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Abstract

The present work shows that weak blast waves tigat@nsidered as being harmless
can turn to become fatal upon their reflectionsrfravalls and corners inside a penetrated
building. In the experimental part, weak blast weawere generated by using an open-end
shock tube. A three level building model was placedicinity to the open-end of the used
shock tube.

The evolved wave pattern inside the building roomes recorded by a sequence of
schlieren photographs; also pressure histories veexrded on the rooms' walls. In addition,
numerical simulations of the evolved flow field it the building was conducted. The good
agreement obtained between numerical and expern@siults allows running the used code
for identifying safety and dangerous places insidebuilding rooms penetrated by the weak
blast wave.

| Introduction

While it is well known that strong blast waves #thal for a living creature, it is
commonly accepted that weak blast waves are hasmidthough this might be the case
when there is a direct impingement of the on-conviregk blast wave on a considered body,
a completely different scenario takes place whenwieak and quite-safe blast wave hits a
body after multiple reflections from existing wabéd corners. Such a case can be found
when a weak or medium strength blast wave, regufiom a sudden explosion, as the
explosion of a gas pipeline in a street for exambpits a residential complex. Furthermore,
explosion injuries can be caused by direct hit bfast wave, flying debris resulting from the
explosion, as well as by objects being draggedushed by the blast wave [1]. The present
investigation focuses on injuries caused by dihgicbf the blast wave. Information given in
Table 1 (see [1], [2], [3] and [4]) reveals humasponse to overpressure; this information is
used in defining a place as being safe or not-safe.

In the conducted experiments a very simple mode& dhree levels building is

subjected to an initial harmless or quasi-harmbdast wave. The aim of the present study is
to find where the most dangerous places insiddtiieing are, places without having death
risk, and where are the safest places for peoptetdVe try to answer the question: does an
initially harmless blast wave become dangerous attétiple reflections or not?
A shock tube is used for generating the requirealsgsafe blast waves. Initially a weak or
medium strength, planar shock wave propagatesarnid shock tube. Upon reaching the
tube exit-open-end, it immerges into the open aphere as a blast wave. The investigated
building model is placed in proximity to the shditibe exit. Several positioning have been
tested, i.e., close or far from the shock tube, etivays aligned with the shock tube. Finally,
an optimized positioning has been found (see BigS¢hematic descriptions and dimensions
of the used building model are presented in Fig. 2.

In addition to the experimental investigation, nuiced simulation of the generated
flow field, caused by the blast wave interactiomimthe building model, is conducted in order
to observe the overpressure reached in places wiressure-sensors installment are not
possible.




In urban life, blast waves can be generated fr@amdalen explosion of gas lines placed
underground, from a truck carrying an explosivessaitice in a residential neighborhood, or
from a terrorist attack in the public domain.

Considering weak quasi-safe blast waves, all te@seples have one thing in common, i.e.,

the fact that generally people are not informegatential risks to their ears or lungs, not to

mention life, if they stand in proximity to a walk a corner close to where a blast wave
propagates. Subsequently, it will be shown wheeela® dangerous places inside a residential
building in a case that the building is impactedanyinitially quasi-safe blast wave.

From a fluid mechanics point of view, the presework deals with the problem of
multiple shock or blast wave reflections. This topias treated in many publications; e.g., in
Ben-Dor [5], Igra et al. [6] and more recentlyMolume 2 of the Handbook of Shock Waves
by Ben-Dor, Igra and Elperin [7].

Table 1: Direct effects of a blast wave generated ovemuneson humans for a blast wave
surface covering a human and without encountemygodstacle (from [1], [2], [3] and [4]).

Overpressure (KPa) Direct effects on human
<3 No data
6 People projected on the
ground
8 Danger for eardrums
12 (+/- 5) Destruction of 1% of
eardrums
40 Destruction of 99% of
eardrums
60 Danger for lungs
100 — 500 (+/- 20) Destruction of 50% of lungs
100 1% death
350 99% death

Direct effects means without considering secondemgirect) effects such as flying glass or
brick debris which start from about 3 to 5 KPa. é&lttat values given by medical references
(from locations where humans have been affecte@xpjosions) are slightly higher than
those deduced from shock and blast wave experiments

Il Experimental set-up

The present experiments were conducted using an epd shock tube and thereby
generating weak and moderate blast waves. The @feddblast waves were sufficiently weak
to ensure that they pose no life endangerment tplpe but are intense enough to cause
irreversible damage, e.g., to eardrums.

The building model was constructed from Plexigtasider to allow high speed shadowgraph
and schlieren visualizations. The facility useghewn in Fig. 2. The used optical facility is

composed of two mirrors, one spherical, used farveding a parallel light beam into a

converging one, and the other, planar, for simpfiecting parallel beam without any change.
Both mirrors belong to the shadowgraph and theiese device.

Experiments were conducted using the T80 horiz@hack tube. It has a total length
of 3.75 meters, a high pressure chamber 0.75 mietegsfollowed by a low pressure section
of 3 meters length, and an 8 cm by 8 cm squares@estion. It is equipped with the SA1
PHOTRON high speed shadowgraph or schlieren vizatadin device, PCB pressure
transducers and Tektronix digital oscilloscopesvds used keeping its exit open. All present




visualizations were taken with a frequency of 30,8@mes per second. Detailed description
of this shock tube can be found in [8].

To simplify the experimental set-up, both the Rj&as building model and the shock
tube were positioned horizontally. Therefore, i€ treader wants to observe the schlieren
images as if the blast wave comes from the builthogjom toward its top, he should rotate
the images by 90 as we have made for results presented subsegu@hg building was
modeled very simply. It consists of three cubic d®simulating three levels of one-room-
apartments. All apartments had no frontal wall amdglass windows; this was done for
avoiding broken glass or flying brick segments. Tirs floor consists of an empty box. The
second was identical box but it had a dividing veadtl an open door in its center. The third
level had the same dividing wall to which an opemattlow was added on the box back wall.
As mentioned, detailed descriptions of the Plexsdiailding and its positioning relative to the
shock tube exit are given in Fig. 2. Finally, faalidation of the used simulations three
pressure gauges were installed at the center of re@en back-wall. Thus, experimental and
numerical results could be compared and therebgatalg the used simulation.

Due to the small size of the investigated bugdmodel and in order not to disturb the
flow and wave reflections inside the building mqdetessure gauges were not installed
during the first runs. Once installed, visualizaiowere no more possible. Nevertheless,
pressures prevailing at multiple locations insitte building model were deduced from
numerical simulation of the experiments after eimgura very good agreement between
measurements and numerical simulations.

One series of experiments was undertaken in dalgenerate a very weak planar
shock wave inside the shock tube. Upon exitingstheck tube it quickly becomes a weak
blast wave. In the first series of experimentsNteeh number of the incident shock wavg M
was 1.1¥ Mis< 1.17. It is sufficiently weak to ensure that tlrengrated blast wave creates an
overpressurdP about 4 to 5 KPa when entering the first flootha building (see Fig. 3a).
Such a blast wave is of no danger to people.
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Figure 1: View of the Plexiglas building model Ioed close to the shock tube exit. For
simplicity both the Plexiglas building and the skdabe are positioned horizontally (gravity
effects are negligible in such case).
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Figure 2: Description and dimensions of the testeitting model, (a) schematic drawing of
the model (units are in mm), (b) a photo of thexiglas model, and (c) its location relative to
the shock tube exit. Black, red and green reprefenpressure gauge locations of ground,

second and third levels, respectively. Dark-resdcatpresents the shocked air flow inside the
shock tube before the shock wave exit.
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Fig. 3: Overpressure signals recorded at the ceftdre ground floor wall, the second floor
wall and the third floor wall.

It is clear from Fig. 3 that upon entering thetfitsor the blast wave experiences a four time
overpressure increase relative to its initial ovespure, which was about 4 KPa in the case
shown in Fig. 3a (M=1.11); the same is evident in Fig. 3b where tligalroverpressure of
10 KPa is raised to about 40 KPa in the case wesell\7. Ms is the Mach number of the
incident straight shock wave inside the shock tubshould be noted that the overpressure
reached close to the room corners is even highaar that prevailing at the wall center as
shown subsequently where results from numericalilsitions are discussed.




I11 Numerical ssimulation

All computations are performed for air. Due to tbee Mach number of the incident shock
wave it can be treated as a perfect gas. The ocaiger equations for ideal compressible
fluids (the Euler equations), indicating consemmatof mass, momentum and energy are:

Lt V(o) = 0 (1)
28+ Vou@u+ Ply= 0 )
228+ V.(puE + Pu) = 0 3)

whereP is pressure (Pa}, is density (kg/m), u is the velocity vector (m/s)q is the identity
tensor and

E=e+ su-u (4)
is the total energy.€” stands for the internal energy of the fluid (J/Kgor closing the above
set of equations the following ideal gas equatsonsed:

P=prT (5)
P=prT

whereT is temperature (K). The specific mass gas constam defined by:
R

r=—
W

r=g (6)

whereR is the universal gas constant (J/mol/K) &dds the molar mass of air:
W=28.97 10° kg/mol.

Denoting by
p
U=|pu (7)
pE
the conservative vector and
pu
F(U) = |pu®u+ P, (8)
pull + Pu

the corresponding flux, the previous system maywbiéten alternatively in the following
conservative form:

v FW) = 0
arr
5 TV (F) )

This system is solved using a fixed 3D Cartesiad gnd employing a Godunov type finite
volume scheme (see for example in [9]). This schpmeides second order accuracy while
using the MUSCL-Hancock approach [9, 10, 12]. ka fibllowing, only a brief description of
the main steps in the procedure used is outlined.

Let A%, Ay and4z be the discretization steps in they andz directions, respectively antt
the time step. The volume of a cell mesh is X&1y.4z. The mean value of the solution in
the cell (jk) at time { is denoted by:

Ul =1 J, UG, y,z,t™)dy (10)




1
Ul = - fV U(x,y,z t")dV

Obtaining  the vt value at tim&*t= t"+At results from the succession of steps, in
each direction of space:
- Compute the conservative variables slopes on eelttard slope limitation process
(see in [9, 11] for example)
- Prediction of conservative variables at half tintepst
interfaces
- Riemann problem solution at each cell interface

n+12 at the level of cells

Finally, the conservation step is applied on eadh ce

A £n+1/2
Bt = Ul + T Xk Sy (11)

n+1l _ e
Uijk - Uijk

+ %Ek Sk F}:’nﬂﬁnk
On a 3D Cartesian mesh (hexahedital)aries from 1 to 6.

Notations are:
a+l/2 . : : :
F is the flux solution of the Riemann problem sol¥exn the predicted variables,

Sis the surface of the interface between cells on fa and
Nk is the external normal of this last surface.

Concerning the Riemann problem solution, one mayeither an exact solution method - that
exists for the perfect gas equation of state —noagproximate Riemann solver. An HLLC-
type approximate solver as described first in [hd$ been used in the present work, it is
faster than the exact one [9] and sufficiently mecFinally, note that the time stefp must
verify the CFL condition throughout the mesh domain

At < min [%‘“—ﬁ‘“—j} (12)

sy’ sy’ sh

whereS' is the fastest wave speed at time “n” in eachctliva. For better performance, the
numerical code has been parallelized by using MiPaldies. The number of used cells was
1875000; the cell size was 2 mm in each directidre choice of the size of the mesh was
dictated by the desire of a good representatidhefesults, as well as by that of reducing the
calculation times. The main element of this chagd-ig. 6 where we can see that, with
exactly the same mesh, we obtain an almost peagaement between computations and
experiments and that, for two different incident ddanumbers. The waves dynamics
(incident, reflected, after crossing...) are inywgood correspondence. Even small vorticity
zones near the exit of the shock tube are wellesaprted. This choice is then reinforced by
the comparisons of the results on pressure galggs?q) and validate the results presented
on Fig. 8 and Fig. 9. Going back to one the finatspective of this work (real scale
situations), it is very important to verify thatetlusing of very fine mesh is not necessary to
obtain good results: the calculation time woulddme unacceptable.




A special treatment was applied to the mesh inraml@ccount for the presence of the shock
tube and the building, treated their walls as mrfeflective walls. Under the hypothesis of
symmetry, only one half of the real experimentaliseomputed, cut in the plane as shown in
figure 4.

Figure 4: Representation of principle of the comfiohal domain, highlighting the shock
tube and the building model with axial symmetry.
IV Results and discussion

A sequence of schlieren photos showing a weakt bl@ve interaction with the
building model is shown in Figure 5. In this cake incident shock wave Mach number
inside the shock tube wasdl.17. At t=33us the blast wave is starting its interaction with
the building model. With increasing time the blasive penetrate into the building and at
t=200 ps it is clearly seen inside the first floor, apmioiag the room ceiling. From the
darkness intensity of the blast wave it is appatbat the part which penetrated into the
building first floor is weaker than the part propéigg in the open atmosphere.

At t=300 ps the following waves are visible: the progressimgin blast wave starts
penetrating into the building second floor while fart penetrated into the first floor is seen
now reflected from the first floor ceiling. As nodid earlier, the strongest part of the blast
wave, at t=300us, is the one propagating through the open atmospltowever, the
darkness intensity of the regular reflection of test wave from the ceiling of the first floor
room increases, indicating a strengthening blastevad this location; see in Fig. 5 at t=300
and 333ps. Further confirmation of the local pressure iasee prevailing around the blast
reflection in the considered time is evident ing-i§ and 9 to be discussed subsequently. It is
apparent from Fig. 5 that the cause for this oesgure increase near the corner is the blast
reflection from the room ceiling and wall. It isggyent from Fig. 8 (showing the case of the
weakest blast wave, where the generating shock Waod number was only 1.11) that at the
upper corner of the first floor room the overpressapproaches 35 KPa. This is the strongest
overpressure inside the building model witnessedinduthe considered experiment. As is
evident from Table 1 this overpressure is not fdtalvever it can cause serious damage to
human eardrums. A slightly stronger blast wave @oatult in irreversible damage, i.e., fatal
results. With increasing time, 8@@ < t < 1033us multiple wave reflection between the room
walls, floor and ceiling takes place as is evidarfig. 5.

As mentioned, one of the aims of the present werko explore the overpressure
reached in the worst places of the building whigrexsupposed to be the corners. As it is not
possible to locate pressure gauges there, thepasisibility is to obtain these values from our
numerical simulation. But, for that, we need toumately validate our code. Consequently,




three pressure gauges were installed at the cehtesch rear wall of the first, second and
third floors.

In Figs. 6 and 7, comparison is made between nuoallgr evaluated and
experimentally recorded schlieren visualizatiorsweell as a comparison between recorded
overpressure histories (for the cases where thdantshock wave Mach numbers inside the
shock tube were MF1.11 and M=1.27) and its simulations, respectively. Very good
agreement is evident between recorded and simusatdterens (see Figs. 6a, 6b, 6¢ and 6d).
For clearly showing this agreement lines were addedasily identifying the border/location
of the various waves in the two schlieren imagesoAa very good agreement is evident
between recorded and simulated overpressures dirdhand second floor walls (see Fig. 7).
Recorded and computed pressure histories on walleahird floor are not shown in Fig. 7
since their amplitudes are so low that they aresmnificant. The oscillations observed in
recorded pressures before arrival of the blast veamegedue to the fact that the sound velocity
in Plexiglas (2500 to 3000 m/s) is about 8 to h@es higher than that in air (about 340 m/s).
Consequently, reflected and refracted blast wawashred and disrupt the pressure gauges by
vibratory oscillations before the effective measoeat is recorded.

Based on results shown in Figs. 6 and 7, it is safconclude that the used numerical
scheme is reliable and can safely be used for atingl weak and medium strength blast
wave interaction with building.

In Figs. 8 and 9 pressure evolution, resultingnfrine interaction of a weak (4 KPa
over-pressure) and a medium strength (10 KPa awemspre) blast wave with the three levels
building model are shown. As mentioned, it is appafrom Fig. 8 that for the weak blast
wave, the acting over-pressure on the ceiling effitst floor, and especially in the corners, is
approaching 35 KPa. Such over-pressure is desteutdieardrums (see Table 1) and about 9
times higher than the initial overpressure in timeaming blast wave. In the case of the
medium strength blast wave entering the buildinglehoshown in Fig. 9, the obtained results
are more dangerous. The over-pressure in the presse reaches about 70 KPa at the
corners of the first floor, which is very dangerdas eardrums, lungs, and could be deadly
for frail and old people. As the impinging blastwegoropagates into the second and the third
floors, no real increase in the post-blast ovesguee is observed due the quick attenuation of
the propagating blast wave.

Finally, due to the strong attenuation of the pgateng blast wave, when it reach the building
third level no comments can be deduced from thegmtework regarding best location for
window in the rear wall of that floor.

V Conclusion

An experimental and numerical investigation of wa@ad of medium-strength blast
wave's interaction with a three levels building basn undertaken using both, a conventional
shock tube and numerical simulations. It is cleamf the present results that blast wave
damages are higher for people standing near a walgven higher when near corners.
Furthermore, at a late time, the overpressure betafliected blast wave from a room corner
is significantly higher than that experienced ia tipen atmosphere. This pressure increase is
due to blast reflections from the corner between




t= 33us t= 66us t=100ps
t=133pus t=166us t=200ps t=233us
t=266ps t=300ps t=333us t=366us
t=400ps t=433ps t=466ps t=500us

Figure 5. Sequences of schlieren photos (30,000sfiswing the evolution and multiple

reflections of the blast wave inside the Plexidhasiding. The incident shock wave Mach

number inside the shock tube was 1.17 (T80#971).
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t=1ddOus

t=933us t=966us t=1033ps
Figure 5 (continue): Sequences of schlieren (30{0¥)0photos showing the evolution and
multiple reflections of the blast wave inside tHexiglas building. The incident shock wave
Mach number inside the shock tube was 1.17 (T80Q#971
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d) M,=1.27

Figure 6:Comparison betweeschlieren representations obtainedm computatior (left)
and experiment§ight). In cases (a) and (b) the incident shockevslach number, inside tt
shock tube, was M1.11 (T80#974) and in (c) and (d) it wags=1.27 (T80#975 Left and
right scalesare exactly the same, showing a perfect agreemespace and tin for waves
dynamics.Except from initial-physical-conditions, neither parameter have been chan
computations.
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Figure 8: Numerical simulation (30,000 f/s) of s distribution inside the building model
showing the evolution and multiple reflections lo¢ tentering blast wave. The incident shock
wave Mach number inside the shock tube is 1.11#930).
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Figure 9: Numerical simulation (30,000 f/s) of mes distribution inside the building model
showing the evolution and multiple reflections loé tentering blast wave. The incident shock
wave Mach number inside the shock tube is 1.27 #980).
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the room ceiling and walls. The present work miggtuseful in designing building structures
complying with safety standards, as well as forgbeavho are not familiar with explosion
generated blast waves.

Finally, the present work could also be helpfulvididate humerical codes able to predict
such effects without taking into account brokenstarction materials and glass debris, as
well as primary blast effects in urban structuned eomplexes.
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