N
N

N

HAL

open science

Numerical and experimental study of blast wave shape
in tunnels

Olivier Pennetier, André Langlet, Mame J.-P. William-Louis

» To cite this version:

Olivier Pennetier, André Langlet, Mame J.-P. William-Louis. Numerical and experimental study of
blast wave shape in tunnels. MABS 2012, Nov 2012, Bourges, France. hal-00766281

HAL Id: hal-00766281
https://hal.science/hal-00766281
Submitted on 18 Dec 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00766281
https://hal.archives-ouvertes.fr

Numerical and experimental study of blast wave shapein tunnels

O. PennetierA. Langlet, M. William-Louis

Laboratoire PRISME, F2ME / DMS — IUT de Bourgesa@8nue de Lattre de Tassigny —
18020 Bourges cedex - France

Abstract

When an explosion occurs in a tunnel, the studyhefblast wave quickly becomes complicated, duéh¢o
multiple propagation patterns of the blast waveciflant wave, regular and Mach reflections) and he t
geometrical conditions. Considering this problewn patterns can be revealed. Near the explosivecan see
the well known free-field pressure wave. This ovesgure, during its propagation, after multiplée@fons on
the tunnel’s walls, can behave like a one-dimeradiarave.

The aim of this paper is to determine the positibrthis transition zone along the tunnel with reglliscale
experiment and hence to validate the dedicated datablished in a previous work. Both numerical and
experimental methods are presented. Previous ewpetal works have been done on this topic, bases real
scale [1]. In this present study, the experimenmes raalized in the laboratory using a 173€caled model,
simulating T.N.T. detonations ranging from 0.1 kgl kg in a tunnel of 25 square meter cross seetia 30
meters in length. The experiment on scaled modédsva us to realize many inexpensive experiments; a
accurate profile of the overpressure can be deteminalong the tunnel. The transition zone betwenfree-
field and the one-dimensional decay law is presentng non-dimensional parameters and is also acedp
with the numerical simulation.
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1. Introduction

In urban areas, we can find many tunnels and cdveseys, built for the road and the rall

traffic (railways and undergrounds). Those georoakrconfigurations can be considered as
tunnels of various lengths and cross sections. @&matilous materials may transit in these
areas, there is a risk of accident due to the ekplosf those materials. Explosions might
come from solid detonating materials, gas or gasaaitures. The effects of an explosion are
increased by the semi-confined configuration ofttihmnels. Accidents or intentional acts may
cause severe injuries or lethal issues.

Blast waves have been studied by many authorstheofirst propagation pattern, in a free-
field case, different authors have proposed fittawgs, allowing the determination of the peak
of overpressure knowing the radial distance andgtrentity of energy of the explosive. We
can mention the works of Baker [2], Brode in 198h More recently, the works of Sadovski
(2006), Mills (1987) and Held (1983), which are g@eted in the work of Chang and Young
[4], have proposed an expression of the incideassure wave depending on the explosive
mass and the radial distance. Brossard and al J1P83have proposed a polynomial
formulation of the blast wave, including the inaitl@ngle and allowing the determination of
application times and of the negative pressurarfodent and reflexion waves. The TM 5-
1300 manual [6] is also a good help to approacltbtast phenomena and their consequences
on structures.

The second pattern concerns the confined or senfireshexplosions. The approach is more
complex, and was investigated by using numerioalstorhe numerical codes, such as auto-



dyn or the home-made CFD code used by Benselamalaftl, 7] require very important
computer resources to provide realistic simulatidRgpley and al. [8], have discussed on
small-scale modelling of explosive blasts in urls@enarios. Experimental works in semi-
confined configurations can also be found, suchPasnetier and al. [9], describing the
pressure of a landmine acting on a vehicle.

This paper contributes to a better knowledge ofptienomena, which can be assimilated to a
blast wave in a confined area. The prediction efghenomena and of their consequences is
the final objective, using a computational codep&imnents are still necessary to test the
numerical codes under different configurations, esplg when we have multiple reflections.
The study is mainly focused on the determinationtld transition zone, Z which
corresponds to the transition between the spheweak and the one-dimensional one. The
experimental work will allow an accurate localipatti of Z, as many gauges have been
positioned on the scaled model.

2. Phenomenology

In explosions, the incident waves are sphericalti8oreflections on the tunnel walls are due
to oblique incident waves. Oblique waves have bsadied by many authors. Kinney [10]
and Baker [2] have widely studied those phenomé&salong as the blast wave has not
reached the walls of the tunnel, there is no réflac As the incident angl® gets larger
(fig. 1), the reflected wave can’t keep the flowgikel to the wall. So, incident and reflected
waves are combining and a third shock wave app@&des.latter is called the Mach shock
reflection. This wave is moving faster than theideat one. The point where the incident,
reflected and Mach waves are joining is called thple point. As the blast wave is
progressing in the tunnel, the distance betweenvidikeand the triple point is growing. When
the Mach reflections coming both from the top ahd bottom join (point A, fig. 1), the
pressure becomes constant in the whole cross sedtios is the transition zong,ZWhen
this zone is reached, the celerity of the blastevhecomes quasi constant. The celerity
mainly decreases because of wall friction.
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Figure 1: Different wall reflections: incident wave
Regular reflection and Mach reflection
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3. Numerical setup

For this study, the length of the tunnel is L =1®80and its hydraulic diameter is, ¢ 5m.
Considering the symmetry (tunnel and explosion),only have to consider one half of the
problem, along the longitudinal axis. Fourteen gz to Ci4), with a step of 1.5 meter, are
placed along the tunnel (fig. 2). The gauge nedhesexplosive charge is;Cand the gauge
near the opened side of the tunnel is numbekgd C
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Figure 2: numerical configuration of the study

The numerical simulation has been previously disedsn [7]. In this paper, for the simulated
configurations, four different masses of T.N.T. taken into account. The explosive charge
ranges between 0.5 and 11.7 kg. The T.N.T. expasivocated on the symmetry axis of the
tunnel and is considered lying on the ground. Tdbleresents the four explosive charges;
each explosive mass corresponds to a paraometgven by:

o =1oodi 1)

h

Table 1: parameters of the explosive charges bsdale

Mass (kg) E%lfglrileetztr Zp(f:: enr1i)c al Ratio sized
0.535 8.7 1.73
1.593 12.4 2.49
4.266 17.3 3.46
11.691 24.2 4.84

The blast wave propagation is supposed to be geudeny the unsteady Euler equations in
this study. These equations are solved using hoadersoftware [7]. The numerical method

Is based in an unstructured finite-volume cell-eeed approach using the traditional upwind
scheme and a two-stage explicit time integratichnejue, yielding to a second order scheme
in both time and space. In order to prevent nuraknscillations, which may occur in areas

of strong gradient, the minmod limiter is usedtHis calculation, we have 3 million Cartesian

cells.

The value of ¢ can also be deduced from a fitting law [1]. Thire@nly depends on the
parametera given by equation (2). This will allow the comsan between the experiments
and the numerical simulations.
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4. Experimental set-up

Using the Hopkinson similitude law, it is well estished that for homothetic detonations, the
whole history of the pressure field is identicatlahe application times are multiplied by the



scale ratio of the experiment. In most cases, ghosion exceeds the scale of a laboratory.
The use of such a tool allows us to work on scaildets.

4.1. Theexplosive

In the laboratory, particularly for security reaspmwe are using gaseous mixtures. The
explosive used is composed of a stoichiometric unéxbf propane and oxygen. The gaseous
explosive has to be confined to keep its initialanaoncentration. This confinement must be
as immaterial as possible. In our experiment, ¥posive is injected in a solution of sodium
oleate. So, we can easily create hemisphericallbslats it can be seen in figure 3.

The volumic energy of this mixture is 14.16 M3/at 20°C. According to the works of Baker
[2], the specific energy of T.N.T. is 4.69 MFInConsidering the initial number of moles of
the mixture, to obtain the same effects on a siracat 20°C, 2.51 kg of this gaseous mixture
(1.65 n?) are equivalent to 1 kg of T.N.T.

4.2. Thedetonation

A detonation is a perfectly reproducible phenomenantypical signal of the reflected
pressure on a flat plane [5] presents a brutal ofsthe signal (typically shorter than 5 us),
followed by a rapid decrease. In a free space,eifraspectively note’tthe overpressure
application time and the negative one, we can notice that the length isfabout one third
of t [5]. Depending on the obstacles around the detomatihe signal of pressure versus time
can present strong reflections.

Figure 3: soap bubble filled of gaseous mixture

Depending on the quantity of energy igniting thelegion, we can obtain a deflagration or a
detonation. In order to get a detonation, we maseimore than 20 joule to initiate the proper
explosion. The soap bubble, inflated with the gasemixture, is hemispherical. The
detonation is performed using the technique of ékploded wire. A thin copper wire is
welded on tungsten electrodes. A high voltage, ognfrom the discharge of capacitors
(7.5 KV, 8uF), makes the copper wire instantangous¢lt. A plasma is created, and its
energy is about 55 Joule. This technique is pdyfeeproducible and, keeping the same size
of the bubble, we get the same field of pressusarad the explosion.



4.3. Set-up

The experiments are realized in the laboratory uaif¢3d' scaled model, simulating T.N.T.
detonations ranging from 0.53 kg to 11.69 kg imranel of 25 square meter cross section and
30 meters in length. The tunnel has a closed eddadnee one. The scale model is realized
with high-density wooden plates of 27 mm thicknessnforced with steel profiles. The
tunnel is supposed to be strong enough to withstamtlast wave.

The explosion is generated in the close-end sidéh@ftunnel. A polycarbonate window,

closing the tunnel, is fixed at the explosion sidhjch allows us to verify if the bubble has

not burst before the explosion. A general view loé experimental set-up is presented
figure 4.

The life duration of the soap bubbles depends ®site and on the atmospheric conditions
(temperature, pressure and hygrometry). Usuallyhaxe up to 10 seconds to perform the
explosion.

We have tested up to four quantities of explosivEke different configurations are
summarized in table 2.

Table 2: quantities of explosive

Bubble radius (mm) R=25 R=36 R=50 R=70
Mass of T.N.T. (g)
- scale 1/30° - 0.0198 0.059 0.158 0.433
Mass of T.N.T. (kg)
- full scale - 0.535 1.593 4.266 11.691

One aim of this paper is the determination of tfamgition zone, which corresponds to the
place where the spherical wave becomes a planeSmehe gauges are placed every 5 cm




along the longitudinal axis of the tunnel, begimn20 cm from the explosion. Those gauges
are measuring an incident pressure. 14 differewitipas are possible for each range of
T.N.T. equivalency. As all our experiments are @elty reproducible, we realize each

explosion in two parts, using eight pressure gaugestwo signals must be identical, which

proves the repeatability of the detonations. Pressaptors are Kistler 603B, ranging from

10 kPa to 20 MPa. The raising time of those traosdui(less than 5 us) is in accordance with
our transient experiments. The captors are linkigd eharge amplifiers Kistler 5011.

5. Results

Figure 5 presents for a given explosion (radiushef bubble: 70 mm) the evolution of the
incident pressure versus time, for all fourteenitposs along the axis of the tunnel (@
Ci14). One can notice the initial peak of pressure,cwhwill allow finding the transition zone
Zy. Just after this peak, multiple reflections arenogy and increase the initial maximum
overpressure. This is due to this semi-confinedasiph configuration.
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Figure 5: Experimental incident pressure versug thong the tunnel
(C1 to Cig) - Radius R =70 mm

The experiments have been performed three timethéosame explosive charge to prove the
good repeatability of the experiments. As it carséen in figure 5, it is sometimes difficult to
determine exactly the initial peak of pressurethasreflection is nearly coming at the same
time as the initial peak.

In figure 6, the spatial evolution of the incidgmmessure shows a first spherical propagation
followed by an abrupt increase of the pressurenThesecond propagation pattern appears,
which can be considered as a planar wave. Theidocatf the pressure jump depends
typically on the quantity of explosive; this compesds to the transition zone. For the
experiments, as the pressure gauges are 5 cm spacadguracy of 5 cm on the value gf Z
on the scale model is obtained. This correspondsod meters for the full scale tunnel.
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Figure 6: Incident pressure versus time alonguhed!

Figure 7 presents the iso-Mach distributions afed#int times given by the numerical
simulations. One can see, for the first time (10, tiee wave propagation and its interaction
with the upper wall. Then, the incident wave coméis to propagate spherically along the
tunnel, whereas the reflected one goes towardter wall. A Mach reflection appears and
grows with the displacement of the triple point &vds the lower wall. When the latter
reaches the lower wall, the Mach stem covers altiheel cross section. So, this wave can be
considered as a planar one.

Figure 7: iso Mach at different times (t = 10, 2@ &0 ms)
- Full scale simulation -

The evolution of the transition zone versus thengtya of explosive €) is presented in
figure 8 where the numerical simulation, thgZlaw and the experiment are compared. A



very good agreement is obtained between the threthads. It can be noticed that this
transition position decreases when we use a hignantity of explosive.
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Figure 8: Experimental, numerical ang,&law zone of transition Z

6. Conclusion

In this paper, the experimental and numerical sathuh of a blast wave in a tunnel has been
presented. Near the explosive, the propagatiomefbtast wave is like the propagation in a
free-field. Then, as there is an interaction with tvalls of the tunnel, we get a driven wave
which is nearly a 1D wave. We have mainly focuses study on the transition zong.Z he
experimental campaign in the laboratory, made aledcmodels, has given an accurate
position of the transition zone, as fourteen presgiauges were used. Comparing the results
of the numerical simulation and the correspondiitgn§ law, we found a very good
agreement between the calculation and the real pmem@. The use of a scale model has
allowed us to make numerous and inexpensive expeatsn Using the Hopkinson law, the
scale model can be transposed to the full scaletste. Different shapes of tunnels can be
studied, and a focus on the signals of pressuréeani great interest.

REFERENCES

[1] Benselama A M., William-Louis Mame. J.P., Moo F., Proust C., 2010, A numerical study of
the evolution of the blast wave shape in tunnesardal of Hazardous Materials, vol. 181, pp. 609-
616.

[2] Baker W.E, Cox P.A. , Westine P.S. , Kulesz J.$trehlow R.A. 1983explosionhazards and
evaluationFundamentals studies in engineering, vol. 5. Ardster. Elsevier.

[3] Brode, H.L., 1955, Numerical solution of spleadi blast waves, J. App. Physics, vol 26, pp. 766-
775.

[4] Chang D.B., Young C. S., 2010, Probabilistidiiaates of vulnerability to explosive overpressures
and impulses, Journal of physical security, vgd@, 10-29.



[5]

[6]

[7]

(8]

[9]

Brossard J., Desrosier C., Renard J., PurnomoBlrbssard J., Pressure loads on plane surface
submitted to an explosion, #ént. symp. on shock waves, université de Provelizeseille, vol. 4,
pp. 387-392.

TM5-1300, 1990, The design of structures tastethe effect of accidental explosions, technical
manual, US department of the army, Navy and AicépiVashington DC.

Benselama A M., Mame J.P. William-Louis, Monmoy-rancois, 2009, A 1D — 3D mixed method
for the numerical simulation of blast waves in ¢éoefl geometries, J. Comput. Phys. Vol 228, pp.
6796-6810.

Ripley R.C. et al., 2004, Small-scale modelofgexplosive blasts in urban scenarios, proceedings
of the 2%' International Symposium on ballistics, Adelaidesialia.

O. Pennetier, C. Desrosier, J. Renard, X. Deggrj 2004, Experimental study of vehicles submitted
to the blast wave of a mine: pressure and impulsasarements, Proceedings of MABS 18, Bad
Reichenhall, Germany.

[10]Kinney, Gilbert F., 1962, Explosive shocksain, N.Y., The Mc Millan Co.



