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LONGITUDINAL IMPACT ON A CIRCULAR
CYLINDRICAL TUBE

1. L. Sackmant and W. GOLDSMITHE

University of California, Berkeley, California

Abstract—The longitudinal strain histories produced by impact in a long circular cylindrical tube are determined
using membrane shell theory. Solutions are generated by a method which reformulates the boundary value
problem in terms of Volterra integral equations which are then numerically resolved. The predicted histories are
compared with strain histories measured in a corresponding experiment, and the correlation is found to be better
than that based on histories predicted from elementary rod theory corrected to account for lateral inertia.

INTRODUCTION

IN A recent paper, Goldsmith et al. [1] investigated the propagating strain pulses produced
by longitudinal impact on a long circular cylindrical tube. Measurements were made of
the longitudinal strain histories at five different stations along the tube resulting from the
first passage of the pulse down the cylinder. These experimental data were then compared
to theoretical predictions of the strain histories. The predictions were obtained by con-
sidering a close fit of the data at the station nearest the impacted end of the tube to be the
prescribed input, and then calculating the resulting output at the four downrange stations.
These calculations were based on elementary rod theory, corrected to account for lateral
inertia according to the procedure given by Rayleigh. The correlation obtained between the
experimental data and the theoretical predictions was, in general, good. However, there
remained discrepancies which could not be relegated to experimental or computational
error, but which were probably due to deficiencies in the mathematical model used to
describe the wave propagation phenomenon resulting from impact. To effect an improve-
ment in the correlation between the data and theoretical predictions, it would appear
necessary to utilize a more refined theory than that employed in [1]. In this paper we
investigate the consequences of employing membrane shell theory to model the behavior
of the tube by comparing the predictions of the longitudinal strain histories at the four
downrange stations based on that theory to those which were actually measured there.
as reported in [1]. We obtain the predicted strain histories by using a calculational pro-
cedure based on a convenient method of analysis of pulse propagation problems which
employs Volterra integral equations.
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ANALYSIS

According to membrane shell theory, the equations governing the axially symmetric
motion of a circular cylindrical tube are

do,  u. oy 0y,
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where, in the usual notation, u, ¢ and ¢ represent, respectively, the displacement strain and
stress, z the coordinate along the axis of the shell, r and 6 the polar coordinates in the
plane of the circular cross-section of the shell and ¢ the time. The radius of the shell is
signified by R, p is the density of the shell material and E and v are, respectively, Young’s
modulus and Poisson’s ratio of the shell material.

The Laplace transform of the longitudinal strain at any station z in the tube is obtained
as

&z, p) = &40, p) f(z, p) 2)

where ¢,(0, t) is the longitudinal strain at z = 0, and

fz.p) = CXP|:—P/C\/ (%)Z] 3)
a=c/R,  f= 1 (4)

The signal velocity in the tube is given by
¢ = JIE/p(1=v?)) (5)

Here we are concerned only with the solution which represents the first passage of the
puise down the tube. In the above we have used a superposed bar to indicate the Laplace
transform of a function with respect to the time variable, with p representing the transform
parameter.

To invert equation (2), we begin by noting that we can rewrite f as

f=e P h(z, p) (6)
where
E(Z, p) = e~ (pz/E (7N

with
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By squaring equation (8) and inverting we obtain
t (XVZ
t— dt = ———
g(t—1)g(r) dr Ja—)
This nonlinear Volterra integral equation of the second kind can be inverted readily by
numerical means to yield the function g(z).
From the properties of the exponential we see that

2g(t)+ f sin fit. 9)

0

h(z, p) = 1+ hg(z, p) (10)
where
iz, p) = 20 120 (11)
D p
with
hg(z,0) = —cv?z/R2. (12)

A superposed dot is used to represent differentiation with respect to time. If now we dif-
ferentiate equation (7) with respect to the transform parameter p, we obtain

Ohalz.p) _ 2 Qo oyihe, . (13

op cdp
This equation can be inverted into the time domain to give the Volterra integral equation
of the third kind

the(z, )+ f td(Dha(z, t—1) dr = —ztg(0)c. (14)
¢Jo

Having g(t) from the resolution of (9) and knowing hg(z, 0) from (12), equation (14) is
easily resolved numerically to obtain the function hg(z, t) for any choice of z. With hg(z, t)
in hand we may now solve for the longitudinal strain ¢,(z, t) by combining equations (2),
(6) and (10). The result is

ez, t) = s*(z,z—f) (15)
c
where
£*(z, 1) = £,(0,6)+ J-t £,(0, t — t)hg(z, 1) d. (16)
[¢]

In summary, the inversion of equation (2) is performed by first obtaining g(t) from a
numerical resolution of (9). Then, using equation (12), equation (14) is numerically resolved
to obtain hg(z, t) for the value of z of interest. Next the convolution integral in equation (16)
is numerically evaluated to yield ¢¥(z, t). Finally ¢,(z, t) is obtained from equation (15).

For later discussion it is convenient to also have the hoop strain gz, t). It may be
obtained from equation (1) in terms of the longitudinal strain. The result is

t

ggz, 1) = —av f ez, ) sin at —7) dt. 17
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DISCUSSION

The way we used the data of Ref. [1] was to consider a close fit of the measured longitu-
dinal strain at the station nearest the impact end (hereafter denoted as the base station} as
prescribing the function ¢,(0, ¢) (see Fig. 1). With this known input history we used the
preceding analysis to predict the strain gz, t) at each of the downrange stations located a
distance z from the base station (the corresponding values of z were z = 20, 40, 60 and
80 in.) and then compared these results with the strains actually measured at these stations.
These comparisons are given in Figs. 2-5. The measured strain history at the base station
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FiG. |. Theoretical and experimental longitudinal strain-time curves for a straight tube due to con-
centric longitudinal impact by a4  in. diameter steel sphere at an initial velocity of 1390 in./sec. Station
I,z =0in
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FiG. 2. Theoretical and experimental longitudinal strain- time curves for a straight tube due to conventric
longitudinal impact by a § in. diameter steel spherc at an initial velocity of 1390 in./sec. Station 2,
- = 20in.
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F1G. 3. Theoretical and experimental longitudinal strain-time curves for a straight tube due to concentric
longitudinal impact by a % in. diameter steel sphere at an initial velocity of 1390 in./sec. Station 3,
z = 40 in.

is given in Fig. 1, along with the approximation of it (denoted in the figure as “Theory™’)
which we used in our computation of the theoretical predictions at the four downrange
stations.

The outer diameter and wall thickness of the tube used in the experiment were 1 and
0-035 in., respectively. The mechanical properties of the 2024 aluminum used in our
computations were : density = 0-100 Ib/in.3, v = 0-322 and ¢ = 0-2145 in./u sec. We took
for R (to be used in the membrane shell theory) the value of L in. Our choice of v and ¢ was
obtained from some numerical experimentation based on an attempt to optimize the
correlation between the predicted and measured longitudinal strain histories.
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F1G. 4. Theoretical and experimental longitudinal strain—time curves for a straight tube due to con-
centric longitudinal impact by a  in. diameter steel sphere at an initial velocity of 1390 in./sec. Station
4,z = 60 in.
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F1G. 5. Theoretical and experimental longitudinal strain-time curves for a straight tube due to con-
centric longitudinal impact by a 4 in. diameter steel sphere at an initial velocity of 1390 in./sec. Station
S,z = 8in.

It may be seen from the figures that at all four downrange stations the correlation
between the experimental results and the theoretical predictions based on membrane shell
theory is quite good. These results represent an improvement over the correlation obtained
when the theoretical predictions were based on elementary rod theory including Rayleigh’s
correction for lateral inertia. As a check on our numerical computation, we also calculated
the response histories by numerically solving the partial differential equations (1) using the
method of characteristics. Within plotting accuracy, no discernible differences between
the two sets of computed values were noted.

After calculating &,(z, t), we next used equation (17) to compute the hoop strain history
ge(z, t). The results obtained were interesting. At each station, the hoop strain history had a
shape almost identical to the longitudinal strain history. However, the ratio of the maximum
value of g4 to that of ¢, at each station was always larger than Poisson’s ratio and decreased
as z increased. For the particular example considered in Figs. 2-5 this ratio for z = 20, 40,
60 and 80in. was approximately 0-38, 0-37, 0:36 and 0-35, respectively. This computed
behavior is in accord with the phenomenon actually observed in the experiments reported
in [1].

In closing, we note that we also computed the longitudinal strain history ¢z, t} cor-
responding to a step function input [ie. for &0, 1) = H(r), where H(t) is the Heaviside step
function]. Tt is interesting to observe that for large values of z, the rich structure of this
computed history was very similar in form to the longitudinal stress history caused by a
constant velocity impact of a circular cylindrical tube against a rigid obstacle as reported
by Berkowitz [2] for stations far from the impact end. He obtained his solution (also based
on membrane shell theory) by the use of integral transforms and approximate inversions
carried out by means of asymptotic methods.
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Abctpaxt—ITonb3ysacs Teopueit 6e3IMOMEHTHBIX 060/IOYEK, ONpenensaoTca UcTopuu nepopMaumit yumm
HEHMS, BbI3BAHHBIX YAAapOM [0 IUIMHHOW, Kpyriok, unnuHapuueckoit tpybe. O606marorcs pelneHus
METONOM Mpeo6pa3oBbLIBAOUIMM 3aJa4d KPA€BOTO YCIOBUA B BbIPAXKEHMAX WHTIEIPanbHBIX YpPaBHEHHMH
BonbTeppu, KOTOpbi€, 3aTe€M pewaloTcs vuciaeHHo. CpaBHMBAIOTCSA INpPEeAyCMATPUBAEMBIE HMCTOPHH C
HCTOpUAMHU 12hOpPMALIHKM, H3MEPEHHBIMH B COOTBYCTBYIOILIEM ombiTe. ITonyyaercs Jiy4mas CXOOHUMOCTh
YeM OCHOBAHHOM Ha UCTOPHSX BbITEKAIOWMX U3 IIEMEHTAPHON TEOPUM CTEPXKHS, YTOYHEHHON yveToM
TIOBEPXHOCTHOH WHEPLUHU.



