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- -CHARACTERISTICS OF-NAVY MEDIUM-WEIGHT

— " ""Th@ importance of protecting naval shipboard equipment. from .damagé..c.:a.t-l'seﬂ by o

~damage from direct hits in adjacent spaces was recognized shortly after the close o

HIGH-IMPACT SHOCK MACHINE

INTRODUCTION

near misses, noncontact explosions, concussion from the ship's own guns, as well as

World War 1. Since then, technical advances in weapons and missiles, and increased
reliance on delicate, complex equipment has made the shock-protection program of vital
interest to the Navy. Numerous shock and vibration machines have been constructed to

~ simulate, in the laboratory, the type and magnitude of shock motions _encountered under

combat conditions. These machines then served as a basis of acceptability for numerous
shipboard equipments and were also used to point out inherent design weaknesses.

Considerable study has been made recently of the shock machines in common use to

compare them with one another and with field conditions, so that unnecessary duplica-

- tions may be eliminated and more-realistic tests-employed.. ‘The 250 Ft-lb Shock Machine

‘(1); the 3 Ft=1b Vibration Machine (2), and the Shock Machine for Electronic Devices (3, 4, 5)

have been investigated and reports written covering their characteristics. The few

*ﬂ'eportS*on*thefMedium-Weightingh,-Impact,Shock,Machines {6) and the Light-Weight

 High-Impact Shock Machines (7,8) have dealt mainly with their special attributes and have
not attempted to cover their characteristics over their entire operating range.. Changes. . ..

in mounting arrangements and machine modifications have been-made as-the needs

became apparent, necessitating a reinvestigation of the machine charaqteristics under

these new conditipns.

" 'This réport covers an investigation of the Medium-Weight Shock Machine when

loaded and operated in accordance with the governing shock-test specifications (9, 10).

"Experimental test runs were begun on 24 February 1950 and completed 21 August 1950.

Two preliminary letter reports covering loads, mounting arrangements, and instrumen-
tation (11), and peak shock motions (12) have been submitted to BuShips to expedite the
release of this information. This report now summarizes all thesé data in one coherent
document.

THE-MEDIUM-WEIGHT SHOCK MACHINE

The NRL Medium-Weight Shock Machine, one of the latest versions of this type, was
first put into operation in the latter part of 1946, Incorporating all operational features
and conveniences lacking in the original installation at the Engineering Experiment Sta-
tion, it includes pneumatic table jacks, base restraints, and the quick-releidse mecha-
nism. Shortly after being put into operation, difficulty was experienced in keeping the
anvil-table hold-down boits tightened, despite the use of lock nuts. This trouble was
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remedied, however, by pinning both the nut and the lock nut to the hold-down bolt. In
Ociober 1948, cracks were noted in the anvil-table reinforcing webs, which bore against
the pneumatic jacks. The cracks were longer on the webs which faced the hammer.
Apparently, the anvil table often assumed a decided tilt so that the landing shocks were
absorbed by the webs striking the jack body rather than being absorbed by the ring pads.
Repairs were made on the cracked members by welding 14 in. x 4 in. x 7/8 in. steel
pads on both sides across the cracks and by welding an 8-1/2 in* x 4 in. x 1-1/4 in. steel
pad along the bottom. About a year later, similar cracks were noted in webs which had
not been reinforced, the worst eracks again being found in the webs which faced the
hammer. Identical reinforcing pads (Figure 1) were then welded to all remaining webs,
and the entire anvil-table assembly stress relieved.

No quantitative data are available which would permit a comparison of the anvil-
table stiffness before and after addition of the reinforcing pads; the change probably was
negliginle. Addition of the steel pads to all twelve webs, however, increased the anvil-
table weight, including hold-down bolts and stop ring, to 4500 1b. This additional weight
(12 percent) to the anvil table is probably reflected in a slightly less severe shock to
equipment under test over that previously delivered.

An interesting operational feature of the machine was encountered while checking
some of the experimental data. Paper targets were attached to both the hammer and
anvil surfaces with the centers and orientations suitably marked to determine the con-
tact areas. Carbon paper secured over the targets left prints of the ~ontact areas on

————— e
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remedied, however, by pinning both the nut and the lock nut to the hold-down bolt. In

tober 1948, cracks were noted in the anvil-table reinforcing webs, which bore against
the pneumatic jacks. The cracks were longer on the webs which faced the hammer.
Apparently, the anvil table often assumed a decided tilt so that the landing shocks were
absorbed by the webs striking the jack body rather than being absorbed by the ring pads.
Repairs were made on the cracked members by welding 14 in. x 4 in. x 7/8 in. steel
pads on both sides across the cracks and by welding an 8-1/2 ins x 4 in. x 1-1/4 in. steél
pad along the bottom. About a year later, similar cracks were noted in webs which had
not bean reinforced, the worst cracks again being found in the webs which faced the
hammer. lentical reinforcing pads (Figure 1) were then welded to all remaining webs,
and the entire anvil-table assembly stress relieved,

No quantitative data are available which would permit a comparison of the anvil-
table stiffness before and after addition of the reinforcing pads; the change probably was
negligiole. Addition of the steel pads to all twelve webs, however, increased the anvil-
toble weight, including hold-down bolts and stop ring, to 4500 lb. This additional weight
(12 percent) to the anvil table is probably reflected in a slightly less severe shock to
equipment under test over that previously delivered.

An interesting operational feature of the machine was encountered while checking
some of the experimental data, Paper targets were attached to both the hammer and
anvil surfaces with the centers and orientations suitably marked to determine the con-
tact areas. Carbon paper secured over the targets left prints of the contact areas on
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and mounting pads were supplied as .
the support channels affects the results
Appendix L. .

S ——— Bolt Load | No.
— Run |- Spacing Weight [ Support
; No. (in.) (ib) ‘Channéls

RN 1 16 1115 4

. 2 24 1115 3

3 16 2051 6

4 24 2051 5

5 24 33ged 8

8 32 _.33ged 5

; 7 24 4423 10

o 8 32 4423+ 7

- second departure from standard test proged

*Includes weight of base channels (4081
IIncludes weight of mounting pads (8
Includes weight of auxiliary chani
§Six support channels should have bes

HAMMER DROP AND TABLE TRAVEL -

Heights of hammer drop and distanc
and B equipment (9, 10), but with addition
of drop specified for Class B equipmé
equipment. Exceptions were made to theseito
nearly equal for the same table travel o

delivered with table travel restricted to-0,75:
specifications, the 0.75-in. anvil-tr
were identical to Group I blows in all-ot
anvil-taple travels used during each run

INSTRUMENTATION

Shock-motions-of the anvil=table logd:
each comprising an accelerometer, a-ve
A set of bonded wire resistance strain gage
feet, indicated the force exerted by the loa
various pickups may be seen from Figur
the pickups generated an electrical signal
ured. Output signals were simultaneou;
cathode-ray-oscillograph assembly (Figure
itence of a later electrical analysis.
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Group and Type of

Table Travel| Test Runl |

| Group I Class A 1.00

{3-in, table |Class B 0.75
travel)
50%

Class B 0.38

Group IT 150%
Class A 3.00

(3-in, table |Class A 2,00
travel} i
o Class B 1.25

Groups 150% :
I and IV Class A | 3.00
{1.5- and

0.75-1n. Class A 2.00

table travel,
respectively} |Class B 1.25

50%

Class .

LTS FT HAMMER DROP~3.0 B TMLE TRAVEL
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Load weight- 4423 |5

Bolt spacing, 32 in, e

No. channels 7-
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Typical osculog'raphic test records are shown in Flgures 8 through 8; Table 3 lists
p measuring instrument with its experimental location and its position on the test
record Traces are numbered from the bottom up.

. The recording arrangement did not permit a direct comparison of instantanegus.

1s until allowances were made for the displacements of the time scales for traces 2 N

.,d 4 (Figure 6) and the electrical delay occasioned by the low-pass filters on traces 3
" and 5. These time displacements were constant and known for a given filter, and they
were taken into consideration in establishing a time correspondence between traces.

Pickup units used during this investigation were standard types whose characteris-
tics and limjtations are well known. The velocity meter on the anvil table was an MB
type 200, modified to reduce the natural frequency to about 2.5 cps. A Hartz Velocity
Meter measured the load velocity, since this instrument can accomodate a larger dis-
placement before bottoming and is consequently more satisfactory for electrical analysis.
Westinghouse quartz-crystal accelerometers were secured to both the anvil table and
load positions. Special precautions were observed to minimize disturbances from "cable
microphonics" by using graphite-impregnated cable* and by supporting it independently

:.from the shock table. Accelerometer signals were limited in frequency by a 300- or a
"1000-cps low-pass filter to eliminate the high-frequency components which so often

- obscure the desired signals. Strain-gage elements were arranged as opposite arms of a
_hridge to eliminate bending stresses from the output. Both the velocity signals and

strain-gage signals were recorded without filtration.

EQUIVALENT SINGLE-DEGREE-OF-FREEDOM SYSTEM

For study of anticipated shock motions, the shock machine and its load may be con-
sidered as a single-degree-of-freedom system, with the configuration given by Figure 9,

|3

e

Figure 9 - Equivalent single-degree-
of -freedom system

The load and anvil table were denoted as
masses ¥, and ¥, , respectively, both
assumed to be rig’xd bodies. The supporting
channels were represented as a massless,
linear spring with stiffness k and a viscous:
damping coefficient c. As a first approxxma-
tion, the effects of gravity were neglected.
Boundary conditions were chosen so that the
entire system was at rest prior to ¢t = 0, when
the anvil table ¥, suddeniy acquired a posi-
tive (upward) velocity ¥, . The initial accel-
eration of ¥, was assumed to occur in an
interval which was negligibly short compared
to the natural period of the system so that ¥,

could be assumed to experience a step change
in velocity.

The fundamental force equations for this
system are:
o

-k (x 'x:)'c(gz _"1)‘__":?:-

k (x, -x1)+c (gz -xllﬂﬂl?l.

* Graphite between the shield and the insulator and around the central conductor of a
single -conductor shielded cable sliminated the eifects of electrical charges ‘buxldmg up

on the surface of the insulator,
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which are simultaneous, linear, differe
methods. Equations of motion for both
following expressions when the percent

cos mt]

o

= N, /¥, , the mass ratio,

percent of critical damping,

'! + " k oo
— the reaction oscill

172

Yo is the initial velocity acqui_red-=;_p§ ¥;

Representative plots of these equation

and gravity neglected. Curves for anvi

- approximate maximum and minimum values:
fundamental aspects of the shock motion-
the anvil table owns all the momentum.
gresses, these bodies execute a sinusoids
determined by their individual masses sn
period determined by the damping coeffic.
possessing a velocity of ¥, /1+a. I gravi
subtracted from the calculations, The two
relative acceleration amplitudes being gover
duces a negligible zero shift in these piot

In actual practice, one of two events oe
are s indicated. If the initial anvil-table vé
to reach its upper limit stops, the table 't
falis under the influence of gravity., No new:ti
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bottoms. The other alternative occurs
when the anvil-table initial velocity is
sufficient to allow it to reach its upper
limit of travel. The anvil-table motion is
abruptly reversed and a new set of tran-
sients are introducéd which may nullify
or augment the oscillations already in
progress. Test parameters, {.e,, anvii-
table travel, initial velocity, naturai fre-
quency, and mass ratio, play an impor-
tant role in determining the oscillation phase
at reversal, and, therefore, the magnitude
of the subsequent motions. A study of the
load motions under the latter conditions
is extremely important from the stand-

g § ® ANVE TABLE point of shock damage and in the analysis
of records from instruments such as the
reed gage, which has no time-axis.

Ranans naz RS UALIMAN IMMLIMAS R
® ? "ot ™ If some simplifying assumptions are
, . . ‘ made, a mathematical expression ma
Figure 10 - Motions of equivalent sysiem be derived which mclude?the motionsy‘
to a step-velocity change caused by anvil-table reversal. These

include neglecting gravity, damping, and

assuming that the anvil-table velocity reverses abruptly to one half of its striking velocity,
Although these restrictions prevent a direct comparison between theoretical and experi-
mental results, they permit an insight into the mechanisms involved. Assume that the
system of Figure 9 is initiated and allowed to run for a time T, at which time the anvil- .
table velocity reverses. The new boundary conditions are then determined by the motions ~
of the anvil table and load evaluated at 7. As shown by Appendix II, the load velocity is
described by ,

v,

[}
il_l-ﬁ-m

[(sin t} sin wt + {1 = cos T) cos ut] +

Yo [ 1 _3a ‘t][l—co ut]“
(1+.}’ m 2 2CS ] .

A plot of this expression (Figure 11) is shown for a mass ratio of zero with t as the vari-
able. As one would expect, the maximum load velocity change results from anvil-table
reversal, occurring when the load has its maximum velocity away from the anvil table
(curve 3). Under these conditions, the magnitude of the reversal velocity change is larger
than that caused by the initia)l hammer impact over most of the range and may reach a
ratio of 2.5. In practice, however, ratios of this size never are encountered.

EXPERIMENTAL RESULTS

Anvil-Table Velocity - General

The anvil-table velocity waveform is characterized by features which are little
affected by height of hammer drop, anvil-table travel, or load. It is a superposition of five- - - ———
major elements, viz, the initial-velocity change owing to hammer impact, 2 local high- )
frequency vibration of 750 cps caused by the anvil table vibrating as an elastic body, a

I




Figure 11 - Motion of equivalent system. o
reversal-step change in veloczty at any.
after starting L

first peak closely approximates the center line
that it is taken as the magnitude of the:ini
anvil-table velocity thus obtained for each
through 19. As was noted with previous s
table velocity is apparently a linear fulicti
tmpact, and, because of the resilience:af th
weight of the attached load. Slopes of tliese
ranged from 0.58 down to-0.48, both-e !
average slope of 0. 54 was taken as the'mos
velocity transfer characteristic for o]
anvil table will alter this factor through: their-ir
anvil-table velocity for a channel-supported
Class B blow of 0.75 ft up to 10.8 ft/sec {o

20 shows a combined plot of initial anvil Bl
the maximum deviation from the average

Average Anvil-Table Velocity

Three methods were available for eva
based on experimental measurements, a.nd

*The reaction oscillation frequency 14
channels as defined by-w (page 8).
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— Experimental methods comprised
i TPl L e 1] (a) determination of average veloc-
: ' T L il ity from the nominal anvil-table

!

i ] NN RN travel and the time required to

: I‘ ). S reach the upper-limit stops, and

| PV i (b) a graphical averaging of the
anvil-table-velocity curve. The

theoretical method was derived by

averaging the expression for anvil-

)

WTIAL VELOGITY FT/BEG
- L]
q
Q% ]
N

J
[
! :/, Jfg I table velocity, including gravity,
2 S il N
Al . § ) 3% %%S%& 2ess I | :;gry?gl t;:elaegral number of cycles
Tk A I TTTER TR LEIE LN L
Q 1 4 4 L] L} w - 4 1 ] L ] [ ] 20
HANMER-IMPACT VELOGITY (FT/SEC) = = A _ _1_ T
*2 1+ m 2 LE

Figure 20 - [nitial anvil-table velocity - all runs

The experimentally measured value
for ¥, was used.

Unfortunately, all three methods are subject to error and produced widely divergent
results. The first method is probably the simplest, but requires that the center of the
anvil table (instrument location) execute the full amount of travel. This method consist-
ently gave results too large compared to the other methods, often indicating average )
velocities larger than initial velocities. The graphical integration method suffers from bot-
toming discontinuities of the velocity meter and zero shift caused by the natural frequency
of the seismic element when the integration is carried over an extended period. This
method yielded usable results by allowance for the bottoming discontinuities and applica-
tion of a correction for the meter response. Anvil-table displacement thus obtained {rom
records selected at random were less than the nominal values of 0.75, 1.5, and 3.0 inches.
Because abnormally large averdge velocities are obtained when nominal displacement
values are used and because of the previously mentioned off-center hammer blows, it was
indicated that the center of the anvil table did not travel the full distance when reversal
occurred, but that one side of the retaining ring struck first owing to a tilting of the table,
Under static conditions, a maximum tilt of 3.5 degrees was possible before the hold-down
bolts jammed in their guides, making the center of the anvil table £.75 inch lower than
the level at the hold-down bolts. This amount is sufficient to bring the results obtained by
integration and theory into agreement. The integrated velocity record is considered most
accurate. Representative figures for average velocity, computed by the three methods,
are given in Table 4. Correlation between the theoretical and integrated average velocities
is best for 3-in.-travel blows because damping usually attenuates the reaction compo-
nent to a negligible amount. These two methods are in error by about 10 percent for 0.75-
in. blows, since reversal often takes place during the first half-cycle where the reaction
component 18 extremely large. The agreement between these latter methods indicates that
the average anvil-table velocity may be predicted with reasonable accuracy for any height
of hammer drop h, mass ratio =, and anvil-table travel. Figure 91 shows the predicted
curves for 0.38-in, travel (0. 75-in. travel with maximum tilt} and 3-in. travel, together
with experimental average velocities. In general, the curves enclose the majority of test
points and conform to general trends, although they appear to be too low for high values
of /{1 + m)? . Here reversal occurs within the first cycle of reaction oscillation, which
invalidates the assumption that this component averages to zero.




Height

Run  Drop |Displacement® Tt
No. (1) {in.} {ms)

3 Ndminé:."l_':“fi_f' A

"""" 1,30 2.39 38.0
2 3.0 2.13 35.0
2 |30 2.42 35.0
4 . 3.15 2.46 | 38,

Nominal t.5%-
1 i 3.0 1.26 18.0
2 | L35 1.23 27.0
3 l 3.75 1.25 18.5

: 4 3.15 1.21 18.1
| 5 | 5.2 1.10 18.5
‘ Nomina} 0.75”

1 3.0 0.46 T.2
2 3.0 0.52 7.3
3 3.75 0.54 6.8
4 3.75 0.40 6.2
3 135 | 0.5 107 |
* Integration of anvil-table velocity record w
t Time for table reversal. -
! Nominai anvil-table travel distance {inches)
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Figure 21 _ Predicted average anvil-table
velocity for channel-mounted loads
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Figure 22 - Variation of anvil-table reversal velocity
with phase angle of reaction oscillation

Figure 22 shows the magnitude of the reversal velocity change, relative to initial anvil-
table velocity, plotted as a function of the reaction-oscillation phase at reversal. Scatter
is quite evident between blows with identical test conditions and between runs on different
load weights. On the average, however, points which lie in the vicinity of a whole number
of cycles are noticeably larger than those which occur near the alternate half-cycles.

- This is to be expected, since the anvil table has its greatest velocity at integral cycles
after impact and, consequently, should experience the greatest velocity change at these
times. The reversal velocity change averages 1.3 times the initial anvil-table velocity
in the neighborhood of the first peak and about 1.15 op the second peak. The remaining -
peaks average unity or less. Figured ona velocity-change basis, the shock is greater for
reversal than for initial hammer impact if anvil-table reversal occurs at or near the end
of either the first or second cycle of oscillation. The slope of the reversal step is less
steep than that caused by hammer impact and alleviates this secondary shock to some
extent; these effects will be better borne out by a study of the reversal acceleration,
Recognition of the existence of this attribute led to adoption of the two anvil-table travels
specified as standard test procedure, If the secondary shock is severe for one distance
of table travel, it will probably be proportionally less severe for the alternate travel.
Including a series of 6.75-in. _travel blows further reduces the possibility of equipment
receiving abnormal secondary shocks for both presently prescribed travel distances.
Frequency variations between identical types of equipment of moderately different weight
are compensated in this manner, 50 that neither is inadvertently discriminated against,
because the combination of its weight, channel stiffness, and rise time happen to result
in a severe secondary shock blow.

L T

Load Velocity - General

The load-velocity waveform, as shown by the typical test records, is nearly sinusoi-
dal in character and exhibits none of the step discontinuities or high-frequency vibrations
present on the anvil tabie, because of the low-pass filter action of the support channels
which act as springs. Maximum velocity is reached during the first half-cycle of reaction
oscillation; subsequent peaks are attenuated as a result of damping. If the anvil table does
not strike its upper limit stops, the load motion decays to a negligible value in 10 to 12
cycles. However, anvil-table reversals impose a new set of transients which may nullify
or augment the motions already under way, depending upon their phase when reversal
occurs. [t is entirely possible for reversal to cause a greater velocity change than that
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resulting from hammer impact, which conseque
forces,

Peak- Load Velocity

The peak velocity attained by the load
peak, the largest in every case. Data for-e:
plotted against hammer-impact velocity,
(Figures 12 through 19). Point symbols- deno
initial anvil-table velocity, these curves
the origin and indicating a linear relationship
trast to the initia] anvil-table veloeity, hé
from 1.08 for the lightest load to 0.60 for
load with different spacing, were nearly't
a function of the load weight for represen
Figure 23. These curves were computed fro;
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Figure 23 - Peak-load velocity vs.
load weight

sals which occur at the first load-velocity pe
the initial velocity; if it occurs on the load
is only 0.5, a spread of 4 to 1. Successive géak.
and are down to approximately 3 to 1 on thef:

shown by this plot and a change of only eight i
time may change the load-reversal velocity b
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Figure 24 - Variation of load-reversal velocity with
phase angle of reaction oscillation

_ Anvil-Table Acceleration - General

\ Acceleration signals were passed through either a 300- or 1000-cps low-pass filter
' before being recorded; the 1000-cps filter was used predominantly. These filters removed
accelerometer resonances and the higher vibratory modes on the anvil table which
obscure the rigid body motions. The principal frequency present in the 1000-cps-filter
records is about 750 cps, and it appears immediately after hammer impact and persists lor
3 to 5 cycles. Anvil-table velocity records show the same vibration. Acceleration com-
ponents of high-frequency are generally not noticeable on the load. Records for the 300-
cps filter show a wave form considerably different since the principal freguency of the .
anvil was outside its passband region, Here, the starting transient has been reduced in
amplitude and spread out along its base line, a condition characteristic of a filter excited
by pulses whose periods are shorter than the cutoff period.

Peak Anvil-Table Acceleration

The peak anvil-table acceleration occurred immediately after the hammer impact for
both the 300- and 1000-cps filter records, although the magnitudes were considerably different,
Figures 25 through 32 show these peak measurements plotted against hammer-impact
velocity. As with measurements of anvil-table velocity, the curves are straight lines
passing through the origin and have essentially the same slope for all eight experimental
runs. Figure 33 shows a combined plot of these data for all runs and both filters. Peak
accelerations ranged from 220g for the lowest Class B blow of 0,75 ft up to 580g (g = units
. of gravity) for the maximum height blow of 5.5 {t with a 1000-cps filter. Corresponding
e Tes- hessurements, using a 300-cps filter, yielded accelerations in the range of 80 to 200g.
The independence of anvil-table acceleration to weight of channel-mounted 10ad is
- noted here, as it was for initial anvil-table velocity, and providesa mutual check of
instrumentation. Assuming that the initial acceleration is a half-sine pulse, it may then
be integrated for the inclosed area and compared to the measured initial anvil-table
velocity change. Thus

L W
?‘: :.-.I %, dt =f aw? sin we¢ dt = 2av,
n/w Jo 0

t =
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Figure 33 - Peak anvil-table accleration - all runs

From Figures 20 and 33, initial anvil-table velocity and peak anvil-table acceleration
are obtained for any specified height blow; for instance, at 10 ft/sec impact velocity

% = 310f and %, = 5.4 ft/sec.

Using this acceleration value, the computed velocity becomes

";it - /e 2:8(0 = 4,24 ft/sec,

which is of the same order of magnitude as the measured value of 5.4 ft/sec. H allow-

- ance is made for the filter-transmission characteristic {70 percent at 750 cps), a caleu-
lated value for anvil-table velocity of 6.05 ft/sec is obtained. This is in good agreement
with the value obtained,

Anvil-Table Reversal Acceleration

A negative acceleration pulse appears on the anvil-table acceleration trace as a
result of its impact with the upper limit stops. In general, the reversal acceleration is a
single pulse as contrasted to the damped vibration of the initial acceleration; i.e., no
table vibratory modes are excited to any measureable extent. Differences between
response to these two impact types may be attributed to the different mechanisms involved in
starting and stopping the anvil table. Stopping forces are taken by the limit ring and table
bolts and are spread out over a considerably longer time than hammer impacts, Tilting
of the anvil table probably contributes, since the few bolts which first take the strain are
— more resilient than a direct hammer-anvil collision.

[
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Phase angle of the reaction oscillation at table reversal is relatively unimportant in this
instance because the amplitude of the reaction component is small compared to the starting
peak acceleration. The reversal acceleration depends mostly on the magnitude of the
velocity change and the time required to execute it. Although the velocity change was shown
to be dependent on phase angle, the time element is affected by the resilience. of the stop-
ping bolts, an extremely random event because of the tilt at the time of reversal. Anvil-
table reversal usually requires 2 to 4 milliseconds; Figure 34 shows the ratio of reversal
to peak acceleration plotted against phase angle. Except for the one series of higher than
average values near the first cycle, the points indicate considerable scatter throughout
the entire range with no pronounced trends attributable to phase angle. On theaverage, the
ratio of reversal to peak acceleration drops from 0.6 during the first cycle to approximately
0.3 for the fifth.
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PHASE ANGLE OF ANVIL-TABLE VELOGITY AT REVERSAL
Figure. 34 - Variation of anvii-table reversal velocity
with phase angle of reaction oscillation

Load Acceleration - General =

Both the 300-cps and 1000-cps low-pass filters were employed in the circuit record
ing load accelerations, although the percentage of higher order frequencies was almost
negligibly small because of isolation afforded by the support channels. Consequently,
load-acceleration waveforms obtained by either filter are nearly identical, and for the
lighter loads and hammer blows they are approximately sinusoidal. As the load and
hammer height are increased, amplitude distortion becomes more noticeable owing to
nonlinearities in the support channels. These manifest themselves as a change in fre-
quency bétween positive and negative halves of one cycle of reaction oscillation, positive
_peaks occurring at a higher frequency and possessing a larger amplitude than negative

peaks.

Peak-Load Acceleration

The peak acceleration caused by hammer impact occurs during the first half-cycle
of oscillation; peaks which follow, except for reversal, are attenuated by damping. Plots
of peak-load acceleration are included in Figures 25 through 32. A single curve denotes
the results obtained with both filters. It is observed again that peak-load accelerations
are linearly related to the hammer-impact velocity and are somewhat dependent on load
and bolt spacing. Table 5 presents a summary of the peak-load accelerations measured
for the maximum and minimum height blows specified for both Class A and B tests.

Peak-load accelerations ranged between 60g and 96g for the minimum height and
between 78g and 144g for the maximum height blows scheduled for Class A tests. Higher
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accelerations were agsociated with the heavier load weights. Class B tests showed peak
accelerations averaging about 80 percent as large as Class A blows.

‘ TABLE 5

: Load Acceleration for Class A and B Tests {300- or 1000-cps low-pass filters)
"! ‘ Peak-Load Acceleration {units of gravity)
Bolt Class A Class B
Run Spacing
No. (in.) Group I Groups II, I, and IV | Group 1 Groups II, III, and IV
1 16 63 85 54 70
2 24 86 92 57 73
3 1% 80 18 49 65
4 24 T3 95 60 80
5 24 T4 g8 58 79
6 32 96 124 7 102
1 24 70 104 59 73
8 32 96 144 81 102

Figure 35 shows the range of load acceleration caused by hammer impact, possibly
expected for a Class A test using the three bolt-spacing dimensions employed in this
investigation. The 24-inch spacing was the only one for which data were obtained for all
loads, and this fact indicates that, if the specified number of support channels are used,
peak-load accelerations remain relatively independent of load weight. For the same load
weight, but with a different number of channels, the 32-inch spacing yields somewhat larger
load accelerations and the 16-inch spacing produces lesser accelerations.

et s e o e b 4 e e et v

Load Acceleration after Table Reversal

When the anvil table reverses, the phase of reacticnascillation is relatively imoor-

: tant, and could cause velocity changes on theload which are larger thanthose attributed to
}; initial hammer impact. Sincethe accelerationof the 10ad is essentially the differentialtionof
i the principal freguency occurring in the velocity record, effects of table reversal will be
similar. Figure 38 shows how the phaseangle alfects the load-acceleration magnitude after
table reversal. Peaks are centered around the integral half-cycles and reach values (ratio
of acceleration to initial peak-load acceleration} averaging about 1.2 for thefirst half-cycle
and 1.0 or less after the third half-cycle. A minimum of about 0.2 occurs on the whole cycles.
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Figure 35 - Load acceleration range  Figure 36 - Variation of load-reversal acceleration
for Class A tests with phase angle of reaction oscillation
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e Load Frequency

For the lighter loads and lower hammer drops, the wavel
acceleration on both the anvil table and load are nearly sinus
and/or hammer drop are increased, the waveforms. becom
torted, and the frequency gradually decreasesasthe load!
Frequency variations and waveshape distortion can be attiib
a direction sensitivity in the support channels. The latte
conditions with direction of deflection. When the support
toward the anvil table (positive load acceleration), -they-de
of the base channels; for deflection away from the an 1
edges of the base channels. Besides a shortening of effectiv:
deflection, end conditions change from a hinge-type p
is considerably stiffer. In determining the load-rea
preferably four cycles were included in the count. Freéquemn
then the average of all frequency measurements for a; ¥

- probable value which can be assigned to this quantity (T 1

/
TABLE 6
- - 1
Number Bolt e
of Spacing
Run No. Channels {in.)

1 4 16
2 3 24
3 8 16
4 5 24
5 8 24

- -8 5 32
1 10 24

_ 3 T 39 440 et e R it e

Reed-Gage Data

Reed-gage records have been analyzed and an additiona)
~ submitted in the near future. R

Correlation between Theoretical and Experimental Re

The waveforms obtained experimentally are in-go
curves of Figure 10 when allowances are made for
over extended periods of time by the velocity-meter seism
delivered to the anvil table can then be adequately de
terized by a step-velocity change. Correlation was goo
theoretical methods of computing average anvil-table:
given in Table 7 by comparing mass ratio with deac
experimental data. If damping is neglected during th
lation, the maximum and minimum anvil velocity ¢
in Appendix I becomes -
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* max =y 4 . 1 — =
x, ¢ =0 o xzm‘nlt=1t/0‘v° [_l*‘ul]'

% - .
from which o= ot Bilhelo e il

o F-3 .
X, max + X, min

In determining the weights which make up either mass, one half the weight of the E
supporting channels was added to the load and one half to the table. R

P TABLE 7

:_1 : : Comparison of Mass Ratio
\"‘m Total Load Calculated Experimental -

\ Run No. Wt (1b) Anvil-Table Wt {1b) Mass Ratio Mass Ratio-

\_ 1 1265 5093 0.25 0.26

! 2 1223 5058 0.24 0.26

3 2358 5168 .46 0.53

; 4 2320 5130 0.45 0.49

3 3686 5143 0.70 Q.73

6 3573 , 5130 0.70 0.73

7 4758 5318 0,90 0.89

8 4686 5206 0.90 0.83

Figures given as experimental data were the average of the twenty-odd blows struck
during each of the test runs; individual figures varied by as much as 10 percent from
the average. Techniques employed in determining the minimum velocity follow those
mentioned earlier as an average line was drawn through the anvil-table vibrations.

Carrelatian between theory and experiment {or .cad veleocities is not as good as
might be expected, because nonlinearities and direction sensitivities in the supporting
channels are not accounted for in the theoretical treatment. In addition, no allowance
was made for components owing to the initial static-channel deflection., Thus the peak’
theoretical load velocity is

-1
X! max 2

¥, 1 +.m
when gravity and damping are omitted. Table 8 gives the correlation between methods - . - -«

R - - - and indicates that the experimental data consistently ran higher than computed figures;
the difference is greatest for the lighter loads, decreasing with an increase in mass
ratic. In 2 similar manner, the peak load acceleration may be computed as

o
xl uax @

Va 1+

: Here, the error between results (Table 8) is considerably greater, as might be expected,
; for a higher order function.
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TABLE 8 .
Comparison of Experimental and Theor

Peak Load Velocity

31 max 2 _
v 1+ Per-

Run|Mass|Frequency ° cent

No. [Ratio| (cps) |Experimental[Theoretical| Error |

1 ]0.25| 65.6 1.91 1.60 15,2
2 |0.24| 1.4 2.00 1.61 19.5
3 |0.46| 95.4 1.67 1.37 17.6
4 |0.45| 57.5 1,74 1.38 20.3
5 [0.70] 65.5 1.38 1,11 10.0
6 10.70| 68.1 1.30 1,117 10.0
T (080} 70.6 1.17 1,05 10.3
8 [0.90] 67.7 1.11 1,05 5.4

As can be seen from the foregoing discussions, cha

. important part in the determination of peak-load acceler
used during this investigation, channel stiffness was not a

but two methods are available for evaluating it indire

when rearranged, becomes

and Method II utilizes the measurement of peak positive.
EXpreSSion e

TABLE 9
Computed Values for Channel Stiffne
Bolt

Run No. of Spacing Frequency

No. Channels (in.) {cps)

1 4 16 65.6

2 3 24 71.4

3 6 16 55.4

4 5 24 57.5

5 8 24 65.5

8 5 32 68.1

7 10 24 70.6

8 7 32 67.7
CLoTneg e RRRNL o s g L a gmlia o, N e e o g M R



T PIUT O UIeST UatX AF4AIST Ioad-Dolt spacing 1S given in Figure 37, together withthe
calculated stiffness of a simple-ended beam. In general, Method 1 ylelds stiffnesses :
which are less than the calculated stiffness of the simple beam, but Method 11 data are
all greater.

The coeificient of critical damping
varies widely between consecutive peaks
of the same blow and between identical ham-
mer blows. Ingeneral, it becomes largeras
the amplitude decreases; this indicates.

a larger percentage of friction damping.
— The methods of securing the load on the
bl Medium-Weight Shock Machine in speci-
WETHOD T ] fication shock tests make it likely that
damping in the order of 4 to § percent of
critical may be expected.
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SUMMARY

7 -
| had PAGIN
L] werwoo s The Medium-Weight Shock Machine
e ~ has been used since 1943 to determine the
% o 20 30 40 S0 80 resistance of naval shipboard equipment
LOAD BOLT SPAGING-IN. to shock damage. Units to be shock tested
are secured to standard mounting adapters
to simulate the stiffness of their founda-
tions aboard ship and are then subjected
1o a series of shock biows, the magnitude
of which is governed principally by their
weight, This study was made to ascertain the magnitude, frequencies, and general char-
acteristics of the shock delivered by this machine under standard operating conditions.
Data taken are then compared with shock data obtained aboard ship under actual combat
conditions and will serve as a basis {or comparing the performance of 2ther shock ma-

~hines »f =imilar {ype.

-]

Figure 37 - Computed chaunel stiffness

Dead-weight loads, ranging throughout the capacity of the machine, were mounted
according to specifications and subjected to a series of blows corresponding to the mag-
nitudes given Class A and B equipments. In addition to the standard test procedure,
blows equivalent to 50 percent of Class B and 150 percent of Class A blows were
delivered, and a third table-travel distance of 0.75 inch was included.

Measurements were made on the load and at the center of the anvil table by two
groups of instruments, each group including an accelerometer, a velocity meter, and a
multifrequency reed gage. Output signals were recorded as a function of time by standard
cathode-ray-oscillographic. techniques and simultaneously by a multichannel Mirragraph

system.

Peak values of initial anvil-table velocity and table acceleration are linearly related
to hammer-impact velocity and are independent of the weight of the channel-mounted
load. Values ranging up to 10.3 ft/sec and 580g, (1000-cps filter) were measured on the
anvil table for the maximum hammer drop of 5.5 ff. Two principal frequencies were
encountered on the anvil table—a 750-¢ps component caused by elastic vibrations in the
table excited by the hammer blow and a lower {requency of approximately 65 cps attrib-
uted to the reaction of the relatively flexibly mounted load. Peak values of lcad velocity
and acceleration are also linearly related to hammer-impact velocity, but are dependent
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on load weight. Maximum values which might be expected for.
11.5 ft/sec for velocity and between 80g and 144g for accelerat
the heavier loads. The principal frequency averaged around’

It is shown mathematically that the anvil table and its load:coul
a fair degree of accuracy by a single-degree-of-freedom sys
On the basis of these derived equations, representative val
and channel stiffress were computed.
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APPENDIX I e
Descriptive Details of Mounting Arrange

The following comments on the methods used in arrang
this investigation are not intended to imply that these m
drawings of the load apparatus are shown in Figures 38 |

. Run 1 - Four car-building channels were required, one pa
each load-bolt line. The load feet rested on 7in. x 9 in;
ned both channels of a pair. :

e

Run 2 - Three car-building channels were required:. One-pa
and one car-building channel, was located along each: load-bo
on 7 in, x 9in. x 1 in. steel pads (Figure 4). :

Run 3 - Six car-building channels were required. Two. :
ing of one car-building and one standard channel, were arran
The load feet rested at the center of 8 in. x 14 in. x 1 in
two pairs of channels. Distance between the center lines o
bolt line was 8-3/4 inches.

Run 4 - Five car-building channels were required. One
one car-building and one standard channel, and a second
two standard channels, were located along each load-bel
spacing between adjacent pairs of channels was 8-3/4 )
x 14 in. x 1 in. steel pads which spanned the two pairs, T
two standard channels was placed inboard of the bolt line

Run 5 - Eight car-ouilding channeis were required. Four-pa,
mately equal intervals along the entire length of the base-cha:
at right angles to these, were bolted two pairs of 6 in. x
Rough-cut 1/2- and 5/8-in. -thick steel plates welded to-th
spacing between channel members and served as pads for
bolts. Spacers were also welded into the ends of these.chann

Run 6 - Five car-building channels were required. A tota q

: were used. One pair of car-building channels was placed i
. . The remaining two.pairs, each composed of one standard
' were positioned outboard to yield a support-channel s T
The auxiliary channels were again used to mount the load

time for changes in the test setup required by the differe
mounted off-center with respect to the auxiliary channels

ously located pads. Only four additional plates which ¢ox

' ing any of the existing plates, were welded to the flanges:
: for the center pair of supporting channels. The slight unb
metry of the auxiliary channels was compensated by shift

Run 7 - Ten car-building channels were required. -Chron
immediately following Run 5 to minimize dismantling. The:

29
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in this former run were kept intact in their previous positions; two pairs of channels
comprising two standard channels each were installed under the center of the icad.
Additional attachment plates were welded to the upper {lange of the auxiliary channels
to secure them. Car-building channels would have been preferred for the additional
channels, but they were oot available.

PO

Run 8 - Seven car-building channels were required. The off-center arrangement of the
auxiliary channels used during Run 6 was employed again here. Two pairs of car-build-
ing channels and two pairs, consisting of one car-building and one standard channel,
were located under the auxiliary channels with approximately equal spacing, The pairs
containing the standard channels were placed putboard.
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APPENDIX II

Derivation of Equations of Motion-

 The equations of motion for a single-degree-of-freedom

masses with viscous damping are derived from the force
for this system 2

Xi — ok (x, — %

and

k (x, — x‘-_)'__'

where k is thé.spt
. s TR pany S
M _J‘XZ These equations’d
2 taneous differe
coefficients. As
the spring is linea
ing is viscous, an
can be neglecte
chosen so that.
Figure 42 - Equivalent single-degree- prior to ¢t = 0. andid
of-freedom system suddenly acquire
e e e e .. mathematically €

Resorting to the Laplace Transformation and substituting m
these equations become '

P ) . (l, p;"‘+ cp + k) !z' - (cp +k)?¢
{cp + k) %, — (llp3 + cp + k)i’l

Solving this pair of simultaneous equations for X; yields -

- 'z ¥ 1 1
o T 3 cv .
L P pﬂ o o—
,,,,,, P
35
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where p = N, andv = », + ¥, .

. The nature of the solution for the inverse transformation depends upon the form af

1,1
_ the roots of the quadratic in the denominator, i.e., the relative values ofﬁ-v— and ‘-k-v- .
T : ﬂ =
242 u
When £ rali 4 -“1 . the case for critical damping, the resulting motion of 4, is nonoscil-
m

2y 2
- e fi . - . cy
latory and reaches its final value in 2 minimum of time. For

kv
> 4—, the roots
n? ®
are real, and the motion remains nonoscillatory, although the final value is reached at
a somewhat later time. This is the overdamped case. The remaining solution is of inter-
2,2
est to this problem and occurs when il

k : : . R
— < 4 -Ev- ., yielding imaginary roots to the
7
operational quadratic. In this event, the motion is oscillatory around its final value,

decaying in an exponential manner as determined by the percent of critical damping. The
expression for X, then becomes

_-lnvo.'_l__—]_——_—
L Pt (p+ Y)? + 82

1
wherey = % and _1 fary  cn2 ) ©
Y i3 5 D) M .
ML

The inverse transformation % is then

¥
x, ='1° [t—%-(sin at)e-’\"]‘ (N

In this form the expression for the load displacement is obscure and difficult to interoret,

in

S sxTresiine the d2mUing 33 3 0ATCONII2 of tHa amivimal fioamins 1
T IneTns smiing 3 i =2 i he 1T

: : ¥
interreiation of the components is more clearly seen,

e
-zt

17 Pt - S .
x, . t - — e sine /1 -y (8)
1+ e et
- c
o1 -3
[+
wherem = ¥ /¥, and o = o

For small percentages of damping, ¢/c_ less than 10% for instance,1 - c¥? is approxi-
mately unity, and for all practical purposes the lcad displacement becomes

v, T

] e - e
| x = 3 t - ” sin wt | . {9)
i

Successive differentiation yields expressions for the load velocity and acceleration
given by

T O
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- % = % ll + e“'-:ﬂ(—c— sin vt - cos ut)} and (10)

1+ = c,
4 -_1_'5_"‘_....[(1 - ::).in wt + 2 E‘:— cos ut] (11)
" These simplify to
° vo [ 'e—‘wl
x = T+ 2 1 —-e cos wt and (12)
v, -
?, =1 :: {o * sin ot] (13)

-~

when the damping is small. The presence of the terms which have been omitted in the
last expressions changes the phase and amplitude of the oscillation to a negligible ex-
. tent when the damping is kept small.

Expressions for the anvil-table motion are obtainable by going back to the original
Equations (1 and 2). Adding these yields

0 o0
nx, + x =0, (14)
from which

oo - Vo” _-::m . R
x, = T+ = me sin wt . (15)
° vo [ -—e:w‘ and (16)
x, = 1+ o 1 + me cos Ut‘ .

¥, " |

o .- me ® .
::,”1_‘_‘l| t+-——w—unut R (17)

the constants of integration being determined from the boundary conditions.

To determine the motions involved as a result of anvil-table reversal, it is simplest
to neglect both damping and gravity and to assume that the coefficient of restitution is 0. 5.

Let the time of reversal be represented by
T = Wwt; (18)
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then the boundary conditions for ﬂie new problem can be evaluated from Equations
(12), (13), (16), and (17), remembering that the new anvil-table velocity change becomes

X = -0.5%, f = /o (19)

Using Equations(1), and (2), butwithe = 0, and going through a similar method of solu-~
tion, the load velocity becomes

Vv
;1 =T°.~ [(sin T) sin we + (1 - cos T) cos we] +

¥ - .
" : = [. - ;;- - 22‘ cos ‘t] (1 ~ cos we) (20)

* Xk %

NAVY-DPPO PRNC. WASH., D.C.




