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Some characteristics of an interior explosion within a
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Abstract. The paper presents a study aimed at understanding some characteristics of an interior
explosion within a room with limited or no venting. The explosion may occur in ammunition storage or
result from a terrorist action or from a warhead that had penetrated into this room. The study includes
numerical simulations of the problem and analytical derivations. Different types of analysis (1-D, 2-D and
3-D analysis) were performed for a room with rigid walls and the results were analyzed. For the 3D
problem the effect of the charge size and its location within the room was investigated and a new insight
regarding the pressure distribution on the interior wall as function of these parameters has been gained.
The numerical analyses were carried out using the FEulerian multi-material approach. Further, an
approximate analytical formula to predict the residual internal pressure was developed. The formula is
based on the conservation law of total energy and its implementation yields very good agreement with the
results obtained numerically using the complete statement of the problem for a wide range of explosive
weights and room sizes that is expressed through a non-dimensional parameter. This new formula is
superior to existing literature recommendations and compares considerably better with the above numerical
results.
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1. Introduction

Confined explosions may occur due to various reasons and their effect may be very severe and
may lead to the structure’s collapse (Griffiths et al. 1968). The damage caused by a confined
explosion is more severe than that of a similar external explosion. The resulting damage depends on
the geometrical parameters of the confined space where the explosion occurs (geometrical sizes, the
charge location, the openings’ existing and their size etc.), the structural and material characteristics
of the room’s elements and the charge’s type and size.

The end goal of an analysis of a confined explosion is to predict the immediate local damages
caused by the explosion. These damages occur shortly after the shock waves arrival at the structural
components and their damage may lead to further damage and even collapse of the entire structure
(Dorn et al. 1996, Luccioni et al. 2005). This analysis includes both the complex pressure
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propagation and distribution on the interior boundaries of the room at all times and the dynamic
response of the structural elements including the damage formation. Such an analysis may be
performed either without coupling of the shock wave reflection and dynamic pressure distribution
and the elements’ structural dynamic response (O’Daniel and Krauthammer 1997) or with coupling
(Chock and Kapania 2001, Vaidogas and Egidijus 2003, Corneliu 2004).

To predict the contact dynamic pressure acting on the interior of the room’s envelope structural
elements (walls, ceiling, floor, partitions etc.) one should consider the charge properties and
location, the confining space geometry, the presence of openings on the envelope elements etc. This
analysis is based on the shock wave interactions with the room boundaries. This is a well known
problem that has been studied in many books (Baker er al. 1983, Kinney 1962, Bangash 1993),
handbooks and reports (A718300 1974, Ben-Dor 2000), reports (Michael and Swisdak 1975) and
manuals (TM-5-855-1 1986, AASTP-1 2006). The simplest problem of the explosion shock wave-
structure interaction deals with the external explosion in the proximity of an obstacle (Shear and
Makino 1967, Liang ef al. 2002, Podlubnyi and Fonarev 1974, Kivity 1992, Igra et al. 2003). The
problem of a confined explosion is considerably more complicated and less investigated. This paper
is devoted to study and enhance the understanding of some characteristics of an interior explosion
within a room with limited or no venting.

2. Typical simulations of blast loads

The time history of a blast pressure acting on a boundary wall resulting from a fully or a partially
confined internal explosion is complex mainly due to the repetitive shock waves reflections from
the closed space faces (walls, ceiling, and floor). Fig. 1 shows a typical time history of the contact
pressure and impulse due to an external explosion (Eamon 2007). One can see that the contact
pressure is characterized by a sharp increase of a peak pressure after which a quick decay occurs.
The pressure rapidly drops to zero.

In the case of an internal explosion the blast pressure time history is considerably more complex.
Even in a one-dimensional problem (a spherical or a cylindrical charges inside a spherical or a
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Fig. 1 Blast wave pressure time history of an external explosion (Eamon 2007)
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Fig. 2 Overpressure in the cube without ceiling  Fig. 3 Overpressure time history in a cylindrical
(Keenan and Tancreto 1974) vessel (Bangash 1993, Gregory 1976)

cylindrical vessel correspondingly), the contact pressure time history shows several peaks. For a
fully confined space, the pressure time history converges to the constant permanent overpressure
caused by pressure of explosive products and denoted as the gas pressure. For a partially confined
explosion, where openings in the envelope allow the pressure release, the overpressure is
diminishing to zero at a rate that depends on the relative openings area and on their locations.
Figs. 2 and 3 show the typical overpressure time history for a partially confined (Fig. 2 - Keenan
and Tancreto 1974) and a fully confined space (Fig. 3 - Bangash 1993, Gregory 1976).

The overpressure time histories of a partially confined space may also be observed in the case of
an explosion occurring at a crossroad of an urban area in the proximity of surrounding tall buildings
(Smith er al. 2001, Remennikov and Rose 2005, Smith and Rose 2006). Such problems are
characterized by very quick overpressure decay with time. The first peak is always characterized by
the highest peak pressure and the number of the following peaks is relatively limited.

On the contrary, in the case of a confined space with a relatively small openings area the pressure
duration is relatively long and the number of after-peaks is relatively large.

The simplest problems of confined explosions are the one-dimensional problems of a spherical
charge at the center of a spherical vessel or of a line-charge along the axis of a cylindrical vessel.
For such relatively simple problems we may use simplified models to obtain analytical solutions for
the vessel’s walls response (Marchenko and Romanov 1984, Zhu et al. 1997, Auslender and
Combescure 2000, Duffey and Romero 2003). In such simplified models the contact pressure or the
impulse is predefined from empirical relationships (Alexsandrov et al. 1982, Tsypkin et al. 1982).

According to various sources, the first three peaks may be taken into account to describe the
dynamic contact pressure after which a constant gas overpressure may describe the pressure acting
on the inner envelope. For a line charge explosion placed along the axis of a cylindrical vessel
(plane problem), an existing simplified analytical formula defines the first 3 pulses by a triangular
shape (see Fig. 4) with peaks of decreasing magnitude by a factor of 0.5, i.e., the peak magnitude
equals to half the magnitude of the preceding peak (Baker et al. 1983, Bangash and Bangash 2006).
The pulses durations are constant and equal to Ty = 2¢,, where ¢, is the arrival time of the cylindrical
incident shock wave to the cylindrical vessel’s boundary and its magnitude depends on the
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Fig. 4 Simplified (3-peaks) internal blast pressure (Baker et al. 1983, Bangash and Bangash 2006)

explosive material’s type and on the vessel’s radius. It turns out that the impulse magnitude of each
pulse is half the magnitude of the preceding pulse. Note that the existing literature does not consider
the residual quasi-static overpressure that follows the dynamic blast action (see Fig. 3). The sources
also do not specify how to evaluate the first peak Pg; which is obviously also dependent on the

explosive material’s type and on the vessel’s radius.

3. The effect of number of peaks on the response of a flexible shell

Consider a one dimensional problem of the dynamic response of a cylindrical elastic shell, of
radius R and thickness 4, to the internal pressure P(¢) that is described in Fig. 4.

The equation of motion has the following form
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Where

£ u
1- yzR

Here u is the shell median surface’s displacement, o is the hoop stress, E, y, oy are the respective
values of the shell’s Young’s modulus, Poisson’s ratio and density. The calculations were performed
for two values of Young’s modulus: £, = 2.0 x 10° bar and E,=E,/16 and for the following other
parameters: z=0.29, py=7.88 g/ecm®, h=0.5 cm, R=10 cm. The pulse load action of one- two-
and three- impulses have been studied, where the first pulse parameters (Fig. 4) are the following:
t4=0.021 ms; Tx=0.014 ms; Pg;=1200.0 bar. The following pulse peak (if it exists) is equal to
half of the previous peak’s value and the peaks durations are equal to each other. Depending on the
Young’s modulus values, the corresponding shells natural periods are 7,=0.119 ms and
T,=T, x4=0.477 ms. Figs. 5 and 6 describe the hoop stress time history depending on the number
of pulses. One can see that for the stiffer shell (£, 77 — Fig. 5) the additional peaks decrease the
stress amplitude while for the flexible shell (£,, T, — Fig. 6) they increase the amplitude.

Therefore, the number of peaks acting on the shell wall significantly affect the shell’s response
and this effect qualitatively and quantitatively depends on the shell’s natural period.

2

4. The effect of the shell’s flexibility on the contact pressure due to a confined
explosion

In general, the blast response of the structure’s walls affect the contact pressure, and a coupled
analysis is then required. When the structural elements are relatively rigid, their motion does not
affect the blast pressure magnitude and the analysis maybe uncoupled. To examine the effect of the
structure’s flexibility on its dynamic response due to a confined explosion, the problem of a
symmetrical TNT line charge explosion inside two cylindrical vessels (of radii R=40 cm and
R=10cm) were analyzed. The analysis was performed with AUTODYN-11. The analysis was
performed for a rigid wall vessel as well as for an elastic plastic shell having the thickness #=0.5 cm
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and the following physical properties: Young’s modulus £=2.0 x 10° bar, Poisson’s ratio u=0.29,
an ultimate hoop stress oy=5000 bar, a plastic hardening modulus g=2830 bar, and density
£o="1.88 glem’.

Figs. 7, 8 show a comparison of the contact pressure for a rigid and for flexible vessels.

One can see that the effect of the vessel’s flexibility within this range on the contact pressure due
to a confined explosion is minor and the uncoupling of the blast pressure calculation and structure’s
response analysis may be applied in the examined cases. Obviously with a considerably smaller
vessel’s thickness a stronger interaction is expected and the coupled analysis may be unavoidable.

5. The plane analysis of a confined explosion

This section presents a number of plane simulations of reflected (blast) waves as an initial
approximation of blast response of a rectangular room structure with plane wall panels. The contact
pressure has been calculated at the centre of rigid wall as well as at the room corner for both free
and partially or fully confined explosions.

5.1 The effect of walls locations on the contact pressure due to a nearby explosion

Two following simulations are performed to examine the effect of an obstacle (floor) that is
placed perpendicularly to a given rigid wall, on the contact blast pressure. In the first problem we
study the pressure time history acting on a single wall due to a nearby explosion of the TNT line
charge (the wall-charge distance is equal to five radii of the charge R;). The second simulation deals
with the same charge explosion in proximity to the wall-floor corner while the charge is located at a
distance / from the floor (Fig. 9).

In both cases the pressure was calculated with respect to the wall point at shortest distance from

Fig. 9 Charge explosion in the proximity to the wall-floor corner
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Fig. 10 Contact pressure time histories

the charge. Figs. 10(a)-(f) show comparisons for various floor distances 4.

One can see that for the case when the charge is close to the floor (Figs. 10(a)-(b)), the rigid floor
produces a fore-shock preceding the peak pressure. The fore-shock is sometimes larger than the
peak blast pressure that develops in absence of the floor. When the distance /% increases, the fore-
shock disappears and the peak pressures for both cases becomes similar while and the after-peaks
are different (Figs. 10(c)-(d)) and this difference decreases when #/ further increases. For a relatively
large distance from the floor (%2> 4R,) the calculated signals are about the same (Figs. 10(e)-(f)).
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5.2 Fully and partially confined explosions

Consider the explosion of TNT charge at the centre of 2D 300 x 300 cm space. The room size
corresponds to a meshing of 69 x 69 x 69 cells for. The charge size is determined from 5 x 5 cells
(21.7 x 21.7 cm) that represent an explosive mass equivalent to about 16 kg cubical charge (see
section 6). This model will allow us to examine the effect of the degree of venting (Fig. 11). The
calculations were performed for one- two- three- and four-walls confining the space. Figs. 12(a)-(e)
show the time histories of the pressure at the left hand side wall centre for all these cases.
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On the contrary, to sub-section 5.1 this explosion is relatively distant from the walls (about 7
charge radii-Fig. 10(f)). All the above cases yield about the same first peak (about 500 bar) but the
following peaks are different, especially for the case of a fully confined room (Fig. 12(d)) as
compared with all the other cases (Figs. 12(a)-(c)). Fig. 13 demonstrates this comparison for the
early time (#<5 msec). The difference of the after-peaks yields a significant difference of the
impulse 1(¢) = j(fp( 7)dt - as shown in Fig. 14.

6. 3D analysis
A three dimensional problem is examined, with a cubicle 21.7 x 21.7 x 21.7 cm TNT explosive

placed at the centre of 300 x 300 x 300 cm cubicle room without openings (fully confined
explosion). The room's walls are assumed to be rigid (Fig. 15).

cub
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cub
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Fig. 15 3D-analysis-problem description Fig. 16 3D analysis-the gauges



642 V.R. Feldgun, Y.S. Karinski and D.Z. Yankelevsky
6.1 The contact pressure distribution
The calculations were performed using AUTODYN-11. The program calculated the contact pressure

at the following points (see gauges position in Fig. 16): 1 — the room comer, 2 — the edge quarter, 3 —
the edge mid-point, 7 — the diagonal quarter, 8 — the wall mid-line quarter, 13 — the wall centre.
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Fig. 17 Contact pressure at the room wall
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Figs. 17(a)-(f) present the contact pressure’s time history for these points.

One can see that for the given charge size, the maximum value of peak pressure (about 400 bar)
is developed at the room corner (gauge 1) — see Fig. 17(a). The minimum pressure magnitude (less
than 50 bar) was calculated at the gauge 7 (Fig. 17(d)) that is located at the diagonal quarter. Fig. 18
shows the peak pressures envelope over the entire wall.

Note that the peak pressure values at various points of Fig. 18 appear at various instances; hence
Fig. 18 does not describe a certain pressure distribution but an envelope. Figs. 19(a)-(d) show the
pressure distribution along the wall mid-line at various instants (gauge 23 is placed on a parallel
edge mid-point symmetrically to gauge 3 — see Fig. 16).

One can see that at the beginning of the process the peak pressure is developed at the wall centre
(Fig. 19(a)). Then after it moves to the edge’s direction (Figs. 19(b)-(c)). During this process, the
pressure at the central point decreases when the peak pressure increases. These figures demonstrate
that the common simplified assumption that the wall’s response may be analyzed assuming a
uniform dynamic pressure distribution is incorrect.

6.2 The effect of the charge size

The analysis of the previous sub-section was performed for a relatively small charge in
comparison to the room size. When the charge’s dimensions increase, the peak pressure’s
envelopment (Fig. 19(a)) shape is changed and its maximum may appear at the wall centre. Fig. 20
shows the relationship between the peak pressure at the room corner (max value at gauge 1) to its
maximum value at the wall centre (gauge 13) depending on the relative charge size (a/A)
(A=300 cm is the cubicle room side length and “a” is the cubicle charge’s dimension).

For a relatively small charge, the peak pressure at the corner is larger than at at the center and this
ratio increases while a/4 <0.1 (the maximum ratio is about 10.5 — Fig. 20). Upon further increase
of the ratio a/4, the ratio of the maximum pressures decreases. For a/4= 0.4 the peak pressures at
the corner and at the wall centre are equal. For even larger charges the maximum peak pressure

12
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S P
\\9—‘6/
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Fig. 20 The normalized peak pressure at the room corner to its magnitude at the wall centre depending on the
relative charge size
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develops at the wall centre (as long as a/4 <0.8). Note that for large a/4 the problem becomes
unreal, as we deal with a very large explosive quantity that produces enormous pressures. A similar
problem of large a/4A may appear in the case of gas explosion, however in that case another model
is required to represent the equation of state of the gas and its energetic properties.

Figs. 21(a)-(b) show that a similar relationship for the pressures ratio (with respect to the
maximum pressure at the wall center-gauge 13) as function of a/4 appears for an edge quarter
gauge (gage 2) and for the mid-point gauge (gage 3). In both cases the maximum pressure ratio is
about 3.

7. The residual overpressure for a confined explosion

In this section we shall develop a new analytical expression to evaluate the residual quasi-static
gas pressure that is developed in the explosion process and remains for a rather long time within the
fully confined space.

Consider the problem of charge of a volume V that explodes within a fully confined space of a
volume V. The conservation of energy law may be written as follows

—L0 oy (V=v)+ Oppy = —L—pV 3)
Po(%—1) (7—1)p
Where pg, oy are the explosive and initial air densities, y, » are the adiabatic indexes of the air-
explosive gas mixture and of the instant air, Q is the explosive specific heat of a constant volume.
The first and second terms on the left-hand side of Eq. (3) express the internal energy of the air
space excluding the charge and the internal energy of the explosive material respectively. The right-
hand side presents the energy of the air-explosive gas mixture after the occurrence of the explosion
and the wave process stabilization (quasi-statics). Eq. (3) yields the following expression for the
residual pressure after the occurrence of a confined explosion
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Note that Eq. (4) represents the full pressure; to obtain the residual overpressure one should
subtract the initial air pressure p, from the right-hand side.

Fig. 22 presents the contact pressure at the rigid wall centre due to an explosion of a 21.7 x
21.7 x21.7 cm TNT charge that explodes at the centre of a 300 x 300 X 300 cm cubical room
without openings (see Figs. 14, 15). The system’s parameters are the following: py=1.225 kg/m’,
pe=1600 kg/m®, po=10° Pa, =14, 0=4.1868 x 10° J/kg. The adiabatic index of the air-
explosive gas mixture ¥ is equal to the average of » and of the explosive gas adiabatic index for
low-pressure (up to 1000 bar) is = 1.25.

The red line indicates the residual pressure according to Eq. (4). One can see the good
correspondence between the calculated results with the AUTODYN software and the analytical
prediction with Eq. (4). The blue line shows the “gas pressure” P, that appears in literature (TM-5-
1300 1990) and the average pressure decrease with time. For a relatively stable process (#> 20
msec) these values (TM-5-1300 and prediction (4)) are similar.

The residual pressure (4) depends on the adiabatic indexes of the air-explosive gas mixture that is
unknown. It depends on the amount of explosive material as well as on the final pressure, because
the explosive materials adiabatic index y; varies from 1.25 for the relatively low pressures (the order
of 10° bar) to 3 for the high pressure range (the order of 10° bar). Fig. 23 demonstrates the
dependence of a residual pressure (psi) on the parameter W/V (Ib/ft®) for various values of 7.

The red points indicate the results that were obtained from AUTODYN simulations and the red
line indicates the atmospheric pressure. The most right point corresponds to the case when the
explosives fills 80% of the room volume. Even in this case the residual pressure reaches about
700 bar and therefore, at the quasi-static state, the system is subjected to a relatively low
overpressure. Now it is clear that the explosive materials’ adiabatic indexes y=3 and y= (3 + 1.4)/2
are not valid and its usage yields improper results (see two upper lines in Fig. 23). For a relatively
large charge (the side is larger that 0.13 m) the best correspondence between the numerical results
and analytical predictions (4) is obtained for y= 0.5()%t»), (1= 1.25). When the charge is relatively
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Fig. 24 The residual pressure for small weight charges for various values of y

small, the effect of the explosive materials is small and y= 3. Furthermore, Fig. 23 shows that the
usage of the average 0.5( + ) for small charges (left-side points) yields a residual pressure that is
somewhat smaller than the atmospheric pressure that, essentially, is physically not sound (see
Fig. 24).

8. Conclusions

The paper presents a study aimed at understanding some characteristics of an interior explosion
within a room with limited or no venting. The effect of parameters of both space geometry and the
charge on the blast contact pressure has been examined.

The study includes numerical simulations of the problem. The number of after-peaks characterizes
the confined explosion. The paper studies the effect of the number of impulses (after peaks) on the
flexible shell response depending on its stiffness. The analysis yields significant quantitative and
qualitative effect of the after-peaks number as well as the shell natural frequencies on the process.

The effect of the wall’s flexibility due to a confined explosion on the blast contact pressure due to
a confined explosion in air has been investigated. It was shown that due to a relatively short time of
the non-stationary process this effect is minor and the uncoupling of the blast pressure calculation
and structure's response analysis may be applied in certain cases.

Different types of analysis (1-D, 2-D and 3-D analysis) have been performed for a room with
rigid walls and the obtained results were examined. For the 2D problem, the effect of the corner
between adjacent panels as well as of the degree of the space confinement (1, 2, 3, 4 walls) on the
contact pressure was studied for a nearby explosion. The analysis shows that the pressure time
history for the fully confined explosion is very complex and is significantly different from the
pressure time history in the case of a partially confined space.

The 3D simulation deals with the blast contact pressure distribution along the wall at various
instances due to a fully confined explosion. The effect of the charge size and its location within the
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room has been investigated and a new insight with regard to the peak pressures envelope as
function of these parameters has been obtained. When the charge is relatively small the maximum
peak pressure appears at the room corner, while for a relatively large charge (consuming 40-60% of
the room space) the maximum peak pressure develops at the wall center.

Further, an approximate analytical formula to predict the residual internal pressure has been
developed. The formula is based on the total energy conservation law and shows very good
agreement with the numerical results obtained by AUTODYN Commercial Software for a wide
range of the relative charge/room size. The new relationship compares very well with the above
numerical results and is considerably superior to existing recommendations in the literature.
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