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Abstract Large-scale experiments were carried out to
investigate the detonation performance of a 1600-m3 ternary
cloud consisting of aluminum powder, fuel droplets, and
vapor, which were dispersed by a central explosive in a
cylindrically stratified configuration. High-frame-rate video
cameras and pressure gauges were used to analyze the large-
scale explosive dispersal of the mixture and the ensuing
blast wave generated by the detonation of the cloud. Spe-
cial attention was focused on the effect of the descending
motion of the charge on the detonation performance of the
dispersed ternary cloud. The charge was parachuted by an
ensemble of apparatus from the designated height in order
to achieve the required terminal velocity when the central
explosive was detonated. A descending charge with a ter-
minal velocity of 32m/s produced a cloud with discernably
increased concentration compared with that dispersed from
a stationary charge, the detonation of which hence generates
a significantly enhanced blast wave beyond the scaled dis-
tance of 6m/kg1/3. The results also show the influence of the
descending motion of the charge on the jetting phenomenon
and the distorted shock front.
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1 Introduction

The large-scale explosive dispersal and the unconfined det-
onation of particle–spray–air ternary mixtures are closely
related to geologic events, industrial accidents, and mili-
tary applications, such as volcanic eruptions, explosions of
grain silos or in industrial plants involving powders and/or
liquids, heterogeneous explosives, etc. A specific applica-
tion in military usage is the fuel–air explosive system, which
comprises a central condensed-phase explosive and a large
amount of payload consisting of liquid fuel and/or reactive
metal particles [1–4]. The detonation of the central explosive
disperses the payload into a large-scale ternary cloud consist-
ing of powder, droplets, and vapor. The ensuing detonation
and afterburning of the ternary cloud produce a much larger
combustion event and blast wave with a prolonged duration
compared with conventional explosives [5–7].

The detonation characteristics of particle–spray–air sys-
tems in terms of the detonation velocity and the detonation
cell width are quite sensitive to the concentration profiles and
the properties and morphologies of the droplets/particles [5,
8–11]. Thus, the detonation performance of the ternary cloud
is dictated by both the concentration and the shape of the
cloud formed at the end of the explosive dispersal of the mix-
ture.Considerable effort has beendevoted to investigating the
explosive dispersal of liquids and dry/wetted particles [2,4,
5,12–21]. One of the defining characteristics of the explo-
sive dispersal of liquids and particles is the widely observed
jetting instability that occurs on the timescale of shock inter-
action [2,5,12–21]. The number and initial velocities of jets
are found to be related to the detonation velocity and themass
ratio of explosive and payload [2,5,12,13,15,18]. At the
same time, themechanismunderlying the jet formation is still
being debated [2,5,12,13,15,17,18,20,22]. With increased
mass shedding from jets, the initially spike-like coherent jets
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progressively disintegrate as they travel ballistically, form-
ing a billowing cloud in the end. Afterward, the expansion
of the cloud substantially slows down on the timescale of
O(102) ms when the hydrodynamic effects of the particles
and droplets with diameters ranging from 10 to 103 μm are
balanced by the inertial forces [10,11].

Understanding the detonation mechanisms of particle–
spray–air systems has been a formidable challenge since
multiple non-equilibrium processes of mass, momentum,
and energy transfer take place between particle–air, droplet–
air, and particle–droplet due to the distinct dynamics and
combustion physics of metal particles and droplets [1,5,8–
11,16,23].Most experimental investigations have focused on
the detonation of multiphase mixtures confined in detonation
tubes [8,10,11,23]. Specifically, Veyssiere [23] reported for
the first time the observation of a detonation wave composed
of a double-shock structure when aluminum particles were
suspended in a lean reactive gasmixture in a 69-mm-diameter
tube. Zhang [11] carried out a series of detonation experi-
ments involving aluminum particles with varying diameters
suspended in lean acetylene–air using an 80-mm-diameter,
10-m-long tube and found that the detonation mode changes
from the strong hybrid detonation to type-I double-shock
weak solution characterized by a two-shock structure and
then to a type-II double-shock weak detonation as the parti-
cle size was increased from 2 to 10μm and then to 30μm.

The unconfined detonation of a large-scale multiphase
system is usually conducted using the explosive dispersed
cloud of mixture, which is initially confined in cylindrical or
spherical canisters placed near the ground [3,5,6,16]. But in
actual applications, the fuel–air explosives are dropped from
aircraft or launched by missile systems. Thus, the consid-
erable terminal velocities of the charges when they hit the
targets may well influence the dispersal of the payload and
the subsequent detonation. The effect of the rapid descend-
ing motion of the charge on the detonation performance of
the dispersed matter should be properly taken into account
when the multiphase detonation is put into practice, which is
the focus of this study.

In order to deliver the charge to the designated loca-
tion with the desired terminal velocity, it is necessary to
devise a reliable delivery system capable of landing the large-
scale charge in a controlled manner. Section 2 introduces
the delivery system complemented with auxiliary apparatus
and elaborates upon the operational procedure. Section 3.1
presents the methodologies of the cinematographic and pres-
sure measurements. The analysis of the dispersal data and
the detonation results are given in Sects. 3.2 and 4, respec-
tively. Specifically, the characteristics of the detonation wave
inside the cloud and shock wave outside the cloud are identi-
fied from the evolution of overpressures and impulses in the
respective regions. The effect of the downward motion of the
charge on the resultingmultiphase detonation is measured by

comparing peak overpressures and impulses generated by the
detonation of mixtures dispersed from the parachuted charge
and the fixed charge. The results reveal that the dynamic trial
produces a considerably enhanced blast wave beyond the
scaled distance of 6m/kg1/3 in terms of overpressure and
impulse.

2 Experimental methodology

2.1 Aerial delivery system of large-scale charge

In order to reproduce the fuel–air charge dropping sce-
nario in practice but in a controlled manner, the aerial
charge delivery system should be capable of (1) ascend-
ing to a height of more than 300m, (2) bearing a weight
of more than 250kg, (3) delivering the charge to the des-
ignated location with the designed velocity, and (4) trans-
mitting GPS signals, the ambient pressure, and the wind
speed to the ground monitoring stations. Figure 1a shows
a schematic of the actual aerial charge delivery system,
which consists of four major components: (1) the hot air
balloon, (2) the aerial control system that transmits the
GPS coordinates and altitude to the ground station, (3) the
landing system (see Fig. 1b), and (4) the mooring system.

Inorder to bear aweight ofmore than250kg, theminimum
volume of the hot air balloon is 4302m3, according to the
buoyancy equation of the hot air balloon:

F = ρgV (1 − Tout/Tin) (1)

Here, F is the buoyancy of the hot air balloon, ρ is the air
density, V is the volume of hot air balloon, Tout and Tin are the
temperatures outside and inside of the balloon, respectively,
Tout = 293K, Tin = 373K. The actual volume of the hot
air balloon used in the experiment is 4500m3. When the hot
air balloon ascends to the designated height and is suspended
therein, the aerial control system transmits the real-time GPS
signals to the groundmonitoring station. The charge delivery
position is calibrated by adjusting the length of the extension
cords connecting the hot air balloon andmooring systemuntil
the real-time GPS coordinates coincide with the designated
ones.

The landing system is comprised of a cylindrical major
charge and three auxiliary components, namely the drag
parachute, the secondary charge (8kg of TNT), and the trig-
ger component, as shown in Fig. 1b. The configuration of
the cylindrical major charge is shown in Fig. 1c. 125kg of
payload [mixture of the diethyl ether (analytical standard
with an assay > 99.9% GC): 74.4kg and flaked aluminum
powders: 50.6kg] was contained within an aluminum-walled
cylindrical container (10.83kg), 1.15m in length and 0.37m
in inner diameter. The vapor pressure of ether is 2311hPa
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Fig. 1 Schematics of a the charge aerial delivery system, b the charge landing system, and c the cylindrical major charge

(60 ◦C). The flaked aluminum with a surface area to mass
ratio of 0.7m2 g−1 has the thickness of 3–5μm, and the size
is smaller than 56μm. The wall thickness of the container
is 3mm and has 16 evenly distributed notches longitudi-
nally along the casing length with a depth of 0.6mm. The
payload was dispersed using a centrally located cylindrical
burster (TNT, weight: 1.08kg) detonated from the bottom.
The burster was contained in a thin-walled steel cylinder
(1.644kg) with the thickness of 2mm.

To maintain a certain distance between the bottom of
charge and the ground at the instant of detonation, dc = 2m,
we devised a trigger component, basically a cable with the
length of dc connecting the bottom hammer and the central
burster. The central burster is ignited at the instant of the
hammer hitting the ground.

When the adjustment of the position of the hot air bal-
loon has been completed, the landing system is detachedwith
the drag parachute opened simultaneously. The major charge
falls to the ground at a steady terminal velocity in a controlled
manner. Due to the mismatch of the pneumatic pressure cen-
ter and the mass center of the drag parachute, the parachute
undergoes non-trivial periodic swings, contributing to the

appreciable swings of the major charge. Figure 2a presents
the high-speed photographs of the parachuting process of the
landing system, showing the semi-anti-phase pendulum-like
swings of the drag parachute and the major charge. Figure 2c
shows the evolutions of the swing angles of the parachute
and the major charge, θ and γ , as indicated in Fig. 2b,
in the final 8 s prior to the ignition of the central burster.
The swing of the major charge seems much greater than
the parachute. Although the pendulum-like swings of both
parachute and the major charge are increasingly suppressed
as the landing system approaches the ground, the dive angle
of the major charge, γ , remains non-negligible throughout.
In the six experiments performed under identical conditions,
in which the major charge ends up with the same terminal
velocity, 40m/s, the average of γ at the instant of the charge
ignition was 4.65◦ with a maximum of 7.8◦.

After a sufficiently long suspension time, a stable ternary
cloud is formed whose edges cease to expand. But excessive
suspension time reduces the turbulence in the cloud, which
hampers the detonation performance of the ternary cloud.
Based on results of the previous detonation experiments [5,
10], the optimum suspension time in our cases, or equally,
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Fig. 2 a Snapshots of the landing system after being detached from
the hot air balloon; b schematic of the swinging landing system; c the
evolution of the swing angles of the parachute and the major charge, θ
and γ , during the final 8 s prior to the detonation of the central burster

the time interval between ignition of the central burster in
the major charge and the secondary charge, td, is chosen to
be 240ms. The secondary charge is designed to fall into the
cloud and be ignited instantaneously. The landing position
of the secondary charge depends on the distance between the
centers of the major and secondary charges, the difference
of the swing angles, γ –θ , and the terminal velocity of the
secondary charges. The secondary charge was found at a
radius 1.5m from the center of the major charge.

In this study, the experiments involving the ternary cloud
dispersed from the charge dropped by the aerial delivery
system are referred to as the dynamic detonation trials. By
contrast, the conventional tests of the ternary cloud dispersed
from the charge placed near the ground are referred to as the
static detonation trials.

2.2 Methodology of measurements

Static trials were carried out using the test setup illustrated in
Fig. 3a, where four radially arranged sets of pressure trans-
ducers (Kistler piezoelectric pressure sensors) were located
(in meters) at 5, 8, 10, 15, 20, 30, 40, and 50 from the charge
center along the western, eastern, southern, and southeastern
directions.All pressure transducerswere installed on ground-
levelmountswith their sensing surface positioned for side-on

Fig. 3 Schematics of the test setups for a the static and b the dynamic
trials

measurements. The recorded pressures by the transducers are
thus the reflectedwaves orMachwaves depending on the dis-
tance to the detonation center. The height of the charge center
above the ground was kept the same as that in the dynamic
trials.

Due to the uncertainty of the landing positions of the
parachuted major charge, it is impossible to arrange the pres-
sure gauges radially around a center which is supposed to
coincide with the position of the major charge. Instead, a
regular layout of the pressure gauges based on a staggered
square grid was employed capable of covering a much larger
area than the packed radial arrangement. As shown in Fig. 3b,
a square grid with a mesh width of 12m was centered on
the designated detonation point, with 24 pressure transduc-
ers placed on the staggered grid nodes covering an area of
5184m2. The distance between the pressure transducers and
the charge center when it was detonated was measured after
the test. High-speed video cameras were mounted along the
western, northern, and eastern directions. Two infrared ther-
mometers (temperature range: 900–2500 ◦C, response time:
less than 20μs, resolution: 0.6% + 1 ◦C) were employed
to measure the temperatures inside the cloud as shown in
Fig. 3b.
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3 Experimental results

3.1 Explosive dispersal of the payload: jetting
phenomenon

Figure 4 shows the high-speed photographs of the explo-
sive dispersals of payload in the dynamic and static trials. In
both cases, the bursting of payload takes the form of the pro-
truding finger-like jets around the perimeter of the charge.
A closer look reveals a dual hierarchical jetting structure
similar to that discussed in [18]. Specifically, a handful of
longitudinal primary jets with a height roughly matching the
length of charge are overlapped by dozens of fine jets, known
as secondary jets. Although some studies suggest that the
primary jets develop from the instabilities of the interface
between the payload and the central burster [2,5,17,18,22],
the rough agreement between the primary jet number and
the number of notches on the scored outer casing indicates a
strong correlation between the jetting of the payload and the
fracture of the outer casing. This postulation is illustrated in
Fig. 5a.

In contrast to brittle casing materials, such as glass and
cardboard which fragment much earlier than the onset of

the payload jetting, the scored thin-walled aluminum outer
casing can expand to 1.5 times the initial diameter before
it begins to rupture longitudinally along the casing length,
which is supported by both the high-speed photographs (see
the inset of Fig. 5a) andhydrodynamic simulations.Hydrody-
namic simulations using the same geometrical configuration
and materials as used in the experiments find that the alu-
minum outer casing ruptures at time t = 0.44ms after
the ignition of the central burster. Details of the numeri-
cal simulations are presented in the Appendix. Experimental
observations suggest that the onset of the jetting initiated
from the inner interface of the payload occurs in the first
dozens of microseconds [2,5,17,18]. Therefore, the duc-
tile aluminum outer casing retards the bursting of any jets
prior to its rupture. The payload instead squeezes through
the gaps between the outer casing fragment strips, conse-
quently forming the primary jets. A large number of fine jets
visible on the surface of primary jets (see the zoom-in pho-
tograph in Fig. 4b) probably originate from the instabilities
of the payload–air interface [5].

Fig. 4 High-speed photographs of the explosive dispersal of 125-kg payload in a the static and b dynamic trials. The schematics of the payload
clouds in the c static and d dynamic trials
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Fig. 5 a Illustration of the formation of the primary jets prescribed by
the fracture of the scored outer casing. Inset: the high-speed photograph
showing payload squeezing through the fractures of the outer casing;
b evolution of the circumferential stresses at the notches of the outer

casing calculated from the hydrodynamic simulations. Insets: the con-
figuration of the outer case at t = 0.5ms (left) and the photograph of
the casing fragments collected after the test

Fig. 6 Evolutions of a the
average radius, R, and b height,
H , of the explosive dispersed
cloud in the dynamic and static
trials

Fig. 7 Schematics of a the
velocity profile of the
longitudinal primary jet (front
view) and b the evolution of the
jet structure (top view), where
t1, t2 < tc, t3, t4 > tc
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Fig. 8 Evolutions of the
a volume, V , and
b concentration, C , of the
explosive dispersed cloud in the
dynamic and static trials

3.2 Explosive dispersal of the payload: expansion of
ternary cloud

The edges of the ternary cloud can be identified from the
high-speed photographs taken in three different directions,
thereby extracting the radius and height of the cloud in each
direction. Averaging the cloud radii and heights in three
directions gives the average cloud radius and height, R and
H , respectively. Note that the cloud height H is the value
averaged over three different heights, namely Hleft (H(r =
−R/3)), Hmid(H(r = 0)), and Hleft (H(r = R/3)), as
illustrated in Fig. 4c, d. Figure 6a, b presents the trajecto-
ries of R and H in both dynamic and static trials. What is
most striking is that R and H undergo a simultaneous tran-
sition at around tc = 50−80ms. The growth of R in the
dynamic trial almost coincides with that in the static trial
before tc. The roughly linear increase of R with time suggests
a constant radial expansionvelocity in both cases, specifically
Vr,dynamic(t < tc) = Vr,static(t < tc) = 123m/s, indicating
the ballistic motion of the payload jets.

The Gurney equation gives the estimation of the veloc-
ity of fragments from the casing accelerated by the cen-
tral explosive [24]. The Gurney velocity of the payload
can be derived from a formulation based on a cylindrical
configuration:

Vg = √
2Eg (M/C + 0.5)−1/2 (2)

Here, Eg and M/C are the detonation energy of the central
burster and the mass ratio of payload to explosive, respec-
tively. The Gurney velocity of the payload, Vg = 255m/s,
substantially overestimates the radial velocity of payload
observed in the experiments. This marked discrepancy con-
trasts with the good agreement between the radial velocity
of explosively dispersed liquid and the corresponding Gur-
ney velocity [24]. It implies that the addition of a fraction of
aluminum powder significantly enhances the dissipation of
detonation energy transferred into the payload, although the
underlying mechanism is not yet clear.

Fig. 9 High-speed photographs of the detonation of the payload cloud
in the dynamic trial at different times

Due to the rarefaction waves emanating from the ends of
the charge, the trajectories of the payload jets near the ends
of the charge noticeably deflect from the directions normal
to the outer surface of the charge with significantly reduced
velocity. The deflection angle, δ, defined as the intersection
angle between the velocity vector and the radial direction
(see Fig. 7a), reportedly ranges from 7◦ to 20◦ at the ends of
the charge. The velocity reduction as a function of axial coor-
dinate can be described by the Randers–Pehrson model [25]
[see (3)], which estimates that the fragment velocity at the
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Fig. 10 Overpressure histories
at gauges in the a dynamic and
b static trials in the southeast P
line

end of a cylindrical charge is 67.7% of the maximum veloc-
ity, Vend = 0.677 Vg · α in (3) is the scaled axial coordinate
ranging from 0 to 1.

kIα (α) ≈
(
0.2725 + 2.3728α (1 − α)

(0.7811 + α) (1.1717 − α)

)0.3

(3)

The velocity profile of the longitudinal primary jet given by
(3) is plotted in Fig. 7a. The axial expansion velocity of the
jet, Vaxial, twice the axial components of the jet velocity at
the ends of the charge, is estimated in the range of 20–56m/s
with δ varying from 7◦ to 20◦. The growth rates of the cloud
height in the static trial derived from the evolution of H
before tc, VH,static(t < tc) = 38m/s, are consistent with the
theoretically estimated Vaxial. Thus, the axial expansion of
the payload cloud at the early time is largely governed by the

transverse deflection of the upper and lower fringes of the
cloud.

The radial expansion of the cloud in the dynamic trial is
barely affected by the downwardmotion of the charge, which
by contrast has discernable influence on the axial expansion
of the cloud. The downward motion of the charge apparently
suppressed the upward expansion of the top edges of the
cloud (see Fig. 4b). Contrarily, the downward expansion of
the bottom edges of the cloud was supposed to be enhanced,
countering the reduced upward expansion of the top edges.
The resultant effect is embodied by themushroom-like shape
of the cloud opposed to the toroidal shape of the cloud in
the static trial. Actually, it is the tilted posture of the charge
associated with the swing of the charge that causes the retar-
dation of the axial expansion of the cloud. The charge in the
dynamic trial is tilted when it is detonated so that the down-
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ward tilted side of the cloud touches the ground well prior to
full expansion and flares out afterward. The truncated height
of the tilted downward side of the cloud results in a smaller
average height of the cloud.

The radial front of the cloud in the dynamic trial increas-
ingly lags behind the front in the static trial after tc, while
the radial expansions of clouds in both cases experience sub-
stantial slowdown and even cease after t = 200ms. The
heights of the clouds in both cases meanwhile undergo a
transient plateau around tc with a duration of less than 50ms.
Afterward, the cloud height continues to grow with constant
velocities in both cases, namelyVH,dynamic(t > tc) = 7.3m/s
and VH,static(t > tc) = 7.7m/s, respectively.

A closer inspection of the high-speed photographs of the
explosive dispersal of the payload reveals that the coherent
jets begin to disintegrate around t = tc. The kinetic energy
of the payload is subsequently significantly dissipated by the
particle shedding, the atomization of liquid droplets, and the
evaporation of the liquid. Consequently, the growth of the
cloud is substantially decelerated.

The two-staged explosive dispersal of payload aforemen-
tioned is illustrated in Fig. 7b–e. At early times (t < tc),
the well-defined conical jets protruding out of the detonation
gases travel ballistically at a constant velocity whose value
is substantially less than the Gurney velocity (see Fig. 7b,
c). The ensuing disintegration of the jets, which takes place
around t = tc with the duration less than 50ms, considerably
slows down the radial expansion of the cloud. The evolution
of the cloud at later times is dominated by the expansion of
massive ether vapor (see Fig. 7d, b).

The accurate estimation of the toroidal volume of the
cloud is challenging since it is difficult to access the inner
radius of the hollowed cloud. Previous investigations found
that the 90% value of the cylindrical volume calculated by
V = πR2H can be a first-order approximation. Therefore,
we plotted the temporal variations in the volumes and aver-
age concentrations of the payload clouds, V andC , in Fig. 8a
and b, respectively. The volume of the cloud in the dynamic
trial increasingly deviates from that in the static trial after
t = tc, resulting in a stable cloud with increased concentra-
tion. At t = 240ms, the concentrations of the clouds in the
dynamic and static trials are 102 and 79 g/m3, respectively.

4 Detonation results

A stable cloud forms after t = 200ms when the concentra-
tion of the cloud has leveled off. The secondary charge was
initiated at t = 240ms. The high-speed photograph taken at
this moment is shown in the top frame of Fig. 9. It is worth
noting that the central vertical flash above the cloud is actu-
ally the venting detonation products from the burster charge
rather than the secondary charge. The air shock wave above

that flash is caused by the venting burster charge products,
which continue to react with air after venting. This venting
takes place well before the end of the fuel dispersal so that
the shock front has travelled a distance from the cloud. The
billowing, enormous fireball in the middle frame of Fig. 9
results from the heterogeneous detonation of the large-scale
cloud. The detonation of the cloud is probably enhanced by
multiple afterburning, rendering multiple shock fronts form-
ing a fuzzy envelop. A striking mist-like cloud bursts out
of the top of the fireball at t = 268ms immediately after a
harsh flash (see the bottom frame of Fig. 9), which is likely
the result of the afterburning of the gaseous detonation prod-
ucts and aluminum particles.

Figure 10a, b presents the overpressure histories on the
ground in the dynamic and static trials, respectively. For the
dynamic trial, the actual distance from the pressure gauge
to the cloud center, D, was measured with respect to the
actual secondary detonation. Taking into account that the
average radius of the payload cloud at the moment of deto-
nation is around 12m for both static and dynamic trials, it
is certain that the nearest (D = 8.65m) and nearest three
(D = 5, 8, 10m) gauges in the dynamic and static trials,
respectively, are inside the payload cloud, thereby measur-
ing the detonation overpressures. The detonation velocities
and the shock velocities in the near field can be derived from
the differences of thewave arrival times at different locations.

Fig. 11 Fireball temperature histories at T1 and T2 in the dynamic trial
marked in Fig. 3b
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The detonation velocities of the ternary cloud in the dynamic
and static trials are 1666 and 1610m/s, respectively, and are
representative of typical detonation velocities. Since the pres-
sure gauges in the dynamic trial are not aligned in a radial
line, the shock velocities measured from the aligned gauges
in the static trial can better reflect the propagation of the non-
ideal shock front. In the static trial, across the boundary of
the cloud, the detonation wave transforms to a blast wave
with a velocity of 1114m/s (D = 15m). The velocity of the
blast wave further decreases to 500m/s (D = 20m), 430m/s
(D = 30), 387m/s (D = 40), and 350m/s (D = 50m),
which is consistent with that determined by tracking the
trajectory of the shock front (380.6m/s) in the high-speed
photographs (not shown here). A second overpressure peak
trailing the first peak at consistent velocities is visible in the
shock overpressure profiles in the dynamic trials, but not as
evident in the static trials. The second shockwave can reason-
ably be attributed to the afterburning of gaseous detonation
products and the aluminum particles, which is strongly influ-
enced by the jetting of particulate/gaseous streams and the
collapse and reflection of the recompression shock. The after-
burning of detonation products and the aluminum powders
is also manifested by a handful of widening peaks following

the first sharp peak in the temperature histories within the
fireball, as shown in Fig. 11.

The arrival times of detonation/shock waves at all gauges
in two dynamic trials are plotted in Fig. 12a, b. Shock fronts
at t = 30ms can tentatively be projected into the horizontal
plane. The shock wave produced by the detonation of the
cloud is substantially intensified and distorted by the after-
burning of the detonation products and metal particles, as
illustrated in Fig. 12d. This enhancement effect is intrinsi-
cally heterogeneous, owing to the non-uniform distribution
of particles, which is exemplified by the zigzag shock front in
the dynamic trials (see Fig. 12a, b). By contrast, the axisym-
metry of the shock front is maintained in the static trial, as
evidenced by the coinciding trajectories of shock fronts in
four directions (see Fig. 12c). Therefore, the motion of the
rapidly descending charge, and/or the inclined posture of the
charge, plays a non-trivial role in the shape of the blast wave,
which needs more in-depth investigation.

Figure 13a, b compares the spatial variations of the peak
overpressures and impulses in the dynamic and static trials,
respectively. Opposed to the monotonic decrease in the over-
pressure with increasing distance, the total impulse at the
edges of the fireball is much greater than that inside the fire-

Fig. 12 a, b Arrival times (ms) of detonation/shock waves at gauges
in two dynamic trials, postulated shock fronts at t = 30ms (black line)
being plotted. The overpressure signals recorded by the gauges marked
by filled red circles in (a) are presented in Fig. 10a. c Trajectories of

the shock waves in different directions in the static trial. Inset: The
postulated shock front at t = 30ms. d Illustration of the causes of the
distorted shock front
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Fig. 13 Spatial variations of
a the peak overpressures and
b total impulses in the dynamic
and static trials. Data for the
static trial are averaged over
those obtained by four radial
sets of gauges

ball. This phenomenon seems universal in the domain of the
ternary detonation since the similar trend in the variations of
impulse can be detected in a total of ten static trials. A possi-
ble explanation would be intensified hot aluminum particles
mixing with air and reacting in a short enough time across
the edges of the fireball. The spatial variations of the impulse
in the dynamic trials seem more erratic with several fluctua-
tions, as shown in Fig. 13b. Bearing in mind that the impulse
data in Fig. 13b are derived from gauges not aligned along
the radial lines, the fluctuations can be understood in light of
the distorted shock front with unsteady positive duration.

The curve of the peak overpressure, �pdynamic or �pstatic,
versus the scaled distance, D = D/ 3

√
Mpayload, in both

dynamic and static trials can be well fitted by the third-order
polynomial functions:

�pdynamic = 2.45

D
− 13.93

(D)2
+ 35.16

(D)3
(4)

�pstatic = 0.53

D
− 4.81

(D)2
+ 20.44

(D)3
(5)

A stronger blast wave in the dynamic trial as the result of the
increased cloud concentration is manifested by the apprecia-
bly higher peak overpressures beyond the scaled distance (see
the inset of Fig. 13a). When the blast overpressure is beyond
5 psi (0.0345MPa), most buildings collapse and injuries are
widespread [26]. We thus set 0.03MPa as the blast injury
threshold. Accordingly, the injury radii of the ternary cloud
in the dynamic and static trials are 43.1 and 34.5m, respec-
tively.A25% increase in the injury radius of the ternary cloud
fully demonstrates the advantage of the parachuting delivery
of the charge.

5 Conclusions

Large-scale experiments involving unconfined detonations
of 125-kg ternary cloud consisting of aluminum powder,
ether droplets, and vapor have been carried out through the
explosive dispersal of a cylindrically stratified charge con-
figuration. In order to investigate the downward motion of
the descending charge on the detonation performance of the
payload, the charge was parachuted to the ground in a con-
trolled manner. Meanwhile, a more flexible measurement
methodology has been designed to accommodate the uncer-
tainty of the landing position of the charge. A typical dual
hierarchical jet structure is observed during the explosive dis-
persal of the payload. The velocities of longitudinal primary
jets induced by the fracture of the scored outer casing are
much smaller than the Gurney velocity. The expansion of
the ternary cloud experiences two stages, namely a ballistic
jetting phase and the subsequent disintegration of jets. The
descending charge generates a cloudwith reduced height and
consequently higher concentration, contributing to a stronger
blast wave beyond the scaled distance 6mkg1/3. Besides, the
blast waves in the dynamic trials are strongly distorted thanks
to the distorted shape of the cloud and the non-uniform after-
burning as well.
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Appendix: Setup of numerical simulations

All computations were performed using AUTODYN, a
general-purpose nonlinear dynamics modeling and simu-
lation software. A Lagrangian processor is used to model
the thin-walled aluminum outer casing and the thin-walled
steel inner casing. The burster charge (TNT), multiphase
payload—which is substituted bywater—gaseous detonation
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Fig. 14 Schematic of the computational model

Table 1 Material models used in the present simulations

Material Equation
of state

Strength
model

Failure
model

Erosion
model

Air Idea gas None None Geometric
strain = 1.0

Steel
1006

Linear Johnson
Cook

None

Al7039 Linear Johnson
Cook

None

Water Mie–
Gruneisen

None Plastic
strain = 0.3

Geometric
strain = 1.5

TNT JWL None Tensile
strain =
0.006

products, and the surrounding air are modeled using the mul-
timaterial Euler processors. Different regions of the air/outer
casing/payload/inner casing/explosive model are allowed to
interact and self-interact using the AUTODYN interaction
options.

The computational model is identical to the actual major
charge as illustrated in Fig. 14. A cylindrical barrel with a
outer diameter of 370mm and an overall height of 1150mm
is filled with water (substitute of the payload) to its top. The
thickness of the wall is 3mm. Sixteen longitudinal notches
with a depth of 0.6mm are cut into the surface of the barrel.
A 1.08-kg cylindrical TNT explosive with the length of the
barrel is buried into water along the centerline of the barrel.
The central explosive iswrapped by a cylindrical inner casing
with a thickness of 2mm.Due to the inherent axial symmetry
of the setup, this problem is analyzed as a 3D axisymmetric
problem.

The following five materials are utilized within the com-
putational domains: air, steel 1006 (inner casing), Al7039
(outer casing), water (payload), and TNT (dispersing explo-

sive). Respective material models are listed in Table 1. The
values of all the material parameters for each material are
available in the AUTODYN materials library. A standard
mesh-sensitivity analysis is carried out (the results not shown
for brevity) in order to ensure that the results obtained are
insensitive to the size of the cells used.
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