with individual power am-
plifiers and automatic gain controls} have been estab~
fished and demoustrated for test sysiems 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 when cross-coupling factors exceed unity
(Reference 7). At the present time, these circum-
stances wiculd prescribe performance limitations of
(1) operating in frequency domalos conslderably re-
moved froi:: resonant frequencies, or (2}, effecting
only sinusoidal excitations.

For steady-state excitations in the range of 1-5¢
cps a8 required for naval systems, it i8 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
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approximating anity, It does not appear that "very
soft" support structures are desirabie owing to the
large size of the test system ard the highiv localized
»ffeets which would result.

As a finai note, the results of two analyses made
to check essentiai deslgn chacacteristies are shown
in the following paragraghs,

An analysis was made of the inciination kincma-
ties for the purpose of determining, primarily, the
horsepower and torque requirements of the d-¢ drive
moiors. Assuming a harmonie driving torque, the
maximum steady -state torque, T, required is
{ignoring friction)

2
Fo=douw | 1-—y],

wherein J is the system moment of inertia, (4 is the
maximum inclination, w is the frequency of driving
torque and «, is the natural frequency of the system.
The maximum horsepower required for the incliiation
system is

w
H.P. = T0 90 2

The torque T, 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 response
of the vibratory system and the strength requirements
of the support structure. For this purpose a model
encompassing three degrees of freedom was econsidered
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.

4,000,000

YORGUE (FT L8)

2000000 | —
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Figure 3. Peak Steady-State Torque to Oscillate
Gimbaled Platform
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CONCLUSION

Tk teasibility of the concept deseribed has been
established en the basis of concepmal analyviis and
design efforts.
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DISCUSSION

Mr. Rieuble (Generat Dheetric oY Con-
Cpderine The sioe of e Daek.se ad the fre-
freney rae ot contcern, whv did vou select
lectrodinamie shakors s opposed to hvdraulic
shakers " Foree as cheup i bvdraulic shakers,

vou Kiew.

Mr. doness Lam albso of the opiion that
hvdrauie shakers wonld be chesper. As to
prtelnand rell, we chose not 10 include the hy-
dradlic systen beeause when we traded off the
power regquirenents we would up with a stroke
that was so long that it made a very soft link in
the whole system. My position regarding the
sauck and vibration element is not quite so
strong. We did consider it and we have shown
i our report one concept which included a sys-
ter: oo hvdraatic shakers. Our experience has
been that a hyvdraulic svstem does not give as
ciean a response as the electrodynandic system
would. This was the factor that tipped it for me
toward the electrodynamic system.

Mr. Rheuble: Of course, we all realize
there is a certain restriction on the lower fre-
quency range becanse it was el2ctrodynamic.
Did this give vou two axes simultaneously or
each axis individually? T 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 vendors who have
built big electrodynamic shakers such as this
and they have assured us that this is practical.
They alsc assured us that the two-axis or
multiple-axis excitation ¢ould be handled with
redesign of the shaker.

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

Mr. Isada (Cornell Aercnautical Lab.):
Whv 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 1o
decide on some limit of performance. We
settled, after considerable discussion, on the
fict that two-axis vibration and shuck and
two-axis inc’ination pitch and roll would be
ahout as 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

lesser effects. Certainly the ship’s motions
do not Lave a very strong influence on the per-
for mance 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. Pricr o this the Navy has had a great
deal of iuterest in such a facility. This docu-
ment will be revicwed by various Navy sources.
Tiie Navv has to decide whether such a facility
is necessary to insure mechanical and service
integrity in electronic ejuipment.
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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 structurss
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
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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 tae
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. 1In
other words, the unperturbed motion is
identified with the undeformed state.

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

4 2 2
213—z+m3—‘§+p(t) 3—"2'=o (1)
3x at 3t

where w(x,t) is the transverse deflec-
tion, EI the flexural rigidity, m the
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mass i the beam per unit of lenath,
and P} sore ceoriodic time dependent
load, Appropriate boundary conditions
should be supplementzd in order to pose
the boundary +~laue prol:lem properly.
Since orly the steady-state problem is
considered, nc initial conditions are
introduced.

It should be understood that since
this is not a2 response problem it is
not the solutions of (1} that are
souygnht, but the conditions under which
they are stable (bounded).

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

\"1

w(%t) X, (=2)£f (t) (2)
gl N

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

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

a’s
Ko 2 1 - L LP(t)IE =0 (3)
22 ki © k3T (8 16y

where
2
2~ (erfxeex.ax) /(BT [x70X .dx) (4
s (ka 580 /¢ yfk 58 (4)

( Xixjdx)/(EIx/;i"dex) (5)

hkj

when
fx}fv X;dx =0 (k£ 3)
fﬁxjd":o (x £ 3j)

only up = ug and e~y are differ-

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

2

—E + 0 T1-y P(OIE =0 (3)
dt
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When the excitation focce is
periodic P(t) P(t + T), ecuation (3')
hecomes a Hill's equation with a solu-
tion having the property of being un-
bounded for certain ratios :/y. Set of
such points in the parametcic space
(1,y) for which the solution is unboun-
Ged will be in the sequel referred to
as instability region.

EXACT SOLUTION

As it has been shown by same
authors 27 in the case of a simply
cupported beam, hydrostaticallv loaded
ring and a few other extremely simple
cases excited hy a periodic impulsive
load

P(t) - P_ + Pts—'5(‘5t—k3ﬁT) (6)

e
[}

an exact solution for the boundaries of
instability region may be obtained. 1In
(6) with Po denoted is the intensity of

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

time dependent part, with 5 the Dirac
delta function, with 3 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

0, T
7(aT) e P 21k (7
2(Pc1 - °) m )
sin QkT + cos QkT =1
where
( “o )% (8)
0 a4, (1 - =— i
k k Pcr
and
2 L
L, K27 EL,E
Yk P m ‘
k2-2
Pcr = ——%— EI (9)

with kx =1, 2, 3, ...

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

SERIES SOLUTION

As said refore, 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 €or
systems governed by several coupled
equatiors.

Out from the several different
methods it appears that the solution in
form of Fourier series possesses cer-
tain computational advartages, and 1is
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, £{t) = f{t + T)
(representing actually boundaries of
instability regions) one may write for
a 2T period

—
£(t) =225aksin K%E + bk cos k;t)

(k = 1,3,5...) (10

It is known also that every per-
iodic distribution g{7) has a Fourier
expansion converging in the space of
all periodic distributions

oo

gl(r) = Gr exp{ir:T)

ro.x

where

_ 2n
m—TT>0

The constants Gr are of slow growth
and as shown in~[3]and [4lare given by
$<7

Gr =% g(T) exp(-irl'.')d" (11)

Since the periodic delta function is
defined by

A\
g(r) = [/, 8(r = 2nx)

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

-1
Gr - Tl
such that
5’1‘ =Z 5(r=2nr) = -%-‘ILexp(ir:u')
—., -

1 2
L\ = 9wy CcoS r,; -
T, T io (12)
Finally, for - st, 2-/:T and
Tl = 2T one has
Y et L. l,f
k=%
L )
Y cos2n-IX (13)
n-i

The relation (12) means merely
that both series distriktutiorally con-
verge tc the same gquantity, i.e.

S-\
lim T1it=k2T) - _{t)édt
. o

1imf(,1—,r + 2. ) cosinit)-(t)dt
; 5T ETL

where s(t) is an arbitrary test furnc-
tion

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

a%e | 22 (1-2.)) coskit) £ - 0
e L (14)
k=1
where
l/z
2y oy (1 2 as
’ : cr,k
1 P
Y1k T 27 L
Por,x - (Py + By /a.)

Substituting trigcnometric expan-
sion (10) for £(t) into (14) and egua-
ting to zero coefficients of like
sink?t and cosk:it one obtains an infi-
nite, hcmogeneous system of linear,
algsbraic equations ir terms of coef-
ficients a, and b

k k
2,2
k°¢ _
(1 +u - 22 la, =0
1
(16)
k232
- - - : - :
(- uy - e A i 5
1
= 0

(i.k = 1,3,5 ....}

where § .

3k is the Kronecker delta sym-
bol.
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A nontrivial solution of the
homogeneous svstem (16) exists only if
the determirant of the coefficients
(xnown 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 ec-
vation (14).

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 tuy (k=1,3,5 ...) (17)

[¢#)
»

x

18]
=)
A [N]

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

If higher accuracy is needed one
can substitute (17), for k=1, into the
second diagonal term and evaluate 9§,
from the second-order determinant. 2
slightly more accurate formula for the
boundaries of the first instability re-
tion is than obtained as

2
9* (ultul)
q = 2Eltu1+ m) (18)
Since y, does not exceed roughly 0.25,

formulad (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

2

8e 2 (ug2u,) s

A, 3| ]
9 "1

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

£(t) = b +Z(a.kain]—‘% +

bkuosB%E) (k = even)

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

as follows

% STve; and

7

9 2

DI b R TRRE oY (19)
7y

In case of a simply supported beam
even the first approximocion formulas
provide results accurate enough for all
practical purposes, Taking as an ex-
ample Po = 0.25 Pcr' first three in-

stability regions are computed and
plotted in Figure 1.

5 =
PT, PCR
| ] | ] | ] i

A .2 .3 4.8 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, tlie
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 farther complications to cases
when the system of n coupled equations
is to be considered. Although it is
conceptuall:: possible to eliminate (n-1)
variables (2ince the differential oper-
ators are linear), one cannot use stan-
dard procedures, since, in gerneral,
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
for the system of differential equations
written in matrix form as

2
c §:§ +[1-aA-go(t)B]£ = 0 (20)

where A,B and C are matrices with con-
stant elements, I is the identitv ma-
trix, a and g two scalars and f£(t) un-
known vector. o(t) = @(t+T) 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

£(t) -Z(aksin"—gﬁ + bkco&;) (21)

where ak and bk are some unknown vectors

with constant components. If p(t) is
defined as

o(t) = 5 6(0t-kaT)
X

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, 82
I~a1A1*5ﬁlB~Z o ‘- 0 (22)
where

- (aAelbisp -8
@) = (oA+z7=B) and p; = &

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 procedurc a simple example of a
beam shown in Figure 2 will be treated.
Differential equations governing the
problem ([13, [3]) are

IV o
Eva -mv =0
EIulV + (m@)" + wh = 0 (23)
EIng™ - GKp" + Myu" + mrg= 0
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Fig. 2 A thin-walled beam subjected
to a concentrated load P{t)
at the midspan.

‘Where u and v are componental displace-

m=nts and ; angle of rotation about the

longitudinal axis EIx, EIy are flexural

rigidities, EIq sectorial rigidity, GK
3

torsional rigidity and M, the external

bending moment defined by

Lp(t)z O<z<it
Mx (z, t)=
LP(t) (L -2) M <zl

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

Assuming solutions in form of
series

uf{z,t) = thn(t)xn(z)

n

<
o(z,t) = Lén(t) vy (2),
n

x{2) = y(2) -(ﬂ) sin nz/¢,

where coordinate functions y(z) and
¢¥(2) 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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mF £ ¥ - - ) N 3£l
'!‘i: + _‘{k \05" t.ll(t)gt‘f‘ 0,
where
f‘az 0 ]
F
|
2 2
L 0 r dZ_j
rl 0 7
| |
Lo r%J
~ ~
™ ’\ dz 0
R =
2
0 < fydz - GK[ri"dz
L 2
4
EI ”—4 0
4 2
L 0 EI;.—4 + GK -3
~
0 ﬁ((M-y)"dz
S. = =
fl'Mxx“dz O—I

b wz - 12
1
8
2
_TT + 4 o} |
Uy
f =
'jk

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

The approximate matrix relation

defining the first instability region
may now be written as

or
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S 1 t t
1 - A, =—(P,. + 5~ + 5)
4 2 1 P‘ 0 2 2n
X
=0
L PQ 2nP$ 27P 4y
4
where
px=.-_ZEZ z p=-!'—2-(EIq———n2 +24) y
4 ® 1 "

Expanding the determinant one obtains
the boundaries of two principal in-
stability regions. w2
If y= %5 <<1
Yo
vo]
following approximate relations for

the first flexural and first torsional
instability region are obtained.

AlAz 1 P P

= 2y /] o el i _t : t
9 = an il PP 1l-y (PO + 27 2'rr)
Xp
and

A_A P P
9, = 2u 182 o Py Py
* @ s R (Py + 37 * 77)

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).

P
]

| | I~

Tt
. L

qT

(1-=q) T~

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 g = 0.5 the tensile forces
are located midway between two succes-
sive compressive forces. The loading
function is

- 'a_;j‘l - 5 (e -
Pt P0+PtZ(tk'1) (zt
K
3t

L

- kiT) (24)

™|

For the periodic distribution de-
fined by

nl T
£(T) "Z."(T” 2—1 -kT, )
K

Fourier coefficients are

T
1 T .

F_ == AT - ==)exp(-inyt)dt

n Pl- 2

Q

1 .

= exp(-inmu)

T

Other zeroes of the function f(t) do

not fall into the interval (O,Tl) of
the integration.
Hence,
5t yom -1, 2
Zfs(ut- 5= -K8T) = 7z + 5z
~ %
n .
Z(-l) cos ns5T (25)

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

2 -
Q_% + 32(1—4u222cos nit)f = 0
at Nml

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

Iy 2" 1 : 2. (27)

or more accurz ely

_ / 20 .
S 27 1 = 2.~ j‘—:? 128)

The boundaries of the second instabi-
lity region are

.82
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Preceeding in much the same way
for ¢ = 0.25 the boundaries of the
first instability region are found to
be

=2A_‘/l:\/2—

-

“x

while for the second instability re-
gion one has

N . 2 3
e = \/1-2,,-&,(2‘-#4)

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

S(B) =) ¢ ekem)
. ya—
where 5 (3t) is the dipole or the
generalized time derivative of the Di-
rac delta function. The fourier co-
efficient can be calculated to be
G, = ir»/Tl (with i standing for the

imaginary unit), such that

"5_1 . \
Zi“(at—k?T) = - % ) n sin n=T
o :

The boundaries of tne first instability
region are now




3, =20V 14y
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while the second instability region is
bounded by

8, =1 v 1-u? s (2ue’)

The whole process is symmetric
about q = 0.5, i.e. g = 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
for a simply supported beam, for dif-
ferent q's is plotted in Fig. 4. As
expected, the shape of instability re-
gions for q - 0.5 resembles the shape
for the harmonic load. :

Uos

q=0

Fr/Fer

N U (N T T B
J .2 3 4 5 6 7

Fig. 4. 1Instability regions for a
simply supported beam sub-
jected to alternating im-
pulsive load.

Pape

FINITE ELEMENTS SOLUTION

In order to cope with the probiem
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,2z,t) in the form

Xk
o
wix,y,z,t) = Zqi(t) Bi("oYt z)
i=1
where qi(t) are some unknown amplitudes

and g, (x,y,2) are some given displace-
ment *or influence) functions the dif-
ferential equation governing the para-
metric resonance problem (see Refs [5]
or [6]) may be written as

g+ MUKI-P(K glg - 0

where for the assumed displacement
field the mass, stiffaess and stability
matrices are defined by

M= [mij] mij -mfaiajdl
K= [kij] kij - Elfai"aj" ds
G = [gij] gij = fﬁi'?j' da

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

f-rr + w7k - u,flgi -0 (29)
where

A= 2

-blcp

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

for the harmonic force a-Poith

Py Py
for periodic impacts a-P0+5; *3;

As shown in both Refs, [5] and (6],
for a simply supported beam idealized
by a minimum of two discrete elemeats
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+T) the gov-
erning equation reads

3% % 2y
- — - = G t 3
EI;;; + P(t)axz ms:g (t) (30)

If

6(t) =)X (x)g, (t)

then using (2) one has as before
£ 4o 2(1-u P(£)1E, = ig
k k b 3 k m°k

As shown in (7) for the case when
gk/h is bounded in mearn, the null solu-
tion of (30) which is in the same time
the null solution of (3') is stable in
the presence of persistent disturbance
G(t). Since the continuous system is
dealt with, in addition to the bounded-
ness in mean of gk/m the series for

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. 1In
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 nonlinearities is not presented
herein. Although suci: 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,
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may be found in our papers {2]and [3].
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PARTIAL LIST OF SYMBOLS

E - Elastic modulus

I - Principal moment of inertia

£(t) - Time dependence of the de-
flection function

M - Bending moment

m -~ Mass

P(t) - Time dependent excitation
force

PO.Pt - Amplitudes of the static and

dynamic part of the excita-
tion force

Pcr - Static buckling force

T - Period of the excitation
force

t - Time variable

X - Free vibration eigenfunction

(spatial dependence of the
deflection function)
w(x,t) - Deflection

8 - Displacement functions (modes)

6 - Dirac - delta function

bjk - Kronecker delta symbol

Q.u - Parameters in the Hill's
equation

W - Free vibration frequency

] - Frequency of the excitation
force

8, - Critical frequency

A,B,C - Square matrices

I - Unit matrix

K,M,G - Stiffness, mass and stabilky
matriz
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SHOCK ANALYSIS OF FLUID SYSTEMS USING ACOUSTIC
IMPEDANCE AND THE FOURIER TRANSFORM; APPLICATION TO
WATERHAMMER PHENOMENA

Arthur A. Winquist, 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 analysis 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 t5 a shock input, due to a variable constriction or chang-
ing valve condition i{a the line. This type of problem is frequently classed as
waterhammer or fluid haminer. Some experimental data are available for various
waterhainmer 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 sv«-
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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INITRODUCTION
B to development of the digital com-
puter . sarmeus analvtical and empirical me-
ihods were used :n approaching the solution
of vibratinsn and shock problems for mechan-
ical, ~irctrical and fluid systems. Develop-
men: and usze of the digital compater has
lezd to a quest for development of more gen-
cral and more suitable methuds for the
analysis of various shock aud vibration pro-
blemas. Desired is a solution technique
vhich no* only would offer technical advan-
tages, hut whick, from an educational view-
pu.nt, would lutegrate overall understanding
of shock and vibration phenomena. Ome such
synthesizing techniqae entails use of the
Fourier 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-
i:al systems analysis. This method, how-
ever, has not been developed significantly for
acoustical and fluid systems.

“ollowing are presented theory involved
in development of linearized acoustic imped-
ance relationships for liquid and gaseous
fluid system elements and Fourier transform
computational technigues used in computaticn
of excess pressure induced wi'%in a piping
system as a result of valve closure. The
acoustic impedance--Fourier transform sol-
ution technique is ther 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:

=B
& 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 .,
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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 analytica! linearity. Tae system
must then, of course, satisfy these limitations.

Applicable linearizing simplifications may
be enumerated as:
1. The fluid is liomogeneous and isotropic.
2. The fluid is elastic.
3. The sound pressure 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< p/20 [1].
b. In the case of liquids, pressure magnitudes
must not cause fluid cavitation [2] .
4. Fluid voiumetric changes are small com-
pared with total fluid volame. This assump-
tion generally requires that AV <V/20[1],
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 1). 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 frequeincy range. During sound
propagation, fluid comprassions 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<n/2, whers ka is a non-dimen-
sionalized wave propagation constant equal to
the product of w, the radial frequency,and a,
the tube radius, divided by ¢, 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 7
velocity q %
=X o

Figure 1. --Cylindrical volume element

-
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The wave eguation is then expressed as
2 2
) a ) 3 %
+ r. 29 . B =0
®at ™ 3t ax (@

\ lere p is the mean mass density, Ty is the
coefficient of mechanical viscous friction per
unit area per unit length, B is the fluid bulk
modulus of elasticity, and x, § x, and 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
ejmt etkdx

. X . _ s
g=£(0) JU 2T = €O (3)

where £ is the fluid displacement in the pres-
sure wave, § is the fluid velocity in the pres-
sure wave, and c] is the sound pressure pro-
pagation velocity in a dissipative fluid. o is
angular frequency, and kg is the damped wave
propagation constant,

Fluid system impedance carn be developed
initially by considering the force balance on a
tube of cross-sectional area S,one end of
which is ciosed with a piston of acoustic im-
pedance Z1,, the othec end enclosed with a
piston of acoustic impedance Z_, driven by an
arbitrary force Foe‘w"t, figure 2.,

x=0 x=L

| )
jwt jut jut
FoeJ SpoeJ SpLeJ

JL
25" *2, z,

Figure 2.--Tube impedance

Fluid flow in the tube caused by the exter-
nally applied force is governed by the contin-
uity relationship

p=-B% =B 0

and the general dynamic wave equation.

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

P, = ppcoshkL + pch sinh kL,
(5)

- 1 :
% = pL -p—c— sinh de + gL Coshkdt;)
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when substituting boundary conditioas at

x = O, x = L and determining ccefficients

Use of the expreuions. for p, and %, and
evaluation of p; and €1 leads 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 apprcaches an
infinite value. The assumption of infinite wall
impedarce iz valid when the magnitude of the
fluid compressibilit:- e{fect is much greater
than the effect of wall elasticity. D'Souza [3]
shows that jor small diameter pipes subjected
te waterhammer pressures the tube walls
may be assumed rigid, although in performing
calculations, the theoretical speed of sound
propagation must be decreased by considering
wall elasticity.

Thus in place of ¢ would be substituted 5.
t' - pressure wave propagation velocity in non-
rigid sipe. Parmakian [41 expresses c, as
z z
c

c - ————————————
2 2abB n
14+ 5

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

b PIPE MOUNTING CASE

aaae

5
3V

Straight single pipe
|supported at on

Straight single pipe
supported at both ends

—

1- % 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,
P,» and the wave velocity, &,, relationships.
Defining Z , to include both the end piston
acoustic impedance Zp and the tube impedance
ZO = po /S é .
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This linearized expressicn for acoustic imped-
ance is valid for ka < 0 25.

(8)

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. Asan
example, the overall impedance of a fluid ina
piping system: consisting of sevaral segments
of pipe in seriee, each segment with a different
dizmeter and wall thickness, would be cal-
culated by algebraically adding the impedance
of each individuai segment.

COMPUTATION FEATURES

Fourier transform. The Fourier spectrum
of system response to an arbitrary input f(t)
can be determined knowiag the system imped-
ance Z(w) and the Fourier transform F(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 rasponse by
means ¢ { the inverse Fourier transform.

Crede and Harris [5] and Huss and
Donegan [6] discuss a numerical integration

technigue to be used to accomplish the Fourier
transform,

L _J . t
Flw) *_r_. f(t) e “Jo dt 9
and the inverse Fourier transform
1 " jmt
) =5= [ Flw)e? do 0)
for the situation f (t) = O whent ¢ O.

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 function approximation consisting
of n intervals with abscissa width at and
ordinate fn.

The frequency spectrum F(w) is then
computed using the equations,

Re [F(w)] =4t fn sin G cos (2n-1)G , ()
G
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Im{F(w)] = -Ati ‘n sin G sin (2n-1) G, 12)
G

G=%§w. (13)

(Fle)] = (Re[ F(2)]1® + {Im{F(e)]}s14)

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

£ =li'( 5(60],_, +8(f0)], - [KO], ;Y qs)

which approximates the actual curve with a
parabelic 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 (w) of a system of imped-
ance Z (w) to an input F (w). Re [R(w)] is
calculated in the frequency domain and is
then approximated by a step fun.tlion consisting
of n intervals of abscissa width Ay and
ordinate Ry, such that n"4@ equates to the
maximurm desired frequericy 6§,

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

2
r(t)= — AwEZ_R_s3in G cos (2n-1) G,
" n'n G (16)

G=3uw t. (17)

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

R, = 1 {5[ReR(w], ;+ 8[ReRiw)],  (18)

-(ReR(w))n+1} .
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 volurnetric flow to the system.




For each of the cases studivd, the fluid
velume velocity was steady prior to closing
the control valve or gate. The source mater-
ial for each of the cases indicated that the
cross-sectional area of the fluid path through
the valve varied linearly with time on valve
movement, as shown in figure 4, where

o= Sglt) =8 _(T)

g ) - e ) .

Sg(O). 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 o1 valve movement.

1.0
T
(]
t_ .
¢ T
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 is of
course due to the change of valve cross-sec-
tional area.

The wave equations developed above relate
system parameters to ai 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 steaiy flow after gate
closure. The resuvltant 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 ar the actual volumetric flow
rate minus the initial steady-state flow rate.

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

11

qlt) - q(0),
q(T) - q(0),

OgtgT,
T st, @
are depicted in figure 5. In figure 5, the
iaitial and actuzl flow rates towards and
through the valve are evaluated as negative
since, as shown in figure 6, pine distance is
measured from the valve end of the pipe.

q resultart input
flow rate

q(T) - q(0) o
off 4 -

T t
T} ..

actual flow rate,
t
alo) q(t)

Figure 5. --Determination of Resultant
Input Flow Rate

reservoir

Figure (. -- Reservoir-Pipe-Valve System
Configuration

Two separate categories of waterhammer
excess pressure fluctuations during and sfter
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 axd then to return to the originz:
starting point at the gate. The 3econd 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 closiug 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 is expressible as

alt) = ;:{_g) [t )AH!QT a(o)

(22)
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where S (t) is the open gate area at time t,
5_(0) is the initial gate flow area, AH(t) is
the fime 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 flow area during gaie movement from
t=0tot =T,

=S (0)-r= S (O) (1-1),
Sglt= Syl0)7= 5,(0) (1) (23)

this expression becomes

Ty . i
aw =I5t 14 i1t q0). 24)
T =% (

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

at)=q0) ot (25)

Expressing the actual fluid flow,
qit), as

alt) = AMP (1 -4+ q(T}Pst<T,  (26)

q(t) = q(T), Ts<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

f(t) = - AMP (),0 s t <T, (28)

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(w) =AA +j BB {30)
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where
AA =-‘%§:— (1 - cos oT) (31)
BB = %‘:}3- sin oT . {52)

Volume velocity input, T > RT, When the
valve closing time is greater than the pressare
wave reflection time, the actual fluid flow 1 s
determined from a superposition of the flow
resulting from the change of valve cross-sec-
tional area and the flow resulting from the
excess pressure head caused by the reflected
pre3sure wave impinging on the gate.

The resultant volume velocity input to the
syatem as 3 result of the change in the valve
area in time T is expressible as

ft) = AL:Fl g, OstsT, (33)
T
f(t)=AMP1W ’ T<st, (34)

Flw) = %:1: (cos uT - 1)
. AMP1 (35)
"I RT e SinoT
where AMPI is the positive resultant input
amplitude change during the time RT of a sin-
gle reflection. At the lower frequencies en-
countered in waterhammer analysis, complete

wave reflection may be assumed at the reser-
voir end of the pipe.

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 this occurrence a second resul-
tant volume velocity input must be applied at
the gate end of the pipe, expressible as,

£(t) =Am=1'—!;-,-r51mc'ron(t) ) (36)

RT<t<T,

fit) = AMP1 !;.IRT 'Tsts{%] + 1} RT, .




f(t) = AMP1 [T‘-rr'_l . {[-ﬁ'l,;—] +RT<e, (38)

where FACTOR (t) is a multiplicative factor

to account for incomplete pressure wave re-
flection at the partizlly cpen gate, and

{ [T /RT] +1% RT denotes the first con: lete
reflection time after time T. For those cases
where the excess pressure is less than
Joukowsky's maximum surge pressure,

Billings [7) approximates the reflection co-
efficient as

1. IMS
- ZH(O)T

{(39)
FACTOR(t) = —————
1 4 IMS
ZP(O)
IMS = |J_§a.U£)_ I , {40)
g

where JMS is Joukowsky's maximum surge
pressure and H{O) is the static head presscre.
A linear variation of T for valve movement

from the opea pipe area to the full closed
position yields

1- Jms 18D
ZH(O) T)

FACTOR (i) = . (41

JMS t
1+ FHor (1 -1

The reflective factor may be more simply
approximated by

FACTOR(t) = Valve Closed Area .

42
Pipe Area (65

For the case where the valve closes linearly

from the open pipe area to the full closed
position,

FACTOR (t) = —‘.r- , O0<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,

3

f(t) = FACTOR (t)-f(t - RT), 2RT <t <T, (4)

fit - RT) = AMP1 £22RT £ACTOR(t - RT),
RT (45)

f(t) = f(t - RT), ‘!sts{z—;{?i+ }RT, e

"
ft)= (T -RT). { g (+1} RT<t.  (47)
- -t

Each succeeding reflection time increment
RT results in an additional input wave. The
effect of each successive input on the excess
pressure may be obtained oy superimposing
each input up to the first complete reflection
time after termination of gate movement. For
times in excess of ([T / RT] + 11 RT, a
steady input equivalent to the negative of the
change in stezdy-state fluid volume velocity
from start to termination of gate movement
accounts for decrease of fluid flow.

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

rmL -

kd= zpCz + ) kL {43)

= /Zour (49)
m a

and 4 is the coefficient of viscosity.

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

At the reservoir end of the piping system
the impedance, Z],, was expressed as




Ltait b

ka)® |, . 8
ZL=£§1!71’JLC53Wk. (50)

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

APPLICATION

Five cases were studied. In four cases
the gate closing time was less than or equalled
the acousti: wave reflection time. In one case
the pressur> wave refl:ction time was less
than the gate closing time. The FORTRAN
programs were run on 3 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. Fo: the case
where the gate closing time was less than the
reflection time, his system consisted of a
straight pipe of 200 feet length with constant
diameter of 0. 0365 feet and constant 0.00261
ieet pipe wali thickness located beween the
reservoir and the closing valve. The valve
clsoing time was 0. 022 second as compared to
the presaure wave reflection time of 0. 0961
second. Steady state velocity before start of
valve clogure 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

5 <3 =
?-V-I-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{w) 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 reflectioa time,

was divided into 120 increments. The fre-
quency increment was

S T T
Af *B% RT - 0.0867 cps

.5 {(51)
Aka = 0,236 (10) ",
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To assure computation to a sufficiently high
frequency, the numericzl integration was per-
formed over 1600 such incraments to include
up to 138 cycles per second, ka = 0.00332.

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

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

For thia 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 gete closirg
tirne 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 state velocity
before valve movement was 2. 77 feet per
second. The valve closed in 0. 09 second.

The velationships used to determine the
pipe mounting factor, the wave progagation
velocity, the resultant volume velocity inpat,
the system impedancs and the real part of
the frequency response are the same as those
used for case 1.

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

1 1

0 RT

which equated to = 0.0885 cycles per gecond,
Aka = 0.239 (10)">. Summing over 1600 such
increments, frequency response up to 141
cycles per second, ka = 0.00382, was con-
sidered.

Af =

Excess pressure head response 4s deter-
mined by the Fourier transform technique is
plotted in figure 8 together with the response
as calculated using the characteristic equation
technique.
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Case 3. Pillings

equation technique.

(7] analyzes the waterham-
mer phenomena occurring at the Serra Pen-
stock number 1 by means of the simultaneous
Exceas preesure as

%

calculated by the Fourier Transform teclinique
is compared with the actual pressure ani cal-
culated pressure as presented in the article

"High- Head Penstock Design .
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Serra Penstock number 1 consists of pipe
of four different diameters and with varying
wall thickness anchored at fifteen difterent
points along the 5,335 feet length.

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

. c3
‘c’)uz * 1+ ZanEB

> r (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 iifteen 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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Figure 9. -- Physical Parameters of Serra Pensiock, Number 1
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The relationship
v -
b=l--z--0.85 (53)

was used to determine the pipe mounting
factor.

System impedance was expressed using the
relationship

2 3" tanh gL,
plcg )n n-1 Sn
Zn(w) 8 Tn_ plca )n {(54)
Sn + Zn_l tanh(kdl..)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

secord, &a(l5) = 0,164 (10)=5, Integrating
over 13, 000 such increments evaluated fre-
quencies up to 8 cycles per second, ka (15) =
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,

For this case, the pressure wave reflection
time was 2,696 seconds as compared with the
gate cloaing 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 time 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 X =
0.000530 cycle per second, 4ka(l5) =0,141(10)=5,
Summing over 13, 000 such increments included
frequencies up to approximately seven cycles
per second, ka(l5) = 0, 01828,
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Excess pressure calculated is shown in
figure 11, along with the actual excess pres-
sure and simultaneous equnation derived ex-
cess pressure.

Case 5. In discussing waterhammer pheno-
mena where the gate closing time exceeded the
pressure wave refiection time Streeter's (B8]
syatem 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 inversc
Fourier transform. the frequency increment
used was

S WS ST
Af = 355~ RT - 0-9354 cps
(55)

ska = 0.96 (10)°6.

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 1, 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
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simplified computer programming. Continued
investigztion must be performad to delineate
criteria for application of this technique to
waterhammer phenomena and to apply the

technique to other than waterhammer probleras.

Since this technique requires use of a
numerical integration technique, it is manda-
tory that the integration interval be chosen
sufficiently amall 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 summarized in table
1. Frequency increments of width substan-
tially greater than those listed did not pro-
vide valid excess pressure head results.

Table 1 - Numerical Integrativn
Frequency Increments and
Cut-off Frequencies
max o
Case Aka Af {cps) (cps) max

I 0.239(10)° 5 0.0867 138.78 0.00382
II o 239(10)'5 0.0885 141.57 0.00382
I o. 164(10)‘5 0.000618 8.04 0.02133
IV 0.141(10)-5 0. 00053 6.89 0.01828

vV 0. 960(10)'6 0.0354 67.25 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 is necessary %o validate the theory
and to inveatigate complications introduced

by the linear superpositics of several reflec-
ted waves. It may be seen that as the com-
plexity of a fluid system increases the expres-
sion for the fluid volume velority resultant
input can become increasingly complicated.
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DISCUSSION

Mr, Pakstys (General Dynamics 0052:
Did I understand corrertly that you -
slder all of the siructural effects such as the
streetural interaction between the pipe and the
fluia?

Mr. Winquist: Yer, we did. The wriiten
paper will consider the pressure wave propa-
gation veloclty along the pipe as a function of the
plpe physical structure Itself.

Mr. P s: Have all of the effects been
considered, inc the bending and shell
modes of the pipe?

Mr. W%glst: We only considered the
bending modes, not the shell modes.

Mr, Dorland (NASA Manned 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. Winquist: No, the criteria we laid
down in order to work with linearized acoustic
Impedances required a continuum of fluid. In
other words, there was no trapped air, just one
fluid.

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

Mr. W;llgulst: This was strictly an analysis
using e ished 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 theoretlcal solutions work very well and we
are surprised by this. We think the reason is
that the actual oulk modulus of the fluid 1s very
close to the theoretlcal value. Taese values are
close because we deaerate the water for two
hours before we put 1t in, Did you run into any
phenomena that might bear on this?

Mr. Winquist: I do not believe so.
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DRAG ON FREE FLIGHT CYLIHDERS (K K HLAST WAVE

Stanley 8. Kellsen
Defence Research Establishment Suffield
Ralston, Alberta, Canada

The free flight method was used to obtain the drag ccefficients
for circular cylinders in the blast wave from a 500 ton spherical
TNT burst. The measurements were made on each of two 3} inch diameter
aluminum cylinders, thvee feet long, placed at the 12.C and 8.5 psi
pesk overpressure locations respectively.

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

NOTATION coefficient of drag

CK
'

x = horizontal displacement of near end of Pp - drag pressure
cylinder
t - time after shock front hits cylinder q - dynamic pressure at time t
s - standard deviation in x q, = dynamic pressure at time =0
X - corrected displacement of cylinder M - flow Mach number in blast wave
D - orag force acting on cylinder in blast ¢, = spoed of sound in the blast wave at time t

wave

o - mass of cylinder Tl - atmospheric temperature ahead of shock front
a = acceleration of cylinder R - gas constant

V ~ velocity of cylirder Y = specific heat rati»

U - fluid particle velocity in the blast wave T, - temperature in the blast wave at time t

at time t

U0 = fluid particle velocity directly behind T2°- tampecatureibeninditheiblagtifconthat t=o
the blast front {t=0)
p - pesk shock overpressure P2°- ::(s’olute pressure behind shock front at
Py - atmospheric pressure P, = absolute pressure in the blast wave at
- spead of sound in the air ahead of the Kinsgt
blast front R, - Reynolds number
F = Friedlarder pressure deca/ d - cylinder diameter
o iti i ast
t, - positive duration of the trast wave v = kinematic viscosity at time t
3, - fluid particle acceleration in the blast a, - acceleration coefficient
wave

a; = acceleration of fluid relative to cylinder
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INTRCDUCT 10N

ir August 1948, a 500 ton spherical
charge of TNT was detorsted at the Ceferce Research
Estadiishrent Suffisld. The blast wave, ard the
effects it produced ¢ various test items, were
studied. The overall project was entitled
Cperatior: PRAIRIE FLAT,

One cf the major Canadian projects in
Operaticn PRAIRIE FLAT was the measurement of the
dynamic response of lattice-type masts to blast
loading. The masts, which were constructed of
alunirum tubing having a circular cylindrical
cross=section, were tested in two sizes. Two
masts, one 15 feet and the other 30 feet high,
were tested at the 12.0 psi lacation and one
mast 15 feet high was tested at the 8.5 psi loca-
tion. To analyze the response of these structures,
it was necessary to krow the loading that the
blast wave imposed upon them,

A great deal of knowledge has been gained
of the aerodynamic drag on cylinders under steady
flow conditicns, but little is krown about it
for unsteady flow. Therefore various experiments
were devised for measuring aercdynamic drag in
Cperation PRAIRIE FLAT [ﬁ. One of the methods
proposed was the free flight method.

This report descrites the results of aero=
dynamic drag measuremernits by the free flight
method. in the unsteady flow which results from
a blast wave of the type produced in Operation
PRAIRIE FLAT the aerodyramic drag dep=nds on
several flow parameters in a complicated way.

As the theoratical prediction or calculation of
drag from other measurements is of doubtful
accuracy, it is necessary to measure the actual
drag at the location of the masts. Hence measure-
ments were made on two circular cylinders fabrica~
ted of material similar to that of the masts.

The diameter of the cylinders was the same as that
of the smallest members of the masts. The other
members were only slightly larger and scaling
problems were considered unimportant. The cylin-
ders were 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 a1l 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 allcy 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
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other cylinder weighed 5.58 pounds. The weights
of the test cylinders were chosen 30 that thay
would travel approximately the same distance in
the field of view of the cameras so that maxisum
accw acy in the displacement data could be ob.
tained for both cylinders. Each cylinder was
suspended on two parallel monofilament nylon
lines approximately nine feet long which located
each cylinder 3.0 feet above the ground in a
horizontal position perpendicuiar to a radial
line from the charge centre. Two other mono-
filament nylon guy lines were used on each
cylinder to prevent oscillations due to the wind,
These were attached to the antenna support, lee-
ward to the blast, so as not to disturb the
cylinder during the blast wave. The suspension
systen wasz fabricated from 14 1b. line for the
heavier cylinder and 10 1b. line for the lighter
cylinder. Preliminary tests indicated that lines
of lower strength might fail prematurely.

A 1/4 inch steel marker plate 30 inches
high and 36 inches long was 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 was meastred. A linear scale three inches
wide was painted along the length of the top edge
of each marker plate. The scale consisted of
alternate black and white stripes each one inch
wide. One marker plate along with the corres-
ponding test cylinder suspended in proper position
is shown in Fig. 1.

The motion of each cylinder was 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 wide with its direction of view
along the axis of the cylinder.

DATA ANALYSIS
Film Reading

The film obtained from each of the high
speed cameras was read with 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 experimant 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. 4 and 5. Each velocity
point is plotted at the mean time ~t 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 »scillate slightly
on their mounts. Longitudinal components of the
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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 marker
plate indicated oscillations with frequencies of
about 22 and 38 Hz at the 12.0 psi and 8.5 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 clightly by
dust in the air. There was almost no dust
visible in the photographs Tor the 8.5 psi loca-
tion. The reading precision was approxirately
10.01 inches at each point. Since two points
were read 1o 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 velecity 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
£ 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 entitled "Least
Squares Fitting by Orthogonal Polynomials". The
type of curve fitted is of the generai form

n=0

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

given by
02 8 ZE: d.2
i
i=1
D.F.
where ¢ is the standard deviation in x

d, is the residual, i.e., t experimental -
t calculated

K is the number of data points

D.F. is the number of degrees of freedom
given by D.F. = K = C where C has
the value one plus the degree of the

polynomial.
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The degrze of tke polyromial used for the
fitled curve was determincd by trial and error
using the criterion that the best fitting poly-
nomial was the one which yialded the smaliest
variance of x and which satisfied the nacessary
corditions that the velocity incrzassd meno-
tonically and the acceleration cecreased 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 diffracticn of the wave frort around the
cylinder and the vorter formation and shedding
wete sc short that these fuatures could not be
distinguished in the fitting of the displacement
time curve.

it aJee

The resutling polynomiale for disglacement
x in inctes and time t in millisecords are
written as follows:

For the 12.0 ps1 location -
x = 0.002428748 + 0.011C2118t + 0.00459188412 -
0.00006363706‘l3 + 0.0000007870470{4 -

0.000000004 334979t
& = 0.0016984 in.?

(Eq. 1)

For the 8.6 psi location -

x = 0.006780765 + 0.02919239t + 0.003997392> =
0.000086820524> + 0.000001902585t% -
0.000000021868204° + 0.00000000009472334°

(Eq. 2)
& = 0.00029506 in.?

The coefficients are taken directly from the
output of the computer. No 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 moticn as well as rotaticn
about a vertical axis in such a way that the
far end travelled further than the near end.

The effect of gravity was regligikle
because for free fa%l (using y = %/ﬁgt for
t = 50 milliseconds) the cylinders could have
fallen only 0.5 inches. |7 the suspension lines
did not break in the first 50 milliseconds the
maximum possible upward force that they exerted
was certainly not greater tiiz: 3 times 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 atiributed 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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1~:t1a] ~pulse fror the srock rave reflected
‘rom tre rast., Sinze tre Cisplacerert-tine
data were cttaired iy reasurirg Scrizontal
=cticr of {*a resr e~d 0¢ e c¢ylirder, it was
recessary c apply 2 correction to obtain the
~obior of the centre of the cyiirder. Ffortu-
rately rott tre vertical corprrent and rotation
were approxi~ately li-ear functiors of displace-
rect at tre 12.C psi !scation ard the product
cf the vertical corpore~t ard rctation was
approxirately lirear at ire 2.5 p3i location,
This means that the corrected value of displace-
rent for sach cylinder could te obtained Ly
applyiry the sarme constant correction factor to
each reasured displazemert. To ottain the
correctior due to rotaticr it was necessary to
read tre ~otion of the far end of the cylinder.
Since the displacermart reference scale was =t
the rea- erd of the cylirder, the measurement

of tre 7ir end displacement was affecied by
forastorterirg of tne field of view and the
changirg angle of view Of the camera. The sorrect
displacement difference Ax" between the tar end
near erds cf the cylinder was then obtained by

Ax" = ‘L—-‘-L—h}-A—x—, + % (Eq. 3)

vere L is the distance from the lens of the
camera iy the near end of the cylinder

k is ihe length of the cylinder

Ax' is the measured difference in
displacument betwmen the far and near end of the
cylinder.
The Tirst term on the R,H.S, side is for the
foreshorteni-g +f the field of view and the
second term is ior the changing angle of view.
The value of n for both cylinders was 3 fest
and the value of L was 50 feet and 42 fest for
the 12.0 and 8.5 psi locations respectively.

The corrected values of the displacemert
data are given by

X = 1,217 (Eg. 4)
for the 12.0 psi location and
X = 1.164x \%q. 5)

for the 8.5 psi location
Calculations
The d-sg force D is obtained by
D=ma (Eq. 6)

whore m is the mass of the cylirder and

_gX
at?
from Eq. 1, 2, 4 and 5. The value of the drag
force of each cyliner is divided by the frontal
area of the cylinder and is shown as P, in
Tables 1 and 2. Also shown in these tables,
for each cylinder, is the drag coefficient C,,
displacemant X, velocity V, and acceleration
a, of each cylinder along with various flow
parameters upon which the drag force is depen-
dent.

a ;5 the acceleration obtained

The displacement and velocity are obtained
by X and -g{- respectively from Eq. 1, 2, 4 and 5.
The fluid velocity U is obtained from the
ecuation
u.uor (Eq. 7)

where U , the fl:id velocity directly behind

the blast front (time t = o), is obtained from

the Rankine~Hugoniot relations [3]

c

U =28 - (Eq. 8)

! Ry 7
(r+ B

where p is the pesk shock overpressure

2 is the atmospheric pressure

G is the speed of sound in the air
shead of the blast front

=KL
t
g +
F=1-%] ¢  the friedlander decay
+

where t is the lime af'ter the blast front has
passed the cylinder
t, is the positive duration of the blast
wave

For the psak incident overpressures vhich
occurred, K has a value of 1, [4]. The fluid
particle accsleralion a_ is found by differ-
entiating Eq. 7 thus: P

L
&% <
e~ T, (F+e ) {Eq. 10)
The drag coefficient is given by

P
CD = ? (Eq. 11}
2
where %=q, 1 -% F2 (Eq. 12)

where q_, the dynamic pressure at t = o, obtained
from thé Rankine-Hugoniot equation 3] is given
by

2

22 R :
=2 %, +p {Eq. 13)
for a stationary cylinder Eq. 12 reduces to
q-= q°F2_. the Friedlander decay, The Mach
number, M of the flow behind the shock front is
given by
U=V
W= == (Eq. 14)
%
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where c, is the speed of sound behind the shock
front obtained frcm

where ¢, = m is the speed of sound in
the atmosphere aheaa of the shock front

Tl is the atmospheric temperature ahead
of the shock front

R is the gas corstant

(Eq. 15)

vy is the specific heat ratio
1’2 is the temperature of the flow behind

the shock front approximated by the isentropic
relationship

(Eq. 16)

where T, is the temperature directly behind the
2

shock front obtained from the Rankine-Hugoniot
relations [5] and given as follows:

P2
7+ P—q
T, =T, -1 (Eq. 17)
0 7+ ﬁ—
P
2
P, =P +P (Eq. 18)
o
Pp =P + pF (Eq. 19)
The Reynolds number is given by
_(U=Vd
Relsiss (Eq. 20)

where d is the cylinder diameter
v is the kinematic viscosity gﬁven by
P

P2 0.714 | N
6+ p—Q Py n
o x 106 = | LaZ 1§ % b,T
P P2 \P2 n=o
1 +6=—2
i g
-qu. 21)
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where b are coefficients obtained by using an

IBM 1130 computer applying the sams program
used for ob{alnmg Eq. 1 and 2 to values of
known for air at specific temperatures 76].
The values of b obtained for T.. in degrees
Rankine were

, = 0927754 X 102 ft. sec- -1

= 0.3292413 ft.2 deg R“
-omloesxlo3rt ! deg. R™2

The quanh{y in square brackets is the density
correctinn term. The acceleration coefficient,
an indicator of the effect on drag of relative
acceleraticr between the Fluid and the cylinder
[7] is given by

d
o .
c (U - v)2 £Eq. 22
where a, is the total scceleration defined by
sy =a=a (Eq. 23)
RESULTS

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 gruund zero

p = 8.2 psi + 10 per cent
'l+ = 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 ard 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 0.48 at the 12.0 and
8.5 psi locations respectively.

DISCUSSION

The values of CD appear to be approximately

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

0.02 in the 50 millisecond time range and cor-
2

respondingly the quantity 1 -(%) 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




value of C. appreciatly fcr a cylinder at rest

under the same flow conditiors.

Tre Reyrolds nurher and 'ach nurber appear
to vary joirtly in such a way that the drag co-
sfficiert does ro! chlarge ir the time varying
flow of the Llast wave. This is alsc indicated
by analgsis T9] of sore drag measureme~ts made
by the 3allistic Research Laboratorius at the
15.0 peak incident overpressure location in the
500 ton trial [10] held at Suffield in 1964.
This shows that for a 3 inch diameter circular
cylirder which is effeci ely infiritely long,
the drag coefficient rerairs approximately
constant over the first 50 milliseconds with a
mean value of 0.8,

The acceleration coefficient for each
cylinder is never greater than 0.02 in the time
range studied. This seers to indicate that
fluld 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 i3 substantial only when
the acceleration coefficient is greater than
0.20.

txperiments done on steady flow arcund
cylinders of various finite lengths [12] sow
that for length to diameter ratios of about 10
for the test cylinders gnd Reynolds numter and
Mach number of 1.3 x 10° and 0.5 respectively,
the drag coefficient for steady flow was shom
to be about 70% of that of infinitely long
cylinders [138. However, meagurements made in
a shock tube [14] suggest that for Reynolds
nunbers greater than 5 x 109, the drag co=
efficient for finite len%th cylinders may be
greater than that for irfinitely long cylinders.
It appears +aat 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 216

per cent and 20 per cent in the drag coefficients.

The remaining probable experimental error is
estimated at less than :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 :30%.

The dust present in the air at the 12.0 psi
location weuld 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, sirce density measurements indicated that
the increase in density due to dust was small.

The velocity-time graphs (Figs. 4 and 5)
indicate that oscillations with frequencies
betwsen 100 and 350 Hz occurred in the cylinder
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motion. The causes J4re unkrown but a number of
the possibilities can be eliminated as follows:

a. The frequencies of the ground motion
which could have produced a motion of the marker
plate are much lower 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. Examiration of
the film timing disclosed no such oscillatiun.

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 1'0 Hz et t = 20 ms (Fig. 4)
corresponds to a Strouhal numter of 0.04. The
frequency of 130 Hz at t = 50 ms (Fig. 4) corres~
ponds to a Strouhal number of 0.07. These velues
of Strouhal number are lower than the value of
0.21 for the same range of Reynclds number in the
steady velocity wind tunnel tests [15]. However,
the frequency of 315 Hz at t = 40 rs (Fig. 5)
corresponds 1o 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 DRES [10] in 1964. 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 for steady flow Mach numbers 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 irstantaneous 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 c¢f 3%, 4% 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,

CONCLUS IONS

1. The mean drag coefficient obtained for the
12.0 and 8.5 psi locations were 0.7 and 0.48.
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2. The drag coefficient in the range frox 8.0
to 15.0 psi peak incident overpressure in the
Tirst 50 milliseconds of the blast wave from a
500 ton THT surface charge sppears ‘o be approxi-
mately constant fer a 3% inch diameter circular
cylinder wvher calculated from

1
]
2l

where

t+ from the

2 =2t
)e

Friedlander decay.

3. Reasonahle agreement was shown between

the free flight and direct force results. Also
the results obtained from the blast waves cor-
related well with the drag coefficient curves
for steady flow.
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ANALYTICAL AND EXPERTMENTAL RESULTS OF

IATTICE TYPE STRUUTURES SUBJECTED TC A BLAST LOADIIG

BY

Robert Geminder
Mechanics Research, Incorporated
Los Angeles, California

This technical paper presents the results of u program in which three antenna
mast structures were designed, fabricated, and subjected to a detonation of
500 tons of INT. The masts were instrumented, &nd the experimeatal data wes
compared with the analytical predicted results. A final analytical result

predictions.

was obtained which integrated the experimental results with the analyticsl

INTRODUCTION

An experimental program was conducted to
measure the response of three antenna masts
gubjected to a 500 ton TNT blast. This free-
field biast trial was known as Operation Prai-
rie Flat ard was conducted on August 9, 1968,
at the Defense Research Establishment Suffield
(DRES) range at Suffi:ld, 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
snalytical design study, three masts were se-
lected. Two masts of unequal size (30 foot
and 15 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 mast loca-
tions and the blast, respectively.) Thus, the
effect of mast size and the effect of two dif-
ferent mact loadings with respect to the ana-
lytical design could be evaluated. These
masts experienced a blast loading equivalent
to 12 psi and 8.5 psi overpressure.

The three antenna mast structures were
instrumented to obtain response and forcing
function test data. The instruments used were
strain gages, pressuve transducers, accelero-
meters, and drag probes. They were located so
as to obtain an optimum amount of data with a
fixed number of inctrumentation channels.
Approximately 120 channels of data were multi-
plexed and recorded. A description of the
instrumentation system used, along with a
description of a éynamic "Twang" calibration
perfcrmed 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.
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This paper presents the theoretical con-
siderations used regarding the foundaticn, the
masts, the antenna, the drag loading, as well
as a summary of the computer programs used for
the analysis.

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

Ft l".qo E ACD

where:
Ft = maximum response l?ad, 1bs.,
as a function of time
K = dynamic amplification factor
qc = peak dynamic pressure, psi

A = member projected area, including
shading effects, in?

member peak drag coefficient
as a function of time

The force Fy, represents the maxirmum
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 Cp and A of the individual
members; that is, it is the resultant of the
forces on each member.

The above parameters are depandent 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
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between the experimental and analytical re-
sults. The consistency cf the ratic between
experimental and computer results indicates a
factor which can be used for mast design

purpcses.

For this particuler program, that is, this
type of structure and blast, the design force
cen be considered:

Ft = 1,67 qu EACD

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

THEORETICAL CONSIDERATION

The purpose of the project was twofold:
(1) to develop an analyticel design method for
determining the dynamic loading of a typical
shipboard antenna mest 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 analysis showed that a
typical shipboard entenna mast can be ade-
quately represented by the following four basic
components. (Figure 3)

FOUNDATION DESIGN CONSIDERATIONS

The design of adequate foundations ts sup-
port the 15' and 30' mests used in the tests of
Operation Prairie F at was based on the theo-
retical dynamic recp-nse of the foundations
emnbedded 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,

Main Mast =e—t

‘fhe foundation wag sized Ly considering
the equivalent elastic spriugs of the soil
supporting the foundation, together with equiv-
aleni lineer damping, with the foundation
dynamically respording to the shear aml uvere
turning roment time varying loads transmitted
by the magt, The foundation natural frequen-
cies were then determined, and the response of
the foundation to the mast which trensmitted
the time varying cheer and overturning moment
was calculeted,

“he foundation designs ror the 3)' mast at
lower overpressure and for the 15' mast were
determined by rationing the dyn:mic loads to
cne-half and one-third, respectively, of thc
reference design. The foundations were sized
in accordance with these lcads.

A preliminary analysis of the antenna
mast design showed that the mest foundaticn was
dynamically uncoupled end would not infiuence
the dynamic response of the antenna mast.
Consequently, a rigid base for the antenna
mast response analysis was assumed.

‘fhe determinaiion of “he amount of motion
of the foundation due to ti'2 573 ton surface
explosion of Operation Prairis Flat wes de-
sired. This information provides insighi into
the response of buried foundalions to ground
shock end provides knowledge of the amount of
base motion input i~ the anterna mast. The
foundation response was to be measured by
accelerometers mounted at specified locaticus
on the concrete block, These accelerometers
were erplaced on mounting studs located within
steel boxes. A minimum of six accelerometers
were utilized to provide all three transla-
tional components and all three rotational
components of acceleration,

I—Side Antenna

Side Antenna
Support

Foundation—t-/ // i
. 7

Figure 3, Basic Components of Mast Program
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i BAST FED ZIDT ANTENNA
SUTRCRY IFSIE MAESIERATIONS

After by ng identilisd the basic vompo-
Toiliowiag lesign parsaeters were
Troren to ini%tiste detail design and construce
tion ol e tezt saienm =wst atxl method of
instrunentation:

® ‘three szpa.-sae.ﬁi.'i’n exsts, one 15°
zast ad twe i0° masts

® g sjusre base configuration

¢ 3 sicrilated side antenna of pipe frame
cmstruction with a drag area ratio of
4.3 {ratis of antenna projecied area
to atrss e projected arsae)

® two overpressure locations: 8.5 psi —
{30 =ast) and 12.5 psi (l‘j' ard 30°
-a.sts).

A ﬁ..!am"m. msdel o the antenna mast

| structure was developed. In the model, tie

sntanna zast wax =zSsumed to have rigld joiats
and wag mounted on a rigld foundation. The
Jolnts were allowed six degrees of freedom and
were conmpect2d by welghtless elastic bar meme .
bers., The weight and inertia of the structure

. wore located st the joints. The geometrical

ard elastic properties of the structure 'ere
represented by the line bar mesbers. Ir obtain-
ing the dynamic rpsponse, the external forces
and moments due to the blast were applied at

the joints,

The vibraticn characterlistics of the en-
terna masts were calculated by the Stardyne
computer program. These calculated modes were
later verified by a twang test on the ectual
structure,

ANTERNA DESTGN CONSIDERATIONS

The geometry and basic design of the two
similated anternas were determined in the
analysis.

The 15' antenna was fabricated with four
equal frontal bays sepsrated 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 te higher drag force data obtained
from references prior to the blast, the antenna
wrs modilicd by removing two of the bays. The
pri=nry reason for the modification was that
the thecretical drag predictions were considers
abl higher than anticipated. Conueguently,
the antenna frontal area was reduced.

In the structural model, the antenna was

represented by a single joint at the antenns
certer of gravity and was connected by four
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bar sembers to the side antera suppurt. The
antenna's inertial properties at the c.g.

- sbout whe three axes wore ealculated ard used

in the strictural model. The sntenna weignt,
ineriia and d-ag area were molified in the
structural model tocormsyou! with the aekal
mtemtetted | :

DRAG CONSIDERATIONS
Prior to the test, it vas determined ans-

lytizally that drag loads, rather than dif-
frinction loading or ground motion caused by

the blast, produce the most significent loads

on the entennas and on the mastd. The impors

tant parameters affecting thc dmg overprec-
sure load include:

® the time nistory of the drag
‘overpressure

® ‘ne drag. coefficient (cy)

» the projectéd avea of the strnchme, 3
inclttllns shu’u.ng effects “

. the effects of gussets
® the Reynolls number '

© Tre most difficult parameter to deterxine.
wag the drag coefficient. Several comcepts
were studied before a satisfactory analytical
model was derived. The original concept con-
sidered the stecly state drag coefficient to be
equal to 1.2, with no aerodynamic shading of
the aft members by the front mesbers ia the an-
tenna mast structure. The load distribution
was based on the bar memberg' projected area
and was a function of the dynamic pressure.
Reynolds number effect and the gussets area
were not used and were sssumed to be accounted
for by the drag coefficient conservatism,

The concept was later reviseé %« include
the gussets area with the bar member ires, in
addition to taking into account the effects of
gserodynamic shading and Reynolds number on the
drag coefficient. An overall effective drag
coefficient of 0.56 was calculated for a quick
190k at the mast responses. On the basis of
this commarison, a 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 wuich best represented
the drag time history was measured by the 3"
cylinder located at B.5 psi. This data was
normalized and used as the drag-time history
curve for all the dynamic response calcula-
tions. (Figure 4j).
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COMPUTER PROGRAMS

The determination cf the dynamic response
for a simple one, two or three degree-of-
freedom system subjected to a mathematically
simple tize variation load can be accomplished
by a rigorous or closed form method. However,
actual dynaric problems almost always have
many degrees of freedom and a complex load-
time variation.

To obtain the internal design loeds in a
typical antenna mast due to a blast generated
overpressure, calculations based on the rigor-
ous method are very difficult, or impcssible,
end a numerical analysis is required. Ccnse-
quently, the calculations in this analysis
were performed with a geries of digital com-
puter programs designed to analyze linear
elastic structural models. The metrod of
analysis using the computer prograr is illus-
trated by the simple flow diagram in Figure 5
on the follovwing page.

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

PREP

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

STARDYNE

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

Cnce the mathexatical model of the mast-
antenna structure has been defined, STARDYNE
calculetes the stiffness matrix and mass matrix
along with their resulting dynamic matrix. The
mode shapes and frequenciesz are obtained by one
of the following methods: (1) Inverse Itera-
tion Method, {2) Classical Jacobi Extractiom,
(3} Householder Tridiagonalization and Q-R
extracticon., In addition, the program computes
the generalized weights, the participation fac-
tor and the internal fcrces on the members
associated with each mode.

Stetic load Analysis

Given the mathematical model of the mast-
antenne structure, STARDYNE calculates the
reaction to any general type of static load.
The displacements of the system, as well as the
i..erngl forces of the members in the system
due to the given external static load, are
calculated by STARLYNE.

DYNRE-1

This is a compuier program designed to
analye the time dependent response of linear
elestic structural models subjected to dynamic
loadings. The "Normal Mode Methcd" i¢ used to
obtain the response. The system's joint forces
are calculated at several discrete time points.
These loads sre punched on cards for input into
the STARDYNE static load analysis.

INSTRUMENTATION SYSTEM

The mast-antenna neasuring system con-
sisted of transducers, signal conditioning
equipmeni, 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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Figure 6

Photozraph of the Data Reccordits snd D:ita rlajyback Systen
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Ste dava recondins system consisted of
four data srdtipiexers asd A =agnetic tape
rec:rder, The data pleybeck system consisted
5% an ~ight Qhamnel Jemiltiplexing unit and an
sseillugraph recorder, The transducers used
Tor the mast weasurements were strain gages,
accelerometors, pressure gsages, and strain
drag ages. .ccations sre chown in Figure 7.
oo obtain e complete picture of the forece in
the mast ut the mast-foundation interface,
strain zages were placed on the lower member
iegs. These uewbers were instrumented for
axial loading, accelerometers were placed on
the foundation and on the mast, as shown in
Figure 7. 3ix acceierometers were mounted on
each foundation, Additional sccelerometers
were placed on the masts to cobtain the first
rmode behavior of the mast., Crag gages were
mounted near each 30' mast at each overpressure

locstion, ™wo types of drag gages were used:
strain gaged force measuring gages and free
flight cylinders., Three pressure transducers
were located on each mast.

TWAKG TEST

At the conclusion of the installation of
all the transducers, a mechanical twang test
was performed on each of the masts, This test
consisted of applying a kmown load to the
structure, The load was applied in three steps
of approximately 10,600 1bs, each; to a value
of 30,000 1bs, At the latter value, the load
was released with a quick release system,
allowing the masts to oscillate. The twang
test system is shown in the photograph of
Figure 8 on the following page.

Pressure
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Strain Gage \
iocations (All | _— X
members to =
ant=nna mre\ fositive Sense
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—.—w
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Locaticns (Al Antenna Accelerometer
bottom membe: Locations
were strain
saeed)\
N [ ¢— Drag Gages
g -
S ~.

Foundation (Arrows indicate directi
of vibration measurement

Firure 7

Tranducer Locations on Antenna Masts
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Twang Test Setup
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& 2 I incorrentation ghionnels,

werz zbiained Irom
ts tosh by filtering
. masnetic tape and by

Che mpdal frequencies in the blast direc-
tion were cowrared, and the first and
second mide fregiencias obtained experi-

mentallys asreed with predicted computer

In trne tnecretical vredictions, a damping
ratic of zers was u.ed, 7The criticel

ratios oSbtained Iron the twang
tests were 27 1T L7,

ctralin values chtained from the

21 regilts. The data agreement
:cod {(-ith differences of less
£

tran 207) for most of the channels.

in values caused by
3 during the twang

at the lcading waz in
ion of the load-strain

ve 2, The repeatebility of the
pats Tor a given 1load was
applying sixilar loads to the

Th2 dava from this test indi-
data repeatability was

biective -, Instrumentation channels
were checked durirg the twan: test locading.
Trree chanrels wrre feund incperative,
ihey were repaired, sc that data was ob-
tained f{rom these stations during the
actuazl bLlast,

In conciusion, tae tweng tests indicated
sgreesent between predicted computer responses
and experimental responses. The variaion in
frequncy for the first two modes betweer ana-
1yticil and experimental rcsults was only T4,
and the variation in strair. values for mast
memhers btetween analytical and experimental
res 1lts was 157 tc 207,

RESULTS

Jtilizing the results from the twang
tests, new analytical predictions were obtained.
Time history plots for the mezber joints, mode
“requency values, and axial strain values for
each mewber were cbtained, These analytical
yredictions were derived from the previously
G2scrived computer programs.

The experimentel data vas reduced to
amplitude-time histories and to the amplitude-
frequency spectrs domain, The peak axial
strain values were reduced and tabulated for
each member,

The dominant frequencies obtained from
spectrum analysis of the blast data agree
favorably with the values cobtained from the
modal analyses of the structures. Frequency
agzreement was obtained for the first six
modes.

A comparison of the maximum experimental
axial strain with the maximum calculated axial
strain for instceumented tubular members of the
antenna mast 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
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recltn. (e system cn o le approilnzated as a
sirclaedesree- etrealdon 3yover for purposes of
stilying tue =Itect ot pulie duration. For

. voryr lecs tran 3.2 the izpulse of the
me3 rore impoiriant than the shape.
mpLlse regiin” the value of the a=m-
factor {£or all pulse shapes), can
be approxirated by:

A s LrP

) n
The tahle on the roliowing pege shows s&grics
ment between the sinyle-deyree-of-tfrecice: ampli-
fication ractor, A . ard the ratio of response
to input furces rrom .he computer anulyses.
This I8 a turther ind.cation of the significance
ol the r'irst mode witr regard to the mast struce-
tual response. The equation for A is an accu-
rate approximation of the nmplific?tion factor
{in this case, attenuation factor). It can pe
concluded that changec in the actual shook
pulse duration will ci.ange the response loads
in the masts proportiaonally. Therefore, the
duration of input pulse has a significant
influence on the loads.

CONCLUSIONS

The experimental program verified the
assumption of the theoretical predicticns.
The conclusions obtained from the experimenval
yrogram are stated below.

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

2. The foundation will slightly lower the
dominant mode 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.

L, 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 Irequencies for antenna mast
structures,

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

Dymamic Amplificstion (Attenuation) Factors

MAST A MAST B MAST C
Theoretical
single-degree of
freedom system:
T pulse duration .002 sec 002 sec 002 sec
fn’ natural frequency L40.4 Hz 23.7 Hz 23.7 Hz
(*s: mast mode)
A= lrrf'n .323 .19 .19
Computer Analysis
Computer Peak Input
Force, F].N’ 1bs. 230,429 463,167 217.507
Equivalent Fcree,
FT, 1bs.
{Reaponse Load) 72,800 106,000 49,600
Amplification factor
Fp
=5 317 .229 .228
N
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DISCUSSION

Mr. Hughes (Naval Weapons Evaluation
Facility): You mentioned the determination of
damping by your twang test. Can you give us the
damping coefficient ?

Mr. Genmiinder: Yes, it was of the order of

Mr. Naylor (Duvfense Rescarch Establish-
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 initiai spike? Recently we have done more
tests with drag cylinders in the 6 ft. shock tube
and we found that at these very |»'w overpres-
sures the initial spike had roug:y the same
impulse as the succeeding drayg 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. W= 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
experiinental data that was placed into the model
was the forcirg 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
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at 12 psi give you a lower drag coefficlent 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 mzsts,
and that the model agreed frequencywise, made
the forclng 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
rlse. 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 I'“ynolds number curve.

Mr. Geminder: . 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 Rleynolds number
increases. I would say the drag coefficient
could drop from about 0.6 conceivably down to
as low as 0.4 just by increasing the size of the
cylinder.

4
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LATERAL RESPCNSE GF SLIGHTLY CURVED COLUMNS UNDLR LONGITUDINAL FULSE LOAD

Thomas L.

Anderson

Department of Civil Engineering
University of ldaho
Moscaw, Iddho

and

Martin L. Moody
Department of Civil Engineering
University of Coloradc
Denver, Colorado

This paper presents response spectra for the transient iateral vi-
brations of columns of slight initial curvature. The bending vi-
brations are induced parametrically by the following .orgitudinal
pulse loads: 1) zero rise-linear decay, 2) linzar rise-linear decay,
3) rectangular, and 4) linear rise-constant. Silected individual
transient solutions are shown, and certain ncalinear effects to ac-
count for large displacements and the effect of a mass attached to
the end of the colum are included and compared 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 colums 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 aa initially
curved colum under a variety of single axial
pulse loads. The colum 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 all
investigated the linear form of this prcblem,
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 colum 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].

BASIC EQUATIONS

In the presentation that follows it is as-
sumed that the longitudinal force in the column
is constant throughout its length at any given
time. For practical loading velocities, this
assumption is generally accepted [2, 7,8] owing
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to the speed of propagation of the longitudinal
stress waves. In additlon, it ic assumed that
the slight iritial cclumm crockedness and the
time dependent lateral displacements of the
colum are defined by a one-half sine wave.
These assumptions have been justified analyti-
cally [3] and experimentally [9] for similar
prcbiems. The development of the differential
equation governing the lateral displacement of
an initially curved colunn 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 one
principal plane, of constant cress-section,
stressed below the proportional limit, and sim
ply suvpported as shown in Fig. 1. Cemsidering
the nonlinear effect of elasticity (iarge dis-
placements) and inertia of an end mass results
in the following dimensionless equation of
motion: %
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Fig. 1 -~ Initially Curved
Column on Simple Supports

#herein the foliowing dimensionless parameters
are to be considered:

PL2 P1L2
P*=g P*:—z__
° g 1 o
"
LA c
Y S ——— € = (2)
21/r)? e
P
(35 o4 W= -2
r mglL

The damping parameter € in Eq. 2 represents the
fraction of critical damping. The independent
dimensionless parameters in the equation for
dimensionless dynamic lateral displacement f are
as follows: damping €, dynamic load P%, static
load Pg, slenderness ratio L/r, ratis of static
load to weight of colum or weight ratic W, and
initial mid-span displacement a/r. Ia this
paper one value of initial imperfection is used
(a/r = 0.1), and one value of slenderncss ratio
(L/r = 100) is used initially. Nonlinear tarms
in Eq. 1 in which y appe 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 tc be "at rest," in-
itially, therefore f(o) = 0, and the initial di-
mensionless mid-span displacement is

P*

s 8 (—0
o) = 3 (%) (3
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which corcesponds <0 3 cclumn deflection under
the static lo~d ?g.

Transient solutions of Eq. 1 for four dif-
ferent puise cver-loads were ohtained an a
Jigitil computer. The equation was integrated
ngnericauy using Runge-Kutta formulas of order
h'. 2 zime imerval of 9.2x, corresponding to
ane-tenth the fundamental period, was used. The
four dynam’c 10ad pulse shapes consjidered are
shown in Fig. 2. They are a) zero rise-lisear
decay, b) linear rise-iinear gecay, ¢) rec-
tangular and 4} lincar rise-comstant. The di-
mensionless paramster a represents the ratis of
pulse duration to fundamental period. The nu-
werical values for the parameters in Eq. 2 were
selected to represent values of practical in-
terest.

The primary purpose of this paper is to de-
termine the maximum lateral deflections which
occur during or after the application of the
pulses considered. To accomplish this geal suf-
ficlent transient solutions were obtained to de-
fine typical response spectra for each of the
pulse shaves. The spectra are plotted for zero,
ten and fifty percent of critical damping. Re-
sponse spectra are shown for two cifferent ini-
tial axial loads,P* = 0.20 and P% = 0.50. These
values are assumed to be of px‘actgcal interest
since most design specifications contain require-
ments which limit the axial load for a columm to
less than one-half of the Euler load. Finally,

P.a P.
P’ P
R P
T T
I.—°' —d 2,]od2
(a) (b)
P’ P
T
P P’
R P
T T
' [~ ! (=4
(c) (d)

Fig, 2 - Force-Time Characteristics for
Pulse Shapes Studied
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the dimensionless weight ratio ¥ wax taken as
270 for P% = 0.5, and for PX = 2.2 a welght
ratio of Y68 was used uhichocoruspmds 1o four
teaths of the above w~ight ratio. This repre-
sents the same column sectica buz under a re-
duced initial static load.

The response spectra are shown plotted as
a function of dimensi.cless pulse duration a.
The ord nate MF, called magrification facror, is
defined as
f
max ,
FF = o) (w)
which is the ratio of maximum dynamic displace-
ment to initial static displacemernt.

Zero Rise - Linear Deciy - The response
spectra for this pulse shape are shown in Figs.
3 and 4. The effcct of decay of force on maxi-

275
—— #:02, w=270,108
———¢:05 ,w:270
=01
250 %= 01
4,=100

MF
1754
150
LINEAR AND NONLINEAR
/7 RESULTS IDENTICAL
/ P
2s{ll /
-
1004 . - -
0 2 a 4
(-3

Fig. 3 - Response Curves for Mid-Span
Column Displacement, Py = 0.1
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Fig. 4 - Respcnse Curves for Mid-Span
Column Nisplacement

mur displeacement was neglibile as a became
large. The maximum magnification factors indi-
cated on these figures were obtained by direct
solution ¢f the linear form of the basic equa-
tion of motion using a rectangular pulse load
variation. The undamped 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 weré cbtained for W=108 when
P* = 0,2 and W = 270 when Pg = 0.5. These fig-
ures also reflect response sSpectra 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-




proaches the rculer Luckiing load for the vol-

% ¢ 1% = 0,3, ior these losa j'ra-
.'.'Slu-;a‘di-,;‘iaoeuex:ts are large
which Is to re expec.ed, This differerce be-
tdenrn ti linear and w.mlinear spectra can be
attritultel, i3 :ar:, to the nonlinear asject of
column curvati,e, Yet as the damping parameter
¢ Is increased the namlinear solution. praduce
larger dis; lacements but to & lesser legree.
f'or a practical problem with scme da=:ing, the
difference in maximum response pight reasanably
be neglacted witnout appreciicle errcr. Trans-
jent solutions for this cituation are shown in
Fig. 5.
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Fig. 5 - Linear and Nonlinear Transient
Solutions for Linear Decay Pulse,
Pg = 0.50, Pi = 0.4

118

Linear Rise -~ Linear Decay - The respanse
spectra for this puise shave are shosn in Figs.
6 and 7. 1t may be cbserved that, in gencral,the
maxisum magnification factor cccurs when the
pulse duratio. is approximately equal to the
free lateral +ibration period under ine influ-
ence of the static load. The notable exception
is seen in Fig. 7 for load parameters P% = 0,5
and P& = 0.4. For these loals the maxiRum MF
occurs when ¢ is larg~. The response spectra
for a darping paraseter ¢ of 0.5 are alsays less
than the MF at a = =, The magnification factors
23 a + = were computed using Eq. 3 since for an
infipitely slow rise times no vibrations will
cocur. Thus, P* in that equation may be re-
placed by F% -+ F% to evaluate the displacement
at a = =, « 1%e that for certain pulse dura-
tions the MF i: nearly the sass as if the load
were applied s ‘atically, and for certain julse
durations the camped response Is greater than

the undamped re:ponse. .
Pl
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T
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Fig. 6 - Response Curves for Mid-Span
Colum Displacement, P¥ = 0.1
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Fig. 7 - Response Curves for Mid-Span
Column Displacement, Pf = 0.4

Rectangular - 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 Fig. B and when &>0.6, tie maximum Fe-
sponse is the same as if the load duration had
been infinite. For P% = 0.4 this is true for
4>2, These spectra r%.ach a different maximum
for each damping parameter considered vhereas
for the other three pulse shapes considered the
spectra reached a common asymptotic maximum as
a + @ regardless of €.

Linear Rise - Constant - The response
spectra for this pulse are shown in Figs.10 and
11. Fer 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 MF
as a » @ as those shown in Figs. 6 and 7, and
they were cbtained in the same wwmner, Rise
times o less than one-fourth pioduce magnifica-
tion faciors essentially the same as for the
suddenly applied {rectangular) load. Thus, one
may justifiably ignore tue effect of rise time
for this pulse shape when a < 1/% and treat it
as a rectangular pulse of Infinite duration
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NGNLINEAR 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/p = 100, W = 270 when Pg = 0.5 and W = 108
when P% = 0,2 for use in obtaining the spectra
was to a degree arbitrary. 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 cbtained for the vmec-
tangular pulse load. These comparative results
are shown in Table 1 as magnification factors
for P% equals 0.4 and two values for P} of 0.2
and 0.S. For each dimensionless static load two
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pulse durations are shownj;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
cbtained by closed-farm analytic solution [1]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 tham
those obtained by the linear solution. On the
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- COMPARISON OF MAGNIFICATION FACTORS FOR RECTANSULAR-FIILSE OVEPLOAR
. 9
Mag.ification Factors (¥1) for Pi’ z 9.4 j
PR = 4.2 b= 98
2 & v a=0.1 a= 1.0 s = 0.1 = 2.0 1
r T . = - - Q= .
0.1 50 108 2.844 15.R5 2,195 16. 3¢ ._
0.1 100 1% 2.855 17.94 2.1€8 17.90 j
0.1 209 | 1cs 2.658 35.98 2.211 16,983
0.05 | 00 | 108 2,858 10.98 ' Ten 15.88
0.10 190 108 2.855 10.96 2.188 17.09
0.25 | 00 108 2.836 15.21 2.05C 16.25 :
1
0.1 100 50 2,357 15.98 2.213 i6.86 1‘
0.1 100 108 2.855 16,96 2.188 17.00 i
0.1 100 | 200 2.853 10.93 i
0.1 100 500 2.843 10.63 2.163 16.60
LINEAR 2.598 11.09 2.037 17.00
MAXIMAX OCCURS: AFTER PULSE | DURING PULSE | AFTER PULSE | DURING PULSE

other hand consider the data for short pulse
duration (a = 0.1).Here, the nonlinear solution
resulted in larger mazimun amplitudes compared
with the linear results. The maximum difference
is 16% for P%* = 0.2.For all the pulse durations
shoun the beRavior of MF due to changes for the
parameters was similar, for example, an increase
in W caused a reduction in MF,

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 parapeters of the follow-
ing: 0 <= <0.25, 50 <= <200, and 0 < W <
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NOTATION
E = modulus of elasticity

I = moment of inertia of column cross-section
about axis cof bendirg

i

!
500. On the basis of the above discussion ome L . unsupported colusn span i
may reasonably utilize the spectra for the other 1
three pulse shapes considei=d in this study for M = mass supported on the displaced end of |
at least a limited range of ‘he parameters a/r, € the column

L/r and W near the numericai - :lues used to
generate the spectra.

MF = ratio of absolute maximum dynamic column
displacement to initial static displace-

CONCLUSIONS ment, MF = f(T)may/f(o)
Using a nonlinear analysis, response spec- P = general axial column load
tra were obtained to define the absolute maxi-
mum transient lateral displacements at mid-span P* = dimensionless ratio of axial column load

of a simply supported column carrving a static
load and subject to four different single pulse

to Euler buckling load

dynamic overloads.These spectra may be used for Po = initial static portion of column load
analysis and design. The interpretation of the
spectra to represent vertical ground acceler- Pl = dynamic overload ~ortion of column load

ations is also possible [1]. The general influ-
ence of demping on the spectra was to reduce
the dynamic amplification of the displacement
except for some problem variabics where the ad-
dition of damping increased the maximum tran-
sient dynamic displacement.

as a function of time

P% = dimensionless ratio of initial static
axial load to Euler buckling load
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he

dimens'cnless ritio of wyrnwmic overload
1o zule~ LuenliLg lcad

independent dimensionles: time variable
eguil o T

dirensionless isad ratio #qual to ?‘ /mgL

initizl anziressed ceium displacement at
colurn n d-uan

coefiicient <1 iinear velocity damping,
a constant

dim:msionless time dependent displacement
a* wolumn mid-span, f = v/r

= first and -econd derivatives respectively

cf f with respect to T
acceleration of gravity
mass of column per unit length

radius of gyration of cnlumm cross-
section about axis of bending

independent time variable

dynamic lateral column displacement
measured from the initial unstressed
curvedaxis of the column

initial unstressed lateral column dis-
placement measured from the a straight
line between supports

total column displacement vtV
dimensionless ratio of load pulse
duration to fundamental vibration period
when acted on by static load Po

nonlinear coefficient in basic equation
of motion (see Eq. 2)

per cent of critical damping
free lateral vibratiun frequency of a

simply supported columm loaded by a
constant axial force Po

122

REFERENCES

3
deo

2,

4,

7.

9.

10

T. L. Anderson, "Response Spectra fcr Para-
metric Vibration of Initially Curved
Colums," unpublished Ph.D. Thesis, Univer-
sity of Colorado, 1967.

J. H, Meier, "On the Dynamics of Elastic
Cuckling." Journzl of Asronautical Scieces,
Vol. 12, pp. 433-4t0, 184S,

C. ¥oning ind J. Tauwb, "Impact Buckling of
Thin Bars in the Elastic Range Hinged at Both
Ends," Technical Memorandum of the National
Advisory Committee on Aeromautics, No. 748,
June, 1934,

J. Taub, "Impact Buckling of Thin Bars in the
Elastic Range for Any End Conditions," Tech-
nical Memorandum of the National Advisory

Committee on Aeronautics,No. 749, July, 1934,

R. D. Mindlin, "Dynamics of Package Cushion-
ing," Bell System Technical Jourral, Vol. 24,
Pp. 353-451, 1945,

D. Young, M. V. Barton, and Y. C. fung,
"Shock Spectra for Nonlinear Spring-Mass
Systems and Their Applicaticns to Design,”
American Institute of Aeronautics and Astro-
nautics Journal, Vol. 1, No. 7, pp. 1597-
1602, 13963.

A. F. Schmitt, "A Method of Stepwise Inte-
gration in Proolems of Impact Buckling,"
Journal of Applied Mechanics, pp. 291-294,
June, 1956.

H. R. Bailey, "Dynamic Bending of Elastic
Colums," Proceedings, ASCE, Vol. 89, No.
ST4, Part 1, pp. 95-107, 1963.

H. H. Somerset and R, M. Evan-Iwanowski,
"Experiments on Parametric Instability of
Columns," Proceedings of Second Southeastern
Conference on Theoretical and Applied Me-
chanices, Atlanta, Ga., pp. 503-525, March,
1964,

.V. V. Bolotin, "The Dynamic Stability of

Elastic Systems" (in Russian), Gostekhizdat,
Moscow, 1956, translated by V. I.Weingarten,
L. 3. Greszczuk, K. N. Trirogoff, and K. D.

Gallegos, Holden Day, San Francisco, pp.104-
107, 1964,

11.M. i.. Moody, "The Parametric Response of Im-

perfect Colums," Prcceedings Tenth Midwest-
ern Mechanics Conference, Fort Collins, Co.,
pp. 329-3u46, 1967.




RESPONSES OF AIRCRAFT STRUCIURES SUBJECTED TO
BLAST LCADING

Nelson M. liada, Cornell Aeronauticzl Laboratory, Inc.
and Associate Professor cf Engineering, State
University of New York at Buffalo, Buffalo, New York

and

Richard K. Koegler, and Donald O, Bliven
Cornell Aeronavtical Laboratory; Inc.
Buffalo, New York

The responses of aircraft structural ele.nents subjectzd 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 1nvestigated, 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-
tative aircraft structures also must be estab-
lished to define the specific structural regions
and lo~d distributions to be investigated.

When tlese 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 ~. he blast failures (e.g., regions of
plastic.*y and rupture). and {(g) the nature of
the blast loading (e. g., peak blast pressure,
duration, rise time, etc.).

On the basis of the information needs
enumerated above, the nature of the necessary

shock analysis, and anticipated future efforts,
the study was divided intc the following parts:
(1) selection of aircraft vulnerable areas and
structural dynamic characterization by a
mathematical 1nodel, (2) selection of blast
wave forms, (3) formulation of the governing
equations for the elastic response of the
moadel to the blast waves, (4) determination of
the elastic isodamage response relations
(ratio of blast load for failure to the elastic
strength of the structace in te~ms of the blast
load durution), and (5) determination of the
plastic isodamage respcnse relations.

SELECTIOY OF AIRCRAFT VULNERABLE
AREAS AND STRUCTURAL DYNAMIC
CHARACTERIZATION

For this study 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 miodel 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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fcr the case of intereat the model needs cnly to

Pl simulate the fundamental natural frequency of
t 9 B the actual aircraft component and the effects
Ll l l 1 1 l l l l iLL u Lm of its inertial dynamics on beam root bending
4 moments,
F 1 S
(AVERAGE) JIITTTTITITTI 7T
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- a .}-——L- 17 ¢ -
Figure 1 A CANTILEVER BEAM SUBJECTED TO gt AL | »  RIGHT SIDE
A UNIFCRM BLAST PRESSURE x 7 f %l e x LEFTSIDE 1
gi. - M- === CORRECTION FOR SHIFT IN
A W ABILIZER ORIENTATION _
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S~ DEFLECTION (INCHES)
T~ ~- Figurs 3b TOTAL LOAD APPLIED TO *OAD FRAME VS.
S5y < DEFLECTION AT STATION 70 FOR STATIC
B TEST OF INTERNALLY REINFORCED F-80
Figure 2 AN EQUIVALENT SINGLE DEGREE OF HORIZONTAL STABILIZER {FROM REF.
FREEDOM MODEL ¢ -6
the fracture point, But, results of tests per- If in future cases there is interest in
formed on actual aircraft structures indicate bending moments and failures at other stations,
that the yielding of th: composite aircraft possibly as a consequence of special inertia
structures of the cantilever type is much less distributions along the span, more complete
than the yielding of a simple shape such as a models would be needed. Examples of pos-
spring, and its residual strength after reach- sible models for such purposes are given in
ing i*s ultimate strength also is quite different Fig. 4.

- see Fig, 3b. Therefore, in the model, the
three points in Fig. 3a muat be made to match
the corresponding points in Fig, 3b so that the
use of the spring analogy is symbolic but not

physical.
0,.M,)
(0 o.My
ULTIMATE
ELASTIC LIMIT FRAGTURE
0
Figurs 32 MOMENT-ROTAT.ON 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
osciliation 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 there is interest
in bending moment and failure for the problem
being studied is at the beam root. Therefore,

Figurs 4 - POSSIBLE DYNAMIC MODELS OF A
CANTILEVER BEAM WITH TIP WEIGHT
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SELECTION OF BLAST WAVE FORMS

For this phage, the wave forms chosen
were simple representations of the essential
ieatures of the blast wave. The representation,
wken 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, [1]
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. 5a. The equation for this puise is

P(t).-P‘(I-é)S(t), +rO0sts?T

=0 B t27 m

where Pf¢) = effective blast pressure acting
on the structure, psi

F; = effective peak blast pressure
acting on the structure, psi

¥ = blast duration, sec

¢ = time, sec

8(¢) = unit step function, dimensionless

(0,py)

(7,0
b t

0 (a) ZERO RISE TIME

Plt) ('1. Pb'

(7,0
t

0
{b) FINITE RISE TIME

Figwe 5 A TRAINGULAR BLAST PRESSURE HISTORY

Anciier wave form considered was a sym-
metrical triangular pulse, i. e., a.triangular
wave form (Fig. Sb} with rise time, ¢, , equal
to one-half of the hlast duration. Such a shape
might represent a par'ly 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 miotion for the equivalent
single-degree-of-freedom system shown in
Fig. 2 is .

J 8 « Mels) < M(2) (2)

where

J mass moment of inertia abogt the

axis of rotation, lb-in. -sec

Mol6] = resisting inoment, 1b-in.

mM(t) = excitation moment, 1b-in.

The excitation moment is obtained frum the
beam dimensions and blast pressure and is
equal to (ior the pressure pulse in Fig, 5a)
M(t) = Mo(/--zé)s(t). OstsT (3)
=0 ’ A 4

In the foregoing equation, 4, is the peak blast
moinent and is equal to

M, « AeP, = LbeP, (4)
where A = blast surface area, in.2
€ = momert arm of resultant blast
force, in,
L = length of cantileves beam, in,
/ = average width of cantilever

beam, in.

fit)
i

{a) 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, #, , can be developed.
These expressions are:

M(t)=Mo(%t) St¢) , O=¢ <¢,

z ¢

=M°(?Tt—,.-;_tT)’ t,=t=7

= 0 » t=>7
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Setrction ot Damage Mechanism Definitions

The quesiion of vulnerability requires a
defimrion of damage mechamsn:,  1n the initial
{clasue responsce) phase of the methodology
developstient ¢ riticat damage 15 defined as that
whe b occurs when the maximum disiortion
energy fenergy absorbed by tne structure) is
equil to the energy at the elastic limit of the
#tructure, . e.,

[ [ ps R Y] ! A1
J ’-(-» ‘1.,”‘1‘ > jgy
. (s)
r [
3 €S B _k_z

where % .9z resisting moment, lb-in,

.\4! = yield or elastic limit moment,
1b-in.

9", = yield or elastic limit distortion,
rad

Note that the yield or elastic lirhit moment for
a cantilever beam subjected to a uniform blast
pressure is

M, = Aef, (6)

where /£, i3 the pressure at yield or elastic

limit,

Since the damage criterion usad above is
energy absorbed by a material, it is defined as
failure at 'elastic limit toughness.’” In the
subsequent plastic response phuse of method
development the elastic response was extended
to the point of failure and other measuies 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
of 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 plasticc, etc.). Also, with so little
plastic deformation of built-up aircraft compo-
nents the elastic respcnse reveals many of the
es=cntial features of the blast failure of such
structures.

Deflection Time History Response Solutions
of k.quations
The time history response of an undamped

single-degree-of-freedom system in the clastic
range which is sukjected to a triangular pulse

with zero rise time is ki vn to be
M,
o) = T” y(2) (N
where
2 j r -tw" _,_ - 1 <
:,mtl! Ty 'm".mw,,t casaa,cJ ,+O0stsyT
(8)
T ! !/
:[-E‘—”—"smug,(t.-r)'r—;:smw,,t-cu w,,t] y t27
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*

w, = {#/ = undamped natural circular
frequency, rad/sec and the remaining notations
as defined previously.

elastic spring constant, lb-in. /rad

The time-history response for the
triangular pulse with finite 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.

Construction of Elastic Isodamage (Blast-to-

~Steady-Pressure Ratio for Failure] Curves

Acs 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
moment defined previously and the dynamic
response in this section as follows:

dio? = L 2
Z %Cmax ™ 75 My
1 (M m“)’ 1 2
-— — 2 — A
z‘( %7 Py i (9
2 2 ; 2
Mo Ymax * My
2
(Aeh)) Ymax * (ACP’)‘
L S
% Imex

The construction of the graphs of
Figs. 7a and 7b for the foregoing structural
isodarn.age equation will now be discussed, The
values of y,,, as a function of the nondimen-
sionalized blast duration, r£, (equal to the
period ratio, Z/7), 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, /%,
were calculated and are plotted against the non-
dimensionalized blast durations as shown in
Figs.7a and b, 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.,
the 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.

IIntc that this curve shows a quasi-resonance
phenomenon,
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TABLE !

Undamped Single-Degree-of-Freedom
Response Spectra
(zero rise time)

Normalized Maximum
Displacement,

Pericd Ratic

0.62
1,05
1. 30
1.46
1.56
1.63
1.68
1.73
L1
1. 80
1,84
i, 87
1.89
1.90
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To present the resuits 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 impnlseris

I= Pl(t)det 10
VA (10)
For a triangular pulse, the impulse is

I=%z4 (11)
Division by £, will yield

z _ 5§

77 T (12)

Multiplying and dividing the right hand side of
the above equation by the natural frequency,

£, » will yield .
L ! A
5 : 57-(tf,) 5 13
A2 ) 2 (13)

The normalized impulse, I34, (pressure-
impulse) is obtained from the values of 74,
and 4/%, 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 st 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 i1 the nondimen-
sionalized representations,

The family of pressure-impulse curves
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-hinge failure of
6061-T6 aluminum tubing [5] as shown in
Figs, 10 and 11,




The consequence of the above definition is

16 a resisting moment- rotation characteristic of
the type shown in Fig. 12. In this figure,
S there are two axes, namely, an absolute
> resisting moment, My, vs. an absolute dis-
s placement, & , and a relative resisting moment,
*2 m . Me -7, . V8. a relative displacement, £:6-4.
o Note that in this figure the moment-rotation
%0 rclation is linear up to the elastic limit, M, or
: 6, » andis t-:haracteri.zed. by a cubic eq:xation
§ o8 in 8 beyond the elastic limit, The main
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In this phase of method development, i | \
critical damage beyond the elastic limit is » 30017
defined as that which occurs when the defor- e :
mation at the ultimate strength (or moment) is i .
reached (Fig. 3a), The main reasons behind 200 \ TS o
this choice are: (1) static tests of aircraft R
structures show that the resistance drops M w1z
sharply once the ultimate strength is reached, q ¥ ~d
{2) aerodynamic loads would most likely be 100f ¢ = v~
able to break the structure after it had exceed- \h z 1~°
ed its ultimate strength and started to deform —
drastically, (3) criteria are relatively simple
to specify numerically, and (4) the static °° 200 200 800 300 7000 1200
breaking strength of aircraft structures is a
pPrimary design requirement so that these In. psbmsec
strengths are available in aircraft structural Figure 11 PRESSURE-IMPULSE STRUCTURAL
analyses, o

ISODAMAGE CURVES FOR COLLASPE-
HINGE FAILURE
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reasons for this choice are: (1) to .nake the
characteristic as 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:

Mg (8)+ »e . 05959’
o c2efad p 1-dader ) (14)
_tla¢ 8, A+ }‘,9; B, O2f2ub,
=0 ) p’u&y

where A =0-6

x = my/m,

A= #,/%
a = p./8
6y = deflection at the elastic limit

Deflection Time-History Response Solutions
of Equations
Using the above resisting moinent-rotation

characteristic, the equation of motion then
becomes

T + Me(6) = Ml¢) (15)
which can be normalized into the following form
. 2 Mglo) e M
Orey, —g— w5 M) (16)
where
Wy = R/ (17)
mit) = m(t)/Mm, (18)

In order that solutions be more generally
applicable, the above equation is nondimen-
sionalized by using a2 dimensionless time
variable, ¢ , defined as:

{e w,t (19)
which results in the following relationship
2
0 2 L8 2wyl
6 =W, —5 = &, 0°(¢ 20
227 ) ) (20)

Hence, the dimensionless differential equation
of motion is

814 v mrg(6)/2 = 22 G, m(2) (21)
(4

where #7, is the moment at the elastic limit.
The above equation when expanded becomes

wa e M

6(#)*9(-:):”—76,m(#) , 9566,

”,a 2 2+4al 2 I-taA+rA s M,

9/’}*‘9{‘}*,‘@ po* ) 8% . ~, 8, ml(t),
os/s,:.b’y
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- a M,
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Figure 12 RESISTING MOMENT-ROTATION CHARAC-
TERISTIC USED IN PLASTIC ANALYSIS

The next step is to develop a computer
logic, A logic 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,§,, 3 , 4, o,
w,r , the initial value of the 21,/4, {or #/F, )
and the final value of 4,/4 . he 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 mament

ratio, M,/ »~,_ {or pressure ratio, £, /£, )

and the stepa are repeated until the final value

of the moment ratio is reached. The calcula-

tions are then repeated for new values of «/ 7.
TABLE 2

Computing J.ogic for Plastic Analysis

Specify values for §,, A , « and .
Specify value for «, .

Specify initial value for 47, /n, (or £4/4, ).
Specify final value for #,/#, {or /4 ).
Solve the differgntial equation.

Output time-history solutions.

Increment M /M 0

Go to atep 5 if the new A, /A, is less than
the final, otherwise stop the calculations,

IR N

2

Repeat the computations for other values
of w,r.

Construction of Structural lsodamage Curves

Based on Ultimate St trength

The construction of the critical structural
isodamage curves will now be discussed. The
values of the maximum displacement, 6,,,, .
corresponding to a particular pressure ratio,

Py/F, ., 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 fromthese curves
that the normalized blast duration is a very
significant parameter.

0.12 0;‘1.” ov, 0,=

EXT ENDED ELAST IC
"ELASTIC'

—-——— PLASTIC

e—— EXTENDED ELASTIC
—-— EXTTAPOLATED ELASTIC

0 .02 04 06 08 10 12 14 16 18

Py/Py

Figurs 13 EFFECT OF PLASTICITY ON'THE MAXIMUM
DISPLACEMENT BLAST RESPONSE SPECTRA
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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 te &, . These
pressure ratios are read off the intersection
between the response curves shown in Fig. 13
and the line g, = 1.80 &, . These values of
P, /P, and w,t are plotted in Fig. 14,
labeled PLASTIC, 6, =1.808, , the second
curve from the top.

Other critlcal structural isodamage curves
are also skown in Fig. 14, These curves are
based upon the necessary pressure ratio to
reach the elastic limit, 6, , to cause failure
at an extended elastic limit, 6; =1,3286,
or at an extrapolated elastic limit, 6; =
1.80 &, . Note that these curves are based
upon linear elastic and equivalent linear elastic
moment-rotation characteristics shown in Fig,
12.

20, - oy . R e e oo @ o
: ty - RISETIME=0 i
3 { £ = BLAST DURATION OR PERIOD, sec
184 ' T = NATURAL PERIOD, sec

"""" 17 1, = NATURAL FREQUENCY, cps
16 1\ “wp = 27 ,= CIRCULAR FREQUENCY, rad/sec
% [ i1+ P, = PEAK BLAST PRESSURE, pei :
<4 __7.“\ , = PRESSURE AT ELASTIC LIMIT, i
-2 )
2 |1 \\Pt)= PRESSURE-TIME HISTORY, psi
&2l __\‘ DN _, EXTRAPOLATED . ... .
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Figure 14 NONDIMENSIONAL STRUCTURAL
ISODAMAGE CL'RVES

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 eficct of the conservative
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results 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 factor could be defined because the
proportion of the structure undergoing large
plastic or buckling distortions is small for
cantilever-type aircraft structures,

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 gtructural isodamage curves,
have been obtained after studying the nature
and extent of damage of representative aircraft
structural elements, the load distributions due
to blast, mathematical models, time-history
solutions and daniage mechanisms. The struc-
tural isodamage curves (see Figs, 7,8,9 and
14) in conjunction with static structural data
(natural frequency, pressure at vield or
elastic limit, and pressure at ultimate strength)
and blast pressure characteristics (blast pres-
sure shape and duration) can be used to scale
from blas: test data on built-up aircraft canti-
lever structures the necessary blast loading to
fail snecified 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
A = blast surface area, in, %
5 = average width of cantilever beam,
in.
0 = w,7 = normalized blast dura-

tions, dimensionless

moment arm of resultant blast
force, in,

L]
"

= natura) frequency, cps or Hz

pressure impulse, psi-sec

S N
n

= mass moment of inertia about the
axis of rotation, lb-in. -sec

# = equivalent rotational spcing con-
stant, lb-in/rad

4, = plastic spring constant, !'b-in, /rad
Z = length of cantilever beam, in.

Mg = fracture moment, lb-in,

#, = ultimate strength moment, lb-in.

My = yield or elastic limit moment,
1b-in,

M(¢) = excitation moment, lb-in.
Me(8) = resisting moment, lb-in,
M, = peak blast moment, lb-in,

m = Mp-M, = relative resisting
moment, lb-in.
m, = relative resisting moment at one-
half of plastic strength, lb-in,
My = MM, = available plastic strength,
1b-in.
m(¢) = M(t]/*,, normalized excitation

moment, dimensionless

P(¢t) = effective blast pressure acting on
the structure, psi

F, = effective peak blast pressure acting
on the structure, psi

@V
"

pressure at yield or elastic limit,
psi
S(¢) = unit step function, dimensionless

77 = natural perisd, sec

z = time, sec.

¢, = rise time of pulse, sec

Z = normalized time, dimensionless




y/¢] = normalized displacement, dimen-
sionless
Ymay - Maxinaur normalized displacemer..,
dimensionless
a = m, /m, . dimensionless
3 = g - 5’ = relative angular displace-~
ment, rad
A = @“-By = available plastic defor-
mation, rad
4 = angular displaccment, rad
4, = angular displacement at elastic-
limit, rad
8’ = angular displacement at extended
1 elastic limit, rad
9; = angular displacement at extrap-
olated elastic limit, rad
g, = angular displacement at ultimate
strength, rad
6; = angular displacement at fracture
point, rad
& = angular acceleration, rad/sec?
&(¢}) = normalized angular displacement,
rad
» A
8 (t) = normalized angular acceleration,
rad
A = #,/# , dimensionless
A = A‘/gy , dimensionless
m = 3,1416, dimensionless
r = unit step function, dimensionless
w, = fi/.f = undamped natural
circular frequency, rad/
sec

DISCUSSION

Mr. Addonizio (Gibbs & Cox): In your de-
termination 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.




1 PREDICTION OF BLAST-VALVE RESPONSE JSING MODELS

R. G. McCoy, G. Nevrincean, and 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 subsgequent data
from tests on full-size valves in a 6-foot-diameter shock tube, Im-

roved prototype valves were then tested successfully in Operation

rairie Flat (a simulated nuclear detonation), demonstrating the value
of prior shock-tube testing.

The Bell System is hardening critical A louver valve, shown in Figure 1, was
elements of its extensive communications net- developed by Bell Telephone Laboratories to
work against the effects of nuclear weapons. satisfy the needs of the underground buildings.

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. Fig. 1 - Louver Blast Valve
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The opening of the valve is approximately

44 iaches square and is controlled by nine
center-hinged .ouvers, as shown in Figure 2,
These iouvers 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 vaive.
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
posiiion. The trigger is held engaged by «
solenoid. Normal electrical closing of the
valve is accomplished Uy 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
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overpower the solenold, 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 quartier-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 uced 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
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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 defraction 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 fuli-scale valve,
because the same incident overpressures were
used and defraction would be very closely
simulated in the quarter-scale tests. The
validity of the scaling for shock defraction
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 wers 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,
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through subsequent tests and is now incorpo-
rated in the production unit.

The valve was tested in various orienta-
tion:s in the shock tube, as shown in Figure 8.
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. The 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




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-
sulis, 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 toanomalies 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 cunnects 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.
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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



TABLE 1
Biadge and Rib Stresses for Pressure Plateau in Shock Tube

. Incident °M/ Pym
_k;lt‘:‘;l — Overpressure ‘g;)l:: . Gage Positiont
fpst) Ri R R3] B1[B2| B3S[B4]Bs
face-on 2 100] 82 | 150} 54 | 42 - 421] 34
25 90| 73 {130} 65 27 33 441 37
2% Xe*» 891 76 - - 25 29 41 -
20 X 97| 87 - - 27 1 48 43 46
Side-on 27 881 T1 ;120) 82 - 40 | 421) 48
12 Xes 82; 70 - - - - 39 -
17 X+ 97| 68 - - - - 5& -
9 X 92| 65 | 150 - 43 7% | 60
Recessed 15 X 811 72 | 142 - 20 53 70 -
Perpendicular 20 X 6t 72 | 120 - - 43 76 -
22 X 9] v4 | 130 - - 32 | 81 -

")y = Stress and Py = Pressure, corresponding to point M on pressure traces in Figure 8.

1Gage positions are shown in Figure 7.
$1From strains on a different blade,

*sAbsorber used.

M s MEASURED AVG.

wave on the valve, caused by a reflected wave
from the closed end of the shock tube, The
dynamic-ioad 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,

OF ALL TESTS were consistently somewhat less than they
C = CALCULATED were for the incident wave hitting the valve in
ks 1L T the sweepirg condition, However, the
dynamic-load factors in the blade appear to be
- approximately the same within the scatter of

data.

MI34

ctio Fig. T - Calculated and Measured Stresses in Quarter-Scale Model
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(1) 2.8
(R) 1.3

Fig. 8 - Dynamic Stresses in Quarter-Scale Model

The data in Figures 7 and 8 were obtained
with 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: ome, 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 only by pressure loading when the valve
was closed. The squares represent the
stresses on the blade caused by blast closing
but with an absorver 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
on the blade and thus would increase the stresses
on that section of the blade. On the left sec-
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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 Ly 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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INCIDENT OVERPRESSURE
20-23 PSI

O - CLOSED
O — OPEN - ABSORBER
O — OPEN - NO ABSORBER

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 by the same overpres-
sure acting on a closed valve. (The average of
Impact stresses at locations B3 and B4 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 velationship 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 ccnditlon; it merely indicates
the rather coniplex situation which exists when
these valves are blast-closed.

Because the force for blast closing 1s pro-
duced largely by aerodynamic forces and not by
spring forces, as evidenced in these tests, one
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would expect the ciosing 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 that
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, Alverta, 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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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
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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




recoilless 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
ohtained in the full-scale test was the compari-
son of this test data with that obtained from the
quarter-s..:le test. The full-scale test did not
have as extensive strain-gage instrumentation,
ilowever, one location on the ribs and one loca-
tion on the blade were instrumented so that a
comparison could be made with dita from gages
at 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 we:e
quite similar, especially for the side-on and
recessed perpendicular cases. Tke comparigson
is made for the side-on valve is the¢ quarter-
scale test and the recessed perpendicular valve
for the Suffield test because no flush side-cn
tests were made at Suffield. Comparison is not
quite as good for the face-on condition.

Similar correlation is generally eviden! in
the tests where the valve was blast-clused. For
the recessed case where the louvers were par-
allel to tire axig of the shock tube, the closing
times between the quarter-scale and full-scale
tests were within 3 millizeconds. (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

I!nctidenl LRib StressJ li’iiade Str(?as Closing
ressure ocation R3 ocation Time
Valve Orientation (psi) (psi) {psi) (ms)
1/4 1 /4 1 1/4 1 1/4* 1
Closed before blast
arrival:
Side-on and 21 23 10,000 9,700 4,200 4,500 - -
Recessed
Perpendicular
Face-on 25 27 17,000 - 6,100 8,300 - -
Blast-closed:
Recessed Parallel 20t 19¢ - 6,9001 | 3,00071|4,600%F | 191} 161§
Face-on 20 221 - 10,800t | 5,800%1 |6,1007f | 11.2% 10t§
23t 7,400t 11,6t
Recessed 23 23 12,500 8,300 {11,300 9,400 26 10
Perpendicular 6,300% 7,900% 20%

*Actual values multiplied by 4.
{Data compared in Figures 13 and 14.
tAbsorber used.

multiplied by four to compensate for scaling
factors.) The blade stress, however, was
somcwhat 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
wag not present in the quarter-scale test, as
can be seen in the overpressure waveforms,

In 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 hlast valve during
blast closure. For the quarter-scale test, this
geometry was not conaidered and, as a re:lt,
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 face-on case, closing times and
blade stresses were very similar and, as can
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be seen in Figure 14, the waveforms for blade
stresses ace 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 presentz a compax?-
son between the closing time and blade stress
for a similar quarter-scale test made with a»
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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as compared with the 26 milliseconds indicated and the closing time is more compatible with

by the quarter-scale tests, Stresses, however, that predicted by the quarter-scale test. But
were much closer than would be indicated by the stresses are considerably less: almost
the difference in closing times. There is also one half the values observed in the quarter-
data on a full-scale test with a shock absorber, scale test,
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These full-size tests indicated weaknesses
in the linkage between the actuating bar and the
actuator, The parts were modified and retested
in thc 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 detonativn
of 500 tons of TNT which simulated the blast
and ground-shock effects from a nuclear
detonation. The valves tested in this operation
were essentizlly 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 hlast-closed,
that is, closed by the aerodynamic forces on
the 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 4 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,
oae-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 commmunication
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 pre:ssure levels would be
intolerable.
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TEST V.G THE PES-0"ISE OF GAS TURBIMES TO AIR BLAST

s

'uirkead, P, "aylor and T.G. Coffey

Leferce Research Ectahlichrent Suffield
Raistor., Alberta

of destroyer.

air driven shock tube.

given,

stall and flame-out at low RPL,

Tre effect of blast on gas turbire engines is of interest to the
Caradian Forces hecause of the use cf gas turbines ir a new series
Exploratery experimerts used an Orenda € engire,
which was sub jected to blast waves from a valve-operated, compressed
"o significart effects were caused by irlet
loadings, tut blast waves impinging on the exhaust caused compressor
A general review of the program is

INTRODUCT 10K

The Caradian Forces are using Pratt and
Whitney FT-4A-2 and FT-12A-3 gas turbine
engines as the prime movers in a new class 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
some degree of blast hardness into these des-
troyers. The complexity of the equipment is
such that it is impractical to harden all come
ponents to a specific level. Thus, certain
critical componerts have received special
attentior. Arong these is the propulsion
system.

The Defence Research Establiskment Suffield
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 ductin% ard
demister systems have been repcrted (Ref. 1-3).
The effect of blast on the engines is reported
herein,

No theoretical models, and little back-
ground data were available. This, conbined with
a requirement for a rapid acquisition of infor-
mation, prompted the initiation of a program o’
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.
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It has a !0-stage sirgle axle compressor, with
a single stage turbine., it was chosen because
of its gene-al similarity to the marine tur-
bines, and because of ready availability.

SHOCK TUBE FAC!ILITY

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 tons of TNT)
blast trials are a regular feature of the DRES
research program. They offer the opportunity
of testing larze equipment under realistic
conditions. However, these trials are of in=
frequent occurrence, wherear shcck tubes may be
operated several times during a sirgle day.

The basic system chosen vas a 17 inch
internal diameter shock tube. This device,
which is described ir Ref. (4), 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
gf operation of this valve is illustrated in

ig. 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
against the entrance to the expansion chamber.

Upon release of air from the actuating
champer (through a conventional bursting
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Fig. 1 - Shock Tube Driving System

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 Fig. 2.

Major advantages of this type of shock
tube inciude 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 sffect 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 45 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.
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The exhaust was loaded by firing the 17 inch
tube into a 24 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




Fig. 2 - Shock Tube Driving System
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Fig. 3 = Shock Tube Geometry For inlet Loading
{(rot to scale)

Fig. 4 - Shock Tube For Inlet Loading
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arout 2C°C andBytrex strair gauge type where
terperatures were higher than 80°C. Satisfactory

results were obtaired with the latter up te 150°C.

irere terperatures were higher as in the com=
bustion charters or tail-pipe, water cooled
rounts of DRES design and manufacture were used.
frorecorstantan therrocouples were used for
auxiliary tail-pipe temperature reasurerents,

A constant-terperature thermister bead
serced the air velocity at the inlet, while a
Bertly-"evada proximity coil sensed the gap of
the first stage compressor blades.

Endevco strain gauge acceleroreters sersed
the vibration of the front of the ergine 1n the
three principal axes. Their output was electri-
cally irtegrated to velocity as an indication of
engine roughness; higher frecuercies than first
ergire crder were attenuated by use of low-pass
filters on the field lines.

All tests were recorded or Fi! tape recorders
and a videc tape recorder. The latter recorded
indications from the cockpit instrumerts for sube
senuert analysis.

PROCEDURE

The inlet of the turbine was subjected to
blast waves on 12 occasions, while the exhaust
was loaded 20 times. These tests were conducted
with the engine stationary, and operating at a
variety of speeds ranging from 38% to 100% of
its maximun 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-
roved for the exhaust loading experiments. Mo
attempt was made to apply blast waves to the
irlet and exhaust simultaneously.

RESWLTS - front End Loading

Blast loading of the inlet of the engine
caused small {less than 2%) transitory changes
in engine RPil, However, no mechanical damage of
any kind was observed. There was no evidence of
compressor stall, nor of any disruption of the
corbustion processes.

Considerable data were accumulated on the
transmission of blast waves through the turbire.
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A surary of the average presiure measurerents
is given in Yable 1. These are expressed ir

dirarsionless forr 35 53 ratir {¢ rne jrcide-t
ocverprassure i ira ¥ -z erracsice sectizrl,

TARLE )

Surcary of Peak (ve-pressures easured Turirg 1-let Lcadiry Trpe- ~eris:
Overpressures Are Fipressed as Ratins 1o the lecide~t Tverpreccure

Turtire Corpressor Surrer
RoV Cover
(€ of Yax} | Stege 2  Stage 5  S'age * Plale Tzilpige
¢ 1.3 1.2 0.9 7.3 Cal
32 1.7 1.2 1.7 C.7 -—
93 1.7 2.0 1.2 1.5 -
100 Hot/ 2.0 1.9 1.¢ -

The overpressure of the blast wave is
increased upon entry into the corpressor. This
increzse is a result of the reduction in the
area of the availatle flow charnels, whick cir—
presses the blast wave. For example, the flow
area at the 3th stege is about 150 sguare inches,
compared to 850 square inches in the shock tube.
An increase in overpressure is also associated
with an increase in engine RPIl, Presuratly, this
increase is related to the velocity of the air
flow through the engine. These pressure trars-
mission results are reviewed in greater detail
in Ref. (7).

RESW.TS - Rear End Loading

Blast loading of the ergine exhaust re-
sulted in flame-out, compressor stall, ard sore
mechanjcal 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 ¢f 321 stain-
less steel, and contained reinforcing ripples.
These were aimed at increasing the resistarce
of the bullet to radial compression, hut tended
to weaken it against longitudinal compression.
A damaged bullet is [llustrated in Fig, 8,

Flame~rut occur "ed at 38% and 58% RPN,
with incid« ' overpressures of 10 and 11 psi
respectiv: 1y, however flame-out could not be
achieved at higher RPM. The resulis of these
experiments are illustrated in Fig. 9. This
indic:ics the incident overpressures which were
used, and whether or not flame-out resultied.
While the proiected curve is speculative, it is
clear that flame-out requires increased pressures
at higher RPM,

The recharism of flare-out appears tc
invclve corpressor stall ard disrupticn cf tre
corbustion process. fAralysis cf protegraptic
recards obtaired ir tre gortisticr charter,
pressure records ctiaired ir t*e ccrpresser,
a~d of the irle: 2ir velccity reasurereris
irdicaied a patierr of flare disription, #hich
wag rarked ty an irterse trighlering of the
flare, followed {after 2iout 15C rsec! ty a
rapid drop in flare irtersity. Sirultareously,
a stall (rarked ty a strorg "nepative" presstre
sigral) was otszerved i~ the corprescor, a~d the
inlet air velocity dropped markedly.

If the corpresscr recovered fror its stall
tefore extinctiorn of the flare occurr-.d, the
engine kept runrirg. If, however, stall (ard
the resulting drop ir air flow, cortiried urtil
the flame had teer extinguished, ther the engire
stopped. Extinctior of the flare, therefcre,
appears to have resulted fror erharced cortustion
{and e~harced oxyger corsurption) caused by the
initial disruptior cf the flame by the blast
wave, followed by oxygen starvatior which resulted
from the compressor .tall.

A typical set of transducer records is
presented ir Fig. 10. Here, a commen atsolute
time base is used so that the relaticnship ameng
various parameters may ‘e observed.

Consideratle data werc again ottaired on the
transmission of blast waves through the engire.
This is summarized in Table 2. As in Table 1,
these data are presented in dirensiorless 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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TABLE 2

Summary of Peak Overpressures Measured During Exhaust Loading Experiments:
Qverpressures Are Expressed as Ratios to the Incident Overpressure

Turbine Combustion Burner Compressor
RPH Tailpipe Chamber Cover
(¢ of Max) Plate 8th stage 5th stage
38 1.0 0.9 1.0 0.8 0.4
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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'{ iz clear that w:'" increased RPY, the
‘last save Tirds 1t ircreasingly difficult to
trave! upstrear,

TISTLSI,

Trese expericerts illustrate that the
particular Orerda © ergire which was involved
i thece tests {s a rupged and s.able machine,
ad is relatively irsersitive to blast loadings.
It was subjected tc rore than I tlast waves,
ard operated ir ar open air test Stand at tem-
peratures rargirg fror =40 to 490 F. WYith the
ercepticn of the exhaust bullet, no evidence of
durage could te detecied by visual inspection,
or fror vibraticr aralyses.

Blast leading cf the exhaust cauced inter~
‘ere~ce with the corbustion process and compressor
stall, phenorera which were not ohserved during
tlast loadings of the inlet. 1t may be instruc-
tive to note ‘hat blast loading of the exhaust
tends to oppcse the normal pattern of air flow
through the ergine, whereas tlast 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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TRANSTENT WAVEFORM CONTROL OF ELECTROMACNETIC TEST BEQUIPMENT
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configuration.

This paper discusses a technique by which electromagnetic exciters sre
controlled to produce specific time-history transient wvaveforss. The
technique utilizes an "on line" digital computer in a near-real-time
A receatl: developed Fast Fourier Transform algorithm
forms the operational fo‘'adation of the technique.
ient vaveform control s;ziem vas assemsbled and tested. That prototype
system and itc perfarmance are discussed.

A prototype trsas-

INTRODUCTION

Shock testing in the aerospace indusiry has
been somevhat schizophrenic, torn between a
confusing mixture of opinions concerning the
test device and imposed motion time history.
Test devices teke the form of impact machines,
electromegnetic exciters, and the shock pro-
ducing device itself. Specified time histories
bhave ranged from a simple pulse, to complex
decaying transients, to slow sine sweeps, to
fast sine swveeps, to short random bursts, and
to creation of the actual shock producing
event.

One common ground of agreement has been the
desirability of being able to use an electro-
magnetic exciter to produce specific transient
wvaveforms vith the same degree of convenience
that exciters are used to produce sine and
random vibration environments. During the
past five years, a number of investigators
have reported on efforts to utilize the shaker
for shock testing [1-6] . These efforts have
followed tivo distinct paths. Use of the shock
spectrum as a standard of comparison is common
for one group, whereas, the other group has
concentrated on producing a specific time
history waveform. Without having to become
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 +hZ vasic eriterion for
simlation, some time history can be associ-
ated with the shock spectrum. Therefore, the
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ability to produce a gpeciried time Listory
encompasses both of the simulation criteria,
This fact, coupled with the increasing cupa-
bility to predict transient time historiea
[7,8], promoted an effort to produce a near-
real-time, on line, trunsient waveform coantrol
system for use on electromegnetic exciters.
The first results of this elfort are presented
in this paper. As casn be seen, there remains
more work to be done to fully explore the
linits of this control system.

TECHNIQUE

The successful implementation of Transient
Waveform Control depends upon the test system
being a time-invariant linear system. The
test system is defined to include the power
amplifier, exciter and specimen mounting fix-
ture, with the specimen acting as system load*.
The general approach to this transient wave-
form ccatrol system is to:

1) Develop an sccurate definition of the
test system transfer function, H(w);

2) Develop the Fourier transform of the
required waveform, F(w)p, and divide it
by the test system trancfer function;

3) Inverse Fourier transform the quotient,
developed in 2) above, into th» time
domain.

*Thic assumes the test system output is at the
fixture-specimen interface.
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(t)y =0 for t <0 (1)

is vsed as the calibreting transient. Its
Forrier transform is of the seme form as a
first order, low pass filter, with a corner
frequency of f,, vhere,

fc - (2)
Refer to Figure 2.

Both the transient calibration imput, ﬁt;i
snd the transient calibration output, f(t),,
signals are passed thru identical analog to
digital converters (ADC), end the digital
information stored in the computer memory.
From this digital information, the respective
Yourier transforms, F(®); and Fw), are cos-
puted and then raticed to produce the test
system transfer function,

Pw),

) .

Hw) = o) (3)
X -
£(t), = Ke -at

0 time

Figure 2a:  TRANSIENT C/LIBRATION INPUT
SIGNAL

Prior to the time the test system is cali-
brated, the digital descripticn of the required
transient wvavefors, f(t)p, is read into the

computer end its Fourier transform, Fa)p, is
oomputed. This transform is then divided by
the test system transfer function to synthesize
the frequency domain description,

Peo)g » TR | (%)

F(u), is then "inverse” Fourier iransformed
into the time dosain and the digital data

sed thru & digital to analog converter,
f:c), to produce f(t)s.

This technique is besed i un the capebility
to accurately, economically, and rapidly com-
pute Fourier transforms of transient time
functions into frequency functions, end "in-
verse” Fourier transforms of =:mthesized
frequency functions into continuous, useable
functions of time.

In 1965, a nev algorithm for computing &
discrete Fourier transform was dz2scribed by
Cocley and Tukey {[9,20] . This algoritim is
knovn as the "Fast Pourier Transforz” (FPT).
Assuming o time history is described dy B
discrete data points, the FFT will compute the
Fourier transform in MlogoN operations wherees
ious or conventional elgoritime required

gperations. For example, sssuming N equals
k096 aata points, the FFT algeritin would
compute a transform 341 times faster than the
conventional algorithm.

LOG F(w)

T

<=

LOG frequency fc =q

Figure 2b: FOURIER TRANSFORM MODULUS OF
TRANSIENT CALIBRATION INPUT

Figure 2: TRANSIENT CALIBRATION INPUT




The FFT i5 a discrete Fourier trausform based
upon *he following reciprocal equations of the
Fourier Transform [10] ,

N-1

A(n) = %Zx(k)e"’zu“/' , (5)
k=0

and the inverse Fourier transform,

K-l

X(x) = Jotnk /N (6)

A(n)e .
ns=0

The quantities A(n) and X(k) represent number
sets only. N equals the nusber of data values
in each set. The summation counters are n
and k. In this form, they are not restricted
to a time-frequency domain relationship.

Equations (S) and (6) are used to compute
discrete Fourier transforms in units of time
and frequency by inclusion of the sampling
increments, At and Af, and use of the follow-
ing theorem.

1f x(t) (a continuous time function for
-ee <t<er ) and a(f) (a continuous frequency
function £or -eo <f<es ) are a Fourier
integral transform pair,

x(t) «—> a(r),
then TX, (kat), k=0, 1, 2, ... N1
and Ap (ndf), n=0,1, 2, .... N-1

are a discrete Fourier transform pair,
vhere,

1 1.4
f e 2l g
4 NAt T 21

and N = number of time data points,

?

At = time sampling interval,
T = time duration of total signal (N At),
Af = frequency sampling iuternal.

The resulting transform peir sre,

N1 -32fnk/N
A =
p (naf) = At :§o Xp(xat) s

N-1 Joiink/N
Xp (kot) =4f 3° A (nar) ’
n=0
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vhere,

Ap(nAf) = nth complex frequency sampie
Xp(k8t) = kth time sample

¥ = total mumber of time/frequency
samples

J= VT
PROTOTYPE TRANSIENT WAVEFORM CONTROL SYSTEM

A prototype coantrol system, corresponding to
the Transient Waveform Control - Logic Diagram,
Pigure 1, was developed and evaluated in the
Environmental Test Laboratory of The Boeing
Company Aerospace Group. The primary elements
are filustrated in Figure 3. The digital
computer and its peripheral equipment (not all
shown) vas 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 [11] .

Commmication between the vibration test lab-
oratory and the computer is accomplished with
a remote computer test station located at the
vibration console (Figures b and 5). The
computer is controlled by the vibration tost
system operator using six thumb vheel switch
positions on the remote station. The soft-
vare "Inter-overlay Operational Logic Versus
Remote Test Station Switch Position"” is shown
in Mgure 5. A synopsis of the switch posi-
tions ané their functions are as follows:

Position 1 allows the computer operator to
enter and transform the required
transient waveform, £(t)g.

Hesition 2 instructs the computer only to
send the transient calibration
input pulse, r(t);, vithout
recording or computation. This
allows for adjustment of the
excitation level.

Position 3 instructs the computer to send
the transient calibration pulse,
£(t);, record £(t); end £(t),,
and calculate the test system
transfer function, H(w).

Position 4 instructs the computer only to
send the synthesized input
voltage, f(t),, without recording.
This allovs inspection of f(t)g
vhile the test system amplifier
is down.

Position 5 instructs the computer to send
£(t)g, and record and plot* the
test system output waveform

*Many plot options are available for additional

operation inspection and test qualification.
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THUMB SWITCH-
6 POSITION

figure 4: TEST STATION FURCTIONAL LAYOUT

REMOTE TEST STATION

/
Figure 5: TEST STATION LOCATION AT VIBRATION CONTROL CONSOLE
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T ReEmOTT a

£'(t)y vhich should maten the
required transient vaveform,
f(t.)a.

Position 6 instructs the computer program
to exit,

The test operator is free to rotate “he com-
puter control from position 5 back to position
1, 2 or 3 for additional testing.

The prototype control system was evaluated to
determine its performance. The prototype
control system characteristics during evalua-
tion were:

1) The vord size for both the amalag to
digital and digital to analog couverters
wvas 10 bits plus sign (11 bits).

2) The sampling and up-date rates vere both
20,000 samples per second.

3) T™he anti-aliasing tilters in front of
the ADC's and the smoothing filters on
the output of tne DAC were identical 6
pate Buttervorth lov pass filters cutoff
at.)s KHz (system bandwidth is 2 - 5000
Bz).

In its present configuration, the prototype
coatrol system, vhen operating on a 4096 data
point description of the required wvaveform,
requires a cycle time, from system calibration
to controlled wavefcrm, of 16 minutes, In-
cluded in that cycle time 1s time spent to
produce a digital plot of the synthesized
irput voltage f(t),. The cycle time of &
special purpose control system computer could
be reduced to less than two minutes.

Detailed knowledge of the required transient
is fundamental to correct control. This
requires that:

a) The transicnt 1s physically realizable
withia the capability of the vibration

equipment,

b) The digital description of the transient
is within the capability of the compu-
tational equipment (1.e. storage require-
ments for long duration, high frequency
transients).

Thre2 examples of transient waveform control
are i{llustrated and discussed below. The
wvaveforms selected vere:

1) A 20 g terminal peax sawtooth designed
to meet MIL SPEC 810-B requirements for
component shock testing.

2) and 3) Tvo waveforms derived from the
TAT/Agena-D launch vehicle (0GO-D)
spacecrart*® [12] considered typical of
staging transients eligible for simul-
ation on laboratory test apparatus.

The experiments were coadueted on & Ling 2:9
(30,000 force-pound) vibrator driven by a

L7 2g PP 120/150 KVA amplifier. The test speci-
ma was a 450 pound plate.

Figure 7 illustrates the performance of the
prototyy: control system operating on the
termiral peak suvtooth. Figure Ta is a
digital plut of the required terminal peak
savtooth in ordinate units of millivolts®®,
The transiucer calibration vas S0 mv/g, there-
fore the required pesk was 20 g's. Te
is the Pourier transform (modulus only) of the
required tersinal peak savtooth. PFigure Tb
1llustrates both the a) synthesized input
voltage to the test system and b) the controlled
terminal peak savtooth acceleration function
monitored on top of the 450 poumd plate.
Figure 74 is the Fourier transform of the con-
trolled terminal pesk savtooth pulse. A visual
comparison of Figures Ta and Tb indicate
excellent agreement in the time domain while
Figures 7c and 7d demonstrate excellent agree-
ment in the frequency domsin. The one Chvious
discrepancy in the comparison of FPigures Tc
and 7d 1s in the lov frequency domain. This
discrepancy was caused by bdiased quantization
errors produced in the analog-to-digital con-
version process. This discrepancy can be re-
duced by using ADC's having a larger word

size or by using a statistical umbiasing
scheme. One such scheme has been developed
dbut not implemented into the prototype control
system yet.

Figure 8 11lustrates the performance of the
prototype control system simulating a typical
flight transient. Figure 8a is the digital
plot of the required transient wvaveform and
represents telemetered transient data froe an
000-D gpacecraft transducer [12] (PL 30 at

T + 234.5). Pigure 8¢ is the Fourier trans-
form of the required transient vaveform, and
demonstrates the fact that the majority of
the energy lies well below 1000 Hz. BPecause
of this, this transient is considered a low
frequency type of transient. Figure 8b 15 a
digital plot of the controlled waveform simul-
ating the actual flight transient. Pigure 84
is the Fourier transform of the controlled
transfent. Visual coeparison between Pigures
8a and 8b and tetween Figures 8¢ and 84, again
demonstrate the excellent performance of the
prototype system. In addition to this visual
comparison, a comprehensive statistical study
wvas made from digital listings of the two
transients to put some "figure of merit” on
the performance. This study is discussed at
the end of this section.

* TAT is an augmented Thor/Agena-D Launch

Vehicle and 0GO-D is the Orbiting Geo-
physical Observatory.

#* The rectangular undershoot was programmed
80 that the terminal velocity would equal
zero.
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Figure 9 1llustretes the perforsance of the
prototype control system simulating another
flight transient. PFigure 9a is the digital
plot of the required transient vaveform and
represents telemetered transient data from
another 000-D spacecraft vibration transducer

[12] (PL 20 at T + 234.5). Pigure 9c is the
Pourier transform of the required transient.
From this transform it can be seen that this
third required transient vaveform contains
hish frequency informetion out to and beyond
5 KHz. This transient, therefore, is a severe
test of the prototype control system perform-
ance, Figures 9 and 91 are the digital plots
of the controlled transient and its Fouricc
transform. Since Pigure 9 can only demone
strate "envelope similarity” due to the high
frequency content, the test ¥as rerun and
camputer listings of both the required trans-
jent and the controlled transient produced.
PFrom this listing, an expanded tize domain
overlsy of the tvo transients wvas produced.
See Figure 10. In this figure, only the first
19 milliseconds are plotted; however, that
time span covers the first main burst of
energy in the transient.

From the digital listings of the transient
sets illustrated in Pigures 8 and 9, the
following er:or analysis vas developed. A
statistical error term, E,, wvas defined as the
difference in amplitude between the required
and synthesized vavefora at corresponding

discrete points in time
g, - ity - £'(t)y

Operating on appraximmtely 400 equally dis-
tributed data points, the following statis-
tical peraméters are used to further describe
the error term. The mean of the error ters,

%Z.:l.. ,

n=1

indicates the zero frequency or non-alternating
component of the error tere and the variance
of the error ter-,

s 2
=1 E (Bs -£¢)

n=l
indicates the meen squared value of the alter-
nating component of tke error term. The
results of this analysis are tabulated in the
table below.

Both sets of statistics were derived from
approximately koo equally distributed data
points over the "transient” interval. Assuming
a chi-squared distribution of the error term,
E,, there 1s & .99 probability that the time
domain variance of the control system is equal
to or less than 13 percent.

PL-20, ILLUSTRATED IN P1-30, ILLUSTRATED IK
STATISTICAL PARAMETER FIGURE 9, UNITS OF G's FIGURE 8, UNITS OF G's
Error Mean, 4 6.4 x 2074 23
Error Variance, 6;° 2,283 .0827
Mean of the Required Waveform, «, 217 .263
Variance of the Required 18.87 .T15
Vaveforn, 6,
Variance of Test System 27 0625
Noise, G
T‘me Domain Variance, in 12.0% 11.6%
Percent , 6'%.: x 160
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Figure 3: TRANSIENT WAVEFORM CONTROL APPLIED TQO SPACECRAFT
FLIGHT TRANSIFATS
1249 vibrator, PP120/150 Amplifier, Specimen Weight 4501b
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COXCLIBIONS

This control concept represents one of the
first marriages of an on-line digital com-
puter, using modern computing algorithms, to
&n electromagnetic virator in an environ-
mental testing laboratory to meet a transient
motion control requirement in near-real time.
Experimental results using the prototype
control systim demonstrated controlability
with a time domain variance of less than 13
percent. The fidelity measurement for lab-
oratory transient waveform synthesis requires

- time lLiistory,
« Fourier transforx modulus,
= Fourier transform phase spectrum

representations of the data. Error variance

figures can be emp.oyed to specify test
criteria.
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DISCUSSION

Mr. Fandrich (Radiation Inc.}: By using an
impulsive input to estabiish 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. 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 do 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. Rallard: What is the resonant fre-
quency of the shaker system which you used to
coiduct 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 ?

Mr. Favour: Economics. We do not have
to build anuther 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 oie 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.




AN IMPROVED ELECTRODYNAMIC
SHAKER SHOCK TECHNIQUE
J.R. Moser and D. Gamer

Texas Instruments Incorporited
Dallas, Texas

Many investigators have been worling to improve techniques for performing shock
testing on standard laboratory vibration facilities. The result of this work shows (1)
that the shaker system response is inherently frequency dependent and (2) suggzests
methods for modilying the real-time input pulse to the shaker amplifier using
transient synthesizers, such thot the shaker response vonforms to specified Hulse
shapes. This paper details how we have frequency-compensated our shaker/ampiifier
system response such that, to achieve the same pulse at the output, only the
required real-time pulse at the system input is needed. We will demonstrate how it
is possible to use standard laboratory pulse gencrators rather than the cumbersi.me
waveform synthesizers in use throughout the country. The time required to do ihe
test is estimated to be one-third of that reqaired 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-state
linear integrated circuit. Discussion will be included in support of performing
full-sinz shock testing because of inherent shaker mechanical limitations.
Recomirenditions will be made for including a fullsine shock pulse in
MIL-STD-8108 4s an option wheii performing shock tests on electrodynamic

shaken.

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 aot been
fully developed at this time. Nevcs:hivhss, 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 testinz which has not been
discussed adequately in shock and vibration literature. A
techinique for frequency-compensating an ejectrodynamic
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 devcloped herein are general and will be of valuc in
generating pulses of any arbitrary shape on vibration
machines.

FREQUENCY COMPENSATION OF SHAKER SYSTEM

It is highly desirable to be able 0 produce a specified
acceleration pulse G(t) at thc shaker head by injecting an
identical voltage pulse v(t) at the shaker preamplifier. The
cystem transfer relationship can be stated symbolically:

G,(w) = V(w)H(w)H'(w) n
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wherc

G, (w) = tue Fourier transform of the desired
shock pulse G(t) (output)

V,(w) = the Fourier t:ansform of the voltage
pulse v(t) to the shaker preamplifier (input)

H(w) = shaker/amplifier system frequency response
without compensation

H'(w) = compensation amplificr 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 identicai, they represent identical pulses.
Therefore, if

v(t) =k G(t)

compensation must be accomplished by making H(w)H'(w)
of Equation (1) 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 levcl. The figure shows the response H{w) to be
very frcquency- and mass-load-dependent below 100 Hz. But
what then is thc range of frequency over which one must
compensate? Figurc 2 shows relative spectral (Fourier)
distributions of (1) a half-sine pulse of 11 milliseconds
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Figure 1. Vibration System Response Hiw) Versus Frequency and Compensation Amplifier
Response H'(w:) Versus Frequency

duration, (21 a full-sine pulse of 22 milliseconds duration,
and (31 4 practival pseudo-half-sine pulse of 11 milliseconds
duration The latter pulse conforms to the limits of wmethod
S16. Figure 516-2 of MIL-STD-8108, and is typical of the
pulbse shape obtainable on an electindynamic shaker. The
half- and fullsine  distributions were obtaincd using a
voltage-controlled  generator (VCG) triggered by a 30-Hz
ane-wave osillator. The pseudo-hali-sine pulse was generated
by & wavelnrm synthesizer. Both half'sine pulses were of
1 1-miilsecond duration and 1-volt zero-to-peak amplitude.
The full-.ine puts was of 2.2-millisecond iduration and 2-volt
peak-to-peak amipiitude. The magnitude of each spectral line
was observabie by scanning the output of the VCG (or
waveiorm syathesizer (or the psendo-half-sine pulse) with a
wave analyser having 4 7-Hz bandwidth. For plotting
purposes, the time scale was muttiplied by 10, yielding the
Founier spectral amplitudes of the various !l-niillisecond
puiscs  Note that the above is cquivalent to an-‘yzing the
ovtput of ¢ laop of magnctic tape containing tie desired
puise but played back at 10 times the recording speed and
vech that the tape loop travels at 30 revolutions jer sceond.
Only the loct of the spectral component peaks are plotted in
Figure .. The relative spectzal amplitude distribut on of the:
thee pulsess would remain unchanged as the pulse repetition
rate 1s reduced to zero {single pulsey and the Fourier spectra
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become continucus. The results for the half-sine and full-sine
pulses are consistent with those of Gertel and Holland 111 1t
is clear from the figure that the significant portion of the
spectra for the half- and fullsine pulses lies within a
frequency interval determined by

0<I<2r

where 7 is the pulse durition. For the | 1-mitlisecond half-sinc
pulse of MIL-STD-RI0B, this corresponds to a frequency
interval from dc to 182 Hz. With this and the shaker response
[Figure 1(a)] in mind. it is clear that the shaker must be
compensated over the same frequency interval for gond pulse
transmission fidelity. In general, shorter pulsc durations
would require frequency compensation over a wider
frequency inteival to keep H(w) H'(w) independent of
frequency over the principal portion of the Fourier spectrum
of the pulse.

To make H{w) H'(w) 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 ol Figure 3 is designed to have
the required response H'(w) by using the noninverting inpu:
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oy,

of the SNI2TU9 lincar operational amphiier integrated
aroumt Phe zan of s caircont o equat ot

1eZ, R - 1+1iCR, o

R.C, an be chosen 10 gne the desited rosponse as shown in
Fizure 1th) such that abe product Of both the uncompen-
sated systers joespronses Hw) and the compensation amplifier
response IFw) 10 the wum if These responses are expressed
dB)Y s independent of frequency over the desired frequency
mnterval. By varving R . the Kuee of the inverse filler respomse
can be mwed n frequency 10 correapond 1o the knee i the
frequency response of the vibratwa system shown in
Figure 4. Figure 112) shows that, as the shaker load increases.
the knee in the shaker frequency fesponse characteristic
Hiwd decreases in froquency. The circuit of Figure 3 is
capable of compensating the vibration system for all loads
tested 1w date tor shovk pulses of 1 1-millisecond duration.

Figure 5 s the circuit diagram for the triggering ciicuit
used in fhe system (Figure 4). It is composed of an SCR
switch for positive-action single-pulse triggering and 2
unijinction multivibrator for repetitive triggering. The lattes
is used while adjusting R of Figure3 for optimum
compsnsation at a low G level.

+10 VOO

RESULTS

The limstations of petforming half-sine shock pulscs on
vibration systems havv been discussed before 134941 For
this unidirectional auccleration pulse, the armature velocity is
ronolonically increasing during the pulse 1o a maximum
when the pulse has passed. Sinoe the velocity is maximum
when control is removed, the armature maximum displace-
ment limit is exceaded for relatively small G levels. Clearly,
longer duration halfsine pulses more severely limit the
maximw,n Glcvel obtainable on a given vibration system.
Figure 6 is a photograph of the largest 1l-millisccond
half-sine {like) acceleration pulse ~btainable using a
compensated 15,000 foroe-pound shaker. This acceleration
pulse is cleardy outside the acccleration pulbse cavelope
spevified in MIL-STD-810B. Figurc 7 is a photograph of the
pulic obtained under the same conditions except that the
vibration system is uncompensated. This pulee in no way
rescribles 2 half-sine acceleration pulse. Inspection of
Figure 7 clearly indicates the differentiating characteristic in
the critical frequency range of the uncorpensated vibration
system used. All shaker systems are transformer ccupled. so
their response near de is necessarily quite limited. No amount
of compensation found is adequate for controlling the
50-millisccond undershoot shown in Figure 8.
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Figure 4. Diagram of Compensated Electrodynamic Shaker for Shock Testing

176




TV TR T -

orr sis
1 0e—0- ~> <
2
3 6. 2% 390§2
REP RATE
! ~e
+12v 20

700)

1UF
LA N
PUSN;J'?‘I"O'!:

2K 0710

2
SINGL! E0

PULSE

OFF  31A oIS
1 00— “@ ouTPUT

NEPETITIVE

Figure 3. Schematic

ARMA

L P R e sl o o
HORIZONTAL SWEE MSE

VERTICAL SENS!T!V!TY = SG/CM ‘INVERTED)

Figure 6. Half'Sine Shock Pulse from Compensated Shaker

Somc investigators have increased the half-sine Gelevel
capability by prestressing the armature one way. then by
reversing the drive 1o the shaker to form the ““desired™ pub..
and then by controlling the undershoot such that the naot
signed area under the acceleration vervus time curve is nesr
zero.341  They have been partially successtul in finding a
combination that would both satisfy the G-evel requirement
and fit within the specified bounds of. for cxample,
MIL-STD-810B (upparently ignoring the requirement on the
velocity change AV), Schelll”) has demonstrated the major
effects ot variations in the reak-time acceleration pulse shape
on the Fourier and shock spectra. The reader should again
compare the Fourier spectra of the ideal half-sine pulse and

Diagram of Trigger Circuit

ARMATURE LOAD = S0

LBS
BOTTOM TRACE IS IDEAL HALF SINE VOLTAGE INPUT
TOP TRACE 1S UNCOMPENSATED S
NORIZONTAL SWEEP = § MSECD e ISR RESRESE

ERTICAL SENSITIVITY = SG,CM

Figure 7. Halt-Sine Shock Pubse from Uncompen: ated Shaker

he “practical” halfasine pulse ¢which lies within the civelope
of MIL-STD-810B; of V'igure 2.

ADVANTAGES OF USING A FULL-SINL:
ACCELERATION PULSE:

How can shouk testing be accomplished in a controbicd
and repeatable fashion using an clectrodvnamic shaker? The
best method is to controi the undershoot reeured to keep
the net velocity change zero by specifying in method 5o of
MIL-STD-810B an eptional full-sine zeceleration pulse. such
as the one given in Figure 9. Figures 10 and 11 are oxamples
of how near to ideal the full-sine pub.c can be produced with
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ARMATUSRE LOAD = LBS

B8OTTOM TRACE 1S IDEAL HALF-SINE VOLTAGE INPUT
YOP TRACE IS CCMPENSATED SVSTEM ouTPUT
HOKIZONTAL SWEEP = 10 MSEC/C

VERTICAL SENSITIVITY = JG'C“ |)NVE.RY£D)

Faigare S HallSae Shock Puise Trom Compensated Siaker
Sitowimg M-nisee Duration Undershoot

the compensated  clectradynamic vibration system. These
pubses would casdy Nt withie the bounds of Figare 9. From

TOLETANCE LIMITS £ N

SINE WALE TRANSLATED

UPWARD !'7 & x

)

Figure 2 the Vouner spectia ot the halts ad tellsine putses
ale vommmeisptate m detnbution, the nan difference beng
bolow "3ty

PFrgares 12 and 13 show the system full-wne shack
pobe capatility before compensation. The  lightly  laaded
table  ignre 12y gives the poorest rosults - without
compensation. This resnit is consntent with Figuie 1. Below
200 117, the varistion of Htw) with frequency s geatest for
the hightly loaded shahe:

CONCLUSION

We have skown how  frequency-compensating  an
clectrody namic vibration sysicm allows for greatly improved
single pulwe generation. Instead of compensating the real-tiowe
mput voltaze pube 1o the shaker amplifier by using
cimbersome waveform synthesizers. classical shock polses
«an be penerated by standard voltage-controlled generaton.
Tac put voltaye pulse closly charasterizes the outpnt
aceeleration pubse. Thus, even those reguired 1o use pulse
wavetform synthesizens for genereting arbitrary pulse shapes
will find the compensation techniques presented hercin of
benefit in reducing setup time and optimizing pulse shape.
Arguments have been made for addition of an optional
full-sine acceletation pulse to method 516 of MIL-STD-8108B,
thereby mizking shock testing on vibration sysiems much
more uniform and repeatabie.
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ARMATURE LOAO * 50 LBS -

o o ARMATURE LOAD = 400 L8S
e e e T L A A LT BOTTOM TRACE IS :DEAL FULL SINE YOLTAGE INPUT
HOPIZONTAL SWEER = & MSEC/aM TOP TRACE 1S COMPENSATED SYSTEM OUTPUT
VERTICAL SENSITIVITY = SG/CM

HORIZONKTAL SWEEP = & MSEC/CM
VERYICAL SENSITIVITY = 10G;IM

Figure 0. 1 +d1-Sine Shock Pulse from Compensated Shaker Frgnre 11 Foll-Sine Shock Pulse from Compunsated Shaher
with 30 Pound Load with 406 Pound Lod

ARMATURE LOAD = S0 LBS
BOTTOM TRACE 1S I0OEAL FULL SINE VOLTAGE 'NPU.,

ARMATURE i.OAD = 400 L8S
TOP TRACE IS UNCOMPENSATEQ SYSTEM RESPONSE BOTTOM TRACE IS IDEAL FULL SINE VOLTAGE INPUT
HORIZONTAL SWEEP = 5 MSEC, CM T°:.{8ﬁ$§‘j%x:ggMPENGQEEDCSYSTEM ouTRUT
VERTICAL SENSITIV! SG/CM HO = M

ERTICAL ERARALAT S BaiE VERTICAL SENSITIVITY = c./c/w

Figure 12, Full-Sine Shock Pulse from Uncompensated Figure 13, Full-Sine Siock Pubse from Uncompensated
Shaker with 50 Pound Lowd Sitsher with 400U Poand Load
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Mr. Verga (Hazeltine Corp.): Iwas very
much encouraged by the simplicity of your
block diagram, compared with the or:e in the
previous paper. Of course, you were aiming
fer a sinsoidal pulse and the previous paper
was concesned 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. 1did not try it for this study. Eighty
to ninety percent of our testing is to the half
sine.

Mr. Ames (Frankford Arsenal): You men-
tioned about adding something to MIL-STD-810
I believe that requires you to go toth positive
and negative, so why could vou 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 difficuit 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
puises, 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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DISCUSSION

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
conce1ned is debatable.




PROTUBERANCE EFFECTS ON LIMITER-EQUIPPED

HARD LANDING PAYLOADS

John L. McCarty and James T. Howlett
NASA Langley Research Center
Hampton, Virginia

impact limiter.

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 irclude 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

INTRODUCTION

One possible technique for exploring an
extraterrestrial body is that of hard landing
survivable scientific instruments cn 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
ilmiter 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 limiter 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
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and behavior of the impact limiter. In partic-
ular, no analysis exists, substantiated by
experiment, which treats this effect.

The purpose of this paper is te present
the results of an analytical and experimental
study to evaluate the etfects 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 limiter 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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shuek loading, a nontinil impact velocity of
120 fps, and surface prowuberances as high as
5 inches.  Further, the payioad was required
to survive pegardless of its orientation upon
impact. Although other shapes, relying upou
ruther unigque shoek uttenuation devices, have
been proposed for i hard lander configuration,
it wis apparent that the objectives of this
study could best be achieved by using the
aesign configuration illustrated in Fig. 1.

N RECAL SATLOAD

CANY I

HALSA =,
IHADEAL GRAINY

PROTUBERANCES:

CYLINDER
CONE \* /N T
N Gl NV Y

. N |
T T TITI I ITPTI T

Fig. 1 - Analytical design configuration

This design consisted of a full-scale spherical
payload completely encapsulated within a
crushable impact limiting material. Assum-
ing the density of the payload (scientific
instruments, supposting equipments, and
packaging structure) to be approximately

70 1b,it3, the diameter of the payload 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 availabie. Furthermore,
preliminary calculaticns based upon estimated
hard lander sizes and impact conditions of
this study indicated that the crushing strength
of balsa would maintain impact accelerations
below the tolerable 3000g Jevel.

A maximurm experimental protuberance
heigzht of 9 inches was selected because it
appeared to be a reasonably severe test inas-
mch 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
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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.

ANALY3IS

Equations of motion were developed to
describe the impact of a spherical body, which
consisted of a payload encapsulated within a
crushable balsa wood limiter, with the targets
of this study. These equaticas are a straight-
forward extension of thc analy~t< of Cloutier [§)
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. All limiter crushing
occurs at the impact surface and paraliel 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, o, with grain angle, 4, is
given by

o(6) = oc(l - %1—7 9)

where o, 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
Lests performed in conjunction with this study,
indicate that this expression is a reasonable
fi/rst approximation for values of ¢ upto
/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

m§ = F(y) =SA dF

where m is the mass of the sphere, y is the




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.,

J

Fig. 2 - Analytical impact model

The last term of this expression is the
integral of the force over the entire surface
area of contact between the impacting body and
the target. Since

dF = o{f) dA

the equation of motion for any protuberance
can thus be written

mg =, ofo) an

Hence, for a specific protuberance, the
final equation of 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 sume protuberances can
be avoided, as was done for the cone, for

example; by upproximating the expression for
dA by 2z 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 limiter required to pro-
tect the payload of this study during impact
with the various protuherances. 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 ior differ-
ent thicknesses until, following impact, the
clearance which remaired between the payload
and the target was the minimum acceptable on
the basis of 80 percent balsa woed crush-up.
The analysis defined a limiter thickness of
9.5 inches for impacts cn a planar target and
a thickness of 21.5 inches for impact on a
9-inch-high protuberance projecting from a
planar surface. (To intraduce some conserva-
tism into the d.sign, 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 contiguration for the
experimental tests on protuberances is shown
in Fig. 3 and consisted of a simulated payload
equipped witl. 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 ir:} uct
with a planar target. The testing tech::ique

HEMISPHERICAL DOME

ACCELEROMETERS (3)

P

|
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BALSA (RAD!IAL GRAIN WITHIN 5°)

HEMI S PHERE

Fig. 3 - Experimental test configuration for
impact on prctuberances
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provided th- bodies with a fixed attitude at
impact which eliminated the need for cmni-
directioual protection of the test paylcad and
thus the more farmid-ble task of fabricating
conpletely spherical limiters. In the fabrica-
tion oi the inpacting bodies, a steel hemi-
spherical dome i. 2 inch thick and 24 inches In
diameter sorved as the payload to which was
honded the balsa limiter. The balsa was
applied in sections to provide a grain orienta-
tion witldn 50 of the radial and then coveored
with fibergiass ikyers to act as a sealant and
to minimize fragmentation during impact.
Each body was instrumented with taree piezo-
resistive accolerometars of different sensi-
tivity o provide both redundancy and a better
definiticn of the impact aceclerations. These
accelerometers were attached to a mounting
plate welded within the hemispherical dome
and oriented along the impact axis. Signals
from earh acceleromcter were routed througa
a cable to an oscillograph recorder.

The test configuration was mounted to the
lauaching apparatus by means of a three-arm
support structure which was bolted (o the
flnge of the hemispberical dome. This struc-
ture and load-distributing plates fastened o
the rear face of the limiter provided ballast
which effectively equated the mass of the bemi-
spherieal impacting bodv to that of the analyti-
cal sphere o the same diameter. Figure 4 is
a phatograph showing the installation of an
impacting body to the outrigger sting of the
high-speed carriage at the Landirg Loads
Track Facility[12]. The bodies, centered in
the 8-foot-wide, 6-foot-deep channel which
parallels the track, were propelled o the
desired velocity by the carriage and released
upon impact with the targets located in the teat
regior of the channel. The targets consiated
of the various protuberances attached to a
64-ton concrete backstop frouted by a sheet of
1/2-inch-t¥.ck boiler plate.

Fig. 4 - Installation of impacting body on sting of propelling apparatus
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RESULTS AND DISCUSSION

Figure § is a reproduction of an csctllo-
graph record showing typical responses of the
accelerometers during impact #ith a protuber-
ance. The protuberance for the record
illustrated is a 9-inch-high cone having a
total included angle of 100°. The sigaals con-
tained a high-frequency response which, it was
determined, corresponded to a natural fre-
qu-acy of the steel hemispherical dome and
were faired as shown. To arrive at

2] stcJ
FAIRING —,
< CABLE SEVERED
Mg
acceL wo. § —i—
- :
500g
ACCEL. 80, 2 —2—] r\'vr-v

accrL w3 209 —A»WL——W

Fig. 5 - Typical impict response of acceler-
ometers (100¢ 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 of 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 deveil-
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 tu reach zero, whereas the
experimental time history is shcwn 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
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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 crusning strength paraliel to
the grain of 1232 psi — an average value
determined experimentallyj1] which corres-
ponds to the gross dcasity of the 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 crnsh depth and are considered to he
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 inches., The
experimental data are shown 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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Fig. 7 - Effect of cylindrieal 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 are 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 suriace.
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
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oa toe figure corresponds to tho 80-percent
allowable crush depth assumed for balsa wood
and is shown to provide the configuration
design with approximately a 1.5-inch clear-
ance. This minimum clearance occurs in
the region where the protuberance diameter
is extremely small and the impact energy
ahsorbed by .he protuberance during penetra-
tion is pract.cally nil.

Similar trends arc noded in the variation
of maximum acceleration and crush depth with
the included angle of a ccuical protuberance s
presented in Fig. 8 for the same impact condi--
tions an¢ protuberance height. The figure
indicates that, for these conditions, a conical

MAX ACCEL .
g units

DEPTH, in.

Fig. 8 - Effect of protuberance cone angle on
impact characteristics (Protuberance
height = 9 in.; impact velocity = 146 fps )

protuberance begins to resemble 2 planar sur-
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 augles, is definitely influenced by cone
angle changes. The acceleration for impacts
on a 180° cone is aralytically identical to that
for cone angles approaching 0°, since both are
essentially plane surfaces. However, as the
shape of the cone approaches a fiat 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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planar surface; that is, cither whin the protu-
berance is small in cross section and thus
absorbe a aegligibles amount of impact cnergy
or when the protuberance itself presents a
planar surface to the impacting body. How-
gver, from the stundpoint of limiter crush
depth, the moust severe protuberance is one
which has a small cross section regardless of
shape. Hence, in the design of a limiter for a
kard lander to accommodate protuberances, it
is apparcnt that height is the critical protuber-
ance dimension.

Application of Analysis to Limiter Design

Having established that the analysis is
capable of predicting with reasonzble accuracy
the response behavior of 2 hard landing con-
figuration during impar¢ with specified protu-
berances, the ana::n..-al technique was used to
study the interiependent effects of protuber-
ance height, limiter thickness, and impact
velocity oa liniter design. For pvrposes of
this study, the payload was assumed to be a
2-foot-diameter sphere weighing 300 pounds,
and the impact limitor to be of balsa wood
having a density of 6.5 Ib/ft3 and a crushing
strength 1232 Ib/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 cf balsa
wood limiter necessary to protect the payload

k1] 4 /
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Fig. 9 - Effect of protuberance height on
limiter thickness

dusing impact at 150 fps with protuberances
ranging in height up to 20 inches. Smilar
curyves can be derived from the analysis for
other velocities, payloads, and limiter mate-
rials. At limiter thicknesses less than thase
described by the thickness (t) curve, the bL:i+a
"bottoms out™ and the payload itself effectiv.. -
strike a rigid target which results in greatly
increased accelerations and possibie damage
to the payload structure. Also included on the
figure is a curve which represents the sum of
the protuberance beight, h, and the limiter
thickness, t,, required for a planar impact. A
comparison of the two curves indicates that a
limiter thickness in excess of the pratuberance
heigit is necessary to provide for the ircrease
in kinetic energy of the impacting body result-
ing from the larger body inass.

Figure 10 shows (+¢ thickness of limiter
material required to profect the payload as a
function of the velocity at impact ou a protu-
berance of f:xed height. The protuberance
height selected for this figure is approximately
10 inches, however, similar curves ¢an be
developed from the cunalysis for other heights
as well as other payloads and limiter mate-
rials. The figure shows that, as expected, the
greater the impact velocity, the more limiter
masterial 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, paiticularly 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 Ib; whereas at 250 fps, the weight
of th required limiter is 1100 1b,

- PAYLOAD:
/WL e X0 I

. 3 DIA =24 in,
Lin l @
10F LIMITER:
BALSA
] 10in. E

1 L
D 50 i00 150 200 250
v, fps

© Fig. 10 - Effect of impact velocity on
limiter thickness
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The effect of protuberance height on the
allowable impact veiocity of a fixed configura-
tion desigr is illustrated in Fig. 11. The
impact limiter for the fixed ccafiguration was
based upun an impact velocity of 150 fps and 2
protuberance height of nearly 10 inches which
described an overali configuration 64.8 inches
in diameter weighing 809 pounds. The curve
of this figure w>s 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 desin
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-
clent limiter is available and the payload
"bottoms out" and effectively impacts a rigid
target. The figure shows that, as expected,

~PRILOAD:
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OIA = 2.
()

vil &3 1-24in,

LANDER,

" \— GVERALL:

N S WL eme R
ol c;: DIA« 6L 8in,
L DESIGN CONDITIONS '

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.
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CONCLUDING REMARKS

The results from experinental impact
tests demonstrated the capability of an analy-
sis for planar impacts, extended to include
protuberances, to describe the ‘mpact behavior
of hard landing payloads on various protuber-
ances. The analytical expressions predict with
good accuracy both the accelerations sensed by
the payload and the extent of limiter crush
during impact. The application of the analysis
to imiter 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 Evaluaticn
Facility): 1 wonder i you can come up with a
rule of ’iﬁumb for the optimum design of yoar
balsa wood impacting sphere? I noticed tha!
you had some dips. You could have combined
the last two s’ides 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: Height and diameter of the
sphere.

Mr. McCarty: Of course, the mo ° critical
protuberance, a5 you saw on the slide. would 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
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rather difficult to come up with 2 rule of thamb
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 diamcter
of the impactirg sphere.

Mr. McCarty: About one-third. I might
also point out that in the case of conical pro-
tuberances, where we varjed the included angle
of the cone, we had a similar dip. Ycu 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 NUCLEAR FUEL
MATRICES USING A VACUUM TUBE LAUNCHER

H. W. Nunez
Sandia Lakoratories
Albuquerque, New Mexico

S

'This paper discusses a Va~uum Tube Launcher (VTL) and its cperation.
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 radivactive nuclear fuel being
tested and the precautions necessary to handle the fuel. The method of
obtaining the required impact conditions is discvssed as are the calikra-
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 PuO2 (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
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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 that
the fuel capsule impact area be in an enclosed
chamber so that in the event a capsuie 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 calied
a Vacuum Tube Launcher (VTL) could be used.

VACUUM TUBE LAUNCEER THFORY

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 toleranceson
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




into the tube receives the air being compressed
ahead of the piston.  The size of the reservoir
can be laige enough to ensuee that the piston
does not decelerate as it pushes the air ahead
of it in the tube, or its size may be selecied

s0 that the piston will slow down prior to im-
pact. The piston may be allowed to break
through the diaphragm and go into free flight,
or it may impact against a block used to seal
the end of the tube,

w7777 3
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gy \tmospheric
pressure

rrrmw e

Piston with
sealing flanges

Launcher tube
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l—»To vacuum pump
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or impact
surface

—— v o ———
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Fig. 1 - Diagram of a typical vacuum launcher
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The object being tested may be 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 lengtn and
diameter of the tube, the differential pressure,
the reservoir voiume, and the friction between
the piston and the tube walil.

The mathematical snalysis of a ¥ TL is
presented beiow. 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 such 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 cpen-end air gun, the
high pressure behind the pro-
jectile is decreasing and the
przssure 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 atmoapheric)
and the pressure ahead of the
projectile is increasing,

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
syster1, 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 tho condition after pis-
ton release. If the air ahead of the piston is
assumed to be an ideal gas compressing isen-
tropically, then

or
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W = total weight of piston assembly
8 * angle tube makes with vertical
L = totat length of travel in tube
Pe = external pressure (atmospheric) driving piston
A = piston arca
k = specific heat ratio for gas in tube, = cpcy = L 4 for air
vg * initial piston velocity
vy * piston velocity after piston travels x distance
Po * initial inlernai pressure in tube
Py * internai pressure after piston travels x distance
Vo * initial volume of tube (ane reservoir)
Vy = volume of tube (and reservoir) after piston travels x distance
AP - initiai pressure differential - Py - Py
f = total frictional force on tube
x, %, X = distance, velocity, and acceteration of piston at any time

Fig. 2 - Diagram of a general vacuum system

PoVe
Px = vk . ($§)
X
Also
V =V -Ax .
x o
Therefore:
A
P, * —2= (2)

vV - Ax)®
(o]

Summing the forces acting on the piston at any
given time:
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2F=PeA-PxA+Wcose-f= X. 3)

o |

Assume that the tube is vertical {cos 8 = 1)
and let the {rict.onal force equai the piston
weight, Then:

ana Eq. (3) becomes

PA-PA- (4)
e X

m|g

Substituting the value of Py from Eq. (2) into
Ej. (4):

= Y
PA-ap Vv -an¥Xs . (5
e o0 o g

For the purpose of integration, introduce a
dummy variable:

%]

Then:

Therefore, Eq. (5) becomes
k., W
P _Adx - APOV];(VO Ax) gydy .

Then, by integration:

p v*

0 o 1-k w2
PeA+—i_—k‘(Vo-Ax) -z—gy +C . (6)

But initially when x(o} = 0, y(o)} = Vo
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Now substituting the value of ¢ from kq. (7)
into Fq. (6) and also replacing the dummy vari-
able v with x:

p v .
P ax+ =2 (v -ax) ©
e -k o
- _\‘\_.'_*2 oo w2
g 1-k 2¢ 0’
Pov';lv -antEop v
Pe.-\x+ =%
w2 2
= ‘2—g(x v,
or
PV 1-k
0 o Ax
PeAx + % (l - Vo) 1

_ W2 2
2gx o/°

If the initial velocity vg = 0, then the
square of the piston velocity at any instant in
the tube is

(@)

" (9)
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which indicates that for a given VTL setup, the
velocity is a functinn of only four variabies:

1. \' = the piston weight

2, X = the length of travel in
the tube

3. P, = initial pressure in the
tube

4, Pe = atmosj .eric pressare,
which for practical var-
poses can be assumed
constant for a particu-
lar location,

Letting

AP=P -P or P =P -AP (10)
e o o e

and substituting this value of Py into Eq, (9)

0.5
. )2 J
= {w [PeAx +(P_- ,\P)(R,]} (11)

where
R-.-_.v_o.._l-ixl-k-l
1-k Vo ‘

Rearranging Eq. (11) and solving for AP,
the differential pressure required to achieve a
given velocity,

(12)

The maximum piston velocity, V,,, pos-
sible in any given test setup is:

0.5
v_ - 3% [PeAL +(P_- .\P)(R)] (13) -

where L is the length of the launcher section of
the tabe and AP < one atmosphere.
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This empirical solution has been devel- VACUUM TUBE LAUNCHER DESCRIPTION
oped using the assumption that the frictional
force between the piston and the tube is equal Figure 3 is an overall view >f the VTL
to the weight of the piston. This implies that as it was set up for the impact tests of the fuel
the piston will not slide down a vertical tuhe pucks. The VTL consisted of three sections of
under ite own weight, The correct value of steel tube, each 9 in, OD x 8 in, ID x 200 in,
thic frictional force and all oth¢r losses should long, with {langes at each end. The three sec-
be letermined experimentally for any given tions can be bolted together in line to form a
test setup. continuous tube 50 feet long with a« ceparate

<@==e—= Supporting cabie

/ Launcher tube

J
2 e
: 2 e .
. Transition section
- 7 B ’ ‘f -

Reservoir

Fig. 3 - Vacuum tube launcher (VTL) setup for impact tests of fuel pucks
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reservoir provided. However, in this case,
by using a transition section, one length of
tube was used vertically as the launcher tube
and the cther two sections were used horizon-
tally as the reservoir. -~ vacuum pump wag
attached te the tube, and a differential-type
pressure cell was used to mounitor the differ-
ence between atmospheric pressure and the
pressure inside the tube,

Three wires were inserted through tie
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.

Explosive cable cutter

KTV W

“

mmy fuel puck

The piston wag 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 shcws a typical VTL piston
used during calibration tests. A typical piston
and capsule containing a fuel puck are shown
in Figure 5, The pistons consisted of foam
cylinders (appreximately 6 1b/ft% 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

N

Foam cylinder

Extra plates added to equal
weight of live fuel capsule

il Slotted con...ner for fuel puck

Fig. 4 - Typical 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 apert a distance approximately 1. 5
times the tube ID, The foam was usually
crushed during impact,

Fig. § - 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
asserably 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, FEach cap-
sule weighed approximately 15 pounds,

\TV
N
\\t\ N . M
. \ )
D Jr
\\\ ‘i..r(::(v—l \
\ \\&i\ NV
NANNN \‘\\\\\ R -
— 0,750 fe—e 5 008 Dameter 0,750 I

199

4. 500 Diameter

Fig. 6 - Diagram of typical fuel capsule

The 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 10C 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




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 piate. This impact chamber is shown
in Figures 8 and 9.

The lead cones shuwn 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 desigaed so that its height would
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Note: Top of container
has been removed.

Fig, 7 - Slotted coniainer used
with dummy puck

permit the slotted calibration container to
come into view during the impact, but the con-
tainer would be stopped and rebound would
begin before ihe lower flange had left the tube.

Arn 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.
It 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 diagrem 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



Launcher tube —e—————

Three shorting wires

{ ing velocities = - .
for measuring clocities . unsition section
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BN - Reservoir section
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5 Impat chamber §
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g Diffei‘entialpssm cell
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I’lexiglass front Rt
to impact chamber

=l e 4 ? =
- Steel impsict plate boited
to concrete block

Seven lead
impact cones

Fig. 8 - View of the VTL impact chamber
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Transition tube

Steel plate

.o
Fig. 9 - View of opened impact chamber
Reservoir section Flap valve
3 Filter pump
PRI IIZ I TITIIIIN AbsoluteJ
From impact b filter Air
chamber l flow
: Y
N <
N Spring Flexible hose

Fig. 10 - Diagram of spring-loaded flap valve and
absolute filter a* end of reservoir section
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each test of a live fuel capsule to determine if
any radioactive material had 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; i. e., to determine a value for
friction and other losses in the tube. At the
same time, high-speed motion pictures were
made to study the behaviot 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 rehound 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.

The use of streak camera techniques
also plaved an finportant 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 calibratior 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 "SULTS

A total of 18 shots were made in the Vac-
uum Tube Lauacher (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 a 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 anr broke up
in an anticipated manner.
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Fig. 11 - Enlargement of portion of film from streak camera

~lintry of bottom edge of contamer into field of view

_ kntry of bottom inside surface of vontainer

_0. 75-inch thickness of bottom of container

_ Entry of bottom surface of 1/2-inch plywood puck

_1. 00-inch open space between bottom of puck and inside of container

Entry of top surface of puck and upper inside surface of contéiner

_1/2-inch thickness of plywood puck

_1.50 inch between ingide top and bottom surfaces of container
— Upper inside surface of container

Puck rebound to impact
upper surtace of container

l «— 1-ms time lines

/}7

SN :

L Puck impacts against lower surface of container and Legins to rebound
L.N.aximum crush of cones - container momeitarily at rest

L. Container hits cones - they begin to crush
L. Top surface of lead cone

Fig. 12 - Diagram explaining features shown in Figure 11
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DEVELOPMENT OF 100,003 g TEST FACILITY

Robert L. Bell
Endevco

Pasadena, Califorpia

A mechanical amplifier was built to produce high
accelerations - on the order of 100,000 g - for

experiment and theory.

by the shock bar.

survival testing of accelerometers. Theoretical
calculations underlying the design of the facil-
ity are included. Data and results of the
actual testing show reasonable agreement between
Absolute calibration of
the apparatus has not been undertaken as vyet.
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

INTROOUCTION

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 with a 1-10usec
rise time and peak amplitudes over 50,000 g.
Because of the great expense of these activities,
mon‘toring systems must be tested ro 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 cateaory 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 anvi) and can produce
accelerations greater than 20,000 g (1).

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 technicues 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 technigque attractive.

205

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.

OESIGN 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 1/4-28 threaded bolt to another alu-_
minum bar 7in. long. An accelerometer, ENOEVCO™
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. Howeves




the contact between the aluminur: bar and the
anplifier was less than perfect. Mismatches in
areas and roughness of both mating surfaces
could have caused considerable reflecticn and
the apparent loss in amplifization. Noting the
protable causes for the failure of the model to
attain better than an amplificatior of two, the
shock tar design was begun.

Several assumptions were made concerning
the impast <nd stress wave. From the Hopkinson
bar tests vwe found the impact ball does not re-
tound to a f rst 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 form of a stress wave. Ffor reasons of
e'mplicity ang from experimental data, it was
assumed that the impact would produce a half-
sine compression wave. [t 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 atove and the
conservation of energy and momentum, the appro-
priate differential equations can be solved.

E = energy associated with the
stress wave

V = volume

T = stress

e = strain

Y = VYoung's moduius

w = characteristic frequency of
sinusoidal stress wave

¢ = wave propagation velocity

A = cross sectional area of
shock bar

m = mass of impact ball

P = momentum of stress wave

p' = mass density of shoc!. bar

U0 = impact velocity of the ball

t = pulse duration

The energy density of a stress wave is:

= Te e oo (M)

Q)lQﬁ
< im

Since the stress wave has a sinusoidal
shape and T = Ye, we have

, 2
-g% = Yeo2 sin (%5) N 3]

£ - fuoz sin? fuxYav . .. .(3)
) c
The area is constant so that d¥ = Adx

s [ 2l
YAeo A w sin

£ = x\dx . . (B)
C
E = YAeozc
0 (1.57) )
The energy of the stress wave must equal
the energy of the impact ball.
2
2m? -« 157 ¢ L L(e)
w
2 _ 2
S * ™ RN 2]

Stress

Time

Fig. 1 - Compression Wave

The momentum density of a stress wave is:

9P 1 du
3V = P Gt A )]
Since e = 1 du we have with Eq. (8)
c dt
FIN
3y - Pce I )]
P =fp'cedv L0
d/ﬂ 3.14¢
P = p'cAe° ks W sin(%ﬁ)dx )
P = 2p'ac’ e ce e 12)
A %

The momentum of the impact ball must be
equal to the momentum in Equation (12).

my o= 2p‘Ac2e° e oo o (13)
W

o
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eo = lmlo (Ih)
W T’zp o . e .

Equations (13) and (14} can be solved to
give e, and w,

o U
t1.57)¢
w = 2plac ... (15)
(l.S7im
t = (2.44)m
plAc
The maximum acceleration is 3 ax = Wee .
=
3nax = P Augc . o« (16)

(I.22$ m

Acceleration doubling takes place at the
end of the bar, hence

Q .6u)p‘Au°c
m

a =
max

. oo (17)

Equation (17) will then give the peak ac-
celeration expected whenever the initial assump-
tlons 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, 3/4" dia-
meter Hopkinson bar. The measured and known
parameters are: '

pI = 8 gm/cm3

A = 2 cm2

c = §X IoS cm/sec
u, = 200 cm/sec

m = 250 gm

From Equations (15) and (17), we have:

t = Tlusec

max 10,000 g

These calculations are within 20% of the
actual measured values,

The final design of the shock bar incor-
porated the following choices:

pI = 8 gm/cm3

A = 2.85% 10% en’
c = 5X IOS cm/sec
uy = 200 cm/sec
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m = 120 lbs. = 5.45 X 10% gms

From Equations (15) and (17) again we have:

t = 120usec
€ ax " L40uin/in
3 ax = 12000 g

With an amptification factor of 16 the az-
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. By
choosing the smallest mounting arca 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 io
to achieve the necessary amplification. The
small diameter was chosen to be 3/4', 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 zutoff 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
dimeaxsions 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
urwieldly both to move and to adjust.

Compromise lengths of 18 in., 24 in., and
30 in. were chosen for the impact, amplifier,
and test sections respectiveiy. The total
length of 6 feet would give a ring freque-., of
only 1.4 k Hz, if no reflections occur ar the
interfaces between sections. The uninterrizted
puise duration would by twice the time it would
take the wave to travel tie length of the bar -
approximately 600u:s2c. This would be enough
time to take the data of interest from the ini=
tial shock pulse.

The end res1t of the above logic is 2
shock ba- with : diameter ranging from 12 in. to
3/4 in., 6 fest lc~g, and weighing approximately
850 Ybs. in its fi-ished form. See Figure 2.
The rough shape of the bar was forged out of
L340 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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toust *ree U8 detegts. Nert, the nueu forging
was 5P T oed tu tieal 30 ensiony,  The achined
car? s aundt luved 2. thee heat treated to
20,000 psl tenstk strength o 83 Rochwell €
Hardress, Follaing the quenchirg, the part
s aga’e agnat luned. The Topact surface was
tner bappes to 0002 flatness, The ~allet also
wentl tY wugh the hardecing and lapping prozess.
Tt » “-pact surface was hardened to 180,600 ps:
yivle strensth ant Vapped to .0G03 tlatness,
Qre hole was drilled and tapped into the side of
the mallet te accept a 1/2-20 rolt, vhich wouid
act as a pendulum arr.

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
bolted 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 rezeptacle.

The electronics consisted of a set of
charge amplifiers, two band pass filters, a
strai~ gage power supply and amplifier, 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 iest erds of the
shock bar. Outputs from the accelerometers
were amplified, fiitered, and recorded on the
meroscope. 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
1sed; one mounted on top and the other below.
Usigg a full bridge circuit, the sensitivity was
10 7 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-
mzters at temperature wouid not destroy the bond
between strain gage and bar.
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SHOCK BAR TESTING

Certain problems exist in méasuring shock
motions of 160,000 g, not the least of which is
keeping measurina devices in une piece, Another
major problem is to keep tke high g, high fre-
quency components of the scceleration wave from
ringing the accelerometer. Lastly, it is dit=
ficult to calibrate any measurement system to
160,000 g. HNo absolute calibration is built ine
to the present fac 'ity. Possible means of ab-
solute calibration exist in the techriques 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 rust be differentiated end multiplied by
the appropriate constants to give the output
acceleration.

The accelerometers used most in evaluation
of the facility were ENDEVCO™ preproduction
prototypes, Model 2291, which had a resonance
frequency of 250 k Hz and a designed dynamic
ringe from 1,000-100,000 g. The piezoelectric
material used, PIEZITE" P-10, is identical to
that used in the ENDEVCO" 2225M5 accelerometers
which have been tested linear te 100,000 g by
Sandia Corporation, Several other types of ac-
celerometers were uscd, including 2225M5's,

22" 1's, 22225's and 2270's. The nature of the
acceleration vave in the shock bar causes large
amplitudes in bet> Lositive and negative direc-
tions. The 2225M5 has and can successfully
measure 100,000 g shocks in the positive direc-
tion, but failure in the negative direction
occurs below 50,000 g when the mounting threads
in the stainless steel case collapse. Also, the
resonance frequency of 80 k Hz and minor
resonance at 40 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 gn and mounts in
a 1/4-28 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 sens.ti-
vity is rominally .0034 pC/g. Calibratlon 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 4. 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
section was not transmitting all of th2 stress
wave and reflections were taking place. “he
specific frequency involved could be associated




o -

with several different path lengths. Large
strips of butyl rubber were wrapped around the
different sections and taped snugly. 1t 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 irmprove-
ment was noted in the peak pulse amplitude to
rina amolitude ratio.

e

Fig. 3 = 2291 Accelerometer Fig. 5 = Low Level Shock Bar Output
Magnified 2.5 Times Vertical Scale: 33,000 g/div.
(Test)
4,000 g/div.
(Impact)

Horizontal $cale: 200.sec/div.
Test: 33,000 g peak
Impact: 2,200 g peak

Fig. & - Typical Hopkinson Bar Output
Vertical Scale: U,000 g/div.

Horizontal Scale: 200usec/div. Fig. 6 - Moderate Level Shock Bar Jutput
9,400 g peak Vertical Scale: 60,000 g/div.
(Test)
4,000 g/div.
(Impact)

Horizontal Scale: 200usec/div.
Test: 75,000 g peak
Impact: 3,800 g peak

209




Fig. 7 - High Level Shock Bar Output
Vertical Scale: 120,000 g/div.
(Test)
5.00G g/div.
{Impact)
Horizontal Scale: 100usec/div.
iest: 102,000 g peak
Impact: 6,500 g peak

Fig. 8 - High Level Shock Bar Output

120,000 g/div.
(Test)

5,000 g/div.
(Impact)
Horizontal Scale: 100usec/div.
Test: 114,000 g peak

Vertical Scale:

210

Fige 9 - High Level Shock Bar Qutput

Yertical Scale:

120,000 g/div.

(Test)

5,000 g/div.

(Impact)
Horizontal Scale: 100usec/div.
Test: 138,000 g peak

Fig. 10 = Frequency Content of Shock
Bar Output

Vertical Scale:

Normaiized to

peak of unity

Horizontal Scaie:

5 k Hz/div.

B



The measured pulse duration is 210y sec.
There are some distinguishing characteristics of
the pulse shape. Large positive and negative
accelerations have been measured by the impact
and test accelerometers. However, the test ac-
celerometer shows an initial acceleration which
is 3maller than that which appears in the impact
accelerometer output, i.e., the ratio 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 betwsen ini-
tiation of the impact and test outputs is
310usec. 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 315usec. This indicates that
the first pulse is a compression wave, as would
be expected.

The ringing begins about 230usec after the
initial pulse begins in both the impact and test
outputs. The characteristic length associated
with this time interval is i34cm or 52.5 in.
There is also a 16 k Bz ring superimposed cn a
5 k Hz ring, The 5 k Hz may be the major
resonance of a secticn 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-
azteristic length., There are two possitle 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 144,000 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 cutput
of 94,000 g with a standard deviation of only
15 per cent. See Table I.
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Table I =« A Series of 100,000 g Tests
Using a 2291 Accelercmeter

Acceleration
Impact Test
8,000 g 99,000 g
8,000 g 90,000 g
8,500 g 95,000 g
6,500 9 85,000 g
7:500 9 II0,000 [ ]
6,500 g 90,000 g
7,000 g 90,000 9
6,750 g 90,000 g
6,000 g 105,000 g

As soon as absolute methods of calibration
are developed for this facility these findings
will be verified more fully.

APPENOIX

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
d'u _ dP

pr Sy _ df . . .(i3)
e R -

dy_ 1 gp

:;7 p' dx . o «(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(a
a -5-};‘11 . . .(20)



dx dx A dx

aP{x) _ Y _d [Ld(m)] .. .2)

Using Equations(i8) and (20) and aiter much
algebra, we get:

p‘_d_z_gzl dA du_L(d42h4
dt A dx ¢x AZ ‘dx
2 2
1dgv, vy .. o(22)
dx dx

Assuning that the displacement is sinusoi-
dal in time, rearranqing terms, dividing by Y,
and substitut®ng the wave velocity, c, for

(Y/|:h‘)|/2 yield --

o damg [140 _'-(d_i\)z,,wzp'u
ol ATETALT T A\ v

=0 ° . -(23)

There is no general analytical solution for
Equation (23). However, for some variations of
cross sectional area, Equatior (23) reduces to
a finear second order differential equation
which can be solved. Letting the cross section-
al ares vary exponentially results in a simpli-
fied differential equation.

A(x) = Ao exp[-Gx] . o o(28)
Equations (23) and (24) yield

2 2

du G du w
— - +=u=0 . . _(25)
de dx CZ

Cifferentiating Equation (25) with respect
to tine and interchanging differential operators
since the solution will be separable, we get:

2 2
da . Gd:;+!’—2-u‘=0 . . .(26)
dx c

where u' = du
dt

Assuming a soiution of the form u' = uo’

exp [(ia + b) x], substituting into Equation
(26), and doing some algebra, gives:

2+ =g [(_g_)z - (vzl)z ]1/2 , u'% 0

.. (27)
If we require the solution to be sinusoidal

with respect to x, the term under the square
root must be negative.

- -(ef ]

6/2 . . .(28)
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We will designate [(w) 2 fe\2Y2 as

c 2
Q. Then the solution u*(x) can be written:

u'(x) = exp [G)(/Z]{AI exp [igx])+
A, exp [-iQx]} _ .« <(29)

For & traveling wave u' = iwu and the
stress, T, is

T =t o .. .00
T(x) =-‘:'—v exp [&I.]*{% + Q]AI exp [iQx] +
$-q Azexp[-mx]‘ G 1))

At x = 0, the stress is zero, hence

) ‘ .. -(32)
)"
't - affor o] o]

s« «(33)

The result of tapering the horn is shown by
Equation (33). There is an lification of the
stress by the factor exp [Gx/2] for frequencies
greater than{ Cc . Those frequencies below

'2.
this cutoff frequehcy do not have sinusoidal
wave shapes with respect to distance. Using
similar reasoning, the stress can be calculated
for freguencies less than cutoff.

T(x) =ii:’_v. [Q + _g_] exp[(Q + Glz)x] X

3! - exp [-20)(]}, w less than or equal
to G/2 o o o(34)
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DISCUSSION

Mr. H (Naval Weapons Evaluation
Facility): What is your explanation of the
negative output from youvr accelerometer,
the one that looked like about 20 percent of the
first high peak in the positive direction.

Mr. McWhirter (Sandia Corp.): The littie
dip before it goes up.

Mr. Bell: That is the initial dip that you
see. In other words, yon 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. R is
much simpler and I think it might give you some
good aaswers.

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: Are you talking about a pres-
sure bar ?

Mr. Hughes: Rt is similar to the x-cut
quartz gages.

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. I1do
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 calibraticns up
into the several thousand g realm are done
more or less routinely these days.

Mr. Ramboz: One of the other little
subtieties that does not show up immediately
when you look at this very small accelerometer,
which ig 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
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base. I am not quite sire where one might
want o define the mechanical input to that

accelerometer, and I am sure that if you mount
tkat in different materiais 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 natare of the tapped hole and the
interface.

Mr. Bell: Ido not really agree with this
but that is something we ~annot correlate or
discuss at this time. Mayie at some later time
we can discuss that more fully.

Mr. Ramboz: Ihave 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 tihat 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 the
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 continirous 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 ?




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. Matteson (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: R 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: R is a crystal type--1am
not sure of the number--but it is a very high
frequency type--Endevco, I am sure.

Mr. Bell: That is good, but I am skeptical
that any products curreatly on the market
would take acceleration levels like that in both
positive and negative directions.
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OF THE NTERPRETATION AND APPLICATION OF SHOCK TEST RESULYS IN ENGIREERING DESIGKS

Chi-Hung Mok
General Electric Company
Philadelphia, Pennsylvania

A theoretical study of the characteristics of a shock spectrum which is measured
in a shock test of equipment is presented. For this purpose, the machine and
the equipment are represented by two systems connected in series; an upper and a
lower bound of tne spectrum of the shock motion at the interface of the two
systews are found using the Fourier transform and impedance method. The spec-
trum is shown to be affectzd by the characteristics of both systems. It is
demonstrated that in a system containing negligible dawping, hills would occur
in the spectrum at the resonant frequencies of the combined system whereas
valleys (spectrum dips) would appesr 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 dawp-
ing, the current design practice of the Navy in which an envelope of a groug of
the dips of messured spectra is used in creating a design spectra for similar
equipment. The analyais developed here wouid also be useful in understanding

the behavior of vibration absorber and other shock phenomena.

INTRODUCTION

Ju *“e design of equipment or buildings
which are subject to ahock loading, analyses
can be performed easily using normal mode
theory and shock spect:m [1, 2, 31 . A shuck
spectrum is a plot o .isplacement or velocity
smplitudes at various f-equencies and can ba
interpreted as the maximm 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 equipmeunt,
the extreme response at any position ci the
equipment can be estimated by combining the
contributions from 211 normal modes which are
weighted according to the shock spectrum
values at the natural frequencies. %his
design practice is very simple to use. Never-
theless, the difficulty lies in the spocifica-
tion of the shock spectrum., Sinc= a shock
motion is alvays transmitted into an equipment
through another medium which usually has
finite impedance compared to that of the equip-
ment, the forn of the shock spectrum would
depend on the characteristics of both the
foundstion 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,
and a shock specrrum is derived from it. 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 extreme.y over-conservative
designs. In searching for an explanation,
0'Hara [5], has shown experimentally that s
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 spr.ctra,
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vhich tends to pass through all the peaks
rather than the dips of the spectra, would
undcubtedly lead to an over-conservative
design. Accordingly, they have suggested that
the lower i:stead of the upper envelope of the
test spectra should be used for design.

(’Hara, Blake, and Belsheim at=ributed the
test-spectrum dip at the fixed-base resonant
frequencies te the interaction between the
eyuipment and the tcst machine in view of the
fact that the relation between a testin; 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 [6,7,87 ., Nevertheless, their argu-
ments do not appear to be sufficiently explicit
and physical intuition is needed to understand
them. This paper is intended to present
another theoretical approach which ic¢ able to
show the spectrum dip directly from the basic
characteristics of the transfer function of a
testing-machine-equipment system. Recently,
Cunniff and Collins made numerical studies of
the phenomenon in a systew of several degrees
of freedom[9]. Their results are ir 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 shock testing. The possible
effect of the damping of the equipment an. 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 concluzions.

TRANSFER FUNCTION OF TWO SYSTEM IN 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 g(t) is transmitted through
one of the systems, namely, the machine into
the other, the specimen, or the equipment in
designers’ language. The mction 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:

=1 ' 0 M T
e, “n)-wnz az(t)sin un(t t') dat', (1)

*The same evaluation is applicable to a
plece of equipment attached to a supporting
structure rather than testing machine,
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where ay(t’) is the acceteration 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 [10]. Nevertheless.
spectra derived based on these various defini-
tions can be mutually related; thus the dis-
cussion presented here will apply equally well
to shock spectrum defined otherwisge.

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., az(t), in (1)
can be predicted from that of the input load at
point 1 [11); L.e.,

AR = T,ELE) - @

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 by the lower case
of the same letters; thus, Ay and L; are corre-
sponding to a; and 1;, respectively:

= [ -pt 3
Az(p) = ! az(t)e dat »
17 pt
az(t) Ty Az(p)e dp - %)

-]

Accordingly, the Fourier transformc are
functions of a purely imaginary variable,

p = j& , where &, a real quantity, is the
frequency. L; in (2) is the shock load at
point 1 and can be the velocity or other para-
meters; Ty 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 firat component,
Mj1 1s 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.

(5

The other three components are siiilarly
defined as follows:



vy
Mzz= F; 5 (6)
F =0
oo ol .
12 F, u &)
F =0
v
. 2
Moy = F : (8)
F,=0

Equations (5) to (8) lead to the folluwwing
relstions between the velocity and force at two
points of a system:

Vl = Fl Hll + Fz le ] 9)

Vy=F My +Fp My (10)

The velocity of a linear system to & sinu-
soidal force input,

t
F = Poep (11)
can be written as
t
vV = Voep 5 (12)
where F_ and Vb are amplitudes at t = 0. For &

realist?c gsystem, where the response is governed
by equations having real coefficients, Vo should
be a real function of F, and p; thus the mobili-
ty components of such a system are always real
functions of the frequency variable p. More-
over, the mobility components Mj3 and My 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 ard from 2 to 1.

Since a Fourier spectrum cf s shock is
essentially the amplitude of its slnusoidal
components, the mobilities can also be used to
relate the Fourier spectra of the velocity
responge and of the input shock load. Conse-
quently, the Tp; in (2) should be a function of
the mobilities of the two connecting systems.
Using the definitions in (5) to (8) and the
relation between the Fourier integrals of velo-
city and acceleration, i.e.,

A = pV, (13)
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the transfer function 121 can be found; i.e.,

7
T, - 122"33 G
Mg Ma3 My + MM,
for a velocity input at lacation 1, and
M. M
T, = .M_12+._.?.2.. (1%
2 + My3

for a force input. In (14) and {15), the mobi-
lity components M3, Mjz, .... etc. are definad
when the two connecting systems are independent
of each other. The transfer function Ty also
possesses the property of reciprocity or of
symmetry, i.e., Ty = Tp1, as a result of the
same property of M2 and Mq;. If the machine is
infinitely rigid compared to the equipment, i.e.,

M33 = ® , equationms (14) and (15) will reduce
to the following forms:
pM
12
T = sl s {16)
21
Mll
and
T21 = leZ . (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 cachine, i.e:, M) and
M12, as one would have expected. Nevertheless,
the situation, M33 -~ ® , would occur only at a
few frequencies; for most frequencies, Myq is
finite and may even be equal to zero at the
fixed-base resonant irequencies of the equip-
ment, a8 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 T;; can be expanded
further and expressed ccmpletely in terms of
the frequency &', the mass m, the spring con-
stants k and the damping coefficient ¢ 111].

As on example, the transfer function for a two-
degree-freedom system shown in Figure 2 has the
following mobility components:

2
Cy+ 1:c2 -k2 (pm2 + kz/p)/p] /sz

1 2 2
e, - (k,/p)
2~ %o (18)
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Figure 1, Schematic Representation of Figure 2. Two-Degree-Freedom Representation of Shock
Shock Testing Test Arrangements
5 = L - 1/2 1/2 20
Mg = M, = pm, (19) o= (k/m) v B = ky/my) , (e
= /ln = .
and M33 is also given by the right-hand side of H ml 2 ? CZ cZ/ZBm2 ' n
(18) 1f the subscript 2 of k, ¢ and m 1is
replaced by 1. Using this information, the
transfer function in (14) for a velocity-forc- the transfer function for the case where ¢ = 0
ing function can be derived; denoting but ¢, $01s

288, (0 + B/28,) (° + @ )p
) 22)

21 p4+23c0p., L aeme®lp? s 2‘3‘;,21:2[)M{2‘32
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Similarly, the transfer function for the
reverse case, i.e., cy = 0 but ¢, £ 0 is

2 2 2
B‘(p +20( p+a)p
T =% 7~ 3 ! 2, 2 2 =
P 4205 {1+ )P 188+ @+ moflp +20C132|)*032

where §; 1is equal to cy/2 @ w,. For the 2
undamped case, when & L0 and’ & = 0, both A{l [ﬁz -0+ p)w ]
transfer functions in (22) and (23) should P = - 3
reduce to the game form, 3,4 2 2

Wy

ZEROS AND POLES OF TRANSFER FUNCTION

It 1s noted in (22) and (23) that the on

transfer function T7) is & quotient of two real 2 w?(w .

polynomials of p. This is just a direct con- ( 3 ( 2 '“3 )

sequence of the fact that all the mechanical .

mobilities of a realistic system are real

functions of p. The real polynomials possess . In these equations,

real and complex conjugate roots. Those of the

numerator are the zeros while those of the

denominator are the poles of the transfer func- w

tion. As in an electrical system [12], it can 1

be shown that all the zeros and poles have

either zero or negative real parts if the

system is a stable one. These general proper- 1 (32

ties can be observed in the results for the two- wz 3 ; + (1 + p)x ]
¢

degree-freedom system, The transfer function

in (23) has two zeros at

. 1/2
1/2 ta 3[32”““’“ -4 Bz*

1,2 = ok e (1 -tlz) @8

Letting the damping Cl approach zero, the
results in (24) to (26) will reduce to the
1/2 following:

8 2 (1 _clz) T

N
]

z
and four poles at 1,2

e @9

= $ 30
Pl'z £, (30)

o %[F ] »

1,2 2 2
w, -w,

31

% .
jw,

W, 1is the undamped fixed-base resonant fre-

quency of the equipment system II, while Wy

2 2 1/2 and W, are those of the combined equipment-
dzc [32 -(1 + By 2] ) machire system [13] . Thus, (29) to (31) state
1 2 that when damping is not present, the resonant
w 2(w2_w 2\ ’ ' frequency of the equipment is a zero, while that
2\2 3) of the whole machine-equipment system is a pole
of the transfer function Ty7. As shown in the
tfollowing paragraphs, this conclusion also holds
(25) for any two linear bilateral systems connected

in geries.

+ i o
12 1

218




Lo

i

S o MY

Considering that the system 11 o1 Figure 1,
1.e., the equipment is fixed at its bace posi-
cion 3, and a sinuscidal tforce is applied to
poiet o, the ratio of the driving tor:e to the
velocity response ot point 4 can be ‘¢ smd using
(9Y and (1OY; i.e.,

F M
S S - S .
\. . 2 (3 2 )
) -\
E '“.13 “4-1 g 4

When the equipment is at resonance, the -elocity
responss to 2 driving: force of finite awplitude
will become irfinitely large:

s Ly an
v, ’
4
This requires that either
H33 =0 , (34)
or
1 =
L ¢ )

)
M43 Foy My

The latter condition leads 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 equipmeat. Compari-
son of this equation with the expression for
T21 in (14) and (15) shows 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 Tjpj.
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
relatioa between the zeros of transfer function
T21 ¢n! 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 Tjy;
and the resonant frequencies of the combined
machine-equipment system. When the bsse 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
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M) (Myy + My3) <My
(36)

Accerdingly, the condlitions for resonance. i.e,

F v, =0, Gn
is eicher
.1;1__ =0 . (38)
1
or
-1;1- -0 (39)
44
or
2
MMy, +M33) - My = O, (40

after excluding the trivisl conditions which
are similar to the one in (35). As it is evi-
deat 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 algso the poles of
the transfer function T, in (14), are there-
fore ralated to the undawped fixed-base reso-
nant frequencies of the whole system in the
same manner as just discussed for the zeros.
Similirly, one can also show that the poles of
the transfer fraction Tp 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,

N(p) (p-2;) (p-2,).....(p-2,)
T -
21 p(p) (p-py) (P-Py).-...(P-py)

, (41)

where N(p) and D(p) are polynomials of p;

Z], ...y 2y are zeros related tu the fixed-base
resonant frequencies of the equipment, and

P1s +---s» Pp are poles related to the resonant
frequencies of the combined mschine-equipment
system. The foregoing interestirg properties
of the transfer tunction 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 “e sufficient for
the study of the spectrum dip phenomenon. A
lower bound has been giv>n by Rubin [i0] based
on the facts that the shock spectrum defined




in (1) is actually the maximum displacement It can be not~d in (46) that the difference

response of a one-degree-freedom system aubject between the upper and lower bounds giver here
to an acceleration shock, a3(t) at the base and does not remain a constant but varies {nversely,
that the maximw residual response of the to a large extent, with the factor |q - p,!
systea i «qual to the absolwte value of the where p, is the pole of the transfer funcfion
Fourier spectrum of the input shock evaluated whose ni@lt-ade is clesest to the value of q.
at the fixcd-base resonant frequeacy of the local maximm value of Sy - Sy will, therefore,
one-degree-ireecom system. Since the residuil tend to appear at a frequeacy close to a pole
response consists of omly the response after of the transfer function.

the ioput shock subsides, its oaxiwm value can
only be less than or equal to the absolute maxi-

mua of the entire response. The Pourier spec- GERERAL CHARACTERISTICS OF SHOCK SPECTRIM
trum cf the shock, therefore, furnishes a lower

bound for the shock spectrum; 1.e., using (2) Equations (562) and (46) show that the
and denoting q = juw, shock spectrum at the interface depends or

beth the Fourier spectrum of the input shock
and the transfer function. The variation of

1 Ty, 0@ _ the shock spectrum with frequency, therefore,
8, @ =l‘ Ay} = |Vl(q) | = S(q). (42) reflects the characteristics of both quanti-
a q ties. Since the magnitude of the transfer
function would experience large variations as
the frequency variable q goes through the
An upper bound of the shock spectrum can zeros and poles of the transfer function,
te obtained by taking the Fourier transform of corresponding large variatiors would also
(1); thus, appear in the shock spectrum. The amplitude
of variation will be determined mainly by the
T ® relative position between the frequency vari-
806.9) = A, fp) 1 .2 v. o) able q and its neighboring zeros and poles of
2 2(p 2 2 2 2 %" (W3) the transfer function; f.¢., the determining
p-q P -q factor will be |q - g | where q, is a zero
or pole whose value is nearest to the variable
Using the factorial form of the transfar func- q.
tion Ty in (41) and Heaviside's inversion
formula for a factorial Fourier transform (141, When damping does not exist in the system,
the foilowing form is obtained for the shock q, as shown in the foregoing section, will be
spectrum, in terms of the poles of the trans- a purely imaginavy number, and thus q can be
fer function: identically equal to q,. Consequently, the
- "
1 qt , 1 @, 3 —a®ht) B (46
Max|8¢t,q) | = Max|o= A@e” +— A@e" + 5
q 2 2 21 @ - q)
where q = jw_ amd ; = -jw,; p,, is a pole of shock spectrum will have an infinite magnitude
the transfer Runction T21, and ¢ when q assumes the value of one of the poles:
i.e., when, for an undamped system, the fre-
quency is at a resonant frequency of the mach-
lim ine-equipment system. On the other hand, the
T'21 = [TZI(p) {14 'PL)]- (45) shock spectrum will have a finite and probably
P"PL a near zero magnitude at ore of the zeros of
the transfer function Ty, i.e., at a fixed-
base resonant frequency of the equipment. In
As a confirmation of previous discussions on short, for a machine-equipment system of little
the poles, the requirement for a negative real or no damping, the shock spectrum measured at
part of the pole can be clearly seen here. If the interface will show hills at the resonant
any of the prles had a positive real part, the frequencies of the whole system and valleys c*

t - -
term eP4 would increase indefinitely and the the fixed-base resonant frequencies of the

shock spectrum would have infinite value for equipment.

all frequencies., Taking the absolute value of

both sides of (44), an upper bound is defined When damping is present in the system, the
for the shock spectrums; f.e., zeros and the poles of the transfer function

T21 will be complex numbers and thus can never
be equal to the frequency variable,which i3

n ‘T:'!l(pl.” WI{PL)‘ always a purely imaginary number. The minimum
SU(‘I) = SL(‘I) + L 2 B 2 S(q\. magnitr le of |q - qol will be different trom
{1=1 h’L - q ' zero and increase with increasing damping. As
a result, as damping in the machine-equipment
@6) system increases, the amplitude of the hills at
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the resorant frequencies of the combired system
will decreaze while the level of the valleys
(or dips) corresponding to the resonant fre-
quencies of the equipmen: will be raised. Coz-
sequently, the "oscillations™ in th2 shock
spectrum might eventually disappear at a
sufficiently higch dacping. Nevertheless, if
the dasping is not in the equipment, the zeros
of the transfer function which correspond to
the resonant frequencies of the equipment will
not be affected by the damping and will remain
purely imaginary quantities; thus, the magni-
tude of the shock spectrum at tne fixed-base
resonant frequencies of the equipment will scay
small compared to rhat at the resonant frequen-
cies of the vhole system. Consequently, in
this casze, dips might still appear in the shock
spectrum at the resonant frequencies of the
equipment, even for a very high damping in the
mackine (or equipment-supporting structure).

The extent of the oscillations in che shock
spectrum 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 pvle and the zero is
reduced. For a frequancy q in the neighbor-
hood of a zero zp, the absolute value of the
transfer function and, in turn, of the shock
spectrum, will increase as one of the neighbor-
ing pole py approaches z;. This is due to a
decrease in the value of factor |g - py| in
the denominator of the transfer funccion.
Similarly, for a frequencs in the neighborhood
of a pole, the value of tle shock spectrum 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 spectrum is thus similar to that
of increasing damping. The effects will be
grester when more poles are converging simul-
taneoualy 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 foregoingz 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 differefces détween the fre-~
quency q snd the zero and between the frequency
and the pole; namely, Iq - z‘min and
G - Plmjn. 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 - Zz|min
and | - PLlmiy will remain nearly constants
for al) freguencies.
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WIMEXICAL EXAMPLE

The tuo-degres-freedom representation of a
machine-equipment syritem. depicted in Fiqure 2
and discussed previasly, will be analysed
further hera in order to demomatrate numerically
the foregoing results concerning shock spoctrum
dip. Tt is congidared that a valocity shock of
constant Fourier spect™um is transmitted through
the testirg machine. The transfer function is
given in (22) for the system vhere dasping
exists only in the machine system, and in (23)
for the carse vhere demping exiats only in the
equipment. Based on thia information, the
bounds of the shock spectrum of the system can
be obtained numerically from (42) and (46).

The results for the case of a damped equipment
is shown in Figure 3 for several wmagnitudes of
damping. It can be aeen that a diatinct spec-
trum dip exists in the neighborhood of the
undamped fixed-base resonant frequency of the
equipment when the damping is small. However,
when the damping increases, the appearance of
the valley in the spectrum becomes less dis-
tinct ard finally disappears completely, when
C is at the value of 0.2, Therefore, a spec-
trum dip at the fixed-base resonant frequency
of the equipment msy not appear when the damp-
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 oachine, spectrum dip may not dissppear at
large dawping. This result, which was obtained
using (22), is demoustrated in Figure 4.

Ar discussed in the foregoing section, the
spectrum dip effect also depenas 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-
trum 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 SysSpy, shown in
Figure 5, is an inverse measure of the extent
of the spectrum dip; i.e., the lsrger the mag-
nitude of S /Sy, the less promounced 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 wy snd W3 of the whole system approach
that of the equipment, namely, 3. For this
extreme situation, the value of the shock spec-
trunm at W) can even become much higher thsn
those at w, and wg, i.e., Sy/Sy >1. This
extreme situation occurs in the case mllm2
= 0,01 when both and W3 are sbout equi-
distant from wp; i.e., wp/wWy ™ 0.95 and
Wy/wy » 1.05. It is, however, noticed
that this situation does not appear in the
case of m/m, = 0.1, The reason is that in
this case, when the frequencies W9, Wq simul-
tsneously spproach the frequency w; , they
cannot approach each other closer tnan for the
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CONCLUSIONS

It has been shown 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
motion. 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
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system and the testing machine or supporting
structure is the transmitting system. In the
light of the present results, the magnitude of
the shock spectrun at the fixed-base resonant
frequency, which 18 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-
ilac system subject to similar loading, an en-
velope which connects the bottoms of the valleys
could be used as has been suggested by O'Hara,
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
uging an envelope which connects the dips of
the shock spectra for some similar pieces of




equipmeni. that have higher damping than the
equipment being designed.
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METHODS OF COCMPUTING STRUCTURAL RESPONSE OF HELICOPTERS

TO WEAPONS' MUZZLE AND BREECH BLAST

W. E. Baker, S. Silverman, P, A, Cox, Jr., and D. Young
Southwest Research Institute¥®
San Antonio, Texas

In this paper, the authcrs consider methods of computing rezponse 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 cperations has been demonstrated by
the Vietnam war. Many of these versatile air-
craft have proven to be very effective weapon
platiorms--so effective that several new types
of helicopters are being specifically designed
a8 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 racter-
istics, Westine [1]1 has recently reviewed
past eiforts 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 of 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 Resea~ch

Laboratories.

fNumbers in brackets refer to the references at the end of this paper.
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previous work have been applicd to this heli-
copter problem and new coniputer solutions
developed tn assist in analyzing the elastic and
plastic response of helicopter structural com-
ponents subjected to muxzle and breech blast.
The work reported here is a condensation of a
comprehensive effort reported in Reference 2.

REVIEW OF PAST WORK

A comiprehensive review of past studies
on interaction of blast waves with strauctures
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 Lere.

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 sgarse 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 must be applied with cau-
tion. Let us discuss such information 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
eitergy were located reasonably far from the
fuselages, 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 fus=lages are distressingly irregular in
shape, and the sources for weapons blast
loading are so close to the structure that such
data wil! 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-
natzly, 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
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distribution ou the cylinder seems to be that
givea by Norris, et al., in Refereace 5. The
range of Reynoids and Mach numbers for which
the simple expressions presented in Section3.2
of Reference 5 are valid is anknown. In Refer-
ence 3, the results of some carefully performed
experiments are reported. It was concluded
that the computed drag ccefficients, 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 drag coefficients presented in Reference 5
are based upon steady-state values.

Reference 5 should be consulted for detaile
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 stringers between longe-
rons and frames, windows, etc. These struc-
tural elements can be small enough that the
surrcunding 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 guna are
presented in Reference 1.

Most rotary-wing aircraft employ small
nonrotating airfoils for stability in forward >
flight, and some compound aircraft also utilize
stuk 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 2stimate 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




no jerturbation, and the crushing blast loading
on both sides will be defined by a wave with
side-on 2irblast parameters sweeping over the
foil with the shock front velocity. If the source
lies on a normal to the foil, then diffracted
blast loads can be estimated with reasonable
accuracy for front and rear surfaces fand also
for net transverse loading) by methods de-
scribed in References 4 and 9. If the aircraft
is moving at a great enough forward velocity,
the diffracted blast loading of nonrotating air-
fuils is seriously rltered, as indicated in
References 10 through 13. We will now discuss
the dzata that exist for blas* *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,
11], blast-induced loads on the wing and hori-
zontal foil of an airplane model were deter-
mined at low Mach numbers (<0, 7), An
important characteristic of the loading was
shown to be the travel of a leading edge vortex,
geuerated by blast loading, aft along the foil
surface and a consequent time-varying lift and
moment change. Subsequently, the blast-
induced vortex inovements 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 werc 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 [16]. In an unreported
experiment, O, T. Johnson, of Ballistic
Research Laboratories, Aberdeen Proving
Ground, Maryland, detonated a 20-1b 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 appcars
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, &« num-
ber of computer codes exist for dynamic
response of aerospace structural rlements 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~lyses have been made in the
past of either < “.stic or plastic response of
aircraft structures to blast or other transieant
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-
ficd 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.
Creenspon [21, 24] has applied membrane
analysis for large Jefoermations, 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




type of construction. The chief disadvantages
of this approach are that a deformation pattern
must be assumed, and, for other than the
simplest pattern, the calculations are
extremely redious.

As compared to beams and plates, the
theory for determining the dynamic re-sponse
of such shells as exist in helicopters is pocrly
developed. The vast majcrity of the work deals
with shells of revolution loarded axisymmetri-
cally whereas, in practice, few heclicopters
comgcnents can be 8o 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 problern. Many of the heli-
copter 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 of 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 paper. Since few of the papers reviewed
seem appropriate, we will nct 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 Tests on Structural Elements

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, classlfied
because they relate specified levels of blast
loading to vulnerability oi specific military alr-
craft. Discussion of such tests will, there-
fore, not be given here. We can state here,
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 aud
structural elements are unclassified. But, in
contrast to the plethora of response analyses
for simple elements, there are surprlsingly
few experiments to corroborate or ncgate
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these analyses. This may be in part due to
the dlfficulty and expense of conducting care-
fully instrumented dynramlc 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 deformatlon when subjected to normal
blast loadlng, Considerable data on maxlmum
elastic response and permanent deformatlon 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 teams.
Humphreys [31] reports some careful experi-
ments on impulsively-loaded clamped beams,
and Florence and Firth [32] give data for an
extenslve serler of both clamped and simply-
supported beams under similar loadlng. A
number of impulslvely 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 concluslon in this last
study wa 3 that the DEPROSS codes yielded
predictions which were in much better agree-
ment with experiment than rlgid-plastic theo-
rics--evern those rigid-plastic theorles which
considered strain-rate and strain-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 shells,
wlth some on conical shells. Schuman has
conducted an extensive program on blast-loaded
cyllndrical 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
extenslve series of blast loading tests of short
cylindrical and conical shells are also given
by Lindberg, et al., [6]. Baker, et al,, [38]
gives data on permanent deformations under
impulsive loading of a wide variety of simple
and composite cylinders, Finally, Baker and
Westine [39] have conducted a series of experi-
ments lrnvolving the dynamlc loading, by means
of spray exploslve, airblast from HE, and
alrblast from a shock tube, of cantilever beams
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and cyliadrical shells fabricated from a wide
variety of materials. But, very few dynamic
response measurements are included in these
references,

Summary

Our revie'- of the current state of knowl-
edge regarding ‘nteraction of biast waves with
aircraft structures and structural elements
reveals that: 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
methorls corroborutad 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 subproblems in structural
response can indeed be handleu quite adequately
with existing methuds 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=, 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 f2].

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
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of helicopters from weapons blast is 8o 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 esrimating
transient blast loads for various structural
elements.

If the structural element which we are
considering is a flat or slightly curved nanel
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, thén the Joading can probably be
predicted with reasonable accuracy from the
empirical data and scaling laws generated in
Reference 1.

The geometry for loading of a fla! panel is
shown in Figure !. A nearly spherical shock
front emanates fron: a point A some distance
ro 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 panel. 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 . 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,



Figure 1,

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 with
reasonable accuracy, but a techuique is pre-
sented in Reference 5. The loading car be
defined for a panel with single curvaiure which
is part of a cylindrical or nearly cylindrical
surface, for iwo limiting cases. For a blast
source far ahead of or behind the cylinder,
tne 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
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Shock Enverope

Geometry of Shock Loading of Panel

“free-air" blast wave properties discussed in
Reference !, 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 from 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 to ignore the "travelling" load and assume
that the transient pressure can be given by a
separable loading function.

p(6, t) = £(8)po(t)
where

£(6) = (P, - P;)cos2@ +P;, - 90° <9< 90°
(1)
= Py 90°* <8<270°
and

Polt) = o~t/T

In these equations, Py and P; are reflected and
incident overpressure, 8 is angle measured
between the point of first contact of the shock
front with the cylinder to the point of interest,

|



and duration T is adjusted so that the blast
wave impulse agrees with experiment. Although
loading estin.ated from Equation (1) is con-
siderably oversimplified, it may prove adequate
for response calculations of panels. It will
probably prove adequate for all cases where
total loading duratien T is significantly greater
than time of shock front travel across the panel.

Ta:i booms and fixed airfoils are struc-
tural components of helicrpters which fall in
the category of fixed, beam-like structures.
For one special loading case, we can devise
methods of estimating the time history of 1oad-
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 parels in
such a structure, which we have already
covered. )

The particular case whick we consider is
that of a blast socurce 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 Py 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 T| of the
diffracted phase may be expressed as

=2

T
1°%

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, Cpqy,
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(2} Besm- Like Structure Viescd From Direction
0F Sheck Travel

tb} Time History Of Net Transverse Pressure
On Beam - Like Structure

Figure 2. Time History and Shock Wave on
Beam-Like Structure

is composed of a drag coefficient Cp which is
a function of the beam geometry, u, Reynolds
number, and the peak drag pressure,

Qg = %P“z (3)

where P and u are peak density and particle
velocity immediately behind the shock front.
Cp = 2.0 for a flat bea:n, and Cp = 1. 0 for a
cylinder. Values for q4, or for p and u from
which qg 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 rust 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 modiiied exponential.
We suggest that T be estimated by the formula

(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., P; <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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vylindrical 2tructures presented in Reference
4 as they are considerably in error for the
stated range of overpressures.

Estiniation of the blast loading of moving
rotor blzdes i3 an vxcreedingly complex prob-
lem, much more so than estimatio= for air-
{oils which are simply translating, as would be
the case for fixed-wing aircraft, For a fixed-
Aing ma-mne, the airflow cver ths foil at time
of blast 1ntercept is essrntially constant
velocity, whilc, for a helicopter rotor in for-
ward flight, the air{low vaelocity 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 eveu more
complex fiow 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
eiements based on linear fits to data from
Reference 15 to obtain normal force Fy 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 rcsponse 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
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+1 response to blast loading. The panels can
represent sections of fuselage skin between
siringers 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
windows, 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)
s:resses as well as bending stresses, and will
also undergo elastic or plastic deformations
which are large compared to skia 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-
maticns,

Depending on the dimensions of the panets,
different theories may yield acceptable pre-
dictions of respunse. 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 svbjected 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




approach to solution of this problem would be to
generalize the MIT technique, to include loading
other than impulse, 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 :imited program for beam
response which can be used to predict plastic
deformation of strips to more arbitrary loads
than the MIT programs. Strips are a degenerate
case for this program, $o we will defer discus-
sion of it until later.

Membrane theories are appropriate for flat
and perhaps aslightly 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 preseure, the
response is presented by Baker and Hoffman in
Reference 25 (see also Ref. 2). The ua—al re-
strictions of membrane theory hold, i.e., elastic
material behavior, smalldeflections, and con-
stantin-plane membrane force. The solutions
for anarbitrarily 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 DANAXXS,

*See Reference 2 for more deta:l.
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Decause none of the solutions or ~omputer

programs for rectangular plate respo:.se include

olastic deformation, we developed our own pro-
gram called DANAXX 6%, Inthisprogram, tne

linear equations for plate bending are castin finite-

difference form, with moment-curvature rela-

tionships assumed to be bilinear with hysteretic

recovery, as shown ir Figure 3(a). For the
finite-difference analysis, the plate is divided

into a network of nodal stations, as in Fig. 3(b).

My

Ax
r".*'f--r—-r--r--!:j J T S
’ . ] 1] 1] ] [} 1 ]
--go-m
- -4+l
‘Yl— 3 BT
1
b-1
1
3
H
$ 402
i 1. i 4:[..!
a1 a-2 a-1 a a+l *NA

(d)

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 ocutside
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 echeme to obtain
the time history of the response. Boundary
conditions for simply-supported, clamped,
free and guided edgea can bs used in any
desired combination. No interaction in the
plastic range between orthogonal moments My
a1d 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.




The fixed beam-like structures common
to most present-day helicopters included large
airframe assemblies such as tail booms, hori-
zontal and veriical stabilizers, as well as
small airframe components such as stringers,
longerons, aid frames. Generally, these
structures have irregular cross sections, are
nonuniform over their iength, and are com-
posites of more than one material. The over-
pressures on these structures re:ulting from
weapons fired nearby may vary in intensity
and duration along their iength. When the
struciure is irregular in shape, like a tail
booni, tke blast loads can cause twistiag as
well as bending of T:e structure. Thus, deter-
mining the response ot 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 nomniform force-time history.
Consequently, SwRI developed a computer pro-
gram general enough to treat all 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 palses 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 ir
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
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of gravity of each nodal mass mj is offset a
dirtance s; from the elastic axis. The applied
forces and applied torques are taken as acting
on these offset arms (Figure 4{b))

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 against torsional
rotation at hinged, clamped, and guided ends.

The applied forces, Pj(t), and the applied
torques, ATj(t). 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 prcgram requires that the type (shape)
of the applied torque puise must be the same
as that of the force pulse. The program can
be modified if the need arises to have different
pulse shopes for torques and forces.

The program orovides for inelastic behav-
ior by assuming that both the moment-carva-
ture relation and the torque-angle of twist
relation are of the bilinear type with hystaretic
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 sten-
by-step integration of the equations of motion
using the linear acceleration method. To pre-
vent instability of the nuinerical 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.

Inour survey of theliterature, no solutions
directly applicable to the aeroelastic response of
rotor blades toblast 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 resporse 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

2317

code based on the same spproach as noted
above for fixed beams. The program solves
for the coupled bending-torsion response of

the blade to blast-induccd 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 scgments of equal length,
1, The mass of the bearn is tumped at the
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Figure 5. Blade Lumped- -Mass Model

nodal points joining the blade segments, but
the CG may be offtet a distance s; from the
elastic axis as required. The external forces
are assumed to act on these offset arms az
shown in Figure 6.

The blast load, B;(t), is a function of time.
Different pulse shapes can be handled by the
program. The aerodynamic loads, Aj and Mja i,
depend on blade motions. The overall rotor
blade geometry and the blade section geometry
pertinent to the airload calculations 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 program DANAXX4,
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COMPUTER PROGRAMS FOR RESPONSE

Inprevious secrions, we have discussed sev-
eral computer progiams developed for predicting
elastic -plastic dynamic response of portioas of
helicopter structure to we.ap-ons® blast load-
ing. Muchmore detailsonallof these programs,
including compiete programlistings, aregiven
inRefevence 2. To summarize, welistthese pro-
grams togcther with short descriptions in Table 1,
All have beer. writtenin FORTRAN IV language
for use on a CDC €600 computer,
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Table 1. Listing of Computer Programs Developed at SwRI

Program Number Title
1 VIBRATE
2 DANAXX 4
3 DANAXX 5
4 DANAXX 6
5 ROTOR 10
REFERENCES

Description

This program sums the inlinite serie: solution
for response of an elastic rectangular membrane
to blast loading given in Reference 27. Blast
loading is restricted to 2 normally incident wave
of triangular shape,

This program computes the time histery of
response of 2 nonuniform beam to 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
2rd torsion, the program can be used for
uncoupled bending and torsion, bending alone,

or torsion alone,

This program computes the out-of-plana

response of a pin-jointed framework to force
pulses. The framework may be employed to
approximate a rectangular membrane. Capability
for simulation of various force pulses and elastic-
plastic deformation is the same as for DANAXX 4.
Travelling blast waves can be easily handled in
the program.

This program computes the =lastic-plastic
responee of a rectangular plate to a travelling
blast wave, Plates can be stiffened or uniform.
A variety of boundary conditions can be handled.
Capability for simulation of force (pressure)
pulses is the same as for DANAXX 4.

This program calculates the coupled bending-
torsion response of a moving rotor blade to
applied blast loads. Aerodynamic forces and
rigid-body motions are included, as well as
blade bending and torsion as in DANAXX 4.

Right Circular Cylinder. Incident Blast
Wave 20, 7 psi, Positive Duration 50 ms,
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Texas, March 1969, AD 850081. 5.

3. V. J. Bishop and R. D. Rowe, "The Inter-
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Shaped Blast Wave with an Infinitety Long
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SHOCYK. TESTING FORR EQUIPMENT IN
PROTECTIVE STRUCTURES

M. M. Dembo and C. C. Huang
US Army Engineer D:vision, Hurtsvilie
Huntsville, Alabama

Laboratories, Norco, California.

This paper presents a new shock test system which has been developed to
simulate the predicted shock environment 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, Hunisvilie,
Corps of Engineers. The indnced environment was predicted by dynamic
analysis performed by the Ralph M. Parsons Company, Los Angeles,
California. The shock test system consgists of an electrohydraulic exciter
and complex waveform synthesizer. ‘The system was developed at Wyle

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 must
maintain normal functioning during and after attacks,
are required to survive 1sboratory tests simulating
the shock environment induced by the exterior shock
loads on the strz:ivre. This paper presents a shock
test svsiein whicit has demonstrated its capability in
providing close simulation for testing such equip-
ment.

The induced shock environmert predicted by
analytical methods for a protective structure
designed to withstand specified shock loads is pre-
sented in terms of time-history ard 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

243

would be adsptable 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 further innovations so that it can be developed
to the full stature of a syste:) capable of fulfilling the
demand of production runs.

PREDICTION OF SHOCK ENVIRONMENT

The induced shock envivonment 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 1oads 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 in
Fig. 1, containsg 71 mass points, with a total number
of 142 dynamic degrees of freedom. The mass
points which represent the mass distribution are
interconnected by elustic elements which simulate
the stiffness anc damping ck rracteristics 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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computations to embeace ali possibie variations of
e parameters wolved, The results of such com-
putations provide time functions of displacement,
velwity, and acceieratien for each of the mass
puints of the modei.  From the time functions, shock
apectra have heen generated.

The induced motion is a transient whose char-
acteristics -- the peak level of severity, pattern
and duration of motion -- can be found in its accel~
eration time-history. The energy distributlon can
b determined from a power spectral density de-
rived from the time-history.

Figure 1. Mathematical moJle! of structure.

A typical calculated acceleration time-history,
Fig. 2, depicts the induced acceleration at 2 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 2n abrupt increase in acceleration as
well as frequency. The total duration lasts several

seccnds, but the portion dominated by high fre-
quencies lasts only a fraction of a second. This ia
the type of motion a piece of eq2ipment located in
the proximity of that mass poin¢ would experience.
The transient excitation provided for testing equip-
ment in laboratories, therefore, should have a
close similarity to this motion.®

ACCELERATION, 9's

TIME SECONDS

Figure 2. Calculated acceleration time-history.

For simulating the transient, another impor-
tant parameter is needed; namely, the frequency
range of excitation. Fig. 3 indicates the energy
distribution of the 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 discussion, so far, has been concerned with
the in-structure ind:ced motion which is also the
excitation for the equipment. Nothing has been said
about the effects of such excitation which can be
related to the damage or malfunction of the equip-
wment. Such effects can best be rapresented by shock
spectra.® 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. 5 is an
envelope of all the shock spectra for the mass points
modeled for the second floor of the building. This
envejope 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 the other floors, walls and roof.
They, too, became the test specifications for the
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FREQUENCY (CPS)
equipment Jocated in their respective areas.

Two aspects of the test specificatious (Fig. 5)
need clarification. First, apparent over testing may
result from using the enveloped shock spectra. The
environment required by the test specification 18
clearly more severe than that calculated for the
various specific locations at which the equipment
will actually be mounted. Second, the frequency
range of the test shock spectrum, as indicated in
Fig. 5, has been extended to 200 Hz which is beyond
the range of predominate energy content, 0 to 35 Hz,
discussed previously. Bothk modifications to the cal-
culated predictions have been considered necessary
n 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 horizontal shock spectra for the second floor.

pressure on the exposed surfaces, and about the
interaction between the structure and its surrounding
gruund were {dealized for mathematical treatment.
It is reasonable to expect that if 8 more refined
moedel were used, variations in the peak acceleration
for various mas3 points might have occurred. Sim-
flarly, more high frequency content might have
appeared.

TEST SYSTEM

The critical equipment contained in this building
may be divided into two groups based on their source
of supply. One group contains equipment which is
especially developed to withstand the predicted shock
environment. The other 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) testing 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 alcne without
additional requirement for the type, duration and
range of frequency of excitation still lacks the com-
plete definition of a desired simulation. R is well
known that there is no single, unique excitation
asgociated with a specified shock spectrum, The
requirements for the test system used in this test
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program were designed to bridge the gap and can be
summarized as follows:

(1) The excitation should be a transient complex
waveform having the characteristics similar to
Fig. 2.

(2) The test system must be capable of produc -
ing, with each single shock application, a shock
spectrum which closely matches the specified shock
spectrum, Fig. S.

(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.
Investigations were made on the applications of
electrohydraulic and electrodyntmic shakers. An
electrohydraulic saaker system was finally selected
for its inherent suitability for application in the
frequency range of interest, as well as its adapta-
bility for providing the 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 then avaflable at the testing agency
was capable of generating arbitrary complex wave-
forms consisting of superimposed transient sinusoids.
The transient siuusoids were generated from pulse-
excited 1/3 octave filters. However, the lowest
center frequency of the 1/3 octave fllters was only
12.5 Hz. Since a large percentage of energy Jdoes
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 12.5 Hz. Since modification, the synthesizer
has contained two banks of 1/3 octave filters: 1.25 Hz




to 10K Hz and 12.§ Hx to 40K Hz.

Figure € is & block disgram of the test system.

The shaker was s Wyle Model W250 D-3 equipped
with 2 200 gpm servovalve. Operating with a 3,000
psi 120 gpm hydraulic power supply, the shaker

meter mountad on the fixture, adjacent to the speci-
men, provided signals from which acceleration time-
histories of the shaker were recorded on tape for

subsequent shock spectrum analysis. The spectrum
amalyzer and the ancillary equipment are standard
commervial items capable of plotiing responaes at

accepted the syntheaized waveform and produced the 1/6 octave frequency intervals.
desired excitatior: to the specimen. The accelero-
FULSE 1/3 0CTAYE iy
GENERATOR FILTERS CONTROL
:AWELEI&I’EI
SERVD
SHAKER
ELECTRONICS T SHAKER
RESPONSE SIGNAL
TAPE SPECTRIA
RECORDER ANALYZER

Typical acceleration and displacement time-

histories of the excitation generated by the shaker

Figure 6. Simplified block diagram.

system are shown in Fig. 7 and Fig. 8.

ACCELERATION, ¢'s

TINE, SECORDS

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 asif a
mirror image of the calculated time-history shown
in Fig. 2. This is the peculiarity of the synthe-
sizer used; that s, the high frequency predcminates
at the start and successively lower frequencies
predominate as time continues. Nevertheless,

the duration of excitation and level of peak accel-
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eration were closely simulated. The effect on dam-
age patential to the equipment resulting from trans-
posing the early arrival of low freqvzacies with high
frequencies has yet to be investigated, but instead,
plans have been made to investigate furthe 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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The shock spectra genernted by the test system All of the tests were made on a single shaker head
(Q = 100) are shown in Fig. 9 and Fig. 10. These and the excitations were made in one direction at
spectra match fairly well with those specified. a time.
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Figure 9. Comparison of design and test response spectra,
horizontal axis.

Eight items of equipment have been tested by
this shaker system. The test set-ups for two of the
itemr 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
“ui”" to "off ' due to contact chatter while the shock

was being applied. The pump (Fig. 12} survived
the tests without damage or malfunction caused by
shock. Tt was noted that hydraulic pressure fluctia -
tions existed in the piping loop during shock but
damped out quickly after the shock stopped.
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Figure 10, Comparison of design and test respow ‘e spectra,
vertical axis.

Figure 11. Motor control center mounted Figure 12. Pump and valve assembly mounted
on test machine. on test machine motion.
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CONCLUSION

This paper has described a shock test system
which has met the shock spactrum requirements
formulated by the dynamic analysis {or a protective
structure. This test system has laid the {vundation
for further innovations so that its improved version
will 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: (1) increasing the test system capacity by
use of 2 muiti-shaker arrangement for specimens up
to 15,000 pounds in weight, {2) exciting the speci-
mens simulianecusly in two orthogonal axes with
different waveforms, and (3) Improving the techni-
ques of synthesizing waveforins in (a) simulating
acceleration time-histories of varinus 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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