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Abstract: This study aims to a better understanding of the performance of a shock tube used to
produce blast loading in controlled laboratory environments. Special focus is placed on the
influence of the diaphragm failure process on the blast wave formation in the tube. Experimental
observations are supported by numerical simulations in an attempt to obtain more insight into the
underlying phenomena. It was found that the diaphragm failure process introduces a multi-
dimensional flow field downstream the diaphragms. This is observed as a loss of directional energy
in the distant flow field and therefore affects the reflected overpressure on blast-loaded plates
located at the rear end of the tube. These findings provide important insight into how such a facility
works, especially if the dynamic response of flexible plates is of interest.
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1. Introduction

Shock tubes are increasingly used to study the dynamic response of blast-loaded plates [1-5].
The response of blast-loaded plates may strongly depend upon the intensity of the loading. Thus, to
study the interaction between the loading and the plate during blast events, it is essential to be able
to generate a repeatable blast loading having well-defined initial and boundary conditions.

The shock tube technique is well known within the field of gas dynamics, and serves as a well-
defined and easily controllable alternative to explosive detonations. This study considers a
compressed-gas-driven shock tube, in which a high-pressure chamber is separated from a low-
pressure chamber using multiple diaphragms. A sudden opening of the diaphragms generates a
shock wave travelling down the tube and into the low-pressure chamber. By using a relatively small
ratio between the lengths of the high-pressure and low-pressure chambers, this experimental setup
differs from traditional shock tubes in the way that the reflected rarefaction waves catch up with the
shock wave resulting in pressure profiles similar to the blast wave from an explosive detonation [5,6].
The distant flow field is characterized by the occurrence of a normal shock front, i.e., at distances
larger than 10 x diameter downstream the diaphragms. However, it is important to keep in mind that
the flow field may be highly influenced by the diaphragm failure process in the vicinity of the
diaphragms [7,8]. Failure of the diaphragms often initiates at the centre and propagates to the edges
during tearing and folding of petals. The gas flow therefore starts as a jet and increases in diameter
as the diaphragms open until the cross-section of the tube is completely filled. The imperfect burst of

Proceedings 2018, 2, x; doi: www.mdpi.com/journal/proceedings


mailto:vegard.aune@ntnu.no
mailto:casadeifolco@gmail.com
mailto:georgios.valsamos@ec.europa.eu
mailto:magnus.langseth@ntnu.no
mailto:tore.borvik@ntnu.no
mailto:vegard.aune@ntnu.no

Proceedings 2018, 2, x 20f6

a diaphragm therefore results in multi-dimensional disturbances that can significantly modify the
flow field predicted by the idealized theory and a complete opening is seldom observed in shock tube
experiments. Recent experimental and numerical work on shock tube performance using steel
diaphragms suggests that the deviation from idealized theory (i.e., a complete and instantaneous
opening of the diaphragm) in terms of loss in intensity of the blast pressure could be in the range of
50-60 % [3].

This work is a continuation of previous studies [4,5,9-11], which have shown that such a test
facility is capable of generating blast-like pressure histories on aluminium and steel plates. However,
the previous studies have not been able to fully address the observed loss in directional energy during
testing. This study therefore presents recent findings on the influence of the diaphragm failure
process on the blast wave formation in the tube. Numerical simulations are used in an attempt to
obtain more insight into the underlying physics governing the experimental observations, since the
diaphragm failure is a complicated process which is challenging to quantify experimentally. The
numerical simulations are performed in the finite element code EUROPLEXUS [12], and the findings
are presented in terms of performance diagrams with respect to the length and firing pressure in the
high pressure chamber.

2. Shock tube experiments

The tests were performed in the SIMLab Shock Tube Facility (SSTF) at NTNU. A detailed
presentation of the design, evaluation of its performance and the experimental programme used
herein can be found in Ref. [5]. However, the experimental setup and programme are briefly repeated
in the following for completeness since most of these tests served as the basis for the present work.
The SSTF has proven to be an easily controllable alternative to explosive detonations and can be used
to study the dynamic response and fluid-structure interaction (FSI) of blast-loaded plates (see e.g.
[4,5,9-11]). Several parts are joined together using bolted connections of 24 M24 socket-head screws
at the end flanges of each part (Figure 1a and b). Rubber O-rings are recessed into the flange surfaces
to ensure sealing at the joints. The overall length of the tube is 18.355 m and it is made from stainless
steel of grade P355NH which is intended for pressure purposes according to the EN 13445.

The high-pressure chamber (called driver in Figure 1a) is manufactured with a total length of
2.02 m and has an inner diameter of 0.331 m where the internal wall is dull polished to obtain a
smooth surface. Aluminium inserts may be used to vary the length of the driver section in 0.25 m
increments. The driver is followed by a 0.14-m-long firing section which consists of several
intermediate pressure chambers separated by diaphragms (Figure 1a and c). This enables the total
pressure difference between the driver and driven section to be achieved stepwise. The test starts by
filling the driver and firing section with compressed air, where the pressures in the intermediate
chambers are operated below the diaphragm rupture strength such that the desired pressure is
obtained in the driver. Rupture of the diaphragms is initiated by controlled and rapid venting of the
intermediate pressure closest to the driver section, using two solenoid valves (ASCO Series 223). This
ensures a controlled rupture of the diaphragms and reproducible bursting pressures. The bursting
pressure may be varied by changing the thickness of the diaphragms. Melinex sheets are used as
diaphragms due to its strength and repeatability.

The inner cross-section in the driven section starts with a 0.6-m-long transition region from
circular to a square cross-section (Figure 1a), where an epoxy material is used to obtain a smooth
surface and a square cross-section of 0.3 m x 0.3 m inside the surrounding tube (Figure 1d). The epoxy
material works as a practically incompressible material while the surrounding tube ensures the
structural strength. The average roughness (Ra) of the surfaces inside the driven section is reported
by the manufacturer to be in the range of 0.2-0.4 um.

In the present work, the length of the driver and driven sections was 0.77 m and 16.195 m,
respectively. The blast intensity was varied by changing the pressure in the driver section, while the
pressure in the driven section was at ambient conditions. Table 1 gives the test matrix used herein,
where each test is numbered R77-Y in which Y indicates the firing overpressure in bars in the driver,
R denotes rigid massive plate at the rear end and 77 is the driver length in centimeters. The massive
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plate was used to obtain a rigid blind flange and equipped with 10 pressure gauges along the
horizontal, vertical and diagonal (Figure le). Piezoelectric pressure sensors (Kistler 603B) were used
to measure the pressure on the massive plate with a sampling frequency of 500 kHz. The
measurements of the reflected pressure on the massive plate are already reported in Ref. [5], and will
be used as basis to investigate the influence of the diaphragm failure process.
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Figure 1. Experimental setup in the SIMLab Shock Tube Facility (SSTF) [5,9,10]: (a) Sketch of the
experimental setup (seen from above); Picture of the (b) shock tube (seen from the driver section); (c)
firing section (seen from the driven section); (d) internal cross-section driven section (seen from the
tank); (e) massive steel plate (seen from the tank).

Table 1. Experimental program and initial conditions. Selection of the test data presented in Ref. [5].

Pressure Ambient Ambient

Test driver  pressure Temperature

[kPa] [kPa] [°C]
R77-05 618.5 99.7 22.0
R77-10  1099.1 99.6 21.5
R77-15 1594.0 99.8 24.0
R77-20 20743 99.8 23.8
R77-25 28216 99.7 23.9
R77-35  3811.8 99.8 23.6
R77-60  6073.2 99.8 23.9

R77-75 7765.5 99.6 23.2
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3. Numerical simulations

Numerical simulations were used in an attempt to study the influence of the diaphragm failure
on the blast wave formation in the shock tube tests. The inner cross section of the tube was modelled
using cell-centered finite volumes (CCFV) with a mesh size of 10 mm, according to the mesh
sensitivity study in Ref. [5]. The 3D mesh starts with a circular cross section in the driver and firing
sections. Then a transition part of 0.6 m length follows immediately downstream the diaphragms,
which starts with the circular cross-section in the driver and ends with the square cross-section in the
driven throughout the remaining part of the tube (Figure la). The air was modelled using the
equation-of-state for the ideal gas material (GAZP) [12] and the initial conditions for each simulation
were taken from the tests in Table 1. The conservation laws of mass, momentum and energy were
then expressed in a spatial framework. This Eulerian formulation considers the computational mesh
fixed while the fluid (particles) moves relative to these grid points. The numerical fluxes between
adjacent CCFVs were calculated using the approximate Harten-Lax-van-Leer-Contact (HLLC)
Riemann solver [12], where stability in the convection phase of the explicit solution in time was
ensured by using a Courant-Friedrichs-Lewy (CFL) coefficient of 0.5.

The diaphragms were modelled using a Lagrangian discretization with an element size of
approximately 10 mm as the base mesh and 4-node Reissner-Mindlin shells (Q4GS) with 6 dofs per
node and 20 integration points (5 through the thickness). Based on the information from the
manufacturer, the diaphragms were assumed to behave elasto-plastically until failure. Depending on
the thickness of the diaphragms, the yield stress and plastic modulus were in the range of 100-160
MPa and 13.9-54.7 MPa, respectively. Failure was modelled using element erosion and was initiated
when all the integration points in the respective element reached the critical value of 100 % for the
maximum principle strain. In an attempt to predict the crack propagation observed in the
experiments, it was used adaptive mesh refinement (AMR) driven by the plastic strain p. That is, the
mesh refinement occurs at user-defined levels of the plastic strain and at successive levels of
refinement. This study used up to two successive refinements within the range of 0.01 <p < 0.4,
resulting in a minimum element size of 2.5 mm when p > 0.4.

The diaphragms are completely decoupled from the fluid during the filling process. That is, the
diaphragms are first loaded by an externally imposed pressure similar to that of the compressed air
in the driver. Once equilibrium is reached around the deformed configuration, the externally
imposed pressure is removed and the fluid states are initialized in the driver, intermediate and driven
chambers. The pressure gradients over the diaphragms will then ensure equilibrium until rapid
venting of the firing section initiates the diaphragm failure process. An embedded FSI technique
(FLSW) [12] was used for the coupling at the fluid-diaphragm (F-D) interface and FSI-driven AMR
was also activated in the fluid sub-domain to obtain a sufficiently refined fluid mesh at the F-D
interface.

In particular, two effects of the diaphragm failure process were considered. First, the
diaphragms were allowed to deform until maximum deformation where the diaphragms were
eroded completely from the simulation before undergoing any failure. These simulations indicate the
effect of the increasing volume in the driver section due to the compression of air resulting in
deformation of the diaphragms. Then, the simulations were re-run by also including the subsequent
diaphragm failure process.

The results from these simulations are compared to the experimental data and the idealized 1D
simulations in Ref. [5] in Figures 2 and 3. As expected, the 3D simulations with increased volume in
the driver section, due to the diaphragm deformation, predicts larger blast intensities than the
idealized 1D simulations. It is evident that including the diaphragm failure process results in a blast
wave formation significantly closer to the experimental observations when comparing to the
idealized 1D simulations. The diaphragm failure process also seems to have an influence on the
secondary reflection occurring at approximately 40 ms in Figure 3b. It is noted that the blast
parameters are overestimated at the largest blast intensities (R77-60 and R77-75 in Figure 2a and b).
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Figure 2. Comparison of numerical and experimental results in terms of typical blast parameters as a

function of driver pressure. The time window of interest is limited to the positive phase measured by

Sensor 3: (a) Peak reflected overpressure p;may; (b) Specific reflected impulse i.; (c) Positive phase

duration t4,; (d) Mach number Mg measured at Sensors 1 and 2. The position of the pressure sensors

is shown in Figure 1a and e.

350

w
o
o

n
a
(=)

n
[=
(=)

150}

Qverpressure [kPa]

— EXP
—— EPX 1D (Ideal) ]
—— EPX 3D (Increased volume)

—— EPX 3D (Diaphragm failure) |

60 80
Time [ms]

@)

50 55 65 70 75

2200

2000
18001

Pa]

[

_
o
o
o

Overpressure [k

_
[e2]
o
o

1200+
10001
800+
600+
400+
200

—EXP

—— EPX 1D (ldeal)
—— EPX 3D (Increased volume)
—— EPX 3D (Diaphragm failure) |

|

0 1 1 1 i 1 1 1
20 30 40 50 60 70 80 90

100 110 120
Time [ms]

(b)

Figure 3. Representative pressure histories from the shock tube experiments (Sensor 3) and

corresponding numerical simulations: (a) R77-05; (b) R77-75.
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4. Concluding remarks

The influence of the diaphragm failure process on the blast wave formation in the SIMLab Shock
Tube Facility was studied numerically and compared to experimental results. Blast intensities were
reported in terms of the reflected pressure histories measured on a massive steel plate acting as a
blind flange at the end of the tube. The numerical simulations indicate that the observed loss of
directional energy in the distant flow field may be due to the diaphragm failure process, resulting in
a multi-dimensional flow in the vicinity of the diaphragms. The findings in this study are important
to understand how such a facility works, especially if FSI effects during the dynamic response of
flexible plates are of interest. It is necessary to obtain an accurate prediction of the loading itself,
before moving on to FSI studies on flexible plates.

It is believed that the overestimation of the largest blast intensities in the numerical model is
because this study neglects the effects of friction and heat exchange against the interior walls of the
tube. This will be investigated in more detail in a subsequent study. This subsequent study will also
evaluate the performance of the numerical model for other driver lengths, using the same diaphragm
combinations and firing pressures as in this study.
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