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Abstract
Amathematical model is developed to characterize the progressive time-evolution of a fragmenting incandescent object. The
objective of these models is to provide a spatio-thermal footprint of the fragmentation field, which can be useful to guide fire
safety rules inmanufacturingworkplaces, aswell as to estimate fire hazards.Ascertaining the time-evolution of the temperature
of the fragments is quite difficult to measure experimentally, which motivates the model development. Initially, analytical
models based solely on ballistics, which provide qualitative trends, are developed to provide insight into the fundamental
ratios that govern safe operating conditions. Thereafter, rapid numerical spatio-thermal models, which provide quantitative
information, are then developed, based on particle methods. The model uses the released energy from the initial blast pulse to
provide the starting kinetic energy of the system of particles and then numerically computes the trajectory and thermal state
of the fragments under the influence of

• drag from the surrounding air,
• gravitational settling and
• convective and radiative cooling.

Numerical examples and provided and extensions to high-fidelity are discussed.

Keywords Fragmentation · Spatio-thermal footprint · Convection · Radiation

1 Introduction

The start of unwanted fires by the ignition of incandescent
metallic or ceramic fragments from man-made causes, such
asmanufacturing workplaces, is a source of growing concern
in arid and semi-arid environments, where population growth
has been unabated. Oftentimes, such fragments are gener-
ated bymanufacturing processes involving, cutting, grinding,
sanding, welding, etc, as well as metal-to-metal contact from
construction sites, worn-out brakes, vehicles exhaust sys-
tems, ballistic impacts, explosions, pyrotechnics, etc. Also,
situations involving clashing power lines in highwinds, lead-
ing to hot charged material being ejected are of concern
(Fig. 1). The generation of such incandescent particles is

B T. I. Zohdi
zohdi@me.berkeley.edu

1 Department of Mechanical Engineering 6195 Etcheverry Hall,
University of California, Berkeley, CA 94720-1740, USA

well-documented (Wingerden et al. [1] and Fernandez-Pello
[2]). According to the National Interagency Fire Center,
from 2006–2015, the average number of wildfires in the
United States was 71,594, with nearly seven million acres
burnt annually (NIFC report [3]). Depending on the ther-
mal state of the particles and the material on which they
land, they can be an source of ignition. There have been
many fires that have been attributed to hot metal particles
and sparks. Published data (Prestemon et al. [4], Ahrens
[5] and Ramljak [6]) indicates that powerlines, machinery
and vehicles cause approximately 28,000 natural fuel fires
annually in the United States (Aherns [5], NFPA [7] and
USFA [8]). These processes depend on many factors, includ-
ing the thermal state and trajectories of the particles. The
scientific significance on understanding this phenomena is
that it can potentially save lives and reduce fire damage, for
example by ascertaining clearance distances along highways
and railroads needed to reduce the likelihood of spot fire ini-
tiation. This type of information can help construct safety
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Fig. 1 Examples of spot ignition generation in manufacturing (see public domain photos: https://www.pexels.com/public-domain-images/)

regulations. The subject of spot ignition by metal particles
involves number of parameters. Early studies on the subject
were primarily experimental (Pleasance and Hart [9], Stokes
[10] and Rowntree and Stokes [11]). Fernandez-Pello and
co-workers (Hadden et al. [12] and Urban et al. [13]) have
investigated the problem in order to better understand the
physical/chemical mechanisms controlling the spot fire igni-
tion process (Fernandez-Pello [2]). Experimental tests are,
however, quite expensive and time consuming. For exam-
ple, the usual experimental approach is to heat a particle of
a metal usually encountered in spot fires (typically, steel,
aluminum, copper, brass), which is then dropped onto a
fuel bed of interest, in order to ascertain if ignition will
occur. Themore complex test problem of the interaction with
wind, airborne cooling, etc, is experimentally daunting. This
motivates the work presented in this paper. Specifically, a
mathematicalmodel is developed to characterize the progres-
sive time-evolution of an incandescent object that fragments
into multiple pieces. The objective of this model is to provide
a spatio-thermal footprint of the fragmentation field, which
can be useful to guide fire safety rules in manufacturing
workplaces, as well as to estimate fire hazards. Ascertain-
ing the time-evolution of the temperature of the fragments is
extremely difficult to measure in experiments, thus motivat-
ing the development of themodel. A direct numerical scheme
based on particle dynamics is constructed. The model uses
the released energy from the initial blast pulse to provide the
starting kinetic energy of the system of particles and then
numerically computes the trajectory and thermal state of the
fragments under the influence of

• drag from the surrounding air,
• gravitational settling and
• convective and radiative cooling.

Initially, analytical models based solely on ballistics, which
provide qualitative trends are developed. These provide

insight into the fundamental ratios that govern safe areas in
a spatio-thermal map. Thereafter, a rapid numerical spatio-
thermal model, which provides quantitative information, is
then developed. Finally, extensions to high-fidelity are dis-
cussed.

Remark 1 We restrict ourselves to the initial stages of a com-
plex process, namely the generation and ballistic trajectory of
hot metallic/ceramic incandescent particles. The subsequent
phenomena of burning embers after these fragments have
made contact with a combustible surface is outside the scope
of the present work, as is the problem of burning embers
lofted in a fire plume and/or transported by ambient winds.
We refer the reader toworks dedicated to correlations or CFD
simulations found in Baum and McCaffrey [14] and Tarifa
[15]. The launching of embers by ground fires has been inves-
tigated bymany researchers,with pioneeringwork conducted
by Tarifa et al. [15,16], who experimentally determined drag
and burning rates of spheres, cylinders and plates of various
woods, and then ascertained the maximum fire spread range.
Thiswas followed by a large number of theoretical and exper-
imental studies of ember transport (Sardoy et al [17], Lee et
al. [18] and Koo et al. [19], Pleasance and Hart [9], Tse and
Fernandez-Pello [20], Mills and Hang [21], Tarifa et al. [16]
and Rallis and Mangaya [22]).

Remark 2 We emphasize that there are different ways for
incandescent metallic particles to be generated. One unique
way is by power line (generally aluminum or copper) inter-
actions in high-winds (referred to as buffeting or galloping)
which arc or clash (Pleasance and Hart [9], Russell et al. [23]
and Blackburn [24], Badger [28]). In such situations, metal
fragments may be produced and ejected from the arcing loca-
tion (Pagni [25], Gilbert [26], Maraghides and Mell [27] and
Ramljak et al. [6] and Pleasance and Hart [9]).
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2 General assumptions

We will study a model problem comprised of a mass which
explodes, producing blast fragments that are quite small
and moving radially-outwards. The amount of rotation con-
tributes negligibly to the overall trajectory of the fragments.
We assume that upon detonation, each fragment has the same
impulsive velocity [denoted δv(0)], in the radial direction
from the center of the blast (consistent with camera observa-
tions in Zohdi and Cabalo [54]). The mass of the explosive
material is considered negligible and is converted to energy,
which is imparted to the surrounding fragmenting material.
Thus, mathematically, the velocity vector pulse is radially-
outward from the center of the sphere, co-located at the center
of mass of the explosive material:

δvi (0) = ||δv(0)||
(

ri (0) − rc(0)
||ri (0) − rc(0)||

)
def= ||δv(0)||nri (2.1)

where ri is the position vector of the i th fragment, nri is the
normal/radial direction and

rc(0) = 1(∑N
i=1 mi

)
N∑
i=1

mi ri (0), (2.2)

where N is the number of fragments, rc(0) is the center of
mass of the fragmenting material and mi is the mass of each
fragment. A non-interaction assumption is appropriate since
all of the fragments are propagating radially-outwards with
the same initial velocity, thus, the inter-fragment collisions
are negligible. This assumption is discussed further in the
paper. We further assume. that the magnitude of the initial
velocity pulse dictates initial energy released (E), which is
assumed to be converted into kinetic energy for the material
at (t = 0):

E =
N∑
i=1

1

2
mi ||δv(0)||2 ⇒ ||δv(0)|| =

√
2E∑N
i=1 mi

=
√
2E

M
,

(2.3)

where δv(0) is the velocity of pulse imparted to a fragment in
the radial direction, M is the total detonation material mass,
mi = ρi

4
3πR3

i is mass of the individual fragments, where
ρi is the density of the fragments. Finally, we assume that
the velocity of the surrounding medium (v f ) is given and is
unaffected by the fragments.1

Remark In the general case where the object was moving
before the blast, the pulse velocities can be added to the

1 We will discuss this assumption later in the paper.

velocity vectors immediately before the pulse (v−(0))

v+
i (0) = v−

i (0) + δvi (0). (2.4)

We neglect any interaction between a possible explosive
shock wave and the fragments. This is discussed further later
in the paper.

3 Approximate analytical solutions and
trends

In addition to the previous assumptions, we also assume
spherical fragments with varying radii (Ri , i = 1, 2, 3 . . .

N = f ragments) and:

• For the fragments, the effects of their rotationwith respect
to their mass center are unimportant to their overall
motion, yielding the simple following equation ofmotion
for the i th fragment

mi v̇i = �
grav
i , (3.1)

with initial velocity vi (0) and initial position ri (0).
The gravitational force is �

grav
i = mig, where g =

(gx , gy, gz) = (0, 0,− 9.81) m/s2.
• For the thermal state of the fragments (θ ′

i s), from the First
Law of Thermodynamics:

miCi θ̇ = hi (θe − θi )A
s
i , (3.2)

where Ci is the heat capacity, hi is the convection coeffi-
cient, θe is the surrounding temperature and As

i = 4πR2
i .

The effects of drag are neglected in this section.

3.1 Simple ballistic calculation

In the vertical z-direction, ignoring everything except for
gravity yields for each particle

vi z(t) = vi z(0) − gt ⇒ t = vi z(0)

g
, (3.3)

which provides the time going up (to vi z(t) = 0, stage I)

t1 = vi z(0)

g
(3.4)

and coming down

t2 =
√
2(rmax

iz − rmin
iz )

g
, (3.5)
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where rmax
iz = riz(t1) and rmin

iz is the z position of the surface.
Going up, from initial launch is given by

riz(t) = riz(0) + vi z(0)t − 1

2
gt2. (3.6)

Plugging in t1 yields

rmax
iz = riz(0) + vi z(0)

(
vi z(0)

g

)
− 1

2
g

(
vi z(0)

g

)2

= riz(0) + (vi z(0))2

2g
(3.7)

Going down, stage II, yields

riz(t) = rmax
iz − 1

2
gt2. (3.8)

Setting, riz(t2) = rmin
iz yields

t2 =
√
2
rmax
iz − rmin

iz

g
=

√
2
riz(0) − rmin

iz

g
+ (vi z(0))2

g2

(3.9)

The total time airborne becomes

t tot = t1 + t2 = vi z(0)

g

+
√
2
riz(0) − rmin

iz

g
+ (vi z(0))2

g2
(3.10)

The horizontal distance in-plane distance is given by

ri x (t
tot ) = ri x (0) + vi x (0)t

tot = ri x (0)

+ vi x (0)

⎛
⎝ vi z(0)

g
+

√
2(

ri z(0) − rmin
i z

g
) + (vi z(0))2

g2

⎞
⎠

(3.11)

3.2 Simple thermal calculation

Ignoring everything except for convective cooling

miCi θ̇ = hi A
s
i (θe − θi ), (3.12)

which yields

θi (t) = (θi (0) − θe)e
− hi Ai

mi Ci
t + θe (3.13)

Plugging in the time yields

θi (t
tot ) = (θi (0) − θe)e

− hi A
s
i

mi Ci
t tot + θe

= (θi (0) − θe)e

− hi A
s
i

mi Ci

⎛
⎝ vi z (0)

g +
√√√√2

(
ri z (0)−rmin

i z
g

)
+ (vi z (0))

2

g2

⎞
⎠

+ θe

(3.14)

3.3 Analytical summary

In summary, the analytical expressions are:

• The spread of particles is given by

rix (t
tot ) = rix (0) + vi x (0)

(
vi z(0)

g

+
√√√√2

(
riz(0) − rmin

iz

g

)
+ (vi z(0))2

g2

⎞
⎠
(3.15)

• The temperature of the particles at the maximum landing
distance is given by

θi (t
tot ) = (θi (0) − θe)

× e
− hA

mi Ci

⎛
⎝ vi z (0)

g +
√√√√2

(
ri z (0)−rmin

i z
g

)
+ (vi z (0))

2

g2

⎞
⎠

+ θe

(3.16)

3.4 Key ratio: cooling time to flight time

The ratio of time it takes for a hot fragment to cool to a safe
temperature to the time it remains airborne (t tot ) is a key.

From expression

θ sa f e = θi (t
sa f e) = (θi (0) − θe)e

− hi A
s
i

mi Ci
tsa f e + θe, (3.17)

yields

t sa f e = −miCi

hi As
i
Ln

(
θ sa f e − θe

θi (0) − θe

)
. (3.18)

The ratio is therefore,

S
def= time to cool

time airborne
= tsa f e

t tot

=
−miCi

hi As
i
Ln

(
θ sa f e−θe
θi (0)−θe

)

vi z(0)
g +

√
2

(
ri z(0)−rmin

i z
g

)
+ (vi z(0))2

g2

.

(3.19)
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z
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Fig. 2 Model problem for analytical study

S values larger than unity indicate that the situation is
potentially unsafe.

3.5 Trends

In order to illustrate the behavior of this model, we consider
(Fig. 2):

• The starting height, 1 m,
• Detonation energy, E = 1 Joule (TNT = 4.6 × 106

Joules/kg),
• Density of air, ρa = 1.225, kg/m3,
• Number of fragments, N = 1000,
• Density of detonation material, ρ = 5000 kg/m3,
• Total mass, M = ∑N

i=1 mi = 0.05 kg,
• Fragment masses, mi = (M/N )(1 + Ai ), where

− 0.95 ≤ Ai ≤ 0.95,
• Heat capacity of C = 1900 J/oK − kg,
• Initial temperature θ(t = 0) = 1500 K and
• Initial temperature θ sa f e = 350 K.

The convection coefficient (h) was generated using clas-
sical relations presented later (Eqs. 4.6–4.9). Figures 3 and 4
illustrate the results. In order to explain the results more qual-
itatively, consider the special case of riz(0) = rmin

iz , leading
to

S = t sa f e

t tot
= − miCi g

2hi As
i vi z(0)

Ln

(
θ sa f e − θe

θi (0) − θe

)
. (3.20)

Utilizing mi = ρi
4
3πR3

i and Ai = 4πR2
i yields

S = t sa f e

t tot
= − ρiCi gRi

6hivi z(0)
Ln

(
θ sa f e − θe

θi (0) − θe

)
. (3.21)

The trends are:

• S grows (less safe) with particle size,
• S grows with (less safe) with larger initial temperature,
• S grows with (less safe) with larger density and heat
capacity,

• S shrinks (more safe) with larger vertical initial velocity
(longer loft time) and

• S shrinks with (more safe) with larger convection coeffi-
cients.

The total blast diameter was on the order of 10 m, and virtu-
ally all of thematerial that impacts the ground is hot enough to
be dangerous. In order to add more physical features, such as
nonlinear drag effects and radiative cooling, one must resort
to some simple numerical methods, which we describe next.

4 Rapid numerical methods

The equation of motion for the i th fragment in the system is

mi v̇i = � tot
i = �

grav
i + �

drag
i (4.1)

where for the drag, we will employ a general phenomeno-
logical model

�
drag
i = 1

2
ρaCD||v f − vi ||(v f − vi )Ai , (4.2)

where CD is the drag coefficient, Ai is the reference area,
which for a sphere is Ai = πR2

i , the surrounding fluid den-
sity isρa (in the case of interest, air) and v f is the surrounding
velocity. The inner-product of the drag force with the rela-
tive velocity of the fragment to the surrounding environment
provides the drag-heating rate, thus

miCi θ̇ = γ�
drag
i · (v f − vi )

= γ
1

2
ρaCD||v f − vi ||(v f − vi )Ai · (v f − vi )

= γ
1

2
ρaCD||v f − vi ||3Ai , (4.3)

where 0 ≤ γ ≤ 1 is the frictional heating efficiency. If one
then includes convective and radiative cooling, this yields

miCi θ̇ = γ
1

2
ρaCD||v f − vi ||3Ai

+ hi (θe − θi )A
s
i + εiB(θ4e − θ4i )As

i , (4.4)

where 0 ≤ εi ≤ 1 is the radiative efficiency, B =
5.670367 × 10−8 Wm−2K−4 is the Stefan–Boltzmann con-
stant and As

i = 4πR2
i is the radiative surface area.

4.1 Representation of the drag coefficient

To accurately account for the effects of drag, we employ an
empirical drag coefficient that varies with Reynolds number
(Chow [29]):
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Fig. 3 Left Time airborne (s) as a function of launching angle 0 ≤ φ ≤ π/2, where vx = vocosφ and vz = vosinφ. Right Travel distance
x-direction (m)

Fig. 4 Left Temperature at landing (K). Right S
def= time to cool

time airborne

• For 0 < Re ≤ 1, CD = 24
Re ,

• For 1 < Re ≤ 400, CD = 24
Re0.646

,

• For 400 < Re ≤ 3 × 105, CD = 0.5,
• For 3 × 105 < Re ≤ 2 × 106, CD = 0.000366Re0.4275,
• For 2 × 106 < Re < ∞, CD = 0.18,

where the local Reynolds number for a fragment is Re
def=

2Rρa ||v f −vi ||
μ f

and μ f is the fluid viscosity.2

2 The viscosity coefficient for air is μ f = 0.000018 Pa/s.

Remark This piecewise drag law is essentially a curve-fit of
extensive data from Schlichting [30]. In the low Reynolds
number limit, a Stokesian model is most appropriate-this is
captured by the piecewise drag law since (Zohdi [51])

�
drag,Stokesian
i = c(v f − vi ) = μ f 6πRi (v f − vi )

= 1

2
ρaCD||v f − vi ||(v f − vi )Ai = �

drag
i

(4.5)

when 0 < Re ≤ 1, CD = 24
Re .
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4.2 More accurate resolution of the heat transfer
coefficient

Toextend the constant convection coefficient tomore realistic
regimes, we consider the well-known heat transfer relation
relating the Nusselt number, which is the ratio between the
heat transfer of convection to heat transfer of conduction

Nu
def= hL

K
⇒ h

NuK

L
, (4.6)

where h is the convection coefficient, L = 2R is the length
scale and K is the fluid conductivity, to the Reynolds number

Re
def= ρ2R||v f − vi ||

μ
, (4.7)

and Prandtl numbers

Pr
def= cpμ

K
, (4.8)

which reads as (Whitaker [31])

Nu ≈ 2 + (0.4Re1/2 + 0.06Re2/3)Pr0.4
(

μ

μs

)0.25

, (4.9)

where μ is the surrounding fluid viscosity and μs is the vis-
cosity of the fluid at the surface. In the analysis to follow, we
assume μs ≈ μ.

4.3 System discretization

The governing equation, with variable drag and gravity
included is

mi v̇i = �
drag
i + �

grav
i

= 1

2
ρaCD||v f − vi ||(v f − vi )Ai + mig, (4.10)

which we must integrate the governing equations numeri-
cally, using an explicit Euler scheme:

vi (t + 	t) = vi (t) + 1

m

∫ t+	t

t
(�

drag
i + �

grav
i ) dt

≈ vi (t) + 	t

mi

(
�

drag
i (t) + �

grav
i (t)

)
. (4.11)

For the temperature

θi (t + 	t) = θi (t) + 1

miCi

∫ t+	t

t

(γ

2
ρaCD||v f − vi ||3Ai

+ hi (θe − θi )A
s
i + εiB(θ4e − θ4i )As

i

)
dt

= θi (t) + 	t

miCi

(γ

2
ρaCD Ai ||v f − vi ||3

+ hi (θe − θi )A
s
i + εiB(θ4e − θ4i )As

i

)
. (4.12)

The solution procedure is straightforward. At a given time
step:

• STEP 1: Update the velocities

vi (t + 	t) = vi (t) + 	t

mi

(
�

drag
i (t) + �

grav
i (t)

)

(4.13)

and positions

ri (t + 	t) = r(t) + vi (t)	t . (4.14)

• STEP 2: Update the temperature from the energy balance
yielding

θi (t + 	t) = θi (t) + 	t

miCi

(
1

2
γρaCD Ai ||v f − vi ||3

+ hi (θe − θi )A
s
i + εiB(θ4e − θ4i )As

i

)
.

(4.15)

• STEP 3: Repeat STEPS 1–2 for each particle.
• STEP 4: Go to the next time-step.

4.4 Numerical example

In order to illustrate the model, the following simulation
parameters were chosen:

• Total simulation duration, 1.5 s,
• The time step size, 	t = 10−4 s,
• The starting height, 1 m,
• Detonation energy, E = 1 Joule (TNT = 4.6 × 106

Joules/kg),
• Density of air, ρa = 1.225, kg/m3,
• Number of fragments, N = 1000,
• Density of detonation material, ρ = 1000 kg/m3,
• Total mass, M = ∑N

i=1 mi = 0.05 kg,
• Fragment masses, mi = (M/N )(1 + Ai ), where

− 0.95 ≤ Ai ≤ 0.95,
• Environmental surrounding’s velocity profile: v f =

(0, 10z, 0) m/s,
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• Frictional heating efficiency, γ = 1,
• Heat capacity of C = 1900 J/oK − kg and
• Radiative efficiency, ε = 0.5,
• Initial temperature θ(t = 0) = 1500 K.

As before, the convection coefficient (h) was generated
using Eqs. 4.6–4.9. The fragments were initially randomly
distributed in a spherical domain that was one meter above
the ground.The initial spherical domain radiuswas computed
from

Ro =
(

M
4
3ρπ

) 1
3

. (4.16)

For the parameters chosen, Ro = 0.0133 m. An extremely
small time-step size (relative to the total simulation time) of
	t = 10−4 swas used.Reducing the time-step size below the
value used produced no noticeable changes in the results, thus
one may assume that the solutions generated contain negli-
gible numerical error. The simulations took under 2 s on a
standard laptop. For the chosen parameters, Fig. 5 illustrates
the results. Note that the temperature downstream (aligned
with the wind current) is higher than upstream (against the
wind current), since the relative velocity is smaller down-
stream than upstream, and thus cools less due to convection.
These parameters yielded a blast radius of slightly larger than
4 m in the lateral directions, 10 m in the downwind direc-
tion and slightly less than 2 m upwind. Thus, the total blast
diameter was on the order of 12 m, skewed in the wind direc-
tion and 8 m in the lateral (non-wind) direction, as opposed
to approximately 10 m circular distribution in the drag free
analytical results. The results also indicate that radiation’s
effects are thermally-inconsequential, due to the short time-
scales. However, as Fig. 5 clearly indicates, that while the
temperature decreases radially, virtually all of the material
that impacts the ground is hot enough to be dangerous-again
in agreement with the analytical safety ratio calculations.
The selection of γ = 1 was the maximum possible fric-
tional heating. However, it turns out that the heating that the
parametermultiplies is insignificant in the velocity range cal-
culated (extremely high velocities are needed). In hindsight,
the observed trends are understandable because:

• The key force ratio is

drag f orce

gravi tational f orce
= ||�drag

i ||
||�grav

i ||

=
1
2ρaCD||v f − vi ||2Ai

mi g

= 3ρaCD||v f − vi ||2
8ρi Ri g

, (4.17)

which indicates that drag can play a significant role in
the dynamics.

• The key thermal ratios are

atmospheric heating

convective cooling
= γρaCD Ai ||v f − vi ||3

2h(θe − θi )As
i

= γρaCD||v f − vi ||3
8h(θe − θi )

(4.18)

and

radiative cooling

convective cooling
= εB(θ4e − θ4i )Asi

h(θe − θi )A
s
i

= εB(θ4e − θ4i )

h(θe − θi )

(4.19)

which for the parameters in this problem are extremely
small-convection dominates.

Remark Note that any buoyancy forces (not included in this
analysis) would scale as

buoyancy f orce

gravi tational f orce
= ||�buo

i ||
||�grav

i || = ρa

ρi
(4.20)

which are rather small.

5 Summary

In summary, this paper, developed mathematical models
to characterize the progressive time-evolution of a frag-
menting incandescent object, with the objective being to
objective provide a spatio-thermal footprint of the fragmen-
tation field, which can be useful to guide fire safety rules in
manufacturing workplaces, etc. Because of the difficulty of
ascertaining the time-evolution of the temperature of the frag-
ments experimentally, a direct numerical scheme based on
particle dynamics was constructed, which uses the released
energy from the initial blast pulse to provide the starting
kinetic energy of the system of particles and then numerically
computes the trajectory and thermal state of the fragments
under the influence of (a) drag from the surrounding air, (b)
gravitational settling and (c) convective and radiative cool-
ing. Analytical models based solely on ballistics, were first
developed to provide qualitative trends, identifying key fun-
damental ratios that govern safe areas in a spatio-thermal
map. Thereafter, rapid numerical spatio-thermal models,
which provide quantitative information, were then devel-
oped. A full-scale simulation take under 2 seconds-making
it ideal for parameter studies.

In closing, we emphasize that the analysis presented can
be used to analyze cases where the ejecta may contain haz-
ardous and even biohazardous material, where it is important
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Fig. 5 Simulation with random fragment masses, mi = (M/N )(1 +
Ai ), where − 0.95 ≤ Ai ≤ 0.95, with detonation energy of one Joule
and mass of 0.05 kg (colors indicate temperature). This yielded a blast
radius of slightly larger than 4 m in the lateral directions, 10 m in the
downwind direction and slightly less than 2 m upwind.NOTE The frag-

ments were initially randomly distributed in a small spherical domain
that was 1 m above the ground. The initial spherical domain radius
was computed from Eq. 4.16. For the parameters chosen, Ro = 0.0133
m. The simulation represents successive 0.2 s snapshots. (Color figure
online)

to have a fast computational tool, especially with respect
to emergency management and to limit of human exposure.
In Zohdi and Cabalo [54], a systematic study of an explo-
sive device was considered combining the results from a

set full scale field experiments with high explosives and
ballistic gelatin and reduced order models, similar to those
presented in this paper, neglecting the interaction between
the shock wave and the packed fragments and any chemical
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aspects.3 There were extremely close matches between
experiments and numerics, indicating that it is likely that
a drag-based particle noninteraction model is appropriate.4

There canbe caseswhere the surroundingfluid’s behavior can
be affected by the fragments. With those cases in mind, had
the fragment noninteraction approximation not been invoked,
a coupled system of equations would arise

vi (t + 	t) = vi (t) + 1

mi

∫ t+	t

t

⎛
⎝�

grav
i +

K∑
j=1, j �=i

�i j + �
f luid
i

⎞
⎠ dt

≈ vi (t) + 	tφ

mi

⎛
⎝�

grav
i (t + 	t)

+
K∑

j=1, j �=i

�i j (t + 	t) + �
f luid
i (t + 	t)

⎞
⎠

+ 	t(1 − φ)

mi

⎛
⎝�

grav
i (t) +

N∑
j=1, j �=i

�i j (t) + �
f luid
i (t)

⎞
⎠ ,

(5.1)

where an implicit trapezoidal rule with variable integration
metric (0 ≤ φ ≤ 1) has been used and where �

f luid
i

represents the interaction of fragment i with the fluid and
� i j (t) represents its interaction with the neighboring j =
1, 2, . . . N fragments. The position can be computed as

ri (t + 	t) ≈ ri (t) + 	t(φvi (t + 	t) + (1 − φ)vi (t)),(5.2)

which can be consolidated into

ri (t + 	t) = ri (t) + vi (t)	t + φ2(	t)2

mi

×
⎛
⎝�

grav
i (t + 	t) +

N∑
j=1, j �=i

�i j (t + 	t) + �
f luid
i (t + 	t)

⎞
⎠

+ φ(1 − φ)(	t)2

mi

⎛
⎝�

grav
i (t) +

K∑
j=1, j �=i

�i j (t) + �
f luid
i (t)

⎞
⎠ .

(5.3)

A coupled system of equations arise for the interaction
between the fragments and the fluid, which would necessi-
tate spatio-temporal discretization using, for example Finite
Element, Finite Difference, Finite Volume or Discrete Ele-
ment Methods (Onate et al. [39,40], Avci andWriggers [41],
Leonardi et al. [42], Onate et al. [44], Bolintineanu et al. [43]
and Zohdi [45–50]). Furthermore, advanced models should

3 For shock analyses, see, for example, Hoover and Hoover [32], Gre-
goire et al. [33], Kudryashova et al. [34] and Cabalo et al. [35,36].
4 One conclusion from these experiments is that aerosols generated
from a blast containing toxic materials cannot be assumed to be inac-
tivated by the blast itself, which is consistent with findings of Eshkol
and Katz [37] and Kanemitsu [38], where Hepatitis B from a suicide
bomber was transmitted to survivors of the blast.

also involve detailed modeling of the initial fragmentation of
the material (Zohdi [52,53]), coupled to the evolution of heat
and surrounding fluid mechanics environment. This is under
current investigation by the author.
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