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NOTICES

when Government drawings, specifications, or other data are used
for any purpose other thanin connection with a definitely related Govern-
ment procurement operation, the United States Government thereby in-
cur sno responsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other person or corporation,or conveying any rights or permission

tomanufacture, use, or sell any patented invention that mavy in anyway
be related thereto.

The information furnished herewith is made available for study
upcn the understanding that the Government’s proprietary interests in
and relating thereto shall not be impzaired. It is desired that the Judge
Advocate (WCJY), Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, be promptly notified of any apparent conilict bc-
tween the Government’s proprietary interests and those of others.
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'NOTICE: THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE
'NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE MEANING

OF THE ESPIONAGE LAWS, TITLE 18, U.S.C., SECTIONS 793 and 794. |
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FOREWORD

This repcrt was prepared by Charles E, Crede and
Richard D, Cavanaugh of The Barry Corporation, Watertown,
Massachusetts, on Air Force Contract No., AF 33(600)=-23113
vnder RDO No, 111-27, "Aircraft Equipment Vibraticn and
Shock Protection Devices,” The work was administered under
the direction of the Llectrcnic Components Laboratory,
Wright Air Develcpment Center, with Mr, N, P, Kemptom acting
as project cngineer,

Memberes of the engineering staff of The Barry Corporation
principally engaged in this development are Charles E, Crede,
Maurice Gertel, and Richard D, Cavanaugh,
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ABSTRACT

Data on the final prototype model of a crash shock absorber
link d~velopment are presented. The device retains electronic
and other equipment installed in military aircraft and prevents
such equipment from becoming missile, This precautionary
measure 18 intended to prevent injury to personnel from loose
equipment during crash conditions. The various elements of the
device are described, and an analysis is presented of an
extendible element with energy absorption capacity. This
element 15 a helical spring adapted to be loaded in tension
and made frocm heat treated material te withstand great strain.
Hesults are presented as static force-~deflection curves of the
yielding spring and as oscillograms of acceleration as a
function of time, Experimentally determined r-esults are
compared with the results of & theoretical .analysis,

PUBLICATICN REVIEW

The publicetion of this report does not constitute approval by
the Air Feroe cf the findings or the conclusions contained therein,
It is published only for the¢ exchange and stimulation of ideas,

RICHARD S. TER

) Colonel, USAF
Chief, Electronic Components
Laboratory
Directorate of Research
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INTRODUCTICON

Expe rience in the operation of military aircraft over a
period of years has shown that electronic and other accessory
equipment installed in personnel spaces tend to become
dislodged during crash conditicns. Many of such crash conditions
are not sufficlently severe to cause severe injury to personnel,
Leoose eguipment within the personnel compartment is a hazard,
however, and steps have been taken to prevent such eguipment
from becoming a missile. One of the solutions to this problem
is the ruggedization of vibration isolators and mounting btases,
This has been a satisfactory solution in many instances, although
there is a tendency for weight to te added by such ruggedizatilon.
In other instances, the welght and outline dimensions of the
equipment are such as to make ruggedization of the mounting base
impractical., It 1s considered that a feaslble solution in such
Instances wouid be the application of a crash shock absorber
link to retain the equipment, Such a link would be secured at
its opposite ends to the alrframe and to the equipment under
consideration., It would be intended to function as means to
positively prevent the equipment from becoming a missile, and
would further restrict its motion to a space not dangerous to
nearby personnel,

I. DESIGN OF LINK

The essential elements of a crash shock absorber link for
airborne equipment are (1) an extendible elemeut capabls of
absorbing or dissipating considerable energy and (2) means
to attach the opposite ends of such element to the airframe
and to the equipment being restrained. Most of the time
devoted to thils development has been spent in the development,
dsslgn snd testing of the extendible element, The design of
attaching means for the eztendible link i1s largely within the
province of malntsnance and installetionm personnel.

One of the principal problems in attaching the extendible
element to the equipment concerns the strength of the equipment.
To maintain the weight of airborne equipment at a minimum, it
is conventional practice to mount the components upon an
adequately strong but somewhat compact chsssis, The equipment
is then housed within a relatively lizht dust cover, The
structural members of the equlipment thus tend to be
inaccessible, while accessible parts of the equipment lack
sufficient strength to exert an adequate restraining force upon
the equipment,

Two suggestions for attaching the link to the equipment
are illustrated in Figures 1 and 2, In Figure 1, a harness
somewhat simllar to that used for attaching a parachute to air
delivered equipment is wrapped securely around the egulpment,
Such a harness includes a link at the lntersection of the straps;
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it 1s proposed to join this link with one end of the extendlble
elemenl by means of standard galvanized steel aircraft wire.

The other end of the extendible link would be attecaned to the
airframe by a similar cable. In the suggestion illustrated in Figure
2, a U shaped member is attached to the equipment in the vicinity

of the load carrying chassis, Such & link is adapted to be

attached to the extendible eloment by a flexible cable as

descrited with reference to Figure 1. The extendible element
described in the following paragraphs 1s relatively short in its
unextended position. Consequently, it can be adapted to a wide varisty
of insta’ ations by varying the lengths of the flexlble cables
attached to the opposite ends of the extendible element,

It seems evident that a wide variety of conditiors will be
encountered in a serles of airplane crashes. Tc irovide a
critericn for the design of the crash shock absorber 1link, the
Wright Air Development Center has made use of information
obtained by its Aero Medical Laboratory. It has been specified
that a link be capable of absorbing an amount cf energy
equivalent to that embodied in the velocity of the mcunted equipment
at the conclusion of a free fall of ten feet., This energy
absorbing capscity 1s related to force and deflection by specifying
a maximum deceleration of 17g as the moticn of the equipment is
arrested. This value is based upon known strengths of aircraft
structural members., Extension of the link 1s limited to 12 inches
during dissipation of this energy, as dictsted by proximfty of
personnel. The specificaticn for the Crash Shock Abscrber Link
mey be defined graphically with reference to Figure 3 by steting
thet a curve of acceleratlion versus extension shall not exceed
the bounds of ithe cross hatched ares during conditions of a 10 foot
free fall, It 1s a further requirement of this specification
that substantially all of the energy embodied in the free fall be
dissipated rather than stored so that the mounted equipment will
be brought to rest as rapidly as possible.

It 1s char .zteristic of shock in general that expected
levels of shock may be specified but that substantial overloads
shovld be anticipated. It follows from this that the energy
absorbing capacity of the link shoulcd not suddenly be limited
during extension of the 1link; in other words, the force=-
deflection curve should exhibit gradual stiffening. Contractor
has interpreted the specificatioi applying to this development
as requiring that the energy in a 10 foot free fall of the
equipment be absorbed without the acceleration exceeding 1l7g
or the extensiocn exceeding 12 inches. If the energy required
to he absorbed is greater than that embodlied in 2 10 foot free
f21l of the equipment, the maximum acceleration may exceed 17g
or the maximum extenslon may exceed 12 inches. In any event,
the characteristics shculd be such that the acceleration and
extension proceed gradually in case of overlead,

To establish a definition, a Crash Shock Absorber Link is
hereby defined as an assembly of an extendible element with
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approprlate flexible caebles attached at either end. The
extenditle elemsnt is provided with lecops at opposite ends
adapted for attachement by pins to forks avallable from a
stock of standard AN hardware. Such forks are adapted for
ready attachment to flexible cables commonly used for
alrcraft purposes. The cables iIn turn may be adapted for
attachment to the airframe structure and to the mounted
equipment. It is preferred that at least one of the pinned
connections Include a qulck disconnect device so that the
mounted equipment can be removed from position without the
use of tools.,

The assembled Crash Shock Absorber Link is shown in
Figure . It conslists of the extendible element described
in the preceding paragraph and flexible cables attached to
opposite ends of the extendible element, The flexible cables
are standard AN equipment, according to the specification set
forth on Figure L, and the forks are standard AN equipment
also in accordance with the applicable spscification set forth on
Figure 4. The forks are swaged to the flexible cable by approved
methods. The forks at the inner ends of the cablea are attached
to the extendibls elements by standard AN bolts extending through
the forks and through loops at the opposite ends of the extendible
elements. A slight advantage in weight might be obtained by using
AN pins here 1nstesd of the bolts specified. A photograph
showlng assembled Crash Shock Absorber Links in three siz-s,
together with sxtendible elements of three sizes after testing, is
included as Figure 6.

The extendible element is the heart of the Crash Shock
Absorber Link, After consideratlon of possible means to meet
the requirements of development, Contractor concluded that the
requirements of minimum welght and minimum size could best be
met by the employment of a ylelding metal structure, This
takes the form of a tightly wound helical spring adapted to be
loaded in tension through the end loops. The extendible element
is shown in detail in Figure 5, It is made from high manganese
steel of 0.55 to 0,75 percent carbon, ASTM No. A229-41 (SAE No.
1066) . heat treated a= set forth in Figure £ for the various
cizes of extendible link, It has been found that steel which is
heat treated to the tenslle strength and hardness Indicated on
Figure 5 is capable of sustaining the large plastic strains

. required in thils .vplicatinn,

Steel which conforma to A229-41 1s not inherently corrosion
resistant and must be protected, Initial attempts at protection
erployed cadmium plating with a post plate treatment intended to
eliminate hydrogen embrittlement. Such springs would not withe
cstand without rupture an extension of the magnitude considered
necessary for use &8 the extendlble element in the crash shock
absorber link, Consequently, prototypes of the links include
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extenditlec elements nrotected by Seel=D 202 paint. This psaint
has been proved capable of withstandlng salt spray tests normally
requirec¢ of alrborne equipment,

Sugcested methods for attaching the 1link to the alrframe
and to the equipment are set forth in Figures 7 and 8., As seen
in Figure l;, the right hand end of the 1link is intended to be
attached to the airframe. For this purpose, it 1s provided
with an integral lcop to engage the U bolt shown in Figure 8 which
is designed to be bolted to the airframe structure, Referring to
Figure li; the left hand end of the Crash Shock Absorber Link is
intended to be attached to the maunted equlpment. The left hand
end of the left hand cable 1s provided with 4 standard AN fork
similar tn that used at the inner ends of the cables., It is
suggested that the bracket shown 1n Figure 7 be attached to the
mounted equipment, Means for attaching the link to this bracket
preferably embody a device adapted tc be quickly disconnected
without use of tools. A pin suitable for this purpose is
avallable as a stock item from Aviation Development Inc., and
bears their type number set forth in the table on Figure L.
These special pins iiave retractable detents which sutomatically
retract upon insertion or removal of the pin. The U bolt
arrangement shown in Figure 8 1s suggested for use at one end
of the link to allcw greater freedom for angular orientation,

thereby making it pcssible to instsll the 1link obliquely to the
aircraft structure,

II. ANALYSIS

The deflection of a hellcal spring cccurs by torsional
etrain of tre wire constituting the spring., Ever though the
stress=straln curve for the spring materlal is generally some-
what irregular, 1t can be assumed with reasonable gpproximation
that 1s has an inclined straight portlon prior to yielding and
a horlzontal straight portion after ylelding, With this assumed
relation, it can be determined that the torgue necessary to
cause complete yielding of a round torsional member is 1/3 greater
than the torque required to cause 1nitial yielding of such a
memberl. The force=deflection curve for a ylelding spring of
very large spring indéx would thus have a final horizontal portion
whose ordinatc is 1/3 greater than the point of deviation from the
inclined initiel portion of the curve., For springs of relatlively
small diameter, however, the hellx angle lncreases appreclably
as the deflection takes place and the spring becomes stiffer.

The force~deflection relations in a hellcal spring defiected
in tension beyond 1its yleld stress have been investigated
analytically, and the analysis 1s set forth 1n the Appendix, A
famlly of force-deflecticn curves representing the properties of
many springs are shown in Figure A=l of the Appendix, These
force=deflecticn curves are plctted to dimension.ess parameters,
The dimensionless force parameter 1ls the actual force divided by a

L
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hypotheticel force® which is the force required to cause
initiel yielding of the wire in the spring. The dimensionless
deflection parameter is the actual oversll deflectlion ol the
spring divided by the developed length of wire arcund the
helix, The parameter of the family of curves is TyC/G, where
Ty 1s the yleld stress in shear on the spring material, G 1is
modulus of elasticity in shear, and C is the spring index or
ratio of coll diameter to wire diameter,

Force-deflection curves as obtained experimentally from
static tests of extendible elements in Sizes 1, 2, and 3 are shown
in Figures G, 10, and 11, respectively., Force-deflection curves
obtained from the theoretical analysis are shown on the same
sheets, converted to dimensional paramsters to indicate the
extent of the agreement with the experimentally determined curves,
The degree of agreement between theoretical and experimental
results i1s dependent largely upon the ability to predict the yleld
stress in shear of the spring material., It is difficult to
predict this yield stress from the heat treatment or hardness of
the spring material. It 1s equally difficult to determine the
force at which initial ylelding occurs, because this represents
an infinitesimal change in the slope of the force-deflectlion curve,

The most feaslble method of determining the yield stress of
the material is to estimate the force at which complete yielding
occurs, As indicated above, this occurs at a load 1/3 greater
than the load at which initial ylelding occurs. It 1s difficult
to determine the force for complete yielding accurstely, however,
because the Increasing helix angle causes the load to increase
before the force=deflection curve would become substantially
horizontal in the absence of an increasing helix angle. A force
required for complete yielding can be estimated by noting the
force at which the force-deflection curve tends to level off,
From this force, the yield stress of the material may then be
calculated by setting P=42R following Equaticn {12) of the
appendix and employing the spring dimensions set forth in
Figure S. The values of yield stress obtained irn this manner
are set forth in Figures 9 to 11 for the respective extendible
elements, It 1s evident frcm the agreement between experimesntal
and thecretical force~deflection curves, as set forth on
FPigures 9 to 11, inclusive that the theory of the yielding
helical spring in tension 1s reasonably rellable if the yield
stress in shear of the spring material 1s known,

IT1, WE1IGHT

It 1s evident that weight is a very important consideration
in airborne equipment., One of the initial ideas leading to
development of the Crash Shock Absorber Link was that the weight
embodied in the link may be less than the additional welght
required to ruggedize isclators and mounting bases. 4 comparison
of these welghts is difficult to effect. In the first place;

5
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only the 8ize 1 crash link, having a rated load of fifty

pounds, 1s within the range of standard equipments whose

welghts are set forth in Specification MIL-C-172B, It is

falrly common practice to construct equipment according to the
general requirements of Specification MIL-C-172B, but embodying
gomewhat greater weights and larger dimensions. It 1is often

the practice in such instances to employ stalnless steel rather than
aluminum for the structural members of mounting basea, Such
bases tend to become relatively heavy, but there 1s no standard
whié¢h calls for the use of stainiess steel rather than aluminum,.
Even though a weight comparison tends to lack validity in all
respects, some weights are given in Table I, The mounting base
for the rated load of fifty pounds 18 constructed of aluminum in
both ruggedized and non-ruggedized versions, In this instance,
the saving in weight through the use of the crash link does not
appear lmpressive. For the rated loads of 100 1lbs. and 200 1lbs.,
the ruggedized mounting bases are assumed to be conatructed with
stalnless 8teel frames whereas the non-ruggedized mountirng bases
embody aluminum trays. The saving in welght made pcssible by
use of the crash link in these instances may be substantial,
principally because of the assumption that a stainless steel
tray will be required,

Table I, Comparison of Welghts

Rated Typical Weight of .
Load Mgpunting Cl‘&gh Link Weight of Mounting Base, Lb,

Ib, Bage Size Lb, Ruggedized Non-Ruggedized
50 Bl1-D 0.37 2.69 200

100 Cl1-D 0.87 Seltl 3.12

200 £1-D 1.75 5.41 3.12

IV, DINAMIC TEST

Dynamic tests of the Crash Shock Absorber Link were
conducted, using the Type 20 Variable Impact Shock Machine,
The set-up for conducting these tests is illustrated in Figure 12,
The link 1s connected by means of a wire rope between the top
of the elevator of the shock machine and the cross member forming
the upper framework of the machine., The elevator is dropped in
the conventional manner, and the slack in the cable connected to
the link is such as to permit a free fall of the elevator of
9 feet hefore the load 1s applied to the 1linik, The height of
drop was limited to 9 feet by the height of the ceiling in
Contractor's laboratory. It can be readily shown, however,
that the results may be extrapolated to a ten foot free fall
by noting that the spring force is substantially independent of
deflection in the region of maximum deflection. Substantial

additlional deflection i1s possible without exceeding the limits of
the cross~hatched area in Figure 3,
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Results cbtained from the dynamic tests consist primarily
of records of elevator deceleration as a function of time, together
with measurements of shock link extension at the conclusion of
each drop., The deceleration was mecasured by & Statham Model
ASA-500-2500 Accelerometer having a natural frequency greater than
1000 cycles per second and damping equal to 65 of critical. The
instrumentation circuit is shown in Figure 13, The output from
the accelerometer was ampiified by a Techtronics Model 122
Pre-Amplifier and fed into a Dumont Model 322 Oscilloscope. The
results were recorded by photographing the tube of the
oscilloscope by a Dumont Polaroid Camera Model No., 297.

The exhibit which establishes the requircments for the
Crash Shock Absorber Link specifies that the 1ink shall have
sufficient shock absorbing ability to absorb the energy embodled
in a serles of shocks or a single shock, equivalent to a free fall
of the equipment of ten feet., To demonstrate compliance with this
requirement and to show that the link has sufficient capacity to
absorb the energy of a ten foot free fall, two links of each 13ize
were tested dynamically during final tests. In each size; one
link was tested during two successive drops of five feet applied
to the same link, A second link of the same slze was then
subjected to a single test involving a free fall of nine feet,
All tests were conducted with the load on the shock line: i,e.,
the elevator weight plus added weight, equal to the rated load
for the respective links.

The results of these drop tests are presented as acceleratim-
time curves, in the form of the oscillograms constituting Figure 1l,
The three oscillograms in this Figure refer to the three sizes of
crash absorber link, as indicated on the Figure, The upper and
middle traces on ecach oscillogram are the first and second flve foot
drops, respectively, of the first link of each size, The lower
tracegon each oscillogram represents a nine foot drop with rated
load,,using a different link than thet employed for the first two
successive five foot drops. Caulibraticn of the traces is obtained
by comparison with the calibration traces superimposed upon
the test traces., All cslibration traces have frequencies of

60 cycles per second and an amplitude calibration of 15g peak-to-
reak,

The results of the dynamic tests are summarized in Table II,
This table identifies the elements of each size which were
sub jected to dynamic tests, and indicates the height of drop
for each element, Values of maximum accelerstion as scaled from
the oscillograms ‘. Figure 1ll} are included in Table II. The
maximum permenent ¢ . >rmation of each element at the conclusion
of each drop 1s als set forth in Table II, To obtain a
comparison between static and dynamic conditions the static
force necessary to cause the observed maximum extension was
taken from the static force-deflection curves of Figures 9 to 11,
respectively, and recorded in Tgble 1i, Dividing this static
foree by the load in pounds supported by each element gives a
maximum acceleration based on static tests, as set forth in the-
last column of Table II, A comparison of the acceleration values
included in this column with the dynamically recorded values of

acceleration indicates satisfactory agreement between static and
dynamic tests,
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Important features of the test results ss set forth in Table
IJ may be summarized as follows:

8. The waximum deceleration of the elevator in each
instence was approximately 17g or less, subject to
any qualifications imposed by eccuracy of the
instrumentation,

be The maximum extension of each link at the conclusion
of the test was substantislly less than twelve inches,
Element number two of each slize was dropped from a
height of only nine feet., The difference between
extensions of such elements and the allowable extensioa
of twelve inches sugiests that the extension would have
been well within limits if the drcp had been from the
specified height of ten feet,

ce The extension of each link after two five foot drops
was substentiaily the same as the extension of an
identical 1link after a single nine foot drop. This
suggests that the extension 1is propo:rticnal to the
energy absorbed, and that such energy may be absorbed
in small increments with a result substantially equal

to that obtalned by absorbing the ensergy in a large
increment,

It will be noted that the maximum acceleration transmitted
by certain of the links 1s cleose to the maximum permitted
acceleration of 17g. This 1s due tc the unexpectedly high
yield stress in shear obtained in the extendiblie elements., In
some cases, this 1s &8s much as 50% groater than design values.,
The Crash Shock Absorber Links were purposely designed to have
a yleld load somewhat below the maximum acceptable, because the
yield strass is difficult to predict from other properties of
the material, Assuming the yield stress in shear to bé knwny,
the thecry included in the Appendix 1is sufficlently complete
to enable a designer to design a spring having any desired value
of transmitted acceleration. Any desired compromlse between
welght and transmitted ecceleration can then be made,

V CORCLUSIONS

The requirements for a Crash Shock Absorber Link for
Airborne Equipment, as set forth in Exhibit WCES 52-L} Aated
15 May 1952 may be met by employing a steel element adapted
to yleld upoin application of excessive load. It is feasible
to design such a ylelding element similar toc a helical spring
adapted to carry a tension load. Such an element exerts a
substantially constant force upon yielding several inches,
then stiffens gradually as the helix angle increases so that
optimum protection is provided in case of an overload beyond
specification requirements,

WADC TR 5L -154 9




It is feasible to design such & yielding hellcel spring
on the bagls of analytilcal work, employing kncwn propertles =f
the material, The design data made avallable as & result of
the work reported here make it pédssible to design a yielding
hellcal spring for any amount of energy asbcorption, transmitted
acceleration and spring extension, provided the proper relations

have been specified among these parameters,
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Analysis of a Ylelding Helical Tension Spring

Symbol Index

Q = pradius of spring wire, in,

C = spring indsx, dimensionless

E= energy required to deflect spring, in. 1b,
L

= developed length ol spring wire, in,

Me= mement applied to wlce by externrnal force, in, Ib,

My = reslstving moment developed by a wire under torsion,
in, 1b,

N = number of coils in spring, dimensionless

P = axial force applied to spring, 1b,

Q= energy required to deflect spring, dimensionless

R= radius of coil, in.

r = radial distances from csenter of wire to any element
of wire cross section, 1n.

o =

nelix angle, radians

o= heliz angle prior to deflection, radians

= shear strain at which yielding occurs, in/in,
deflectlon of spring along its axis, in,

© = total torsional displacement of wire of length 1,
radians

8.= torsional displacement per unit length of wire,
£ radians

Q\

~ = gshear stress, psil

T% = shear stress at which ylelding occurs, psi

WADC TR 54-1Cl 13




The expression for the resisting moment developed by a
round wire stressed in torsion is

2
My=/ 2T trfdr (1)
(-]
From Figure A-1, using the thsory developed in reference 1,

3..,L/ o a
—j em - rrédr +[ antyridr (2)

y! Yy 'i/e

y /e

Integrating Equation (1) and combining terms:

_ 2mtya’ ¥yl ¥gl i
e o< o

when X l/e=a , the shear stress area is triangular, having a
maximum stress cea/yi when r=a , Substituting in Equation (1):

fev(ee )radr = 6““ . ["g‘ éa] (L)

The equation relating angle of twist per unit length of the wire

in a coil spring tv the ihapge in helix angle for a constant radius
of coil is given by Wahl® as

g = 8 _ SINKC COSec SINeCo COSo
o

2. = - S ()
If oc, 1s assumed to be zero, this may be written
B _ SINewCOSc

Referring to Figure A-2, the equation “e;ating.vhe angle © ,

the deflection & and the Length 1 :nay be obtained from equation
(6) by substituting

o2 o
% V(2 - %
T DINeS, -~-T§— =Coses, Tmwy = R (7)
Equation (6) then becomes
8.%. Y-8 e _ 2TND (7a)
L TR e -
WADC TR 5l-154 1
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Substituting ( =&TR Equation {7a} becomss

_ 5 "
e= R { )
It is desirable now to write Equation (3) 3in terms of spring

deflection § , Substituting from Equation (8) and noting from
Figure A-1 that

2Tty ’fF? 5

The resisting moment defined by Equation (9) may be equated to
the external or applied moment <:

Me=DPR:'Cos < (10)

Substituting expressions forW and cosine o< as determined
previously, and setting Equation (3) equal to Equetion (10):

=t JTERE TTya® Ty /TRy U
D=Vls,nsua1‘q _vt;(sj/)(n)

a2mn an 2
Solving for P
42T R
B = 3(12—;‘) [as (TQG ( )] (12)

This expression for force F may be gut into dimensionless form
by dividing P by P; ; where R =TTya®/2R is the load at which the
spring initially yields, Substituting the relation fc~ the spring
index C= R/q

g R —S‘/[e) <'n,c> [(‘S) -sa/a>] —“‘G] (13)

I
An expresslion for the force-deflection curve in dimensionless form

for the interval¥(/6=a a 1s obtained by first equating the
external morsnt PR {for small values of e ) to Equation (l4)

PR =TS (L)

Solving Equation (1) for p , and dividing by the above
expression for R :

I

P .. Teeor 2R __ & & s
P e TR B = S b [M =] am

where $ =8 and C=R/a .

The dimensionless forcé=deflection curves, as given by
Equations (13) and (15}, are plotted in Figure A-lL.

To obtain the energy ansorbed by the spring for any value
of defiection ratio &( , P/P, must be integrated with respect
to 34 . Let QQ represent the amount of energy absorted by the

WADC TR Sl-15L 15




spring for a given dellection ratio /. , taken with retference %o
the energy absorved oy L o8pr .y dellecting a digtancs | with g
constant force P,

Q=‘/°'5/l _;I d(—?) (16)

Substituting in Equation (16) the expressions for é; given by
Baouations (13) and (15): I

Me (s (3)+ % ) e)f,m a0
s, cm() YN ELON Slern)

The eqguation for +he deflection of a helical spring when the
stress is below the elastlc limit is 3

! 2 TyN
Substituting C= adQ and |=&2TWRN Equation (18) becomes
= T (19)

The right side of Equation (19) is written WEC hen the stress

T reaches the yield stress Ty , &and the“Geflection at which
yielding occurs 1s designated 8y + A new parameter S=TC/g is
ncw introduced, and therefore

%9/ = S (20)

Substituting frcm Equation (20) in Equaticn (15):
= 5
=R (21)

Substituting frem Equation (21) in Equation (2T e

cl(y) /9
Q=/5(L (})+35 NELSE j (% 5'7——‘5—%7@% ec)

The term under the last integral in Equation (22) can be
expanded to an infinite series which may be integrated term-by-

term to give another infinite series, as indicated in the following
expression‘

) BN 2 G
) 4 ( S < 7L
Q= a!s f—i +* 5 ' In (:+8/o 5""'—8 "c"ﬁ(—) lr;/(§>
SR (23)
+%(%>+E(T>+......... (.\.5

The series formed by all but the first two terms in the third
integrand can be repﬂesented by the difference of the series

tormed by expanding In (1+3/) and' \n U+r2/% g3 follows:
(\' 'b/\)
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a 5 S 4 “creste ad i n'“ S “
s & =B = LB« LR -5 Q)+t OV (R) (2
: 1+ %4 $ 3 O Y Nt
-l'a\n %::“{/%’8 T+-|§(%> +-‘-—5<-?-) [ R T T +an—i (_\_) (25)

Subtracting Equation (2)) from Equation (25):

D) \ 2 4 y o se
BInamany - e =Y g () e (T (26)

The two logarithmic terms on the left hand side of Equation (26)
can be substituted for the last several terms in Equation (23).
Making this substitution, combining terms, and taking the limits
indicated gives the folilowing expression for Q :

5.2, 0% a-= _'s_s[i A Ry \
Q=3 +3Ingmen s T e ) "I o (27)

SB[l 0+ (BN L
-§Ww@0)d
It is evident from Equation {20) that S is always small
relative . -to unitys. Neglecting =211 powers of S greater than two;
Equation (27) becomes

G+¥H0-sy

- \

=

Figure A-l depicts this dimensionless ener relation. The
expression for energy given by Equation (2§¥ is dimensionless.
It is made dimensional by multiplying by the load B, far initial
yielding and by the length U of the spring wire:

E=QP;l (29)
Zxample:

it 18 required to design a yielding spring to transmit a load
P for 2000 pounds and absorb 10,000 inch pounds of energy E with
an extenslon § of 8 inches or less.

To initiate the caltulaticn, assume
P - %/( = O.&

This defines @ and Eyﬁifrom Figure A=l:

> 2
E. e ___C__E_C__')_Q'J__z S0
CDELE{TN = 0.3 -é; = Z2.C8 F%'- 228

I

T e v T

WADC TR 5h-1i5i
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The req?ired length | of the spring wire is now found from

Equation (29

. E _ \0.000  _,.4&"
RQ Doo*0.\
From the above assumed value of ¥ ,

=L ¥ =ax0.6= .24

L=

From the design objective P = 2000 1b, and the calculated

relation
- . 8-08
B
p1 3 %bo lbo

. 123
Assuming Ty = 80,000 psi and C = 2 /8 = 4, the required wire
diameter may be found from the relation:
p = M Ty d5 = -“-’tj_da
2 6 R ac

solving for d:

d= /SR _ [6x4<2e0
T \/ﬂ::—-‘-“.

The number of coils can be found from | and R as follows:

N | oL W4 5
t\|=-_’>:-‘\'-r_§ = FTed o Ta.03% -Zkturns.
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Acceleration in g

A
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Deflection in inches

Figure 3, Area in Which Dynamic Load Deflectlion Curvs Must Remain
When Test Load is Subjected to 10 Foot Free Fall
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