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Abstract

Accidental blast wave generation and propagation in the surroundings poses severe threats for people and property. The prediction of
overpressure maxima and its change with time at specified distances can lead to useful conclusions in quantitative risk analysis applications.
In this paper, the use of a computational fluid dynamics (CFD) code CFX-5.6 on dense explosive detonation events is described. The work deals
with the three-dimensional simulation of overpressure wave propagation generated by the detonation of a dense explosive within a small-scale
branched tunnel. It also aids at validating the code against published experimental data as well as to study the way that the resulting shock wave
propagates in a confined space configuration. Predicted overpressure histories were plotted and compared versus experimental measuremer
showing a reasonably good agreement. Overpressure maxima and corresponding times were found close to the measured ones confirming the
CFDs may constitute a useful tool in explosion hazard assessment procedures. Moreover, it was found that blast wave propagates preserving
supersonic speed along the tunnel accompanied by high overpressure levels, and indicating that space confinement favors the formation anc
maintenance of a shock rather than a weak pressure wave.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction level of damage is the maximal (peak) overpressure predicted
to developing at specified distances of intefast].

The study of the generation and propagation of blastwaves = The major characteristic for any explosion is the rapid re-
were always of great importance from the safety viewpoint lease of a huge amount of energy in time intervals of the
for any chemical industry handling explosive materials or order of microseconds, which results in sharp local pressure
flammable gases. A large number of past explosion accidentsncrease. Subsequently, an overpressure wave is generated
has led to considerable property damages, in addition to hu-that propagates in three dimensions with velocity that ex-
man injuries along with fatalities in some ca$tp ceeds the velocity of sound (supersonic flow) covering soon

In fact, risk analysis procedures applied in dangerous in- large distances. Possible explosion sources may be condensed
stallations focus on the quantitative consequence estimationphase materials, or flammable gas—air mixtures in confined
of potential accidental events (explosion, fire, toxic disper- (or not) space (confined and unconfined vapor cloud ex-
sion) aiming at the determination of hazardous zones in the plosion, respectively). Condensed phase sources are meant
vicinity. With regard to the explosives industries, where the highly exothermic chemical substances that are designed to
main hazard arises from potential explosions, the interest con-explode, namely to release their energy quite rapidly, and
cernsthe evaluation of the effects of the shock wave generatedhey include high (or dense) explosives, solid propellants,
by such energetic events. Usually, the criterion for a certain and mixtures of fuels and oxidizefs].

Among the widely employed semi-empirical meth-
ods for blast overpressure estimation (TNT equivalence,
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E-mail addressrigasf@central.ntua.gr (F. Rigas). is the only one that can be recommended for high explo-

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.01.031



24 F. Rigas, S. Sklavounos / Journal of Hazardous Materials A121 (2005) 23-30

discussion for the computational capabilities of the code has
Nomenclature been made in a previous papgd]. The simulation presented
in this paper deals with the experimental work of Binggeli et
dp density of the explosive material (kgT?) al.[11], in which dense explosive detonation test took place in
Er explosion power (kg fs~3) asmall-scale branched closed tunnel. This latter experimental
k turbulence kinetic energy per unit mass  \work performed to study the propagation of the shock wave in
(m?s72) a complicated tunnel by logging overpressure histories prior
Mp explosive mass (kg) to branching, as well as at certain points in the branches. The
rm residuals in the linearized system of equations  explosive used in the experiment was Plastit, a solid energetic
Ro radius of the spherical explosive mass (m) material used mainly for military purposes. Like most dense
S step function expressing the energy production  explosives, it has the property of exploding at essentially con-
within the domain during the explosion phase  stant rate, namely with constant detonation velofigj.
(kg m?s73) In the simulation procedure, the detonation duration and
t time (s) energy release rate were defined for the current explosive ma-
to time of explosion initiation (s) terial (Plastit) using its physical properties (mass specific en-
51 energy release duration (s) ergy, density, detonation velocity), by a properly adapted step
te time constantequalto 1s function for the energy production term. Proceeding on the
U detonation velocity (ms') discretisation of the domain, besides selective mesh refine-
\Y volume of integrated cell () ment of the initial unstructured tetrahedral mesh (techniques
5 volume of the explosive sphere $n that have been also used in other explosion cdtigd 4],
X, Y horizontal coordinates (m) there was the possibility for inflation layers construction on
z vertical coordinate (m) the walls of the domain, allowing for better modeling of the
close-to-wall physics where large variations of fluid proper-
Greek letters ties occur.
a1 dimensionless constant The obtained overpressure maxima and wave structures
AHp,  mass specific energy (Jk§ were compared against the corresponding experimental ones
At turbulence dynamic viscosity (kgms™1) with a fairly good agreement, showing that CFDs are able to
vt turbulence kinematic viscosity 1) predict potential explosion effects in complex confined space
o density (kg nT3) . configurations. Moreover, velocity visualizations within the
@ general scalar variable domain revealed that blast wave propagates preserving super-
¢° solution field in the first order Backward Eulef  sonic speed along the narrow part of the arrangement devel-
00 scheme o oping at the same time high overpressures. In contrast, within
@ solution fieldinthe second order Backward EU-  the free-field part, wave speed turns abruptly to subsonic ac-
ler scheme companied by significant overpressure drop. This indicates
w turbulent frequency (s") an important role of space confinement during an explosion,
since it favors the formation of a shock rather than a weak
Subscripts pressure wave, thus increasing the risk for destructive effects.
[ the identifying number of the finite volume o
node
2. Numerical methods

sives[6]. However, the assumption of an equivalent mass 2.1. Governing equations
of TNT does not allow for the characteristics of the explo-
sion, whilst the way it affects the surroundingsisindependent  The CFX code has been designed to solve transonic and
of the explosion source. In fact, material physical properties supersonic flows, even for Mach numbers bigger than 2, yet
play important role in blast wave characteristics; for exam- with slow convergence rates, as observed during the simu-
ple, higher explosive density entails higher detonation ve- lations. The set of equations considered in the code for the
locity and hence greater rate of energy release resulting inconservation of mass, momentum and energy are the unsteady
enhanced overpressure levgls Navier—Stokes equations in their conservation f¢t&16]
Alternatively, numerical techniques may be applied to In supersonic flows or when sharp shocks appear in the
describe detonation events. Computational approximationsdomain, the kinetic energy effects cannot be neglected any
of explosions have been performed in previous papers us-more as happens in low speed flows. Total energy model
ing two-dimensional, time-dependent conservation equationsincorporated in CFX code predicts the temperature in the
[8,9]. This work aims at testing the suitability of the three- entire domain accounting for heat transfer by conduction,
dimensional CFD code CFX 5.6 on the simulation of shock convection, turbulent mixing and viscous work. This model
wave propagation in a confined complex geometry. Some s essential for Mach numbers up to 2 and besides kinetic
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energy effects, it takes into account buoyancy effects arisen In the second step, the generation of hybrid tetrahedral
by hot spots in the domain (i.e. due to thermal sources) andgrids (the so-called inflation layers) consisting of layers of
hence large local density variations. triangular prism elements on the boundary surfaces and tetra-
hedral elements in the interior is carried out. In contrast with
pure tetrahedral meshes, hybrid tetrahedral meshes with near-
surface prism layers allow for better modeling of the close-
A number of models have been developed that can be usedo-wall physics of the flow field (i.e. sharp velocity changes)
to approximate turbulence based on the Reynolds Averagedgiving rise to more accurate results.
Navier—Stokes equations and can be classified as either eddy
viscosity or Reynolds stress modgls]. 2.4. Solution scheme
The SST mod€]l17,18]used in the computations was de-
signed to give highly accurate predictions of the onsetandthe  Analytical solutions to the Navier—Stokes equations exist
amount of flow separation under adverse pressure gradientgor only the simplest of flows under ideal conditid28]. To
by the inclusion of transport effects into the formulation of the obtain solutions for real flows, a numerical approach must be
eddy-viscosity, resulting in major improvement of flow sepa- adopted whereby the equations are replaced by algebraic ap-

2.2. Turbulence modeling

ration prediction capability. The proper transport behavior is
obtained by alimiter to the formulation of the eddy-viscosity:

o1k

. L 2.1

"= Imax(@iw, SF)] 2.1)

where

o =2 (2.2)
0

F is a blending function of the distance to the nearest wall
and the flow variablek, », which restricts the limiter to the
wall boundary layer, whil&Sis an invariant measure of the
strain rate.

2.3. Grid generation

The numerical method used for the discretisation of the
computational domain was the finite volume method (FVM)
[19], which has been utilized in explosion studies for 2-D
discretisation with unstructured triangular gidd]. This ap-
proach involves the subdivision of the entire domain into fi-
nite control volumes (cells) using a grid (mesh). The govern-
ing equations are integrated over each control volume, such
that the relevant quantity (mass, momentum, energy, etc.) is
conserved in a discrete sense for each cell.

The current version of CFX code incorporates the AN-
SYS ICEM CFD 4 meshing tool. The full construction of
the mesh is performed in two steps: Initially, the domain vol-
ume is filled with tetrahedral cells, whilst a triangular surface
mesh is generating on the overall object surface. For improv-
ing cells quality, a power smoothing algorithm as well as a
variety of tools for local mesh adaptation and refinement is
available. Mesh construction parameters (such as scale facto
and maximum element size) are user defined. Thus, particu-
lar care should be given in order to an optimal mesh be built:
neither too coarse (because then the solution may not be sat
isfactorily accurate and significant deviations from the real
values may arise), nor too refined (since extremely refined
meshes may demand excess CPU time to execute a simu
lation). The latter depends strongly upon the computational
power available.

proximations which can be solved using a numerical method.

The solution to the conservation equations via FVM pro-
ceeds through the integration of the governing partial differ-
ential equations over all the control volumes (3-D elements).
Afterwards, the integral equations obtained are converted to a
system of algebraic equations. The latter are solved iteratively
at nodal points inside each cell aiming at minimization of the
residuals (iteration loop error) until the desired convergence
be satisfied.

CFX 5.6 uses a coupled solver, which solves the hydrody-
namic equations (for pressure and velocity components) as
a single system. This solution approach uses a fully implicit
discretisation of the equations at any given time step reduc-
ing the number of iterations required for convergence. The
general solution algorithm is illustrated Fig. L

In this work, in order to obtain a solution to the transient
problem, the second order Backward Euler transient scheme
was employed, which is applicable for constant and variable
step sizes. The second order Backward Euler method is an
implicit time-stepping scheme and, in contrast with that of
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Fig. 1. Solving algorithm in CFX 5.6.
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first order, is second order accurate in time. However, it is also includes the central coefficient multiplying the solution
not monotonic and therefore inappropriate for some quanti- at theith location. The node may have any number of such
ties that must remain bounded, such as turbulence quantitiesneighbours, so that the method is equally applicable to both
Consequently, the first order Backward Euler scheme wasstructured and unstructured meshes. The set of these, for all

applied as far as turbulence equations are regarded. finite volumes constitutes the whole linear equation system
The first order Backward Euler scheme approximates the and can be written in the general matrix form:
transient term as:
oS ppd)  pVip— o) [All¢] = [0] 2.7)
pg dv PV —9¢ . - . .
2 = (2.3) where P is the coefficient matrix, §] the solution vector
ot At : :
. o o and [p] the right-hand side.
Itis robust, fully implicit, bounded, conservative intime,  The above equation can be solved iteratively by starting

and does not create a time step limitation. The transient termyith an approximate solutiors”, that is to be improved by
has no bearing on the steady state solution, but itis only first 5 correctiony/’, to yield a better solution,™?, i.e.

order accurate in time and therefore may induce numerical L
. . . . /
diffusion in time. P =9¢"+0¢ (2.8)

The second order Backward Euler scheme approximates . .
: ) where¢' is a solution of
the transient term as:

A .n
o/, o) _ pv sy 07 @9)
ot A1(1.5¢ — 2¢0 4 0.5400) ' with r", the residual, obtained from
where ¢ represents the solution field from the time step " = b — A¢" (2.10)

before the old time level. This scheme is also robust, implicit, o ) ) ) )
conservative in time, and does not create a time step limitation ~ RePeated application of this algorithm will normally yield
[20]. a solution of the desired accuracy.
Solution fields are stored at the mesh nodes. Nevertheless,
various terms in the equations require solutions or solution 3. Simulation set up
gradients to be evaluated at integration points, so there must
be away to calculate the solution variation within an element. 3.1. Experimental set up
This is achieved by means of finite element shape functions

[16], according to which a variablevaries within an element The experiment belongs to an experimental research pro-
as follows: gram of NC Laboratory Spiez for investigating the effects of
Nmode detonations and resulting blast wave propagation in closed
Y= Z (Nigi) (2.5) tunnel systems. The experiment implementation dealt with a
i=1 high explosive (Plastit) detonation in the arrangement shown
whereN,; is the shape function fdenode,¢; the value ofyp in Fig. 2 The purpose was to study the propagation of the

at the same nodal point and the summation is referred to theShock wave in the complicated tunnel by obtaining overpres-
over all nodes of the volume element.

The numerical technique utilized for the completion of sfT—D
the advection term discretisation was the first order upwind
differencing scheme (UD$) 9]. Difference schemes in their
majority are based on series expansion approximations (suct
as the Taylor series) for continuous functions. UDS is very
robust, namely numerically stable, and is guaranteed to not L3
introduce non-physical overshoots or undershoots in the so- ‘W/' '&‘
lution. .

At the last step, the linear set of equations that arise by
applying the FVM to all elements in the domain are discrete
conservation equations. The system of equations can be writ-
ten in the form: H & 2,

Za?bff’i = b; (2.6)
nb,

v
whereg is the solutionp the right-hand sidea the coeffi- , Lv
cients of the equation,the identifying number of the finite
volume or node in question, and nb means “neighbour”, but Fig. 2. Experimental configuration built in CEX code.
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Table 1

Plastit properties and calculated parameters entered into the step functiga. (£q.

Step function terms Properties Calculated parameters

Physical quantities Mass specific energy  Density (kg/n¥) Detonation velocity Detonation duration (s) Energy release
(kJ/kg) (m/s) rate (kg nfs~3)

Input values 4870 1580 8500 165%8LE-8 54351x 1E6

sure histories measurements prior to the bifurcation, as well4. Computational results and discussion
as at certain points in the branches of the tunnel.
The experimental set up consisted of a branched cylindri- 4.1. Validation
cal section connected in one side with a box of relatively large
dimensions. The blast charge had spherical shape and mass The mesh on the 3-D computational domain was con-
equal to 0.0185 kg (500 kg in full scale), while it was situated structed after deciding for a refinement of the volume ele-
in the middle of the cross-section between the tunnel and thements bounded on tunnel sides, in addition to the creation of
box’s free field. The cross section of 1:30 scaled tunnel was inflation layers on the box and tunnel walls. Adaptive grid
circular with a diameter of 0.168 m corresponding to 5m in techniques have been also incorporated in other explosion
full scale. codes for the refinement of domain regions of major interest
The airblast propagation was studied in the L-shaped tun-[13]. The ultimate grid consisted of 33,450 volume elements,
nel and transient overpressure levels were measured at pointrom which 24,620 were tetrahedrons and 8830 were prisms.
1 (before the branch), 2 and 3 (after the branch). All mea- In Fig. 3the inflation layers on the tunnel walls as well as the
surement points (MP) were laid on the axis of symmetry of refined section of the mesh are presented.
each tunnel. The dimensions presentelign 1are equal to: The solution of the problem was divided into two stages.
H: 0.868 mW: 0.7m,D: 0.168 m,L1: 0.360m,L>: 1.280m First, an initial values file was obtained by solving the prob-
andLs: 1.416 m. The distances of MP1 and MP2 from the lem in steady state. Then, the transient solution proceeded for
center of blast charge were 0.668 and 1.004 m, respectively,total simulation time equal to 0.01 s by giving very small time
whereas the distance between MP3 and the horizontal axis ofsteps varied from 1E9 to 1E-5s as follows: 10« 1E-9 +

symmetry was equal tD. 9 x 1E-8 + 9x 1E-7 + 9 x 1E-6 + 999 x 1E-5. The
convergence criterion for the transient run was the residual
3.2. Input data definition RMS (residual of root mean square) to be equal to or less than

1E—4, but for the steady state was set one order of magni-
The adiabatic (no heat transfer) wall boundary condi- tude lower (1E-5). The latter led to relatively large number

tion was imposed for the sides of the pipes and the cube.of iterations (415) until the desired accuracy was achieved.
As discussed above, condensed explosives have the propertiRegarding the transient runs, the number of iterations was
of exploding at constant rate (detonation velocity), whose fluctuating between four and six per time step. The transient
value hangs on material density and type. For that reason, it
would be a good approximation, if the source term were given
through a properly adapted step functi@) éxpressing the
energy production within the domain:
—(t —10)(t —11)
1—2) (3.1)

c

S=FE x step(

wheret represents the time (4p,= 0 s,tc = 1 s,t; = detonation
duration (s) andt, the energy release rate or explosion power
(kg m?s~3).

The unknown terms on the right-hand side may be found
(or indirectly calculated) by experimental data available in
the literature in relation with the explosive material employed
[12]. In Table 1, Plastit properties and calculated parameters
relative to Eq.(3.1) are tabulated. The detonation duration
(t1) is calculated by dividing the detonation velocity)(with
the radius of the spherical explosive meRg)(t1 = U/R,. The
radius is calculated as a function of the volume of the sphere g,
(Vp), which is found by dividing the explosive magsly)
with the density @p): VIO = Mp/dp' The last ternt; (J S_l) IS Fig. 3. Computational grid and selective mesh refinement in the tunnel

given from the.r.elauonEf = (AHP X Mp)ltl' WhereAHP S segment. Tetrahedral elements and inflation layers are also illustrated on
the mass specific energy (Ji9. a transversal cross section of the tunnel.

Inflation layers

Tetrahedrons
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Fig. 6. Predicted and experimental overpressure—time plots at point 3.
Fig. 4. Predicted and experimental overpressure—time plots at point 1.

simulation required approximately 50 h clocktime (CPUtime Table 2

1.5x 1E5 s) for full execution on an 800 MHz InCeleron Relative errors between computational and experimental peak overpressures
processor with 512 MB RAM. Measurement points Experimental Computational Relative
Computational relative pressure curves are plotted ver- value (kPa) value (kPa) error (%)
sus time inFigs. 4—6for the measurement points 1, 2 and Point1 1850 2009 +8
3, respectively. The corresponding experimental curves arePoint2 1600 1720 +B
Point 3 465 550 +12

also shown in the same plots. Simulation results are obvi-
ously in reasonably good agreement with the experimental tapje 3

records. The difference between computational and exper-Relative errors between computational and experimental arrival times
imental overpressure curves lies in overestimation of over- veasurement points ~ Experimental Computational  Relative

pressure maxima (peak overpressures), yet without notice- value (ms) value (ms) error (%)
able temporal divergence. The relative errors for computed pgint 1 0.30 0.250 167
peak overpressures fall into the range between 8 and 18%point 2 0.44 0.46 +&
(Table 9 confirming a reasonably good approximation of the Point3 0.43 0.39 —93

experimental maxima. The relative errors for arrival times

(namely the timg that pressure starts rising up) and impulse  one reason for the deviations appearingFigs. 4-6is
(pressurex duration) are displayed ifables 3 and 4espec- e simplifying assumptions on problem physics definitions:
tively. It is evident that the code predicts successfully the i particular, the air in the tunnel was considered as an ideal
explosion front passage through all measurement points, a§pstead of real gas. This was necessary in order to take into
well as the impulse of the blast wave on them. account in the computations the high compressibility effects
within the flow field of the current problem. However, the be-
....... Simulation havior of air as a real gas differs significantly from that of the
Experiment ideal one when the pressure takes extremely high values due
to explosion front passage. With regard to peak overestima-
tion, a possible explanation could be the heat loss that actually
happens through the pipe sides, and which was not taken into
account in the simulation. The latter means that an additional
temperature increase is calculated leading according to the
gas law to additional pressure increase. Furthermore, a much
more refined mesh could probably yield a more precise solu-

2000
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400

Overpressure (kPa)

Table 4
Relative errors between computational and experimental impulses

Measurement points Experimental Computational Relative
value (kPas) value (kPas) error (%)

Time (ms) Point 1 1335 1273 +9
Point 2 1726 1553 +11

Fig. 5. Predicted and experimental overpressure—time plots at point2.  Point3 721 558 +2Q

-400
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tion, leading however to significant enhancement of the com- ter the passage of the shock wave from the bifurcation at
putational time. On the other hand, this overestimation might times 0.25 and 0.60 ms, respectively. As someone can see
be considered tolerable from the safety point of view, since it in Figs. 7a and 8ahe confinement of the right-hand space
would lead to overestimation of the explosion hazard in acci- (tunnel field) does not allow the free expansion of high ki-
dent scenarios and hence to conservative risk assessment. Theetic energy gas molecules, as in the left-hand space (box free
pressure increase appearing after about 4 ms in the numericalield), thus leading to enhanced pressures in the right-hand
calculations was not observed in the experiments. This dif- side.
ferentiation could result from the reflections of the explosion Likewise, the propagation velocity of the shock wave in
front at the end of the tunnel and the concurrent heat lossesthe left-hand side (free-field of the domain) reduces rapidly
which have notbeenincluded inthe computational procedure.taking values lower than the speed of sound (subsonic flow).
It is worthwhile mentioning that a simulation of the cur- On the contrary, the shock wave propagating in the tunnel
rent experiment via the two-dimensional explosion code field preserves speed higher than that of sound rendering the
AUTODYN-2D was performed in the work of Binggeli et flow supersonicKigs. 7b and 8b Consequently, it may be
al. [11], providing results comparable to those computed in concluded that long narrow geometries contribute to increase
this paper. of the blast wave front velocity and pressure. This indicates
an important role of space confinement during an explosion,
since it favors the formation of a shock rather than a weak

4.2. Pressure and velocity profiles . )
pressure wave aggravating the impact on humans and struc-

In Figs. 7 and 8 pressure and velocity profiles have tures.
been plotted inside the computational domain before and af-
Qverpressure Ovstiressiis
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Fig. 7. Snapshot of overpressure (a) and Mach number (b) profiles within
the computational domain in an early stage of shock wave propagation Fig. 8. Snapshot of overpressure (a) and Mach number (b) profiles within
(time=0.25ms). the computational domain after the bifurcation (time =0.60 ms).
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Comparing the peak overpressures tabulatetainle 2 work 2000-2006) under the HERACLITUS research pro-
it is apparent that overpressure maxima developed in thegram.
branched tunnel are substantially smaller than that in the
straight tunnel. This may be of vital importance for the ex-
plosive industry as a safety measure for application in poten- References
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