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ABSTRACT

This paper describes a simplified model for predicting the axial displacement, stress, and strain in
pipes subjected to internal shock waves. This model involves the neglect of radial and rotary inertia of
the pipe, so its predictions represent the spatially-averaged or low-pass filtered response of the tube. The
simplified model is developed first by application of the physical principles of conservation of mass and
momentum on each side of the shock wave. This model is then reproduced using the mathematical theory
of the Green’s function, which allows other load and boundary conditions to be more easily incorporated.
Comparisons with finite element simulations demonstrate that the simple model adequately captures the
tube’s axial motion except near the critical velocity corresponding to the bar wave speed \/Ei/p Near
this point the simplified model, despite being an unsteady model, predicts a time-independent resonance
while the finite element model predicts resonance that grows with time.
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Introduction

Extensive experimental observations of the structural response of pipes and tubes to internal shock and deto-
nation wave loading have been carried out over the last decade at the Explosion Dynamics Laboratory, as docu-
mented in [1,2]. These observations consist primarily of point measurements of strain which have been extremely
useful for quantitative characterization of structural loading as well as point validation of simulations. However,
due to the large number of potential vibration modes and the stiffness of typical piping systems, it is often diffi-
cult to infer the global response due to the confounding presence of high-frequency oscillations in strain signals.
Finite-element simulations and reduced order models are particularly useful tools to use in conjunction with ex-
periments to gain insight into large-scale, lower frequency, response modes. This note presents an analysis of the

axial displacement induced by shock loading and proposes a simplified but quantitatively predictive model.

Numerical Simulation Results

One example for which we have carried out an analysis is a finite-element simulation (LS-Dyna) of a shock
wave with a pressure rise of 2.52 MPa traveling at 2088 m/s in 2-m long section of 2-in diameter schedule 40
stainless steel pipe (see Table 1). This example is relevant to the evaluation of the structural response of piping in
the Hydrogen in Pipes and Ancillary Vessels (HPAV) evaluation carried out for the Waste Treatment Plant at the
Hanford Site [3,4].

Typical results are shown in Figs. 1 and 2 for at a time of 225 us, before any wave reflections occur from
the RHS end of the pipe. The shock wave propagates with constant speed, starting from the origin at the LHS
and propagating toward the right. The fluid dynamics associated with the shock wave are not considered as we
are only interested in the structural response of the pipe to an idealized traveling load. The boundary conditions
are zero axial and radial displacement at each end of the pipe. The pipe is modeled as a linear elastic solid with
Young’s modulus E = 1.93 x10'! Pa, density p = 8040 kg/m>, and Poisson’s ratio v = 0.30. The inner radius of the
pipe is 26.25 mm and the wall thickness is 3.91 mm. For the membrane model of motion discussed subsequently,
the effective membrane radius a = 28.2 mm and the ratio a/h =7.2.

The radial displacement w and axial displacement u propagate as progressive wave systems as shown in Fig. 3.
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The leading edge of the wave is moving at approximately the bar wave speed v; = \/Ei/p = 4900 m/s and the
waveform is an approximately bilinear displacement field u(x,7) with a maximum amplitude u, moving at the
speed of the shock wave front v. The entire structure is self-similar if the shock speed is constant and pressure is
uniform behind the shock. The maximum amplitude of the displacement increases in magnitude approximately
linearly in time u, = i,t, where i1, < 0. Small oscillations in axial displacement are superposed on the main
bilinear profile. These are primarily a consequence of the large oscillations in radial displacement shown in Fig. 1
and the Poisson coupling between radial and axial strain. Additional contributions are due to the excitation of
shear waves in the region just ahead of the shock front and propagation of axial disturbances ahead of the front
created by the periodic motion behind the front.

The radial displacement w and hoop strain €9 = w/a show very substantial oscillations behind the shock front
and much smaller oscillations ahead. The response behind the shock front is periodic in space and also in time,

with an oscillation frequency of approximately

1 E

= 2ma\ p(1—v2)

(D

and a spatial wavelength of Aj, = v/ fj,. The oscillatory motion is determined by the tube inertia and the symmetric
radial motion being opposed primarily by the hoop stress associated with radial displacement as discussed in [5].
Numerically, this frequency is 29 kHz and the associated spatial wavelength behind the front is 72 mm. The
axial displacement oscillations are much more apparent in axial strain (Fig. 2) due to the amplifying effects of
differentiation used to obtain strain from displacement, €, = du/dx. The evolution of the axial displacement wave
with time can be more clearly visualized if the profiles at different times are overlaid, shown in Fig. 4. This
method of presentation shows that for the case of zero displacement at the pipe LHS, the displacement field to the

left of the pressure wave front is in steady state.

Membrane Model
Motivated by the simple form of the axial displacement waves shown in Fig. 3, we seek a model of the axial

displacement that focuses on axial wave motion and simplifies or eliminates the high-frequency oscillations that
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are prominent in the axial strain results. The first step is to approximate the pipe as a shell without any shear
deformation or rotary inertia. This will eliminate the high frequency oscillations observed in the axial strain
just ahead of the pressure front in Fig. 2. The second step is to consider the shell as a membrane without any
bending stiffness or radial inertia to eliminate radial displacement oscillations, i.e., the radial motion is quasi-
steady in character. This will eliminate the hoop mode oscillations observed in the radial displacement but will
create discontinuities in radial displacement at the shock front as well as at the shell endpoints. Including bending
stiffness would smear these discontinuities over the characteristic bending length of the shell so this needs to be
kept in mind when interpreting the model results.

In adopting a quasi-steady membrane model of radial motion, we are effectively time-averaging the radial
displacement oscillations behind the front, replacing these by a mean response. This is a reasonable approximation
as long as the time scales of the radial oscillation are much smaller than the axial wave propagation times. In the
example discussed above, the period of radial oscillation is 34 us and the time for pressure wave to travel the
length of the pipe (2 m) is 958 us. So approximately 28 hoop oscillation cycles will occur in the time it take the
pressure wave to traverse the length of the pipe.

The axial motion of the tube is modeled using the following axial force balance:

o’u  ON,
Phﬁ = o0 ()

where N, is the axial stress resultant, defined as the integral of axial stress through the wall thickness. Since we
are neglecting the radial dynamics and axial bending of the pipe and balancing the hoop stress against the pressure
load, the Lamé solution [6] for a thick-walled pressure vessel can be used to model the variation of hoop and
radial stresses through the wall thickness. This model is valid only in regions of the pipe where the axial strain
is uniform in both the axial and radial directions, but due to our neglect of axial bending and rotary inertia these
conditions are met everywhere except near the load front and the boundaries of the pipe. As a result, the use of
the Lamé solution is consistent with the assumptions already made in developing this simplified model. Note that
for thin tubes, one can alternatively use the thin shell approximations 6, << Gy and 6g = Pa/h, but in the present

formulation the thick-wall effects can be included without additional difficulty.
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The Lamé solutions for the hoop and radial stresses in a long cylinder are the following:

PR? R?

Ge(}’) = Rz_Rz 1—{—? (33)
PR? R?

o) = s (1-32) @)

where R; and R, are the inner and outer radii of the tube. From Hooke’s law, the axial stress is then:

6, =Ee,+Vv(c,+0p)

2PR?

=Fe,+v————
VR

“)
The axial stress resultant N, is found by integrating G, through the wall thickness. Since in this case G, is uniform
through the thickness, the result is:

2PhR?
RZ—R?

Ny =Ehe,+V 5

It may be noted that the wall thickness is 7 = R, — R; and the mean radius is a = 0.5(R, + R;). Using these

definitions, the axial stress resultant can be expressed in the form:
R2
Ny = Ehg,+VPa <;> (©6)
a

The quantity in parenthesis is the correction due to thick-wall effects, which will hereafter be denoted C;. As the
wall thickness is reduced, this factor approaches 1.0 and the expression that remains is the result from classical
thin shell theory. In this paper, the correction term must be retained since we are analyzing a tube with inner
radius R; = 26.25 mm and mean radius a = 28.2 mm, which gives a correction factor of C; = 0.866.

Upon inserting (6) into (2) and replacing €, = du/dx we obtain:

1 %u aiu va 0P

vz o CEnax @

where v, is the bar wave speed /E /p. This result is a wave equation for the axial displacement u which is forced

by the gradient of pressure. For a thin tube, the correction factor C; tends to 1.0 and the quantity vPa/Eh is the
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quasi-static radial displacement of the tube from classical thin shell theory. Thus the forcing term can also be

interpreted as the gradient of the quasi-static radial displacement.

In the context of traveling shock waves, the pressure distribution is modeled as:

P(x,t) = P,®(vt —x) (8)

where O is the Heaviside step function and v is the speed of the shock wave. Under this load, (7) becomes:

1 Pu *u VP,a
— =5 — =5 = C——0(vt — 9
war e gy Y ®
where §(x) is the Dirac delta function. In this case, the source term vanishes everywhere except at the shock front

x =t and the axial wave motion of the tube is driven solely by the discontinuity in pressure (which results in a

jump in hoop, axial, and radial stresses) at the wavefront.

Observations on the Numerical Simulation Results

The numerical solution exhibits a linear growth in time for both the spatial extent and amplitude of the axial
displacement u. The point of maximum displacement amplitude u, moves with the speed of the pressure wave

and as shown in Fig. 5, and grows linearly with time with a speed of 1, = -0.035 m/s.

The axial displacement also shows a nearly linear variation with distance (Fig. 4) in the segments of the
wave ahead and behind the pressure wave front. We will therefore idealize the strain in these segments as time-
independent with distinct values ahead €, and behind €, of the wave front. From the continuity of the axial
displacement at the pressure wave front, we can integrate the strain through the wave to relate the two strain

magnitudes to the wave speeds and obtain the following relationship:

€1 = — €x2 (10)
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In terms of 1, the idealized strains can computed to be

1D

Ex1 = —
x’ Vp—

and

€2 = f (12)

Solution of the Model Equations

Based on the results of the numerical simulations, we can divide the solution domain into three segments:

Region 0: vyt < x < L. Ahead of bar wave front there is no disturbance and the axial displacement vanishes.
Once the wave reaches the RHS of the pipe, x = L, a reflected wave propagating the left is created in order to
satisfy the boundary condition. This wave can be readily computed using the method of characteristics [7] but in

the interest of brevity, will not be considered in this note. With this limitation, the solution is simply
u(x,r) =0 for Vpt <x <L (13)

Region 1: vr < x <v,r Between the pressure wave front and the bar wave front, the axial displacement propagates
as a right facing wave with constant axial strain €, ; and stress resultant N, ;. The magnitude of the strain was

given above by (11). Since the pressure is zero in this region, the axial stress resultant (6) reduces to

N, = Ehe, (14)

which is consistent with the state of uni-axial strain ahead of the pressure wave front. From the theory of charac-

teristics for wave equations [7], the axial displacement in this region has the general form

u=f(x—opt) (15)



From the assumption of constant axial strain in this region we conclude that

u(x,t) = €1 (x —pt) (16)

which consistent with our previous observations. This implies that

ou
5 = ExV (17
du
5 = el (18)
Using (11), we can write the displacement field as
u(x,t) =— “ (x —opt) for vt < x < Vpt (19)
Vp —7V

Region 2: 0 < x < vt - Between the LHS (x = 0) of the pipe and the pressure wave front x = v¢, the displacement

is steady (independent of time) and linearly proportional to the distance from the LHS of the pipe.

2 _

=0 (20)
ou
i €2 21

This can be integrated to yield the complete solution

u(x,r) =€ ox (22)

The axial stress resultant in this region is

Nx72 = Eh£x72 +vaPC; (23)



Using (12), we can write the displacement field as

u(x,t) = —x for 0<x<wvr (24)

In order to complete the solution, we need one more relationship to determine the value of the strain in either
region 1 or 2 or else the magnitude of #,. An additional relationship can be obtained by considering the axial
force balance in the shell on each side of the pressure front. In general, the axial stress resultants on each side will
be different in order to have a balance of momentum at the front that correctly accounts for the jump in material
velocity V = du/dt through the front.

The simplest way to construct the balance of momentum is to consider a fixed control volume that encloses
the shell. At time 7 the left boundary of the control volume is in region 2 just behind the pressure front, and the
right boundary is well in front of the bar wave, completely enclosing region 1. Recognizing that the velocity in
region 2 is zero, the change in momentum in a time At will be the sum of the loss of momentum in the shell
material that is brought to rest by the motion of the front and the gain of momentum due to the motion of the bar
wave. This has to be balanced by the impulse applied to the control volume by the stress resultant in region 2,

since the stress resultant ahead of region 1 vanishes. The resulting momentum balance is

— xval‘ = ph (Db — D) V]Al‘ (25)

Substituting for the axial stress resultant and the velocity, we have

Eh8x72 +vaPC; = *ph (Ub — D) (*Ex,ll)b) (26)

Substitutions of expressions for axial strains (11) and (12) leads to

. wo, aP
= —v ——C 27
“p Vpy+VhE ! @7
v, apbP
€2 =—V —= 28
x,2 Ub+DhE t ( )
Vo, abP
&1 =4+V———-—=C 29
w = V-V hE " 29



From Hooke’s law, the hoop strain is given by:

1

€9 = z [0o — V(0 +0,)] (30)

At the outer surface of the tube, G, is zero and in region 2, Gg and G, are evaluated using (3a) and (4). Using these

equations, the hoop strain at the outer surface in region 2 is found to be:

0 Pa
€9 = [ 1—V? —C 31
82 < l)b-i-l)) Eh " GD

In region 1, both 6, and G¢ are zero, so the application of (30) gives:

— 32
V-V Eh " (32)

€91 = —V

As expected, €g 7 is intermediate between the limiting cases of zero axial strain, €, > = 0, and zero axial stress, Ny >

= 0, which give the limits
Pa Pa
VO Zco < <z
(1—v?) Eth <gpy < Ehc, (33)

Substituting the parameters listed in Table 1, we obtain the numerical values given in Table 2. The corre-
sponding L.S-Dyna simulation results were analyzed to extract mean values for comparison to the model. Given
the simplifications of the model, the results compare favorably with the values computed by the transient finite-

element solution.

Green’s Function Solution

The exact solution for the axial displacements can also be found using the mathematical technique of the
Green’s function. To do so, (7) will be solved on a semi-infinite interval [0,e0] with the boundary condition
u(0,7) = 0 at the origin. The Green’s function g(x,x,,7,7,) is found by replacing the inhomogeneous term in (7)

by spatial and temporal Dirac delta functions:

1 9> d%g
D—IQ)W 52 S(x—x,)0(t —1,) (34)
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The Green’s function satisfying this equation is given by [8]:

L
g(xaxmtato) = 2b®<1)b(t —to) — ]x—xo|>

2 x— x| <Vp(t—1o)

= (35
0 |x—xo| >0p(r—1,)

where O is the Heaviside function. Solutions to the inhomogeneous wave equation (7) are found by integrating

the Green’s function against the source term:

( z)—/’/w (201,11 L0 p(ay ) (36)
u\x,r) = 0 7oogx>xoa’o tEhax(, Xo,ylo)dXeAly

We are only interested in solutions on the interval [0,ec], but in order to evaluate this integral it is necessary to
specify the pressure P(x,,?,) for x, < 0. To satisfy the boundary condition u(0,7) = 0, the pressure distribution is

mirrored symmetrically about the origin, i.e.,
P(_xmto) = P(xmto) 37

Since the Green’s function is only non-zero when |x — x,| < Vp(f —1,), the limits of the spatial integral in (36) are

replaced by finite values and the solution can be written as

Db va x+1)bt Io
t,)dx,dt 38
u( 2Eh//xb,,t ) axo (xm 0) Xodlo (38)
which is readily integrated to obtain:
Vp Va
) =6 g [P (xontr-n)
P<xl)b(tt0),to>dt0 39)

The above result is valid for an arbitrary pressure distribution. We now specialize to the case of a shock wave

traveling at velocity v, for which the pressure is a step function of amplitude P,:

P(x,,t,) = P,®(vt, — x,) (40)
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Equation (39) can be interpreted as the integral of the applied pressure P along the C* and C~ characteristics,
where integration along these paths is parameterized by 7,,. This situation is shown schematically on an x-f diagram
in Fig. 6. The right half of the diagram depicts the domain of interest, while the left half is the mirror image used
to satisfy the zero displacement boundary condition. There are two waves in the region of interest. The faster
wave, traveling at a speed vy, is the leading characteristic and in front of this wave (Region 0) no motion of the
tube occurs. The slower wave, traveling at speed v, is the applied pressure load. Within the shaded region on this
plot, the applied pressure is constant and equal to P,, while outside this region the pressure is zero.

In this diagram we are seeking the solution u at a pair of coordinates (x,). As represented in (39), the solution
at this point is found by integrating the pressure along the C* and C~ characteristics, shown as dashed lines in the
figure. If the point of interest lies in Region 2, as depicted by point (x,7,), then both the C* and C~ characteristics
pass through the shaded region where the pressure is nonzero. On the other hand, for a point such as (x,#,) lying
in Region 1, only the C* characteristic passes through the shaded region. As a result, the form of the solution is

different in each of these regions.

Region 2
To evaluate (39) in Region 2, we need only to integrate from 7y < 7, < t along the C* characteristic and from
t) <t, <t along the C~ characteristic, where #; and f, are the times at which the characteristics intersect the

pressure wavefront. Thus (39) becomes:

‘l)b va
P,dt, P,dt,
uwn) =G5y [/ a / i ]

Vp Va
= H—t 41
=C— ) Eh ( 2) ( )

From the geometry of the problem, the times #; and #, are found to be:

Vpl — X
= 42
! V+Vyp (422)
X+ 0pt
= 42b
2 V+Vyp ( )
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Thus the displacement in region 2 is given by:

__cYe Vb
u(x,t) = CtEhPo <D—|—Ub> X (x <vr) (43)

Region 1
The solution in Region 1 is found using the same approach; however, only the C* characteristic passes through
the shaded region in Fig. 6. As a result, (39) becomes:

Vp Va

u(x,t) = ijﬁpo(“ —13) (44)

Referring to Fig. 6, t3 is exactly the same as #; above and #4 is given by:

X — Vpt
ty = 45
L~ 45)
Hence the displacement in region 1 becomes:
va VL,
u(x,t):C,ﬁPO (UI%_'UZ> (X—Dbt) (.x>1)t) (46)

A plot comparing the axial displacement predicted by this simple model with finite element simulations (using
conditions from Table 1) is shown in Fig. 7. The simplified model captures the axial motion remarkably well given

the level of simplification involved.

Strains and Stresses

By differentiating the displacements, the strains are found to be:

—C %P, ( Y ) x <Vt
g, = E V+Vp (47)
+Ci 55 Py (U%)f’; 2) x>t



These expressions are exactly the same as those determined in (28-29) using mass and momentum balances.

Making use of the definition (6), the axial stress resultant is found to be:

L
N, _ A% <U+UI,> x <Vt (48)
P,,aC, vo,
() e
vl-v

A similar analysis can be performed for the case of a pressure load that is supersonic relative to the bar wave
velocity (v > vp), and expressions for the axial displacement u under these conditions are provided in Table 3.

We have also reproduced these results by taking the semi-infinite Fourier sine transform of (7) and solving the
resulting temporal ordinary differential equation. Upon inverting the transform, the following form of solution is

obtained:

va 1 Vp
M(X,t) = Ctﬁpoi (1)2_’02> |:'U<|)C+Dbt - |xDbt|)
b

—nb<\x+nt1—\x—nt|>} (49)

This result is equivalent to (43) and (46), but conveniently encapsulates the displacements for regions 0, 1, and 2

as well as the subsonic (U < V) and supersonic (U > V) cases in a single expression.

Zero-Stress Boundary Conditions
In addition to the boundary condition u(0,7) = 0 used in the preceding sections, a second practical boundary
condition is one of zero axial stress: Ny(0,¢) = 0. This could correspond to a pipe with a capped end, such that

the end of the pipe is free to translate axially. Referring to (6), this boundary condition is equivalent to:

Ju P,a
I e —VECI (50)

Since any linear function of x and ¢ satisfies the wave equation (7), it is possible to add such a function y(x,7) to

the above solution u(x,7) in order to satisfy zero-stress boundary conditions rather than zero-displacement. The
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function which satisfies this property is:

P
Y1) = —vC,E—‘;l <Dbio> (x—Vpt) (51)

After adding this function to u(x,7) from (43) and (46), the resulting displacement field for conditions of zero

axial stress is the following:

VL

PalXx— " x <t
ulx,) = VG B (52)
1)2
_W(x—vb)t x>t
The corresponding strain is:
P,a 1 x <Vt
& = —VC,—— (53)
X t Eh "
o x> vt
And the axial stress resultant is:
N. 0 x <Vt
= = (54)
P,aC; 02
Vﬁ x >Vt
V-V

Once again, similar expressions can be obtained for the case of a supersonic load (v > v,) which are given in
Table 3.
The axial displacement profile for the stress-free boundary condition is compared with finite element results

in Fig. 8. Once again, excellent agreement between the simple theory and the FEM is observed.

Comparison with Finite Element Simulations

Figure 9 compares the axial strain predicted by the simplified model with the results of finite element sim-
ulations over a wide range of load speeds. The conditions other than load speed are those listed in Table 1. As
this figure shows, the simplified model captures the spatially-averaged axial strains quite well. The strains in this
plot are normalized by the mean hoop strain & = P,aC;/Eh, which is the same for all load speeds. This scaling

demonstrates the substantial amplification that occurs as the bar velocity v, is approached.
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It is interesting to note that the simplified model, despite being an unsteady model, predicts peak strains that
do not vary with time. In contrast, the finite element model predicts peak axial strains that grow with time at a rate
very close to #2/3 (which is in good agreement with the theoretical predictions of [9]). The simplified model does
not capture this temporal growth since this effect involves the coupling between radial, rotary, and axial modes of

motion which are neglected in the simple theory.

To enable a more quantitative comparison between the predictions of the simplified model and the finite
element simulations, the simulated strain traces were averaged on the intervals [0,v¢] and [vz,vpt] corresponding
to the primary and precursor waves. These average strains are compared with the predictions of the simple model
in Fig. 10. In both the precursor wave and the primary wave, the axial strain predictions of the simplified model are
in very good agreement with the finite element simulations. Only near the resonant point v/v, = 1 are significant
differences observed. One reason for these differences is the fact that the peak strain predicted by the finite element
model grows with time. The peak strain observed in the simulations is therefore limited by the finite length of the

pipe, and closer agreement with the simplified model would probably be obtained if a longer pipe were simulated.

Conclusions

A simplified model was proposed for predicting the axial displacement, stress, and strain in pipes subjected
to internal shock waves. This model was derived using both physical arguments from mass and momentum
conservation as well as direct solution of the governing partial differential equation of motion. Comparisons with
finite element simulations show that this model adequately captures the low-frequency behavior over a wide range
of load speeds, with speeds varying from zero to greater than the bar speed v, = \/Ei/p When the load speed v
approaches the bar speed, the simple model predicts a time-independent resonance with unbounded stresses and
strains. In contrast, the finite element model predicts peak strains that grow with t2/3. However, for load speeds

differing by more than about 10% from v,, the predictions of the simple model are quite adequate.
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Nomenclature

a Mean radius of pipe 0.5(R; +R,)

C, Correction factor (R;/a)? due to thick-wall effects
E Elastic modulus of pipe

g Green’s function for the wave equation
h  Pipe wall thickness

N, Axial stress resultant

No Hoop stress resultant

P Pressure of shock wave

R; Inner radius of pipe

R, Outer radius of pipe

u Axial displacement of pipe

u, Maximum axial displacement along pipe
w  Radial displacement of pipe

V  Axial velocity of pipe material du/ot
€, Axial membrane strain

€9 Hoop strain

® Heaviside step function

v Poisson’s Ratio

p Pipe density

v Speed of shock wave

v, Bar wave speed \/E/p

v, Dilatational shell wave speed \/E/p(1 —V?)
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Table 1. Dimensions, material properties, and load conditions of Schedule 40 stainless steel pipe

Density p
Young’s Modulus E
Poisson’s Ratio v

Bar Wave Speed v,

Shell Dilatational Wave Speed v,

Pressure Wave Speed v
Pressure Load P

Pipe Inner Radius R;
Pipe Wall Thickness R,

Mean radius a

kg/m?

GPa

mm

mim

8040
193
0.3

4900

5190

2088

2.52

26.25

391

28.2
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Table 2. Comparison of model results with the LS-Dyna solution.

Property LS-Dyna Model
i, (m/s) -0.0350  -0.0359
€x,1 (ustrain) 12.7 12.8
€y 2 (ustrain) -16.8 -17.2
€p,1 (ustrain) -3.92 -3.83
€p,2 (ustrain) 85 79.5
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Table 3. List of expressions for the axial displacement for several different boundary conditions and load conditions. The displacement is

zero if x/l‘ > maX(D,Db).

Load Case Boundary Condition Displacement
VpX
- x <Vt
v < v u(0) =0 u(x,t) = G Yka Rl
Eh VU,
s (x —pt) x> vt
_ X X < Vpt
v >, u(0) =0 u(x,r) =C¥ad L, U™
o~ —bvi (x—t) X > Opt
VL,
—x+ t x <t
v <V, N (0)=0 u(x,t) = G,y , ot
ubliuz (x —vpt) x> vt
P —X+ lef) X < Vpt
V> Ny (0)=0 u(x,t) = G2 o b
<D27’;)2 - 1) (x—t) X > Vpt
b
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Fig. 1. Simulation results for radial and axial displacement on the outer surface of the pipe at 225 us; the shock wave front is located at 0.47

m and the bar wave front is at 1.1 m.
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Fig. 3. Simulation results for radial and axial displacement wave systems shown at increments of 100 ts. For clarity, successive traces have

the zero values offset by an amount proportional to the time increment.
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Fig. 4. Selected axial displacements from Fig. 3 shown without offsetting the zero strain.
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Fig. 5. Extremum axial displacement (at X = Vf) as a function of time showing the linear relationship.
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Fig. 6. Wave diagram for a shock wave traveling along a tube at speed V.
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Fig. 7. Comparison of axial displacements from finite element simulations and the present simple model. Boundary condition is M(O, l‘) =0.

Simulation conditions are those summarized in Table 1.
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Fig. 8. Comparison of axial displacement from finite element simulations and the present simple model. Boundary condition is NX(O, t) =

0. Simulation conditions are summarized in Table 1.
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Fig. 9. Comparison of axial strain profiles for several speeds of pressure load. For the case of D/Db = 1.0, the model predicts a function

of infinite height and zero width. The boundary condition is NX(O, t) = (), and strains are normalized by the static hoop strain Poa/Eh.

Fig. tiff

32



(9]

- o FEM: x<ut ; I.
< % a FEM: x>ut : 'lu
K3 Q. ——Model: x < ut ; ]
A - = Model: x > ut i 1
1
~— H \
8 4- T ! ]
w 1 '
, 0 1
= ; \
o p—] N \
< ! \
— ! \
~+ 1 8 o
N 2_ il /\ i
— -1 Ay
< ’ A3
o ’ \
> I'\ ’\,\
< e /*,\ o
'_8 go--T = RS
§ O ]
—
°
CE@ o o PN PN o ° o o - 0
—
>

0 02 04 06 08 1 12 14 16
Load Speedv%

Fig. 10. Average axial strains in precursor and primary wave regions. Symbols correspond to finite element simulations and solid lines to

the simple model. Boundary condition is Ny (0,#) = 0.
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