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CHARACT-ERISTICS OF-NAVY--MEDIUM--WEIGHT--
HIGH-IMPACT SHOCK MACHINE

INTRODUCTION

--The importance of protecting naval shipboard equipment from damage. caused-by

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

'damage from direct hits in adjacent spaces was recognized shortly afterthe close of .___..

World War I1 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-

. .. .tlons-miy-be eliminated and more realistic tests-employed. The 250..Ft-lb ShockAa-hn-e

(1), the 3 Fl-lb Vibration Machine (2), and the Shock Machine for Electronic Devices (3,4,5)

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

-reports on the Medium-Weight High 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 madeas-the needs

became apparent, necessitating a reinvestigation of the machine characteristics under

these new conditions. 
----- ---

This report 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 these data in one coherent

document.

-THE-MEDIUM-WEIGH-T-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-release mecha-

nism. Shortly after being put into operation, difficulty was experienced in keeping the

anvil-table hold-down bolts tightened, despite the use of lock nuts. This trouble was

It
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Figure 1 - Experimental test setup for Run TO "AMMER AXIS-*.
5. (Note the reinforcing pads welded to the Figure 2 - Hammer and anvil con-anvil-table stiffeners.) 

tact areas

remedied, however, by pinning both the nut and the lock nut to the hold-down bolt. InOctobe- 1948, cracks were noted in the anvil-table reinforcing webs, which bore againstthe pneumatic jacks. The cracks were longer on the webs which faced the hammer.
App•arently, the anvil table often assumed a decided tilt so that the landing shocks wereabsorbed 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. steelpads on both sides across the cracks and by welding an 8-1/2 in. x 4 in. x 1-1/4 in. stedlpad along the bottom. About a year later, similar cracks were noted in webs which hadnot been reinforced, the worst cracks again being found in the webs which faced thehammer. 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 wasnegl!giole. Addition of the steel pads to all twelve webs, however, increased the anvil-table 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 toequipment under test over that previously delivered.

An interesting operational feature of the machine was encountered while checkingsome of the experimental data. Paper targets were attached to both the hammer andanvil 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

I
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Figuire I - Experimental test setup for Run

5. (Note the reinforcing pads welded to the Figure 2 - Hammer and anvil con-

anvil-table stiffeners.) tact areas

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

Octobe7 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 lack 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. stetl

pad along the bottom. About a year later, similar cracks were noted in webs which had

not been reinforced, the worst cracks 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

negligible. Addition of the steel pads to all twelve webs, however, increased the anvil-

table 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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as prescribed by the governing specift
to-back, spaced apart, and bolted togea
and mounting pads were supplied asri
the support channels affects the result
Appendix L

Summary. of-

Run
No.

Bolt
....Spacing

(in.)

Load
weigit-

(lb)

No.eo-,
Support-.

1 16 1115 4
2 24 1115 3
3 16 2051 6
4 24 2051 5..
5 24 3386f 8

.... 32 .. 338.. ..... ..... .
7 24 4423* 10-- --

8 32 A42St+____

*Includes weight of base channels. 40.8,2tb
includes weight of mounting pads (8Z'lbjflWC'"
Includes weight of auxiliary channe~ls,'(XGZZZ

jSix support channels should have bee* in'ýf'

HAMMER DROP AND TABLE TRAVEL

Heights of hammer drop and distances:ofii
and B equipment (9, 10), but with additlonai4lo
of drop specified for Class B equipment :an
equipment. Exceptions were made to the''6,ei" 6'.ib
nearly equal for the same table travel okr.:iv"A",
second departure from standard test pracdeutd
delivered with table travel restricted to 0.1575
specifications, the 0.75-ln. anvil-travel0bl
were identical to Group MI blows in all ogiy0
anvil-taple travels used during each run •tro,

INSTRUMENTATION . 5.. :
Shock motions of the anvilbtable-orwez-

each comprising an accelerometer, a vel•Qcit
A set of bonded wire resistance strain pg•e•s;:
feet, indicated the force exerted by the loaip 1

various pickups may be seen from Figures 4',a
the pickups generated an electrical signia.l in,,
ured. Output signals were simultaneouslyre eo
cathode-ray-oscillograph assembly (Flguret ,,
ience of a later electrical analysis. -
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Instrumentation setup in shielded room

Figure 6 - Typical test records -
Load weight, 115 Ib
Bolt spacing, 16 in.
No. channels, 4

Figure 7 - Typical test records - Run 4
Load weight, 2051 lb
Bolt spacing, Z4 in.
No. channels, 5
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Figure 8 - Typical test records
Load weight .4423-lb
Bolt spacing, 32 in.
No. channels. 7.
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Typical oscillographic test records are shown in Figures 6 through 8; Table 3 lists
' ?• 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. instantaneous
.sipnals until allowances were made for the displacements of the time scales for traces 2
ad 4 (Figure 6) and the electrical delay occasioned by the low-pass filters on traces 3
ad 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 limitations 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
lad 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.

The load and anvil table were denoted as
masses I and I. respectively, both

,X, assumed to be rigid bodies. The supporting
channels were represented as a massless,
linear spring .with stiffness k and a viscous
damping coefficient c. As a first approxima-

K tion, the effects of gravity were neglected.
Boundary conditions were chosen so that theTentire system was at rest prior to t = 0, when

2• the anvil table it, suddenly acquired a posi-
tive (upward) velocity V0 . The initial accel-
eration of '2 was assumed to occur in an
interval which was negligibly short compared
to the natural period of the system so that m.
could be assumed to experience a step change
in velocity.

Figure 9 - Equivalent single-degree- The fundamental force equations for this
of-freedom system system are:

- k (22- X, )- " 021-2

k (x~ - 1X + c ( 2 -x

*Graphite between the shield and the insulator and around the central conductor of a
single-conductor shielded cable eliminated the effects of electrical charges ibuilding up
on the surface of the insulator.
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777 *V, TABLE

to0to

w•t W If some simplifying assumptions are
F r 1made, a mathematical expression may

Figure 10 - Motions of equivalent system be derived which includes the motions

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 r. As shown by Appendix II, the load velocity is

described by

11= i-- [(sin .0 sin Wt+ (i S T- c, Wt co It +

vo 3m ] 3 mt](1I1" + • •O• " 2 T

A plot of this expression (Figure 11) is shown for a mass ratio of zero with r 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 initial 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, a local high-

frequency vibration of 750 cps caused by the anvil table vibrating as an elastic body, a

toW1

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 introduced- which may nullify

or augment the oscillations already in

progress. Test parameters, i.e., anvil-
table travel, initial velocity, natural 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-

point of shock damage and in the analysis
of records from instruments such as the

reed gage, which has no time-axis.

a 0

I W,,

t 0'S

0

.I
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Figure 11 - Motion of equivalent
reversal-step change in velocity
after starting

first peak closely approximates the center it
- that it is taken as the magnitude of the'nitial

anvil-table velocity thus obtained for iachMej
through 19. As was noted wit previous sh•,
table velocity is apparently a linear ftoctio4
impact, and, because of the resilienceiif t4e
weight of the attached load. Slopes of TIhese I
ranged from 0.58 down to 0.49, both exeni
average slope of 0.54 was taken as the :most"
velocity transfer characteristic for chaneltil
anvil table will alter this factor through ýthelz
anvil-table velocity for a channel-supportetI
Class B blow of 0. 75 ft up to 10. 3 ft/sect for,
20 shows a combined plot of initial anvil-tab!
the maximum deviation from the average euc

Average Anvil-Table Velocity

Three methods were available for
based on experimental measurements, i

*The reaction oscillation frequency

channels as defined byMw (page 8).
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Figure 12 - Initial anvil-table velocity and.
peak-load velocity - Run I
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Figure 14 - Initial anvil-table velocity and

peak-load velocity - Run 3
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Figure 13 - Initial anvil-table velocity and

peak-load velocity - Run 2
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Figure 15 - Initial anvil-table velocity and

peak-load velocity - Run 4
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Exp~erimental methods comprised

urn (a) determination of average veloc-
ity from the nominal anvil-table

. -I x• ,travel and the time required to

reach the upper-limit stops, and
L SPT(b) a graphical averaging of the

§6 - -anvtl-table- velocity curve. The
a 

theoretical method was derived by
averaging the expression for anvil-

I table velocity, including gravity,

I - I a over an integral number of cycles

tt40 •ot ® . and yielded

0o t to *0 J 14 " 20 v
NAMM. IM-PAT VELOCITY FT/SEO' 

-"
X2 + a 2

Figure ZQ - Initial anvil-table velocity - all runs

The experimentally measured value

for Vo 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 from

records selected at random were less than the nominal values of 0.75, 1. 5, and 3.0 inches.

Because abnormally large average 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 0.75 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 is 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 m, and anvil-table travel. Figure 21 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 hi(1 + m)2 . Here reversal occurs within the first cycle of reaction oscillation, which

invalidates the assumption that this component averages to zero.

wi
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Figure ZZ - 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 on the second peak. The remaining

peaks average unity or less. Figured on a 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 accelerationA

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 0.75-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, so 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.

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 table, 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. It is entirely possible for reversal to cause a greater velocity change than that

- - � AI�
9 - � P PP � *�Pp �.$.g�Vt7p *��pp �p Ap.t �t�t � � .. �. p

I
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resulting from hammer impact, which conseq•eftlY •i~tV• . i ~~~~~forces ... ,:+=•:,,,,.,,+:.,.=:,, ..

Peak- Load Velocity

The peak velocity attained by the load:w? a, trom
peak, the largest in every case. Data for,,eac1ifl *Ufl ..explotted against hammer-impact velocity, toge~t~mz • init
(Figures 12 through 19). Point symbols denote, tl'"n,,initial anvil-table velocity, these curves, ar•.e :' p' t saig)the origin and indicating a linear relatioishipwiwni le- ..am.ertrast to the initial anvil-table velocity, howeveiV."i Z jieofrom 1. 08 for the lightest load to 0. 60 for th&e` 1C ad;1- Ic,
load with different spacing, were nearly'.the'IW•.i fififunction of the load weight for representAt!hii ,'ErFigure 23. These curves were computed fr•pn•qt Of:Ue
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IV 4W @71f

Figure 24 - Variation of load-reversal velocity with

phase angle of reaction oscillation

Anvil-Table Acceleration - General

'¼ 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 for

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 frequency 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

boththe 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 ft with a 1000-cps filter. Corresponding

S..... measurements, trising a 300-cps filter, 'yielded accelerations in the range of 80 to 200g.

The independence of anvil-table acceleration to weight of channel-mounted load is

noted here, as it was for initial anvil-table velocity, and provides a 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

xt= •/ f dt = faw- sin wt de = 2aw,

,,A,, ,..>. I... -. A4. P*.t.. . AP :A--. n•; ,,tA .•.,',W",% f..-.¶ ; (j,'..'-- '•" • "".. AP"PE A'T er -
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Figure 33 - Peak anvil-table accieration - 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

x 1n1 = 5.4 ft/sec.S= 3.0Janus

Using this acceleration value, the computed velocity becomes

2- = 2aw = 4.24 ft/sec,

which is of the same order of magnitude as the measured value of 5.4 ft/sec. If allow-
ance is made for the filter-transmission characteristic (70 percent at 750 cps), a calcu-
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.

L.1CA *-t--.- �er..CtL.tP4;* � �.'4* P 1� � ��AW�' �' 4j�P4� �&&�Ifl.-
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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 the average, the

ratio of reversal to peak acceleration drops from 0.6 during the first cycle to approximately

0.3 for the fifth.

LE

LI

0 0 0P S.r87I lot ,, J

P(4AS ANGLE OF AVIvL-1ABLE VELOCITY AT REVERSAL

Figure. 34 - Variation of anvi:-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 between 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

MMMMM__
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Figure 35 - Load acceleration range
for Class A tests
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Figure 36 - Variation of load-reversal acceltration
with phase angle of reaction oscillation
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accelerations were associated 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 If, IU, and IV Group I Groups 11, M1, and IV

1 16 63 85 54 70

2 24 66 92 57 73

3 16 60 78 49 65

4 24 73 95 60 80

5 24 74 98 58 79

6 32 96 124 77 102

7 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.

Load Acceleration after Table Reversal

When the anvil table reverses, the phase of reactionoscillation is relatively i:n.r-

tant, and could cause velocity changes on theload which are larger than those attributed to

initial hammer impact. Since the acceleration of the load is essentially the differentialtion of

the principal frequency occurring in the velocity record, effects of table reversal will be

similar. Figure 36 shows how the phase angle affects the load-acceleration magnitude artier

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 the first half-cycle

and 1.Oor less after thethird half-cycle. A minimum of about 0.2 occurs on the whole cycles.

22
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Load Frequency

For the lighter loads and lower hammer drops, the n.I e+jl6c ity, I;a Ind

acceleration on both the anvil table and load are nearly §sinu&OId- +:er4 as ethiod.

and/or hammer drop are increased, the waveforms becd7diEe ,ogtM fl•:y AZi dii•s-
torted, and the frequency gradually decreases as the loadinO -!j-Ple lent:
Frequency variations and -waveshape distortion can. be ttt'r.iS.and, t:.o:...

a direction sensitivity in the support channels. The latte rit ~ .'•:ha:xige inend 2

conditions with direction of deflection. When the suppo•rt, c•!L T-deected--

toward the anvil table (positive load acceleration), they defl*t!b . 4 -ilnnerm'edges.-,-

of the base channels; for deflection away from the anvil-tablt °.arond,-ter -

edges of the base channels. Besides a shortening of effecWii Sh nward

deflection, end conditions change from a hinge-type plik.i, Th, 71tcd6hi[zdItIl•bn,_ •Whihh

is considerably stiffer. In determining the load-reactirt ttllieeand. IS

preferably four cycles were included in the count. •Fr•eU. r0b'•,:r'nare
then the average of all frequency measurements for a-gir••t jed Asttj'e ~mosbt- ,S. .. .'' ' • " !": • •;;i:• =,: .:., .......... • ....... .. .... .,.,. ,... . .... ... •;A : ; ;

probable value which can be assigned to this quantity (TaWflt§t` ... .. .: ,tz

TABLE 6
Average Reaction Fr uy ........................~~~~~~~~~~~~~~~~~~ .... .. ... .....i- :.Jttr I .:;.,+ = -. . . :. . . :+. .+ :+ .• :l

Number Bolt ... 7fl:..PP•ge ...

of Spacing Weightt=t==S=E=q=errcr P.

Run No. Channels (in.) .:(lb} t Nepl - . :'•

1 4 16 ..........

2 3 24 4111..P

3 6 16 2 051- -'- .. . ... ... . ...... . ... .

4 5 24 . 0... '$ -. -.

5 8 24 . P

6 5 32 .: .:-P•-P' P ,iPP•PP-P ':P:P6&1P_-
7 i 12 .. .......... - : '

3 ... . . .. . . . ... . . ..:_ . .+ .... .. .. . . . . . .

. ... ... .... .. .. ........ .. ... ;• • :. ' . . .. • :, . . .. ":

... .. .... ... . ... :; ,: • ; i i+: ; :, !, . , -- .;. ..... , ,.• : . . . . :., ,. .. -- -: ,.= : ;iR e e d -G a g e D a ta . ...... .......... ... .... . . .. .. -.. .
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Correlation between Theoretical and Experimental, Res.... .......................2...
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The waveforms obtained experimentally are in--goo9 :_Oe--idea4ized--•--
curves of Figure 10 when allowances are made for inoduced-
over extended periods of time by the velocity-meter seis,-miG4 A •-..:Trhe-shooký- ---- :--
delivered to the anvil table can then be adequately desi'ibid-- iveiie -or- ac6-'ý
terized by a step-velocity change. Correlation was.-P woei " ••i'-l"i-C '-:_-
theoretical methods of computing average anvil-.tableiYeodt• cpndexa=I.eLs
given in Table 7 by comparing mass ratio with dead-n-WfIfltZWf U tr ttihL
experimental data. If damping Is neglected during thefl-tE -"
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Smat I t 0 V0
2 If it = KW I +t :

from which
o
x 2 max- 2 in

X2 max + X3 min

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

TABLE 7
Comparison of Mass Ratio

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
mentloned earlier as an average line was drawn through the anvil-table vibrations.

Correlation bet'een fneory and experiment for load velocities 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

X1 max 2

when gravity and damping are omitted. Table 8 gives the correlation between methods
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
ratio. In a similar manner, the peak load acceleration may be computed as

X1 max

CV i+a,

Here, the error between results (Table 8) is considerably greater, as might be expected,
for a higher order function.

AE-
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TABLE 8
Comparison of Experimental and Theoretioalw",Als1ts'ýl,

Peak Load Velocity .

%max 2 Wjmk
- • Per- + M Per-

Run Mass Frequency cent t :. cent-
No. Ratio (cps) Experimental Theoretical Error Epm l Theoretical Error

1 0.25 65.6 1.91 1.60 16.2 14C 10.2• 29.2,-
2 0.24 71.4 2.00 1.61 19.5 C1 25.3
3 0.46 55.4 1.67 1.37 17.6 :41. .5$.il 7. 7 4: 35.7
4 0.45 57.5 1.74 1.38 20.3 .7... 7 44.6.1
5 0.70 65.5 1.30 1.17 10.0 ,1$t.7.5 37A.4
6 0.70 68.1 1.30 1.17 10.0 ... 77 ._o
7 0.90 70.6 1.17 1.05 10.3 .O; : - 7.2 30.8
8 0.90 67.7 1.11 1.05 5.4 7!iL 7.0 57.0

As can be seen from the foregoing discussions, chanel.I'tl ''plays an.extremelY
important part in the determination of peak-load acceler4ttw t :ttstrumentation
used during this investigation, channel stiffness was: not a, 4jUp ttup rable quantity,
but two methods are available for evaluating it indirectly frp !' r ded data, 'Method U
makes use of the expression derived in Appendix H for fre•quen4.'e•e•s.illation... which,
when rearranged, becomes

E 1 WIN. .. :::,== • , = ; P......•.... . . . . . ....I. .. ... . . .

and Method UI utilizes the measurement of peak positive 16a4 ....cc.....on: in ..the-
e x p r e s s io n . . . . . , t', ,, ' -.. ., , .......-

Table 9 lists channel -stiffness values computed by both methodsi~-,i

TABLE 9 - ~
Computed Values for Channel Stiffein.658"-

Run
No.

*1* T 'C �

No. of
Channels

Bolt
Spacing

(in.)
Frequency

(cps)

:,..,..• ,- : .,• i :mrnn ,es :,.
....::: '' :.:(m U. ,,; ''W"""•, •.• ..... /cbanrn

: M Ethod: :: U :i:::::::•: :i:i: !:•
16 65.6. ..

2 3 24 71.4 72...... I: 3.7
3 6 16 55.4 2.ý35
4 5 24 57.5 LZ2 44.06
5 8 24 65.5 132 S 3.65
6 5 32 68.1 . 3 : 9.188
7 10 24 70.6 : 2.94
8 7 32 67.7 .io.81

PI1,41.P. hi �

* �

I *.h 4

P �P �. � -* �. .p P �p P -� '4� t � 4�4 tP��t ;*�r.4�, � � a�p�a

P pp . �p Pp�jhp �

in ,

S..... • ,•;n• m •;• •:li,,,n:l :1•, ......

..... ..... ..... ..... ........... PPp. :ii•l.4C

!ii:•

; "h: %,,: ,, :• "n:, "l,[,;;•i:,•:l

':::'•::;'.,i•b!
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1ETHoD 7 The Medium-Weight Shock MachinetK(WEEt " JJ1 has been used since 1943 to determine the
0 " 4 resistance of naval shipboard equipmentto shock damage. Units to be shock tested

LOAD BOLT SPACING-IN . are secured to standard mounting adapters

to simulate the stiffness of their founda-Figure 37 - Computed channel stiffness tosaor hpadaete ujce
tions aboard ship and are then subjected

to a series of shock blows, 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 for comparing the performance of .other shock ma-
Thinrs of s.n-Aar tyce.

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 ft. Two principal frequencies were
encountered on the anvil table-a 750-cps component caused by elastic vibrations in the
table excited by the hammer blow and a lower frequency of approximately 65 cps attrib-
uted to the reaction of the relatively flexibly mounted load. Peak values of load velocity
and acceleration are also linearly related to hammer-impact velocity, but are dependent

-wVu-Tm gruumst roaa-woon spacing is given in Figure 37, together with t.u
calculated stiffness of a simple-ended beam. in general, Method I yields stiffnesses
which are less than the calculated stiffness of the simple beam. but Method II data are
all greater.

The coefficient of critical damping
varies widely between consecutive peaks
of the same blow and between Identical ham-
mer blows. In general, it becomes larger as
the amplitude decreases; this indicates.
a larger percentage of friction damping.
The methods of securing the load on the
Medium-Weight Shock Machine in speci-
fication shock tests make it likely that
damping in the order of 4 to 5 percent of
critical may be expected.

SUMMARY
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on load weight. Maximum values which might be expected for a tid.. iL• l•sS. A. test...aree..: ..
11.5 ft/sec for velocity and between 80g and 144g for acceleraut •`_ý,`* ir-for.
the heavier loads. The principal frequency averaged around 65'cp.••. ..

It is shown mathematically that the anvil table and its load c, dle-arximted toi
a fair degree of accuracy by a single-degree-of-freedom system,ýoit*dcoupled masses.
On the basis of these derived equations, representative values .•' 1•pt, dampingi
and channel stiffness were computed.
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APPENDIX I
Descriptive Details of Mounting Arrangem.•ts'-

The following comments on the methods used in arranging:i4ihe, upport channels for.
this investigation are not intended to imply that these mftdsiat,ý#epreferred,. Detailed-.:.
drawings of the load apparatus are shown in Figures 38 £hiuhgfiLt.

Run 1- Four car-building channels were required, one .pair OE:i•&waslocad along."
each load-bolt line. The load feet rested on 7 in. x 9 in., x, I 4 plate1Sw Iwthicspan-::.. ..... ...
ned both channels of a pair.

Run 2 - Three car-building channels were required. One pair.consistinj ooesn:tandar•d;, I iPP
and one car-building channel, was located along each load-oli, 2±t1i,.-The load feet rested :...."1
on 7 in. x 9 in. x I in. steel pads (Figure 4). .

Run 3 - Six car-building channels were required. Two: pairs :of$•fMiiii4 ,eaich. consist-
ing of one car-building and one standard channel, were ang•dI ti'::ch hit.line. P.

The load feet rested at the center of 8 in. x 14 in. x I in. st.etplMt liNtl*ch sp'anned the
two pairs of channels. Distance between the center lines: iof.pvrs:inelsa..'rlongg one,..
bolt line was 8-3/4 inches.

Run 4 - Five car-building channels were required. One pair of•e'f`,hanne1s,. consisting of
one car-building and one standard channel, and a second cpai.Lq i5 :.comprising ,
two standard channels, were located along each load-bdlt" i':flu fi:i& 6 're,, the 'center ... ,spacing between adjacent pairs of channels was 8-3/4 ic f l hi2[&ad rested in.
x 14 in. x 1 in. steel pads which spanned the two pairs. The caini I, pair comprissinig the P

Lwo standard channels was placed inboard of the bolt line...." /. ... . .. %. .: :. ,: ' i !: "' : " . . L ' . . " ' .!: : ..
Run E ght car-building channeis were required. Fourý pairsdwerep.rjbated at arproxi-

mately equal intervals along the entire length of the baseh::,cl•a.ine :er'!,Qss:theto•p and
at right angles to these, were bolted two pairs of 6 in. x,.l5ý 5•1bhr•a:xi"iarychannels:
Rough-cut 1/2- and 5/B-in. -thick steel plates welded to theC - chAWos-annels.thRoigh-ctw1/2-cannel/8- mb.rsthic see d as weded of,,aed coceea e fomaintacined the
bolts. Spacers were also welded into the ends of these .cha ,,s•,,: P

Run 6 - Five car-building channels were required. A totaIl of titfl*0..... of channe.;ls"."
were used. One pair of car-building channels was placed, UflPde"rdf 'Itr.Of the dload. P 7UPiiP
The remaining two. pairs, each composed of one standard..p'4.: c .idng hannel,were positioned outboard to yield a support-channel spacinordi,;gym•tel!y! 21 inches H ' I
The auxiliary channels were again used to mount the load. HOw ver •'.. mn ze the .
time for changes in the test setup required by the different .. thblt•' was,
mounted off-center with respect to the auxiliary channels_;athe l was
ously located pads. Only four additional plates which couldbPPTi $ ia'W th ; 0'disturb-
ing any of the existing plates, were welded to the flne; t& l aitd fe~e't-and ntwofor the center pair of supporting channels. The slight .unb&"a bythe asym-.....,metry of the auxiliary channels was compensated by shlftt. " . .

Run 7- Ten car-building channels were required. Chr'nod . I.
immediately following Run 5 to minimize dismantling. The., fourP••atfiIýIchaei• s,'use d

29.
r ... ... .• ........p.P 'pP,:p,.'pkt

. .P.H, ;P;. t.l ..,;;:P*Ht t•:i;H" .Mp: i;. ¶.p;H.p:,p' :fl. :¶..H. ... .. .. . . ...f..... :".,.,.;. a41i :" U-

-..f..,w, .. .. . . .. ... .
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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 load.
Additional attachment plates were welded to the upper flange of the auxiliary channels
to secure them. Car-building channels would have been preferred for the additional
channels, but they were not available.

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 outboard.

,eq- p-P-P �p tPPtPiiPM � PPPpPP 'pp pPpp P(ppP P' P4L4�PPPPLP�4%:PPPU � � Pp r&�S-PP.ŽP pM .pVIP "fl:, H�'P .� pPPP P'PPI�WP �PflPAM P
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Figure 41 - Load apparatus - heavy-weight base
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APPENDIX 11

Derivation of Equations of Motion _

.. ... . .. . ... .........

The equations of motion for a s ingle- degree -of -freedomh sysWztb06LoItWp coupl:ed:;

masses with viscous damping are derived from- the force"eqp" V'-be4.* t ' '"e-vquatians
for this system. an'gt'vqlntfl':

I
Figure 4Z - Equivalent single-degree -

of-freedom system

k (x - Z.) 2..'{• 'S = M ,3 (1

and . ......
k (12 NJ1  X cI.(i~PPPPP~) i , (2

where k is the-spri, ,,,ssumed
linear,-w and C lUt U4"IM;If~ien.
These equations are'' S dr ee, simul-
taneous differentl4J, Ni tthi constant
coefficients. Assu pti L' " I.....re,..madeithat (a)
the spring is linear, a4nii'&#4455,(b) damp-
ing is viscous, •ani ,•fl•e ,ofgravity,
can be neglected.'a6 ' i-i"cS oditi69, ar e,1; m,:m,f a ,r, I est:
chosen so that the'en s 61s"' isat re:
prior to t = ad 1 ,aL'V• f6illweirim'ass
suddenly acquires a,*5,t •:.' Etressped..-
mate maticall ,tS•÷Us~ YtP _

I)

X2= 0 = 0 ..

2 - vo t = o::. P::i;:iii: ii : ::: ..

Resorting to the Laplace Transformation and substituting inl' thePP o- ,:t$, 4rýnJ';dit.ionsi
these equations become

1 p2 + ep + k) 12 (CP + k W~ 4.____

(CP + k) x2 - (' p 2 + cp + 4~ .PPPtPPPp4P.ppP()

Solving this pair of simultaneous equations fori. yields......

. pP: : .;!;•, . & : i i • • • .: .•, :: . . . . .. .. .. . .. . .. .. ..PPP• ... ... PP...P•p.. ..P.p

.. .... .... P:P• p . i.2p.4 P 2 P .. .(5)

P .. . . . ,,. ..pi-H*~~PP *

K.-....P j< .:P P P!a4,•J••i;:;h: !:..,i:..,.::;.. .:t:. : . . ,.: . ..t. :".,
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where g - N11,and v = iN + 12

The nature of the solution for the inverse transformation depends upon the form -t

C 2 V
2  

kvthe roots of the quadratic in the denominator, i.e., the relative values of - and 4-.,

When 4 - . the case for critical damping, the resulting motion of Is is nonoscil-

latory and reaches its final value in a minimum of time. For 4 the roots

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-

c2y 2 kvest to this problem and occurs when - < 4-, yielding imaginary roots to the

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 ;, then becomes

20 v p2  (p + y)2 + 82

where y = and -I --- ' (B)
2ii 22

The inverse transformation i is then

= t -8 (sin t)erY' • (7)
In this form the expression for the load displacement is obscu re and diffcult to interpret,

interrelation of the components is more clearly seen,

~ ~~~~V ... .. ........ ... . 0 :" 2. ... ...........................

c2
C

y Cv

whereat = 91/#, and W f1
For small percentages of damping, c/c less than 10% for instance, I - cY'q is approxi-.
mately unity, and for all practical purposes the load displacement becomes

Vo e
0, t

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

A4

. p .. ...-. . * . .. H• p 4•.... . `.. .... ' 2 t - #--• . % . .-. -P. . . ...... . .. P . .
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VO
X1 + -

1 +

a,

+ . !-- a i n w t - Cosn)l

sin wt + 2 C-cos Wt
C-2 Cý

These simplify to

, + 0 C and

S1- +:a..0e sin Wt

(12)

(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

(14)0 + 00
121 = IX 0,

from which

00 = --
1+.

me"wT sin
WtI .

V=-- [ + me Cos CO2= 1 +-M

i 1
S: - t + -me- sin Wt

X 1 + WmI

and

(15)

(16)

(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 O. 5.

Let the time of reversal be represented by

S= Wt;

and (10)

(11)

(18)

I
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then the boundary conditions for the new problem can be evaluated from Equations(12), (13), (16), and (17), remembering that the new anvil-table velocity change becomes

0' = - 0.s 2 j = (19)

Using Equations (1), and (2), butwith c = o, and going through a similar method of solu-tion, the load velocity becomes
0 Vo

x I + [(*in. T) sin cwt + (1- os T) coB wt] +

(1 +.I " 3 w o.i [c - Cos WOt (20)
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