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SUMMARY 

The principle of elastx relaxation is considered as a technique for 
drawmg polymers at high velocitxs. The theory is worked out and some tests 
are described in which skeins of low density polyethelene filaments have been 
drawn using some heat-set terylene webbing as the elastxc. These tests, in 
which polythene was drawn at a velocity of about 50 feet per second at a 
temperature of about la'%, demonstrated that the technique is feasible. 
Comparison with the theory suggests that the force to draw at this speed is 
about twice that measured at very slow rates of drawing. 

* Replaces R.A.E. Technical Report 66262 - A.R.C. 30005 
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1 IiVRODUCTION 

The specifx work done in the cold drawing of polymers 1s substantial, 
being of the order of ,04 - IO5 foot-lb per lb of material, so that some 

interest has been shown in the use of these materials in energy absorbing 
mecharusms. The use of undrawn qlon has been established In emergency air- 
craft arresters' but other polymers, particularly low density polythene, show 
excellent drawing characterlstios and are better to employ In certain mechanisms 
than nylon at normal temperatures. 

It is well known that the ablllty to draw without brittle fracture 
depends upon temperature* and, to some extent, rt is known that the velocity 
of drawing that can be attained depends also ontemperature but our knowledge 
here 1s limited because of the lack of a method of drawing the polymers at a 
sufficiently high velocity. Ballistic test machines of the Avery type are 
limltea to the order of IO feet per second ana centrifugal-type impact testers 
have been able to do some tests on energy to break when the specimen has been 
engaged at 40 feet per second. 

The purpose of this Report 1s to describe a technique whereby velocitxs 
greater than mentioned above, probably greater than 100 feet per second, can 
be achieved by the method of elastx relaxation of certain materlds. The 
theory of the method is given and supported by a description of a rxg to do 
some experimental evaluation with polythene. 

2 THE PRINCIPLF OF ELASTIC RELAXATION 

When a length of elastic cord or wxe 1s strained under tension and one 
end is released this end travels away with a finite velocity and the front of 
relaxed strain travels through the cord at a related faster velocity. If v 
and c us respectively the particle velocity in the relax4 cod ana the 
velocity of propagation of the relaxation front then the strain e Initially 
in the cord is related to v ana c, for small strains at least, by 

Reference to work on straining by impact' will help to clartiy this simple 
relahon. The velocity, c, m a perfectly elastic 00ra is definea, in terms 
of quantities directly measurable on a chord or fibre, by 

c2 Stretch modulus 
= Mass per unit length 

rather than in terms of Young's modulus and density. The stretch modulus 
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1s defmed by the ratio of the tension T, to the strain e. If the mass per 
unit length IS denote6 by m then equation (2) can be written 

from which it follows that 

and 

c2 T Z-Z Tc 
em mv 

T = mvc (4) 

3 Te (strain energy) = & m vz (kinetic energy) (5) 

The above equations relate to a complete relaxation when the tension in the 
cord behind the front falls to zero and all strain energy is converted into 
kudic enera. 

Provided thermodynamic effects and time dependent relaxations are 
negligible, equation (4) represents a condition which must always be satisfied 
across the relaxation front, namely, that the change of force must be equal to 
the rate of change of momentum. This mechanical concept, which has been 
discussed more fully elsewhere4 can be extended. to cord structures and 
imperfectly elastic material in which the wavefront has a finite width. It 
can also be extended to a partul relaxation, 

Tl 
-T2 = mvc (6) 

where T 
2 

is the tenslon remaining on the cord when the end is released. The 
velocity of relaxation ~111 now be less than the velocity of free relaxation 
but should be constant, for constant force, until the reflected relaxation 
front returns from the fixed end of the cord. 

3 APPLICATION OF THE PRINCIPLF TO STUDY THE DRAWING OF LOW 
DENSITY POLYTHENE 

Low density polythene will draw and extend up to 150s before breakage 
at normal room temperatures. The actual load-extension characteristics vary 
with grades of material and are sensitive to temperature. Some measurements 
on spun filament polythene have been at low rates 5 of strain and some results 
are reproduced at Fig.1. Further measurements on the O-040 inch diameter 
samples used in these tests are given in Table 1. The materid appears to 
be substantially elastic up to approximately half the breaking tension at which 
tension the material begins to extend under constant force for many times the 
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origind length. The extension is accompanied with the formation of draw 
shoulders which travel through the material and thereby change the o~oss 
section. For example, the 0.026 inch diameter filament is substantially 
elastic up to a tension of O-55 lb, willdraw steaddy at about 0.65 lb and 
will eventually break at about I.10 lb. A filament of O*O@ inch diameter 
will commence to draw at about l-7 lb. 

From tests on groups of 0.026 inch filament5 it appears that the initial 
stretch modulus works out to be about 5.5 lb per unit extension per filament 

operative over the first % of extension. This can be used to estimate the 
initial time lag before whxh the material wdl draw. 

Since polythene willdraw at a constant force over several times its 
original length then it is possible to visualise a condition of dynamic equiti- 

brlum of a tensioned elastic cord relaxing partially against the reaction of 
a plastic specimen such that the drawing takes place at near constant velocity. 

In the absence of forces due to acceleration the drawing force, F, for the 
specimen can be identiried. with T2 of equation (6) and. the lnit2a.l tension, T 

1' 
in the cord before release must be in excess of F for the equilibrium 
ve1oc1ty. (To be general It will be assumed that F is not wholly indepen- 
dent of v- the drawing velocity.) 

Practxal problems are to attach the elastic cord to the plastic speci- 
men, to provide a restraint to the end of the elastic cord so that It can be 
tensioned and to effect a quick release of this restraint to start the 
drawing. In providing the attachment and release a concentrated mass, M, 
1s involved in the connection between the cord and. the specimen. Whilst 
every effort in the design of a test apparatus will be made to keep this 

connection mass small, It must be taken account of in analysing the motion 
aucmg ulit1al relaxation. 

4 MOTION DURING INITIAL RELAXATION 

There are two factors that must be taken account of in studying the 
build-up of the velocity of relaxation to an equilibrium value. Firstly, 
there is the inertia forces due to a mass, M, between the cord and the 
specimen and secondly, the specimen substantially obeys Hooke's law at 
tensions below the drawing force. However, it is being quite general to 
write 

T2 = M + + F(v) (7) 
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so that the equation of motion is 

T, = mvc + F(v) + Mt. (8) 

The simplest case to consider is when F, the force to draw the polymer sample, 
1s constant. Then 

v = where ve = 
T, - F 

mc 

ve is the equlibrium velocity which is approached during the short time 
interval before the relaxation has been reflected back from the end of the 
elastic cord. Clearly the smaller the mass, M, in relation to the mass m o 
the sooner will equilibrium velocity be approached. 

It 1s not believed that the force F to draw the polymer is wholly 
independent of the velocity of drawing; in fact there are reasons to suspect 

that it could increase slowly with velocity. The force can be expressed as 

a power series of v, thus 

F(Y) = F. + F, v + F2 v2 + . . . 

If only the rust two terms are included equation (9) is modified to 

v : (I - exp - $ ",' ">")ve where ve = ',1,‘,p, . 

If the first three terms are retained then the equation is modified to 

v I+ F2 Y mc+F 
1 > 

= 

4 - Fo)(m c + F,) 

(m c + F.,)2 + F2(T, - Fo) 
(I - exp - e ",' F1 + ;;)+-Fy;l)) t) 

(IO) 

(11) 

(12) 

when F2 is a small quantity with respect to m C. The solution of equation (8) 

is a standard form when the fnst three terms are retained and the approximate 
form of equation (12) for small values of F2 IS developed in the Appendix. 
By performing the experiments with different weights of elastic cord and over 

5~ range of speeds it should be possible to estimate the first and second 
order coefficients F, and F2. 

4 
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In deriving the above equation It has been assumed that the drawing 

force is acting from the time of release. This is not so with a real material 

because, below the drawing force, the undrawn polymer is elastic. The force 

due to the extension of the polymer in thu case 1s proportlonalto the 

displacement x that is F = k X. Thus for this init1a.l stage before drawing 

equation (8), can be written 

T, = mc;+kx+Mjr (13) 

= 0. 

The solution of the above equation is 

h2 
x = h, - x2 e 

where h, = 2M mc+ 

(14) 

(15) 

having regard. to the boundary condPclons that x = 0 and 5 = 0 when t = 0. 

In the above solutlonthe roots can be real or complex according to 

whether m2 c2 1s greater or less than Qv7k. When the roots are red the 

solution is aperiodic and it is interesting to note that this is associated 

with reducing the coupluxg mass M. In the experimental system described 

later thu mass was large enough to make the solution periodic. 

The matter of optimising the mass, M, in relation to the cord constant 

m c and the stiffness k could be studled in more de'cad but it is clear that 

the reduced reaction from the specimen In the initxd stages would help the 

acceleration towards the equlibrxun velocity so that v would be greater 

than the value given by equation (9). 

5 MATERIALS FOR ELASTIC RELAXATION 

5.1 Steel 

Music wire is a useful miterid because it is nearly perfectly elastx 

and it is cheap. However, the strain is low so that the length of wire 

necessary to test the specimen could be inconveniently long. 
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The velocity of strain ddxrbances in music wire is about 16700 feet 
per second. The limiting velocity of snatch on the end which would induce 

the ultimate strain in music wire, is about 160 feet per second when the ulti- 
mate stress is 120 tons per square inch. In particular 20 swg piano wire has a 
breaking tension of about 330 lb and a mass of 1.07~10 -4 slugs per foot. To 
have a velocity of relaxation of 50 feet per second with a residual tension of 
50 lb,the initial tension in the wire would requze to be 140 lb. The length & 

wire to give one foot relaxation travel would be about 200 feet and the test 
time would be 24 millzseconds. An example of a stress/strain curve for steel 
musx wu-e is given at Fig.2. 

5.2 Hot stretched temlene 

Among the textile fibres hot stretched terylene6is attractive because 
its relaxation of stress with strain 1s faxly linear . Heat-set terylene, 
that is yarn which has been heated and held to constant length, is not quite 
so linear but, as some tubular woven braid was avadable from such yarns, it 
was tried. Terylene has a practical advantage over music wxe In that it IS 
more extensible and strain disturbances travel slower. Therefore, a shorter 
length of cord is required. 

Some load-unload curves were obtained for some 400 lb tubular braid 
which are gzven in Fig.3. However since these measurements were done at 
relatively low speeds compared with those of the application, the 

recovery involves some time dependent relaxation. Two samples were available, 
one woven from I25 denier and the other from 250 denier yarns, but their 
differences were insignificant. The relaxation of strain is not quite linear. 
The assumption is made that all the strain energy released is converted into 
chordwise kinetic energy. The velocity so obtained is cslled the free 
relaxation velocity. From the curves of Fig.3, it is possible to obtain a 
relaxation between peak tension for a loading cycle and the strain energy 
released, whxh relation can be replotted. as one betweentension and free 
relaxation velocity as in Fig.&. In this figure equation (8) has been 
restated for the final non-accelerated state with a more practxsl interpreta- 
tlon. To use this curve to estimate a partial relaxation velocity a hori- 
zontal line representing the initial tension is drawn. As an example, if the 
partial relaxation velocity is 50 feet per second then the vertical residual 

between the initial tension and the curve at the 50 feet per second point on 
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on the hor~zonta.1 scale represents the residual tension. It may not be clear 
that one does not mark 50 feet per second to the left of the 200 feet per 
second mark. However, if the regain of energy as the tension falls in Fig.3 
is equated to kinetic energy then the relation between the partlal relaxation 
and the resdKl tension illustrated in Fig.5 is obtained for the inter- 
polated value for an initial tenslon of 128 lb, as drawn by the dotted cuwe 
in Fig.3. This gives substantially the same answer as obtained from Fig.4. 

It appears feasible to reach relaxation velocities of 300 feet per second 
with hot-stretched terylene. Whilst a higher velocity 1s theoretically 
possible, the non-linear region of the stress-strain relatlonshlp is enavached 
even more and the simple linear theory will become less val~L However, 
velocltxes greater than those possible with steel should be possible with 
ta-ylene. 

The effective velocity of propagation of strain <lsturb,nces can be 
calc~itated from the free relaxation velocity given in'Fig.4 as the ratlo 
T,hlV. This propagation velocity IS less than that of a single fibre but 

x~reaies steadily towards such a value as the initxl tensIon from whxh the 
relaxatxontakes place is raised (Fig.6). 

To determine the length of cord required for 2 test, reference 1s made 
to the interpolated dotted curve on Flg.3. The velocity of propagation of 

the strain front for this tension 1s estimated from Fig.6 to be 6200 feet per 
second for 128 lb initial tension so that on a 100 foot length of cord a test 
time of about 30 millisecnnas is available. 

6 DESIGN OF TEST RIG 

6.1 Principle of operation 

The plastic specimen which is to be drawn 1s mounted on a carriage such 
that one end can be releasedfrom the man body of the carriage but 1s still 
held at the other end. This oarrxage lnltially slides freely on the main 
supporting frame. The releasable end is attached to a long length of cord, 
100 feet of 400 lb terylene webbing in this case, whilst the other end of the 
carrmge is connected through a cable over a pulley to a weight. This weight 

determInes the tension applied to the cord when it is tensioned. As soon as 

the tension lifts the weight the releasable end is free and the carriage 1s 
locked to the test frame. The tensioned cord will relax and rapdly accelerate 

to the equilibrium relaxation velocity appropriate to the force which will draw 
the specimen. 
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6.2 Description of the experimental rig 

The test rig is diagrammatically illustrated in Fig.7 and is described in 
relation to its initial plan for use. Photographs of overall and close-up 
views are given in Pigs.8 and 9 respectively. The polythene test specimen (1) 
is wound into spools (2). The specimenwith spools is mounted on the 
carriage (3) where one spool is held by the pin (4) and the other spool is 
mounted on a subsidiary member (5) which is restrained horizontally to the main 
carriage (3) by the pin (6). This pin passes uncbstructedly through .a cut-away 
portion of the main frame (7) upon whxh the carriage (3) rests. The catapult 
cord (8) is attached to the member (5) through the pin (9). To the other end 
of the carriage (3) a cable (10) p asses ever a pulley (11) to a weight (12) 

resting upon the ground. 

In the original and principal method of operation the release at the 
correct tenxon is done automatically through a system of microswitches. The 
winch tensiomng the catapult cord is wound slowly until the tension is 
sufficient to raise the weight off the ground. The actual tension in the cord. 
will be in excess of the weight because there is a small frictional force 
between the carrxage and the frame. The carriage (3) then slides slowly along 
the top of the frame until it reaches the first microswitch (13) which operates 
the xdicator light (14). This signxfxs that the catapult is tensioned to 
the desired value and that the photographer can start the camera. A further 
movement of the carriage brings it into contact with a second microswitch (15) 

which operates a release (16). This release allows a small weight (17) to fall 
and to pull cut the pin (6) thereby transferring the tension from the catapult 
cord to the cable (10) through the polythene specimen. 

When the forward end of the carriage reaches the microswitch (15) the 
other end clears the paw1 (18) which is moved by the spring (19) into a position 
to prevent the carriage being moved to the left due to the excess of the cable 
tension ever the drawing force in the pclythene. 

When the member (5) is freed from the carriage (3) a slight movement will 
operate a third microswitch (21) and so actuate a flash (20) to record on the 
camera the initial movement of the member (5). 

The mainframe of the rig was built as a light braced frame using 
standard slotted angle sections, the frame being anchored to a wall by Rawlbolts. 
Ideally, it should be heavier because the application of a sudden load to the 
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frame would cause it to vibrate in the au&Lo frequency range. Associated with 
this vibration there could be some fluctuation in force on the specimen. 

6.3 Methods of operation 

The automatic method of operation which forms the basis of the description 
above raised some uncertainties with regard to sources of error in a rather 

unrefined experimental apparatus. For example, if the paw1 failed to engage 

the velocity of drawing could be modified to some uncertain degree because of 
notion of 'both ends. In order to chl ck the principle some tests were mrde with 
the carriage (7) fixed lo the i'%me (7). In this case the tension was 
estimated from the extension of the catapult cord. This is a method which 
could be more reliable if steel wire were used but with terylene, even with 

hot-stretched material, there is some creep although it is not much at 
extensions below % as used in these experiments. 

With the carriage fixed as descrabed above the release of the pin (6) 
was under the control of the operator. Release in this method could also be 

done when the carriage was free of the mam frame and was also adopted when 
the very high speed camera was used. 

6.4 Inertia and rigidity limitations 

Ideal!y it is desired to apoly an instantanticus velocity '.<I the specimen 
but tht mass of the member (5) and the spool (9) will give the end d finite 
acceleration. It 1s necessary to make these connection pieces as light as 
possible; in this case the member (5) weighs 1.65 oz and the spool 0.5 oz 
giving a total weight of 2-15 OZ. For the p.articulnr weight of terylene 
cord. used the rate of build up of velocity is shown in Fig.6 snowing tnat 
the equilibrium velocity is barely reached within the tis,e the tension has 
relaxed. 

Another factor which should not be overlooked is the limited rigidity 
of the frame. When the carriage (3) comes against the paw1 a stress is 

applied to the frame and this can generate vibration at the natural frequency 
of the frame. This will cause oscillations of the spool (2) and these may 

show up as a ripple on the velocity at which the spool (9) is observed to move. 
Ideally, the frame should be heavy and rigid with plenty of structural damping 

to absorb the shook. 
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7 RESULTS 

7.1 The test specimens 

Although basically the material should be studied as single filaments 
there is a more practxsl need to examine the materxd in the form of an 
energy absorbing link consisting of a number of turns over spools. Thus a 
1~4~ was made with sufficient turns to be compatible with the 400 lb terylene 
webbing. From Flg.4 it could appear desirable to try a link which could 
draw at about 50 lb and to ellow this to be drawn by the relaxing of a length 
of webbing tensxoned. to about 112 lb. 

A number of turns were wound over the spools whose centres were set 

5s inches apart. This enabled the specimen to be extended about & inch when 
inserted into the test rig so that it was then under a small tension. On the 
basis of the slow speed drawing characteristxs of the polythene the spools 
were wound to twenty five turns to give the estimated 50 lb drawing tension 
but It was soon found that the force was higher when drawn at speed. Later, 
specimens were only wound to 17-18 turns. 

Because some early work' by Messrs. F. G. Miles Engineering Ltd on the 
use of undrawn nylon in energy absorption showed that It was essential to wind 
the yarn twice round each spool before passing to the other end this techrnque 
was first used in winding the polythene specimens. However, If was found 
that polythene could be sxnply wound over the spools, with half turn at each 
spool, without the material breaking prematurely and specimens were wound in 
thx way for the tests described. 

7.2 Preliminam tests 

Some thirty were made whxh included some standard 2 inch dumb-bell test 
pieces cut from pressure moulded polythene sheet. These cut test pieces did 

not drawn as reliably as the O*O@Z inch filament, there being some random 
fracture before the specmen was fully drawn so that work was concentrated on 

the filament whxh could draw without fracture. For these tests the move- 
ment of the specimen was photographed with an Eclair camera working at 240 
frames per second but this camera speed did not prove fast enough. 

7.3 Final measurements 

Three tests were made in whxh the photography was taken with an 
Eastman Type III camera operating at 970 frames per second and it is these 



13 

three tests which have been analysed and reported. The laboratory temperature 

was about 18'C. 

For purposes of measurement a scale consisting of alternate black and 

white vertical bars of 1 inch width was placed 9 inches behind the specimen. 

Since the camera was 16 feet from the specimen measurements made with reference 

to this scale should be reduced by 4.5%. The &stance moved by the end of the 

specunen between one frame and the next was taken as a measure of the velocity 

of movement. 

Altogether in aw test there were about forty slgnztficant frames and the 

accuracy with whxh each measurement could be made left a fax random component. 

Therefore, a three point smoothng of the measurements was made and these 

smooth& meus are plotted in FLg.11. Corrections for scale parallax and 

camera speed have been made. The fust test shows some erratic behanour but 

the other two give results whxh arc substantu,lly as the theory predicts. 

411 Lhese tests show very defirnte xnduzatlons of the moment the reflected 

relaxtt~on front returned to the specimen. 

The velocities reached in these tests were lower than predxtecl but were 

of the order of 50 feet per second, the value whwh 1s was desired to demon- 

strate was possible without premature fracture for the englneerlng appllcatlon. 

In order to comply with the requuements of the theory the force exerted by 

the reactxon to the dravnng would rxeyuire to be higher. Allowing for the 

frlctux of the carnage the irutu.l tenslonreached is estimated at 128 lb. 

In the second test the carriage was locked and the tenslon estunated from the 

extemlon. However, the resulting velocity 1s greater than in the thud test, 

where the operation of the ng was as prxnanly described. This suggests that 

the tension had been overestimated. The velocity reached at the end of the 

thud test, the relevant case, 1s 45 feet per second and the velocity has been 

ruing stcaddy toward an asymptotx value of 48 feet per second. Referring 

to Fvg.4 It 1s seen that the free relaxation velocity at 128 lb tension 1s 

197 feet per second and at an equllbrlum relaxation velocity of 48 feet per 

second the drawing force 1s estimated at 105 lb. This is rather more than 

tvnce the value estunated from slow speed performance suggesting that the 

force to drawn a fdament at these speeds is about 3-l lb ustead of the 

I.7 lb quoted in Table 1. This dynamic drawing force IS about 9@1 of the 

breaking strength indicating that the maximum speed for drawing must be only 

Just above those recorded in these experiments. 
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With reference to the initial acceleration determined from the tests a 
comparison between Figs.10 and. 11 shows that there is not a large discrepancy 
between experiment and theory; if ar@hing the actual acceleration is less. 

A discrepancy in thu dire&Ion is to be expected because any influence of the 
inertia of the polythene has been neglected. The accuracy of the udividual 

points IS, however, not good enough for any refined comparisons. 

It appears possible, from Fig.11, to determine fairly precisely the 

time that the relaxation returns to the specimen since the intersection of 
the curves through the points before and after this time is fairly sharp. 
The intersections are not identical in time on each Curve and are later the 
higher the relaxation velocity. Thu is consistent with other observations 

that strain disturbances travel faster the higher the tensiona. The estimated 
velocities of propagation are 6800, 6000 and 6500 feet per second for the 
respective tests. The values related to the curve of Fig.6 are all slightly 
greater than the computed values. 

8 DESIGN FOR MINIATURE TESTING 

It is obviously desirable to be able to design a piece of equipment on 
which single filaments, or at least single loops can be tested. The problem 
of design is to keep the mass connecting the plastic test specimen to the 
catapult cord as low as possible. One proposal is to have a small ceramic 
thimble at the connection over which a loop of the plastic passes. This 
thimble has a small central hole which 1s sufficient to take a loop of piano 
wire to connect to the end of the catapult cord and a copper or other suitable 
wire whxh will restran the cord before release. The copper wire is held, 
as a V, by two terminals on a frame and the release IS effected by passing a 
sufficient electric charge through the wue to fuee it within the ceramic eye. 

Another proposal by which specimens could be drawn initially at nearly 
constant velocity is to allow the catapult cord to begin to relax and to travel 
a short distance before it engages the end of the specimen. The catapult 

cord carries a mass, M, and thx is sllowed to accelerate to a velocity in 
excess of the equilibrium velocity of drawing. On impacting a mass, M2, 

connected to the end of specimen, there is a sharing of momentum and the 

combined momentum will have a velocity consistent with the equilibrium 
velocity of drawing. 



9 CONCLUSIONS 

A technique for investigating the drawing of polymers at speed has been 
described by whxh it has been demonstrated that low density polythene fila- 
ment can bedrawn at velocities up to fifty feet per second. It has also 
been shown that the force generated when the material 1s drawn at these speeds 
is higher than, about double, that obtained at very slow rates of drawing. 
Deceleration tests of weights confirm this conclusion in the equation of work 
done to loss of potential energy. 

The theory of the relaxation process shows that, by usirg relaxatun 
cords of dd'ferent weights, It should be possible to resolve the fn?c order 
influence of speed on the drawng force. 

The techruque has potentulltles for further development and refxnement. 
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Appendix A 

DETAILEDEVAUJATIONOF IIVl'EGRU, 

The following standard form, quoted in mathematical tables, 

2 (A-l) . 
ax 

can be used to evaluate the velocity when the force is expressed to the second 
derivative. This standard form is to be compared with 

J-% = /- (Tl _ av Fo) + (m c + F,) v + F2 v2 
+ constant 

so that 

a = F2' b = m c + F,, c = - (T, - FO) 

and 

/b2_bc = / b c + F,j2 + bF2(T1 - Fo). 

When F2 is small compared ath m c 

,/b" = (IO c + F,) + a;:+-FFo) . 
1 

Evaluating the integral of equation (A-2) 

(A-2) 

(A-3) 

(A-4) 

-4 = 
M 

1 
1 1% 

s2v - m2(T1 - Fo)/b +F, ) 

mc + F, +2F2(T,-FO)/( lllc+F, 2F2v +il(mc+F,) +2F2(T1 -PO)/{ lUCiF I) 
+ const. 

Ol- 

(rn~+F,)~+ 2F2(T1-Fo) 

3 

v - (T, - Fo)/bc + F, ) 
M(mc + F,) t = log 

v+ (mc +F l)fl 2+ (Tl -Fo)/( mc+ F ,j 
+ const. 

. . . . (A-5) 
When t = 0, v = 0; SO that the constant of integration is 

- log 
-(T, - Fo)/b c + F,) 

mC+F , )B, + (T, -  FO)/(M c + F, j l 
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Appendix A 

Now consider an equation of the form 

-?Lt 1 - Av e = l+Bv 

and comparing this equation with (A-5) above 

b c + F,) 
2 

h = 
+ 2F2(T, - Fo) 

M(m c + F,) 

Ulc+F 

A = 1 
Tl - Fo 

B =I 
I( 

mc+F, 
+ )c-+F; ) = 

F2(m c + F,) 
. 

F2 1 (a c + F,)2 + F&T, - Fo) 

Equation (~-6) can be transformed to 

v 
l+Bv = +g (1 - emht) 

17 

(A-6) 

(A-7) 

and it follows, when F2 1s small compared xnth m c, that B 1s small compared 

with A. Therefore, 

I+ 
F2 v 

mc+F, 

is the solution for v 

T1 - F. = 
mc+F 

( -[yl+.y&yp) 

1 -e (A-8) 
1 

in terms of t for first order coefficients of F2. 



Table 1 

Low density polyethylene filament diameter nominally 

O-040 inch supplied. by Messrs. Courtauld.s Ltd. 

Diameter 

Tex 

Tenamty 

Drawing tension 

Breaking tension 

Breaking extension 

1.03 mm 

797 @P/km 

l-9 gJn/tex 

l-7 lb 

3.4 lb 

1506 
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SYMBOLS 

c 

e 

k 

m 

t 

v 

x 

F 

F&F, J2 
M 

T 

ve1oc1ty of propagatJon of strax 

strain 

St.lfmess constant 

mass per urut length of' cord 

time 

velocity of relaxation 

displacement of etx? of specunen 

force in specunen 

force coefficients 

mass of c0nnect10n 

cord tensloll 

I  
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