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The load acting on the wall of a pipe by a detonation, which
is travelling through, is not yet well characterized. The main
reasons are the limited amount of sufficiently accurate pres-
sure time history data and the requirement of considering
the dynamics of the system. Laser vibrometry measurements
were performed to determine the dynamic response of the
pipe wall on a detonation. Different modelling approaches
were used to quantify, theoretically, the radial displacements
of the pipe wall. There is good agreement between measured
and predicted values of vibration frequencies and the propa-
gation velocities of transverse waves. Discrepancies mainly
due to wave propagation effects were found in the amplitudes
of the radial velocities. They might be overcome by the use
of a dynamic load factor or improved modelling methods.
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1. Introduction

Explosions of gases occurring in pipelines may be
deflagrative (i.e., the reaction front propagates with a
speed much lower than the speed of sound of the gas,
whilst the pressure front moves with sonic speed) or
detonative (i.e., the reaction front is coupled to a shock
wave and propagates with a speed higher than speed
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of sound), depending on the thermodynamic properties
of the gas, the geometry of the pipeline and the initial
pressure. Further background details are given in [2,3,
7,8].

The shock wave associated with detonations is
characterized by a short-time, extremely high pres-
sure pulse (Fig. 1). In case of acetylene detonations,
the propagation speed of the reaction front is about
2000 m/s. Typical peak values of the pressure pulses
in a long tube are about 30 to 50 times the initial
pressure (Fig. 2), typical widths are in the range of
0.03–1.0 milliseconds (full width at half maximum,
FWHM).

For safe operation of pipeline transport and handling
of acetylene (“detonation proof design”), the stresses
caused by those high pressure pulses have to be with-
stood by the pipe wall. For design purposes, theoreti-
cal approaches may be used which have to be backed
by experiments. These experiments concern the pres-
sure history, the radial vibrations and the actual dy-
namic stresses in the pipe wall as well as the material
properties of the steel in the case of fast dynamic load-
ing.

Thestatic approach(I) for calculating the required
thickness of the wall is not adequate here since the
short pressure pulse excites the radial vibration modes
of the pipe. This implies effects like overshooting, but
also attenuation due to the inertia of the mass of the
wall and changes of the material properties due to ex-
tremely high strain rates. The static approach is only
valid in cases of a moderate rates of pressure rise (e.g.,
deflagrative explosions).

A dynamic approach(II) may be achieved by deriv-
ing an analytic expression for the fundamental radial
vibration mode. This approach assumes that the radial
displacements as well as the excitation are symmetric.
Wave propagation is not taken into account. Within this
model, analytical calculation of strain and stress is pos-
sible by a linear-elastic model.
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Fig. 1. Differences in the pressure/time trace of a deflagrative (upper diagram) and a detonative explosion (lower diagram). The initial pressure
was 1 bar abs in both cases. The maximum rate of pressure rise for deflagrations is typically below 1000 bar m/s (normalized for volume), the
maximum explosion pressure is typically 7 to 12 times the initial pressure. Detonative explosions exhibit in the leading edge of the pressure/time
trace a very high and short pressure pulse associated with a shock wave which does not appear in deflagrations. The pressure rise of this pulse is
faster than can be measured with piezoelectric pressure sensors (>108 bar/s), the height of the pulse depends on the kind of gas and the geometry
of the gas volume (here 135 times the initial pressure was attained, the gas was CH3-O-NH2).

An improvement to approach II is done by perform-
ing finite element calculations of the vibration modes.
Here, as well non-symmetric effects can be included.
However, non-linear effects such as plastification are
not considered.

A physically more correct and detailed approach is
the wave propagation approach(III), see [4]. It takes
into account the effect of travelling waves through the

pipe wall. There is the possibility of resonances if the
velocities of the detonation front and the wave speed
in the wall are in the same order of magnitude. From a
mathematical point of view the pipe has to be treated
as a continuous system which does not allow simple
analytic expressions for the pipe wall vibrations.

In this study, laser velocimetry measurements of the
pipe wall exposed to a detonation are performed in or-
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Fig. 2. Pressure/time traces of a detonation propagating through 10 bar acetylene in aφi = 6 mm pipe. The pressure sensors pa, pb and pc (type
PCB113A03, range 1035 bar, resonance frequency 500 kHz) were mounted in the wall of the tube. pa was mounted most closely to the point of
ignition (500 mm). The distances between the sensors were: pa to pb 4410 mm; pb to pc 1750 mm. The sampling interval was 20µs.

der to determine the vibration modes excited by the
detonation and to check the measured displacements
of the wall from rest position against theoretical pre-
dictions. Approach II is predominantly used for mod-
elling. However, approach III is occasionally adopted
to explain the results.

Other studies in a similar context are described in
[5].

2. Experimental setup

A schematic drawing of the experimental setup is
shown in Fig. 3. It basically consists of two straight
pipes (inner radiusRi = 15 mm, outer radiusRa =
24 mm, total lengthL = 6 m, material 1.0305). A pres-
sure sensor was mounted in the lens-like metallic seal
between the flanges of both pipes (position 2). The
right end of the pipeline was closed by a blind flange
(position 4). The flanges are fixed to prohibit move-
ments sideways which may affect the measurement of
the radial displacements.

The experimental procedure is as follows: The evac-
uated pipeline is filled with acetylene up to pressures
of about 10, 15 or 20 bar. Then the acetylene is ig-
nited by a melting platinum wire at the left end of the
pipeline. At first the decomposition proceeds deflagra-

tive, i.e., the reaction front starts to propagate through
the pipe with a speed much lower than the speed of
sound whereas the resulting pressure front itself moves
with sonic speed (338 m/s for 1 bar abs). With in-
creasing temperature the reaction front is accelerating.
The transition from deflagration to detonation occurs
within a small distance from the point of ignition (less
than 1.5 m for the pressures cited above). The reaction
front is now coupled with a shock wave which exhibits
a very high pressure amplitude and moves with a con-
stant speed of about 2000 m/s through the pipe. At the
closed end, the shock wave is reflected. Hence the pres-
sure acting on the blind flange is twice as high as the
pressure acting on the pipe wall.

3. Measurement devices

3.1. Pressure measurement

For the measurement of the pressure time his-
tory, which is important for quantifying the source of
the excitation of the wall, a piezoelectric transducer
PCB 113A03 (range 0–1035 bar, resonance frequency
500 kHz) was used at position 2 of the test rig. It is
mounted flush with the inner surface of the pipe wall
to avoid disturbances in the measured signal.
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Fig. 3. Experimental setup for measuring the oscillations excited in the wall of a pipe (inner radiusRi = 15 mm, outer radiusRa = 24 mm, wall
thickness 9 mm) by detonations of acetylene at initial pressures up to 20 bar.

Fig. 4. Fiberoptic laser vibrometer.

3.2. Vibration measurement

For the radial vibrations which determine the dy-
namic stress in the wall of the pipe, a frequency range
of up to 100–150 kHz with very small amplitudes and
very high accelerations was to be expected for the pipe
under consideration. For this application, piezoelectric
accelerometers are not practically suitable. Therefore a
fiberoptic two-point laser vibrometer POLYTEC OFV
502 with vibrometer controller OFV 3000 and veloc-
ity demodulator OVD 01 was chosen for measuring
the radial and axial displacements (schematic Fig. 4).
Since the determination of the radial vibration modes
without rotational symmetry requires a second chan-
nel oriented perpendicular to the first one, an addi-

tional laser vibrometer POLYTEC OFV 303 was in-
stalled.

3.3. Data acquisition

The pressure and the vibration signals were recorded
simultaneously by a PC equipped with a 200 kHz A/D
converter board. For antialiasing the charge amplifier
of the pressure sensors was equipped with a 100 kHz
low-pass filter. As a second recording device operated
simultaneously with the PC a RACAL store 7 DS tape
recorder was used. The frequency analysis was per-
formed on a 400 kHz real time signal analyzer YOKO-
GAWA SA2400.
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Fig. 5. Time series of pressure and vibration velocity.

To relate the data measured by the pressure trans-
ducer to the data recorded by the laser vibrometer with
respect to time difference, the difference between the
delay times of the indivual devices due to signal pro-
cessing effects must be known. By recording both sig-
nals at the same position (position 2) the difference was
found to be negligible (in the order of magnitude of few
nanoseconds). For the actual vibration measurements
the pressure sensor had to be installed at some distance
from the axial position sensed by the laser, because
otherwise it would destroy the rotational symmetry of
the wall and thus distort the vibration data.

4. Measurement results

In the following sections, the results of a series of
19 experiments with different initial pressures between
11 and 21 bar are described. The pressure was always
measured at axial position 2, the vibration velocities
of the pipe wall were measured at position 3 in two
directions oriented perpendicular to each other (in the
following referred to as horizontal and vertical).

4.1. Time delay

Figure 5 gives a typical example of a measured time
trace of pressure and radial vibration velocity of the

pipe. Since the distance∆x between position 2 (pres-
sure sensor) and position 3 (vibration sensor) is exactly
∆x = 1 m, the vibration signal will appear later than
the pressure signal. The time difference∆t between
the main peaks of∆t = 0.5 ms proves the propaga-
tion speedv of the shock wave to bev = ∆x/∆t =
2000 m/s. It can also be perceived that the pipe wall is
beginning to vibrate earlier: small vibrations are start-
ing at∆t = 0.19 ms, larger vibrations at∆t = 0.37 ms.
To understand these effects, one first has to look at
wave propagation. In the pipe wall, longitudinal as well
as transverse waves may propagate. The correspond-
ing wave speedscL andcT are determined by material
constants and the pipe geometry, as

cL =

√
E

ρ
, cT = cL

√
Ra−Ri√
3R(1− v2)

,

R =
Ra +Ri

2
.

E is the modulus of elasticity (E = 2.0× 1011 N/m2)
of the pipe material,ρ is the density (ρ = 7900 kg/m3),
ν = 0.3 is the Poisson number. In our casecL =
5030 m/s andcT = 2720 m/s, which is higher than
the propagation speed of the detonation front. The cor-
responding transversal wave Mach number is Ma=
v/cT = 0.74. The time delays for the onset of the small
vibrations are perfectly explainable if these radial dis-
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Fig. 6. Top diagram: Pressure–time history of a stable detonation propagating in aφi = 30 mm pipe at 15.5 bar initial acetylene pressure. Bottom
diagram: Detonation pressure ratios of acetylene as function of the initial acetylene pressure (squares and circles denote data from pipes with
φi = 10 mm andφi = 30 mm, respectively).

placements are associated with a longitudinal wave (al-
though the amplitude of this wave is parallel to the
axis of the pipe, there will be small displacements per-
pendicular to the axis because of the lateral contrac-
tion) and a transverse wave which had been excited in
the pipe when the detonation front passed the flange,
i.e., axial position 2:∆x/0.19 ms= 5263 m/s equals
cL, ∆x/0.37 ms= 2700 m/s equalscT. Apparently the
impedance of the flange connection of the two pipes is
too high to let pass noticeable amplitudes of the longi-
tudinal and transverse waves, which had been excited
in the left 3 m pipe (i.e., the pipe adjacent to the point

of ignition), through to the right 3 m pipe. Otherwise
one would have to detect some vibrations at position 3
even before the detonation passed position 2.

4.2. Pressure

The upper diagram of Fig. 6 shows an example
for the time history of the detonation pressure pulse
(here for 15.5 bar initial pressure). For all 19 experi-
ments conducted the FWHM was between 0.1 ms and
0.15 ms. FFT analysis shows typical noisy behaviour.
The lower diagram displays the pressure ratio as func-
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Fig. 7. Time series of radial vibration velocity.

Fig. 8. Frequency spectrum of the radial vibration.

tion of the initial pressure. The data suggest that with
increasing initial pressure the pressure ratio slightly
decreases. But this effect was not examined any fur-
ther.

4.3. Pipe wall vibrations

Figure 7 shows a typical time series of the measured
radial vibration velocities of the pipe wall. The maxi-
mum values are of the order of 5–8 m/s, depending on
the initial pressure.

The vibrations show a difference between the max-
imum radial vibration velocities in the horizontal and
the vertical direction of up to 50%. There is no system-
atic trend between the two values to indicate which is
the larger.

As in the case of the pressure, there is a typical value
of the maximal value of around 1.1 m/s±25% for each
100 bar pressure peak. The displacement of the pipe
wall reaches 5µm peak-to-peak amplitude for each
100 bar pressure peak.

The frequency spectra of the radial vibration veloc-
ities (for example, Fig. 8) clearly indicate that differ-
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ent vibration modes are excited by the detonation. That
means that in reality the detonation front is not exactly
symmetric because in this case only the rotational sym-
metric vibration mode would be excited. This is also
shown by the trajectories in Fig. 9. Here, vertical veloc-
ities are plotted against horizontal velocities. The de-
gree of asymmetry is clearly noticeable but dominating
are the “nearly symmetric” modes.

Another interesting feature is a main frequency of
around 55–60 kHz when the detonation front is just
passing by. This can be seen in Fig. 10 where in the
upper diagram a time series is shown. The time depen-
dent FFT analysis in the lower diagram shows that this
frequency is not present any more when the detonation
wave has passed by. Then the symmetrical natural fre-
quency of 45 kHz dominates.

Looking at the frequency spectra at a range of less
than 2 kHz (see Fig. 11) there are clearly distinguished
peaks which can be assigned to bending and axial vi-
bration modes (L1, . . . ,L4). The axial modes are found
via the lateral contraction obtained from the radial vi-
brations.

5. Radial vibration modelling (dynamic
approach II)

In the following section, modelling approaches are
given for the radial and axial vibrations of the pipe.
They lead to general statements about the dynamical
loading of pipes by detonations. The results of calcula-
tions and measured data are compared.

5.1. Calculation of the vibration mode with rotational
symmetry in a pipe

The radial vibration mode with rotational symmetry
in a pipe is calculated analytically under the following
assumptions and approximations:

(1) The pipe wall is regarded as homogeneous.
(2) The pressure time history of the detonation

is approximated by the exponential function
p(t) = p∞ + (pmax− p∞)e−αt, p∞ = p(t →
∞). The damping factorα is approximated to
α = 6000–7000 s−1 from the measurements.
p∞ is the final pressure. Caused by the high tem-
perature of the reaction products, it is about 10
times the initial pressure:p∞ ≈ 10pini.

(3) The shock front associated with the detonation
is not considered propagating through the pipe.
It is assumed that the pressure is the same at any
axial position in the pipe at a given timet.

(4) The pressure of the detonation at a timet is as-
sumed equal at all points given by the intersec-
tion of a plane vertical to the axis of the pipe
with the inner surface of the wall of the pipe (ro-
tational symmetry). This means that of all pos-
sible radial vibration modes only the one with
symmetry is excited.

(5) The circumferential stress generated in the pipe
wall by the detonation is considered as uniform
over the thickness of the wall (assumption of a
thin walled tube).

(6) The pressure outside the pipe is neglected.

Fig. 9. Trajectories of the vertical/horizontal components.
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Fig. 11. Frequency spectrum in the low frequency range. Peaks can be associated with natural frequencies of bending and axial vibration.

(7) The wall material is regarded as totally elas-
tic. No plastification effects are taken into ac-
count. This assumption holds as long as the
stress caused in the wall of the pipe does not ex-
ceed the yield strength (Rp0.2) of the material.

The radial vibrationsu(t) are thus described by the
damped one degree of freedom model

ü(t) + 2ζωRu̇(t) + ω2
Ru(t) = Ap(t),

A =
2πRi

ρπ(R2
a−R2

i )
, ωR = 2πfR,

where the natural frequency of a thin walled tube is
given by

fR =
1

2π
cL

R
with R =

Ra +Ri

2
.

The solution can be obtained analytically:

u(t) =
Ap0

ω2
R

[
1− e−ζωRt

(
cosωR

√
1− ζ2t

+
ζ√

1− ζ2
sinωR

√
1− ζ2t

)]

+
A(pmax− p0)

α2 − 2ζαωR + ω2
R

[
e−αt − e−ζωRt

×
(

cosωR

√
1− ζ2t+

(
ζ√

1− ζ2

− α

ωR

√
1− ζ2

)
sinωR

√
1− ζ2t

)]
.

In case of homogeneous initial conditions, the approx-
imated maximum amplitude isumax = Apmax/ω

2
R.

With the given geometry and material data we have
umax = 1.63µm/100 bar anḋumax = 0.4 m/s/100 bar.
To illustrate the results, Fig. 12 displays the vibrations
of a pipe excited by a pressure pulse due to a detona-
tion.

To give some idea about the frequencies, maximum
displacements and vibration velocities associated with
the symmetric vibration mode, Table 1 displays the
data for different tube geometries common for high
pressure applications in process industry.

As in reality the pipe is not a thin walled cylinder,
the calculated values are mean values. To obtain the
maximum values which are found at the inner surface
of the wall, as well as to compare to the measured val-
ues which are taken at the outer surface of the wall, the
following relation has to be taken into account:

u(r) =
(1 + ν)pR2

i

E(R2
a −R2

i )

[
R2

a

r
+ (1− 2ν)r

]
.

In the given case, the displacements at the inner surface
will be 19% higher than the mean value. At the outer
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Fig. 12. Calculated displacements velocities excited by a pressure pulse due to a detonation. The equations allow for a vibration mode with
rotational symmetry. Parameters:E = 2.0× 1011 N/m2, ρ = 7900 kg/m3,Ra = 24 mm,Ri = 15 mm,pmax = 700 bar,fR = 44 kHz.

Table 1

Frequencies, maximum displacementsumax (peak to peak) and vibration velocitieṡumax (amplitude) for
certain common tube geometries and different detonation pressurespmax. Calculation is based on a modulus
of elasticityE = 2.0× 1011 N/m2 and a densityρ = 7900 kg/m3. The wall material was assumed elastic

Radii of tube, fR (kHz) T (µs) pmax = 325 bar pmax = 1250 bar

Ri ,Ra (mm) umax (µm) u̇max (m/s) umax (µm) u̇max (m/s)

Ri = 4,Ra = 5 178 5.6 5.7 3.2 22 12.3

Ri = 3,Ra = 5 200 5 1.9 1.2 7.3 4.6

Ri = 5,Ra = 9 114 8.7 2.7 1.0 10.7 3.8

Ri = 15,Ra = 24 44 24.3 10.3 1.3 39 5.1

Ri = 20,Ra = 35 29 34.3 11.6 1.0 45 4.1

surface, the displacements are 76% of those at the inner
surface and 90% of those at the mean radius.

A finite element model which additionally considers
the thickness of the pipe wall leads to a similar result.
So, the radial displacements at the inner wall of the
pipe and the wall stresses can be calculated from the
measured radial displacements at the outer wall.

5.2. Natural frequencies and modes of the radial
vibrations of a pipe

With a linear-elastic finite element model, all of the
radial vibration modes and their natural frequencies
can be calculated. Examples are given in Fig. 13. Some
of the radial vibration modes may be as well calcu-
lated in terms of formulae. The rotational symmetric
mode of the “thin walled tube” was already given with
fR = cL/2πr̄. Due to the wall thickness, the real fre-
quency is somewhat smaller. As well, the “breathing”
frequenciesfi can be calculated (see [1]) by

fi =
1

2π
i(i2− 1)

2
√

3
√
i2 + 1

cL

R

(Ra−Ri )

R
,

i = 2, 3,. . . .

Some of these vibration modes appear as well in the
measured frequency spectra. Mainly, there are modes
with the frequencies of 14, 38, 45, 60 and 88 kHz as
already shown in Fig. 8. A frequency at around 50–
60 kHz is not present.

5.3. Effects of asymmetric excitation

With finite element calculations, the effects of asym-
metric excitation are studied. Different load cases with
the same time history are studied. Three cases are com-
pared here:

Case 1: symmetrical loading;
Case 2: load only acting on 270◦ of the pipe;
Case 3: point load at one point.
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Fig. 13. Natural frequencies and modes of the radial vibrations of a pipe, calculated by a linear-elastic FE model.

Simulation Measurement Measured/
Simulated

Maximum
displacement (µm) 2.57 4.8–6.3 1.8–2.4
Maximum
velocity (m/s) 0.36 0.9–1.2 2.5–3.3
Maximum
acceleration (m/s2) 98300 250000 2.5

The main result is the following: with increasing
asymmetry it is possible that locally the vibration am-
plitudes as well as the stresses are much higher than in
the symmetric case (factors up to 10).

6. Comparison between measurements and
simulation

The following table shows a comparison between
measured and calculated data. The calculated data are
corrected for the outer pipe wall and related to a pres-
sure peak of 100 bar.

The results of the different experiments are shown
in Fig. 14. The tangential stresses are shown in Fig. 15.
The theoretical values obtained by approach II are sub-
stantially smaller than the measured values. Thus, there

is a Dynamic load factor (DLF) of about 2 to 3 which
is not included in the simple model. Three effects are
influencing this DLF:

• Thick-walled pipe. Difference between values at
mean radius and maximum values at inner pipe
wall, as mentioned above.
• Non-symmetric behaviour resulting from loading

and geometry as mentioned above.
• Wave propagation effects.

6.1. Comments on wave propagation effects

Pfefferkorn [4] investigated theoretically the radial
displacements of a pipeline due to a travelling pressure
rise. The investigation was initiated by the rupture of
a PVC pipe where the rupture moved over the whole
pipe length with sonic speed. For his investigations he
used wave propagation theory. The main difference is
in the load history. For the PVC pipe a sudden pressure
jump was modelled, whereas here we have a short time
pressure pulse. Qualitatively and quantitatively, some
of the results are transferable.

After “starting up” the pressure front and without
considering reflections at the pipe end, there is a typ-
ical wave form which steadily moves along the pipe
with the propagating speed of the detonation front. The
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Fig. 14. Comparison between measured and theoretical values of the vibration velocities. The vibration velocities obtained in different experi-
ments at different initial acetylene pressures were scaled by dividing through the respective detonation pressurepmax, which was expressed in
multiples of 100 bar.

Fig. 15. Comparison between measured and theoretical values of the tangential stresses. The tangential stresses obtained in different experiments
at different initial acetylene pressures were scaled by dividing through the respective detonation pressurepmax, which was expressed in multiples
of 100 bar.

wave form itself depends on the Mach number of the
moving detonation front as function of the propaga-
tion velocity of the transverse wavecT and the pipe
geometry. Typical steady wave forms are represented
in Fig. 16. The amplitude overshoots are significant.
When the Mach number reaches 1 there are resonance
effects.

The amplitudes are not directly transferable to the
actual load case; but the wave length is. For the case
Ma = 0.73 there is a wave length ofX = 0.05 m.

The corresponding frequency of the travelling wave is
fW = cT/X = 58 kHz. This corresponds very well
with the measured main frequency at the point in time
at which the detonation front passes by.

This also explains why the pipe wall is deformed
“slowly” as it can be seen in Fig. 7, i.e., with two pe-
riods of increasing amplitudes already before the deto-
nation front passes by.

Thus, the wave propagation effects seem essentially
for a more exact calculation of vibration amplitudes
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Fig. 16. Wave forms for different propagation speeds of the detonation front, calculated for the tube with inner radiusRi = 15 mm and outer
radiusRa = 24 mm.

Fig. 17. Time signal of the axial vibrations at the blind flange (position 4 in Fig. 3, laser vibrometer measurements).

and the tangential stress and have to be examined fur-
ther.

7. Comments on the longitudinal vibrations

Another aspect which can be perceived by the mea-
surements is that of the axial vibrations of the pipe
which are excited by the reflexion of the detonation
wave at the closed end. The axial displacements are
obtained from the radial displacements via the Pois-
son number and compared to the direct laser vibrome-
ter measurements at the blind flange (pos. 4 in Fig. 3).

They can be distinguished due to the much lower fre-
quency range of axial vibrations.

With the assumption of the boundary conditions
“fixed end at ignition side, free end at blind flange” we
calculated the natural frequencies as

fi,ax =
1

2π
βi,ax

cL

L
, βi,ax =

(
i− 1

2

)
π,

i = 1, 2,. . . ,

with the values 210, 630, 1050, 1480 Hz very close to
those which were measured (see Fig. 11).

The calculation of the corresponding axial vibration
amplitudes is achieved with a Timoshenko beam model
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for position 3. The pressure excitation of the pipe end
is F (t) = 2p(t)πR2

i . E.g., for a maximum pressure of
620 bar the axial vibration velocity at position 3 will
be 278 mm/s.

The measured maximum of theradial velocity
which corresponds to theaxial vibration frequencies
can be estimated from the time signal. The conversion
leads to results within an accuracy of±20%.

The time signal of the direct measurement of the
axial vibrations at position 4 is shown in Fig. 17.
Converted to position 3, it also leads to the result of
290 mm/s.

8. Summary

The dynamic response of a pipe wall on a deto-
nation was investigated by measurements using laser
velocimetry and by theoretical considerations. There
was good agreement between measured and predicted
values of vibration frequencies, but discrepancies in
the radial displacements and vibration velocities which
were mainly due to wave propagation effects. There is
a dynamic load factor of around 2 to 3 which is not
included by model approach II. It was found that var-
ious radial vibration modes other than the fundamen-
tal one (rotational symmetry) are excited. This may be
attributed to the complex structure of the detonation
front which is not just a plane of high pressure oriented
vertical to the axis of the pipe.

The propagation velocities of longitudinal and trans-
verse waves and the detonation front can also be de-
tected. Wave propagation was shown to have a strong
influence on the results. Its effects have to be studied
further to be able to quantify better the dynamic load
on the pipe and its consequences on tangential stress.
This is currently under investigation and the results
will be published elsewhere.

In this paper, no focus has been given to the stresses
in the wall of the pipe. They can be calculated from the
radial displacements of the wall or the model approach
II including the dynamic load factor. It can be shown
that if the load of the wall is applied by a detonative
pressure pulse the wall can withstand higher stresses
than in case of applying the load as a static pressure.
This is because the yield strength of the material is in-
creased by factors up to 2 because of the high strain
rates resulting from detonative application of the load
(strain rates are of the order of 106 s−1). Details on this
aspect are published in [6].
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