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Abstract
A series of experiments were performed to provide validation data for explosively drivenmultiphase flows at moderate-to-high
volume fractions. A 13 × 6 mm cylindrical packet of 115-µm steel particles was dispersed explosively. In contrast to shock
tube studies, the particles were subjected to a high-Mach-number shock, in the presence of an ambient fluid, and a contact
interface between the ambient and the explosive products. The first five experiments lowered the global volume fraction
by replacing portions of the particle bed with hollow glass microspheres, dispersing the particles into vacuum. Three global
fractionswere investigated: 60%, 40%, and 20%.The next five experiments did not lower the volume fraction but instead varied
the ambient fluid. Three ambient fluids were investigated: air, xenon, and SF6. To penetrate the optically opaque explosive
products present and track the dispersed particle cloud, proton radiography was performed. The high-volume-fraction cases
exhibit a piston-like motion for all ambient conditions, with an increasingly stochastic motion present for the lower volume
fractions. Particle fronts extracted from the transmission radiographs exhibit almost constant velocity. Furthermore, centerline
particle fronts for the high-volume-fraction cases, with both vacuum and varying ambient gas conditions, were almost the
same, suggesting the primary impulse to particle bed motion arises from the contact interface between the ambient and the
detonation products. Lower volume fractions were accelerated to higher velocities, behaving as though they were a single
object of decreased density being acted on by a force of constant magnitude.

Keywords Proton radiography · Multiphase flow · Shock–particle interaction · Uncertainty quantification

1 Introduction

Compressible multiphase flows are a challenging and rich
topic within the fluid mechanics community. Such flowsmay
arise in the naturalworld in the case of dispersal of particulate
from a volcanic eruption or in engineering applications such
as the dispersal of particles by ordinance. Large-scale exper-
iments have been performed by Frost et al. [1–4] examining
the explosive dispersal of particles in both heterogeneous
and stratified explosive-particle mixtures subjected to a det-
onation wave. The detonation replaces the central explosive
with a high-density, high-temperature gas that propagates
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outward. A shock wave travels through the particle bed, fol-
lowed by a contact discontinuity between the shocked air
and the explosive products. In the early times, the detonation
wave causes the particles to collide and compact with each
other. As the particles disperse, the experiments observe a
series of large-scale jets or fingers that form in the advancing
particle front.

Microscale experiments by Sun et al. [5–8] have mea-
sured the forces on a single stationary particle subjected to a
moderate shock. When comparing the experimental results
to drag relations proposed as compressible generalizations of
the Maxey–Riley–Gatignol equation [9,10], the generalized
force formula captures the magnitude and timing of the peak
force quite well [11–13]. However, the extension of these
models from a single particle to a shock-driven multiphase
instability is still an ongoing area of research [14]. Shock-
tube experiments examining the behavior ofmoving particles
have been performed by variety of researchers [15–18]. In
these experiments, the position of the particle is observed
after being subjected to a shock and the time-varying drag
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force extracted. Together these microscale experiments pro-
vide a wealth of validation data in the modest-Mach-number
regime for a single particle for the proposed drag force
relations. Hughes et al. [19] extended the validation data
for a single particle to the extreme conditions of a particle
being subjected to a post-detonation flow, where a particle is
subjected both to a high-Mach-number shock and a strong
contact discontinuity.

Similar to the investigations of a single particle, other
investigations have been performed at the mesoscale where
many particles are subjected to a moderate-Mach-number
shock. In this regime, not only are the individual drag forces
important, but the particles compact and collide with each
other as well. However, the flows still lack the strong contact
discontinuity present in detonation conditions. Dilute sus-
pensions of particles (φ < 1%) subjected to a shock have
been studied extensively by researchers such as Rudinger
[20]. Less common is examination ofmultiphase flowswhere
moderate-to-large volume fractions are present (φ > 5%).
Wagner et al. [21] examined shock wave impingement on a
free-falling particle curtain of approximately 20% volume
fraction by tracking the upstream and downstream parti-
cle fronts through high-speed schlieren photography. Under
very similar experimental conditions, Kellenberger et al.
[22] examined the behavior of stationary particle wafers of
approximately 48% volume fraction subjected to a shock
wave through high-speed photography. Note in these studies
the volume fraction is less than the 60% commonly found
in particle beds typical for the explosive dispersal of parti-
cles [23]. Rodriguez et al. [24] performed investigations of an
annular particle bed subjected to a shock within a Hele-Shaw
cell and demonstrated the formation of instabilities at even
the relatively low Mach numbers investigated. The volume
fraction is not reported, but the particles are close packed and
likely 40% or greater.

There are three major motivations for the series of exper-
iments presented in this paper. First, the experiments are
motivated by the lack of validation data for particle drag force
models in the regime of moderate-to-high volume fraction
and high-Mach-number flow. Second, the series presented
in this paper, conducted at Los Alamos National Laboratory
(LANL), were designed to improve upon the earlier unpub-
lished experiments performed at EglinAir ForceBase (AFB).
Third, there is a need for a new set of experiments that retain
all the physics of the large-scale explosive tests, but on a
smaller scale. The large-scale experiments typically contain
billions of particles, whereas these mesoscale experiments
are limited to less than a million particles. The reduction of
particles could provide a reduction in computational burden
while still providing validation data within the high-volume-
fraction and high-Mach-number flow regime.

The remainder of this paper is organized as follows.
Section 2 will briefly discuss a prior experiment performed

at Eglin AFB, motivating the need for proton radiography
to measure the particle dispersal. Section 3 will detail the
setup of the experiments performed at LANL. Section 4
will overview the uncertainty quantification performed of
the experimental inputs. The time-varying particle fronts are
extracted from the proton radiographs in Sect. 5. From the
particle front positions, the particle front velocity may be
extracted and compared with the classical and porous Gur-
ney relations. In addition, the time-varying particle packet
width is also extracted to provide an additional validation
metric. Section 6 concludes the paper with a summary of the
work.

2 Previous Eglin AFB experiments

An initial set of unpublished experiments were carried out
at Eglin AFB. The experimental setup and diagnostics were
almost the same as the experiments presented in detail in
Hughes et al. [19], with exceptions in the size of the explo-
sive casing, particles, and amount of explosive. Whereas in
Hughes et al. [19] the casing had a 5.1-cm outer diame-
ter, the outer diameter of the explosive casing used in the
EglinAFB experimentswas increased to 10.2 cm. The explo-
sive was reduced from three 12.7-mm-by-12.7-mm pellets of
PBXN-5 to one. The doubling of the casing outer diameter
and the reduction of the amount of explosive used prevented
the heavy fragmentation of the casing seen in Hughes et al.
[19], significantly reducing uncertainty by preventing vent-
ingof the explosive products through the casing.Theparticles
were 100–130-µm tungsten particles instead of relatively
large 2-mmparticles. Tobring the particles in contactwith the
explosive, 0.5 g of tungsten particles was wrapped in wetted
tissue paper and placed within the mouth of the casing.

As in the Hughes et al. [19] experiments, to observe the
particle motion X-ray photography was necessary to pierce
the opaque explosive products, as shown in Fig. 1. Cluster-
ing in the X-ray image suggests that the particle packet was
initially non-uniform, giving rise to two jets on the X-ray
image with relatively few particles present at the centerline.
Additionally, the results reveal an uncertainty present in the
diagnostics not present in the Hughes et al. [19] experiments.
The particles spread very quickly in the X-ray imagery, such
that the particle front locations are difficult to differentiate on
the multiple-exposure film. This uncertainty, added to that of
the particle packet, degraded the usefulness of the data for
validation. Based on these observations, we improved the
experiments with a well-characterized bed and a superior
diagnostic for measuring the particle front positions, such as
proton radiography.
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Fig. 1 Sample multiple-exposure X-ray image obtained from the
unpublished Eglin AFB experiment. Exposures were taken at 30, 40,
and 60 µs after detonation. The blue squares are drawn to demonstrate
the relative locations of the particle cloud. The shift in the X-ray images
is due to the different orientations of the three X-ray heads

Fig. 2 Proton radiography schematic showing the collimated beam of
protons, scintillator, and optical system to capture the radiographs [25]

3 Experimental setup

3.1 Proton radiography diagnostic

The experiments were performed at the Los Alamos Neutron
Science Center Proton Radiography facility. Proton radiog-
raphy utilizes 800-MeV protons provided by a linear particle
accelerator [25]. A brief schematic is shown in Fig. 2.A beam
of collimated protons is passed through the object of interest.
The protons are guided by a series ofmagnetic lenses to focus
the protons on the image plane, where a scintillator converts
the protons to photons. The photons are turned out of the
beam path with a mirror and passed to the camera group.

Proton radiography is advantageous for this type of
dynamic imaging because it has a high depth of penetra-
tion [25], and the ability to image through a magnetic lens,
allowing for the distal refocus of imaging while correcting
for chromatic aberrations, to first order [26]. This distal loca-
tion of the detector system is ideally suited for imaging high
explosive (HE) experiments that pose a risk to detection
systems. Additionally, the pulse structure of the LANSCE
accelerator allows for arbitrary temporal allocation of frame
spacing, combined with a fast detector system that allows for
up to 24 frames of acquired dynamic radiography at theLAN-
SCE proton radiography facility, down to 50-ns inter-frame
spacing. By employing magnetic lens magnification, spatial
resolution scales accordingly, from approximately 200 µm
for the identity lens, to 50 µm for the ×3 magnifier [27],
to 25 µm for the ×7 magnifier [28] that are available at the
LANSCE proton radiography facility.

The protons pierce the opaque explosive products pro-
duced during detonation to provide 21 to 24 time-resolved
images of the particle fronts. Images were spaced 1–2 µs
apart with a resolution of 844 × 853 pixels. A ×3 magni-
fier is used to provide a 45-mm-by-45-mm field of view with
a resolution of 50 µm/pixel. Tests are performed within a
1.83-m-diameter spherical containment vessel that is pumped
down to vacuum.

3.2 Varying volume fraction tests

A set of experiments varying the initial volume fraction, des-
ignated Shots 1–5, were conducted in October 2017. The
test article is shown in Fig. 3. Figure 3a shows a cross sec-
tion of the casing with the explosive driver used to expel the
particles. Figure 3b shows a shot loaded onto the stage that
was subsequently lowered into the 1.83-m-diameter spher-
ical containment vessel. U-shaped plastic pieces with steel
screws were used to align the casing with the proton beam.

A 10.2-cm-outer-diameter steel casing (AISI 4340) was
used with a central bore of 13.1 mm diameter and a depth of
19.1 mm. The reader will note that the explosive train and
casing used in the Eglin AFB experiments were matched in
the LANL experiments to ensure minimal casing fragmen-
tation occurred (PBXN-5 and PBX-9501 are approximately
equivalent). The casing showedminor deformation post-test,
but no fragmentation was observed. Examination of post-
detonation photographs, as shown in Fig. 4, shows the bore
diameter increased from 13.1 to 15 ± 3 mm, an increase of
approximately 15%.

A pellet of PBX-9501 (12.7 mm diameter with 12.7 mm
length) was initiated by a Teledyne RISI RP-80 exploding
bridgewire detonator. When examining Fig. 3a, a slight step
is visible along the length of the center bore. The step was
necessary to locate the pellet of PBX-9501 exactly and pro-
vide a consistent particle bed depth. The PBX-9501 pellet
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Fig. 3 Details of the test article. a Cross-sectional view showing the
particle packet and explosive train used in both October 2017 and
November 2018 tests. Note the small step used to locate the pellet of
PBX-9501. b Assembled article for the October 2017 tests on the test
stand with alignment fiducials in view

was epoxied to this step using Barcobond to prevent move-
ment of the explosive as the detonator is brought into contact
with the explosive using the adapter nut. Time is measured
from detonator initiation, determined from a current viewing
resistor with approximately ±0.04µs uncertainty.

After setting the explosive, a 13.1-mm-diameter pocket
with a depth of 6.35mmwas then filled with a particle packet
and covered with tape. The tape was necessary to secure the
particle bed during loading of the test article into the test
vessel due to the significant jostling present in the loading
process. The test articles were placed in the containment ves-
sel, oriented vertically so the particles were held in place by
gravity before detonation as well as by the tape. A series of
traverses were used to align the center of the test article with
the proton beam. The tape had a small, randomly oriented
slit cut in the center to prevent blowout from trapped air and
to ensure the bed was under vacuum.

Figure 5 shows details of the particle packet. Three pack-
ing configurations were investigated: 60%, 40%, and 20%

Fig. 4 Post-detonation photograph of the explosive casing

Fig. 5 Details of the three configurations used for the particle packet.
The first configuration (left) shows the three layers of steel particles
separated by two paper dividers to give a global volume fraction of
60%. The second configuration (middle) replaced 1/3 of the depth of
each layer with HGM to give a global volume fraction of 40%. The
third configuration (right) replaced 2/3 of the depth of each layer with
HGM to give a global volume fraction of 20%

global volume fraction. Three layers were used for each par-
ticle packet with layers separated by paper dividers. Without
the paper dividers, the steel particles would force the hollow
glass microspheres (HGMs) to the surface of the packet due
to the extreme difference in density. As the number of lay-
ers is increased, the reduced global volume fraction of the
packet approaches a true local volume fraction. However,
three was the maximum number of layers possible. As the
number of layers was increased, it became increasingly dif-
ficult to accurately measure such small masses of particles.
The steel particles were 410 alloy, sieved between 75 and
125 µm, and obtained from Sandvik Osprey. The steel parti-
cles were packed to approximately 56% volume fraction, and
no binder was used to constrain their movement. To reduce
the volume fraction, two of the configurations substituted
HGMs for some portion of the steel particles. The HGMs are
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Fig. 6 SEM images of the particles at x100 magnification. a Steel
particles sized 75–125µmandobtained fromSandvikOsprey.bHollow
glass microspheres sized 90–125 µm and obtained from Cospheric

sized 90–125 µm and obtained from Cospheric. The manu-
facturer reports the HGMs have a bulk density of 0.09 g/cm3.
SEM images of the particles are shown in Fig. 6. The details
of the five shots conducted in October 2017 (Shots 1–5) are

summarized in Table 1 with the packing configuration and
the resulting global volume fraction of the particle packet.

3.3 HGM failure energy

To capture a conservative estimate of the energy absorbed
by crushing the HGM particles, the following steps were
taken. First, the strain energy density, u, of a material may
be obtained via integration of its stress–strain curve. If the
integration is performed over the entirety of the curve to the
breakage strain, one may obtain the failure energy, the so-
called modulus of toughness, T . For a brittle material such
as glass, the area under the may curve may be estimated by:

T = σUεU

2
, (1)

where σU is the ultimate strength and εU is the ultimate strain.
While the ultimate stress varies widely in glass, Watkins and
Prado [29] show that 1 GPa is a generous failure strength for
solid glass spheres. The ultimate strain has been reported by
Pukh et al. [30] for a variety of glass materials to be approx-
imately 10%. The modulus of toughness is estimated to be
approximately 50 MPa. Note this is far above the manufac-
turer reported 2 MPa.

Second, the modulus of toughness may be considered the
energy per unit volume required to crush the HGM. A rep-
resentative volume must then be constructed to obtain the
energy required to break the spherical shell. The average par-
ticle diameter of the HGM is 107.5µm. SEM images similar
to the one shown in Fig. 6b measure the shell thickness to
be approximately 2 µm. The volume of a HGM is therefore
about 35,000 µm3. The failure energy for a representative
HGM particle is then about 1.8 µJ. In both the 40% and
20% particle volume fraction tests, there are O(105) HGM
particles resulting in 0.18 J to break all the HGM particles.

Third, the energy released per unit mass is reported to be
5.5 MJ/kg by Johnson [31] for PBX-9501. The pellet used
has a mass of 2.8 g and gives an energy release of approxi-

Table 1 Shot table for the
proton radiography tests
showing the shot number,
packing configuration (see
Fig. 5), global volume fraction,
and ambient conditions

Shot Packing config. φ Ambient Temp. (K) Press. (kPa)

1 1 0.575 Vacuum – –

2 1 0.571 Vacuum – –

3 2 0.384 Vacuum – –

4 3 0.196 Vacuum – –

5 3 0.197 Vacuum – –

6 1 0.561 Air 298.6 101.67

7 1 0.560 Xenon 297.3 100.13

8 1 0.566 SF6 298.5 100.22

9 1 0.567 Air 299.2 100.32

10 1 0.561 Vacuum – –
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mately 15.4 kJ. The ratio of HGM failure energy to released
explosive energy is less 0.01%.

3.4 Varying carrier fluid tests

A set of experiments varying the carrier fluid, designated
Shots 6–10, were conducted in November 2018 and are sum-
marized in Table 1. The test article used was the same as that
detailed in Fig. 3a. The packing configuration was kept con-
stant in this series of tests (all tests used the first packing
configuration to maintain a 60% global volume fraction).
Instead, the test article was wrapped with a 3.18-mm-thick
aluminum cylinder to contain the various carrier phases. The
gas cylinder extended to a height of 23 cm above the test arti-
cle with an inner diameter of 12.7 cm. A gas handling system
was used to ensure each cylinder was brought to 100±2 kPa
pressure and the temperature recorded to determine the initial
thermodynamic state of the gas. Xenon and SF6 were cho-
sen for their large nuclear cross sections in an unsuccessful
attempt to capture the shock with the proton radiography. A
series of traverses were used to align the center of the test
article with the proton beam.

The test articlewas attached to the aluminumcasingwith a
aluminum restraining ring, shown in Fig. 7a. The screws used
to attach the restraining ringwere used as alignment fiducials.
The step wedge consisted of 10 evenly spaced steps along its
30.25 mm length, each with a 1.03-mm change in thickness.
The step wedge was used to normalize the radiographs in
the case of fluctuating proton beam energy. A single photon
Doppler velocimetry (PDV) probe with 40 mm working dis-
tance and 0.43 mm light diameter was suspended above the
particle bed on a stand. However, the PDV probe results were
not conclusive and are excluded from this investigation for
brevity. The assembled aluminum gas container is shown on
the test stand in Fig. 7b.

4 Input uncertainty quantification

4.1 Uncertainty of the explosive length, diameter,
and density

Each PBX-9501 pellet was characterized by measurement of
its diameter and length with calipers (±0.05 mm measure-
ment uncertainty). The pellets were inspected to ensure they
were free of chips or scratches, and the mass of the pellets
was measured with a mass balance (±0.0001 gmeasurement
uncertainty). Assuming a perfect cylinder, the volume of the
explosive is calculated and the density derived. The explo-
sive density is compared to the theoretical maximum density
of 1.855 [32]. Results are summarized in Table 2. Note the
diameter, length, and density of the explosive demonstrate
less than 0.8% variability.

Fig. 7 Details of the November 2018 test setup used for Shots 6–10.
a Test article with aluminum retaining ring, step-wedge fiducial, and
PDV probe. b Assembled aluminum casing with test article mounted
on the test stand

4.2 Uncertainty of the explosive casing

Dimensions of the explosive casing considered critical for
simulation were measured with calipers (±0.05 mm mea-
surement uncertainty). Results are summarized in Table 3.
The bore refers to the top portion of the hole through the
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Table 2 Measured length,
diameter, and density of the
PBX-9501 pellets with
comparison to the percent
theoretical maximum density
(% TMD)

Shot Dia. (mm) Length (mm) Mass (g) Dens. (g/cm3) TMD (%)

1 12.71 12.74 2.849 1.76 95.0

2 12.73 12.69 2.847 1.76 95.1

3 12.73 12.70 2.848 1.76 95.0

4 12.73 12.73 2.847 1.76 94.8

5 12.73 12.73 2.847 1.76 94.8

6 12.70 12.78 2.839 1.75 94.6

7 12.78 12.67 2.839 1.75 94.2

8 12.83 12.70 2.839 1.73 93.3

9 12.75 12.80 2.838 1.74 93.6

10 12.75 12.83 2.839 1.73 93.4

μ 12.74 12.74 2.843 1.75 94.4

σ 0.04 0.05 0.005 0.01 0.7

The value used for TMD is 1.855

Table 3 Measured dimensions of the explosive casing

Shot Bore Total Outer

Dia. Depth thickness dia.

1 13.11 19.07 38.01 102.52

2 13.12 19.08 38.02 102.50

3 13.15 19.09 38.05 102.52

4 13.15 19.12 38.07 102.55

5 13.15 19.11 38.05 102.50

6 13.10 19.11 38.08 102.48

7 13.12 19.08 38.04 102.62

8 13.18 19.06 38.11 102.48

9 13.16 19.08 38.13 102.57

10 13.20 19.11 38.10 102.61

μ 13.14 19.09 38.06 102.54

σ 0.03 0.02 0.05 0.05

Note the casing dimensions exhibit less than 0.3% variability. Measure-
ments are in millimeters

center of the cylindrical casing where the explosive pellet
and particle packet are located, as shown in Fig. 3a. The
depth is from the top of the casing to the small step on which
the explosive rests. Total thickness refers to the length of the
cylindrical casing, while outer diameter refers to the diam-
eter of the casing. Note the casing dimensions exhibit less
than 0.3% variability.

4.3 Particle packet uncertainty

Particle packets were constructed by careful measurement
of the particle layer mass on a mass balance (measurement
uncertainty of±0.0001 g). After measuring their mass, parti-
cles were then poured into the awaiting pocket formed by the
casing and the explosive and settledwith aminimum of shak-
ing and vibration. Layers were separated by paper dividers,

Table 4 Mass of steel (St) and hollow glass microspheres (HGMs)
particles in each layer in grams

Shot Layer 1 Layer 2 Layer 3

St HGM St HGM St HGM

1 1.2300 – 1.2297 – 1.2296 –

2 1.2303 – 1.2294 – 1.2295 –

3 0.8202 0.0051 0.8197 0.0050 0.8203 0.0048

4 0.4104 0.0098 0.4102 0.0096 0.4097 0.0103

5 0.4094 0.0098 0.4103 0.0096 0.4096 0.0099

6 1.2330 – 1.2326 – 1.2328 –

7 1.2332 – 1.2317 – 1.2329 –

8 1.2322 – 1.2305 – 1.2335 –

9 1.2344 – 1.2310 – 1.2325 –

10 1.2297 – 1.2326 – 1.2323 –

The error of the masses with respect to the nominal was less than 0.4%
for the steel particles and less than 5% for the HGM

diameter of 13.0 ± 0.1 mm and thickness of 89 ± 3µm,
and topped with a piece of tape. Results are summarized in
Table 4. Examination of the configuration 1 shots (1, 2, and
6–10) provide ameasure of the variability present in the pack-
ing process. Each steel particle layer was 1.232 ± 0.001 g,
and the total mass was 3.695 ± 0.004 g. Referring to Fig. 5
for nominal masses for each layer, the error of the masses
with respect to the nominal was less than 0.4% for the steel
particles and less than 5% for the HGM. The extremely small
masses of the HGM prevented their accurate weighing, espe-
cially for Shot 3.

Results for the global volume fraction are shown in
Table 5. The global volume fraction of the particle bed is
calculated as the ratio of the bulk density to the steel particle
density, 7.655±0.009 g/cm3, measured in Hughes et al. [33].
The contribution of the HGM is neglected due to the much
greater density of the steel particles. The bulk density of the
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Table 5 Volume fraction of the
particle packet

Shot Total mass (g) Depth (mm) Bulk dens. (g/cm3) φ

1 3.689 6.38 4.40 0.575

2 3.689 6.38 4.37 0.571

3 2.475 6.38 2.94 0.384

4 1.260 6.35 1.50 0.196

5 1.259 6.34 1.50 0.197

6 3.698 6.55 4.30 0.561

7 3.698 6.55 4.29 0.560

8 3.696 6.43 4.33 0.566

9 3.698 6.43 4.34 0.567

10 3.695 6.45 4.29 0.561

The nominally repeated shots observed an approximately 1% variability

particle bed is obtained as the ratio of the particle mass to the
bed volume. The total mass of the particles is obtained from
summation of the masses listed in Table 4. The depth of the
particle bed was measured as the distance from the top of the
casing to the top of epoxied explosive. The depth after bond-
ing exhibits less than 1.3% uncertainty. The reader will note
that a small annular region exists between the explosive and
the casing. Some particles were observed to fill into this gap
during the loading process. However, the gap is small enough
that its inclusion in the volume fraction calculation lowers
the global volume fraction only 0.001. The results presented
include this annular region and subtract the small volume of
the paper dividers. Examining the nominally repeated shots
(1, 2, and 6–10), the bed global volume fractionwas observed
to be 0.566± 0.006, which is an approximately 1% variabil-
ity.

4.4 Summary of uncertainties

A summary of the uncertainties associated with experiments
is included in Table 6. Further details for each input may be
obtained from the respective section. Results for each value
are presented as μ ± 1σ and are listed with the method used
to obtain each value. Significant work has been done to quan-
tify the particle density, size distribution, and local volume
fraction in a previous investigation [33].

5 Results

5.1 Transmission radiographs

The time evolution of the six different test conditions is
shown in Fig. 8. First, with regard to the varying volume
fraction tests conducted in vacuum, the 60% volume fraction
configuration (Fig. 8a) displayed a piston-like behavior as it
was expelled by the explosive. The three initial layers, formed

Table 6 Summary table of the uncertain inputs quantified for the tests

Parameter Value Method

Explosive diameter 12.74 ± 0.04 mm Calipers

Explosive length 12.74 ± 0.05 mm Calipers

Explosive density 1.75 ± 0.01 g/cm3 Derived quantity

Bore diameter 13.14 ± 0.03 mm Calipers

Bore depth 19.09 ± 0.02 mm Calipers

Layer mass* 1.232 ± 0.001 g Mass balance

Total mass* 3.695 ± 0.004 g Mass balance

Particle bed depth 6.42 ± 0.08 mm Calipers

Particle diameter 115 ± 23µm SEM analysis

Particle density 7.655 ± 0.009 g/cm3 Gas pycnometer

Local vol. fract. 0.545 ± 0.004 CT scan

Global vol. fract.* 0.566 ± 0.006 Derived quantity

Uncertain inputs marked with an asterisk are values obtained from the
nominally repeated shots (1, 2, and 6–10)

by the paper dividers, maintained their structure as they trav-
eled downstream and exhibited minimal spreading. At late
times, some fracturing of the layers was exhibited, similar
to the bed fracturing postulated by Frost [34] to be responsi-
ble for the instabilities observed at the large scale. The 40%
volume fraction configuration (Fig. 8b) has the three-layer
structure initially visible as it exits the casing but quickly
devolves into a cloud as it travels downstream. The 20%
volume fraction configuration exited as a cloud with single
denser line present and shows the most stochastic nature of
all the tests. The overall shape was observed to be largely
different in curvature between the repeated tests for the 20%
case (not shown). The repeated test of the 20% volume frac-
tion configuration showed the ends of the particle bed racing
ahead of the center portion, similar to that shown in Fig. 8a.
In contrast, the repeated test of the 60% volume fraction con-
figuration showed consistent behavior.
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Fig. 8 Transmission radiographs for 13.8 µs (top), 23.8 µs (middle),
and 34.8 µs (bottom) after detonation. Flow is from left to right. a The
60% volume fraction configuration displayed a piston-like behavior as
it was expelled by the explosive. b The 40% volume fraction configu-
ration had a three-layer structure initially visible as it exited the casing
but quickly devolves into a dispersed cloud. c The 20% volume fraction

configuration exited as a cloudwith single denser line present and shows
the most stochastic nature (the particles have exited the frame by the
final time stamp). The three different ambient conditions investigated
(d air, e xenon, and f SF6) show very similar behavior when dispersed,
with some structural differences present at late time

The HGMs are clearly crushed during the early time. As
particles move through the weak layer of glass particles,
they build momentum and collide with subsequent layers.
The resulting collisions destroy the order of the layers and
spread the steel particles in a stochastic manner. Coupled
with the decreased mass present in the particle bed, the rel-
ative motion quickly disperses the particle bed. The close
packing of the 60% volume fraction prevents the particles
from gaining momentum with respect to one another and
only displays fractures and some slow deformation at late
time.

Next, with regard to the 60% volume fraction configu-
ration with varying ambient fluids, the piston-like behavior
is maintained as it is expelled by the explosive with the
characteristic observed. Though small differences in struc-
ture and spreading are apparent, the particles are remarkably
close to each other considering the varying initial conditions
(Fig. 8d–f). Note that an aluminum ring was placed around
the lip of the steel casing to secure it and is visible in the
radiographs as a thin layer of less dense material above the
dark steel casing. Two screws used to secure the restraining
ring are also visible at the edges of the radiographs.

5.2 Front detection

Particle fronts were determined from thresholding of the
transmission intensity. First, images were rotated to align
the casing with the image axes. Next, a moving average was

applied to the image intensity with a 17-pixel window size to
prevent spurious front detection. Third, a background thresh-
old was determined for each image line by an average of 100
pixels in an undisturbed portion of the image, such as the
right hand side of the image. Fourth, the initial casing loca-
tion was determined as the location in the first image where
the intensity drops below 23% of the background threshold.
The 23% casing location threshold was determined by itera-
tion to match the thickness of the 2.60±0.05-mm aluminum
retaining ring present in the November 2018 radiographs. By
using this threshold value, the thickness of the ring was mea-
sured to be 2.6± 0.1 mm. Finally, the downstream front was
determined as the image location where the intensity drops
below90%of the background and the upstream front iswhere
the intensity rises again above the 90% threshold. Greater
threshold values, such as 95% and 98%, were attempted but
produced too many spurious front locations.

Figure 9a shows an example line profile with the upstream
and downstream particle fronts identified. Note the relatively
sharp drop in image intensity at the particle front. Parti-
cle fronts overlaid on the original radiograph are shown in
Fig. 9b. However, while no spurious detections are shown in
Fig. 9b, spurious detections did occur. For instance, the seam
down the center of the image is a scintillator tile artifact and
is of sufficient contrast that it sometimes trips the particle
front algorithm.

These outliers were removed with a three-step process.
First, the outlier detection algorithm of Goring and Nikora
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Fig. 9 Processing technique used to extract particle fronts from the
radiographs. a Sample line profile showing the selection of the down-
stream front position (DFP), upstream front position (UFP), and casing
location (CL) at the centerline, 23.8 µs after detonation. Note the CL
is obtained from the first image and is overlaid here on the line profile
for reference. b Front tracking results overlaid on the Shot 1 radiograph
23.8 µs after detonation

[35], with correction byWahl [36], was applied to the particle
front positions. The outliers were replaced by cubic interpo-
lation using 12 points on either side of the detected outlier.
The MATLAB code used was provided by Mori et al. [37].
Second, amaskwas constructed to eliminate the casingdetec-
tions. The mask was chosen just past the casing, retaining
rings, and screws. Third, the mask was applied to the de-
spiked particle front positions.

The front positions of the particle packets at the centerline
were extracted and are plotted in Fig. 10. The initial time is
from the detonator initiation. Images are not collected until
after an approximately 5.78 ± 0.04µs interval to account
for the delay of the detonator to activate and for the explo-
sive to completely react. The current viewing resistor used
to determine the initial time has an uncertainty of ±0.04 µs.
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Fig. 10 Particle front position at the centerline of the particle packet
for a upstream front position and b downstream front position

To attempt to capture the uncertainty present in the particle
front determination, the threshold was perturbed by ±5%.
The resulting change in the particle front is captured in the
error bars of the front position. The 60%volume fraction con-
figuration (including the varying ambient fluid cases) shows
an approximately 1% variation. The lower volume fractions
of 40% and 20% show a 2% and 10% variation, respectively,
due to the greater spread of particles that decreases the steep-
ness of the intensity curve.

The experimental conditions with repeated tests show
close agreement on the centerline except for the upstream
front position of the 20%volume fraction. The 20%upstream
volume fraction was quite dilute at late times, and the front
began to be lost against the background noise. One may
observe an increase in overall packet velocity as the totalmass
of theparticle bed is decreasedwith the additionofHGM.The
particle packet therefore behaves as though it were a single
object of decreased density being acted on by a force of con-

123



Proton radiography of explosively dispersed metal particles with varying volume fraction and… 85

stant magnitude. The 20% volume fraction quickly exited the
field of view for the 2 µs inter-frame time and so relatively
few data points were recovered in Shot 4. The inter-frame
timing was decreased in Shot 5 to prevent this issue. Note
that the fronts move in a largely linear fashion, indicating
that the particles receive their momentum impulsively in the
passage of the contact discontinuity. Furthermore, compar-
ing the results of the four gas shots with the vacuum shot, we
note that the results are within close agreement. The vacuum
shot lacks an ambientmedium for a shock to form, suggesting
that the contact interface between the ambient and the deto-
nation products is almost solely responsible for the delivered
impulse.

5.3 Comparison to Gurney velocity

The Gurney model [38] was derived to estimate the peak
velocity imparted to a metal layer propelled by an explosive.
Gurney assumed that that the explosive energy was instan-
taneously converted into kinetic energy, partitioned between
the explosive products and the dispersed metal. Addition-
ally, it is assumed that the explosive products are of uniform
density and that their radial velocity varies linearly from
the origin to the metal–explosive interface. The piston-like
motion of the 60% volume fraction cases invites a compari-
son betweendispersed particle beds andGurney’smodel. The
main difference between the Gurney model and the experi-
ments presented here, however, is the pre-fragmented nature
of the bed, whereas Gurney derives the velocity of the metal
layer before it undergoes fragmentation.

Milne [39] has recentlyworked to extend theGurney equa-
tions to a porous bed by fitting to the results of simulations,
providing fits for both spherical and cylindrical geometries.
While some experimental validation is presented in Milne’s
work, Loiseau et al. [40] provided extensive experimental
validation for granular beds, both dry and wetted. Interest-
ingly, Loiseau et al. showed that the wetted granular beds
scaled with the classical Gurney relations, while the dry beds
followed the porous Gurney relations developed in Milne.
Milne showed that the loss of velocity between solid shells
and porous beds is due to the collapse of the pores within
the particle bed, resulting in additional PdV heating of the
bed. Loiseau et al. further postulated that the liquid within
the wetted bed prevents this pore collapse, which is why no
loss of velocity is shown in the wetted beds.

The downstream front position is sufficiently linear that a
first-order polynomial, with a minimum R2 of 0.99, may be
fit to the position data to extract a single front velocity. Dif-
ferent expressions of Gurney velocity have been advanced
depending on the shape and nature of the explosively pro-
pelled object. While none of these relations is an exact match
for the experimental setup, several relations may be used
to bound the possible Gurney velocities. Forming the upper
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Fig. 11 Comparison of particle front velocity with equivalent Gurney
velocities

bound, the Gurney velocity, VIT, for an infinitely tamped
sandwich is:

VIT√
2E

=
(
M

C
+ 1

3

)(−1/2)

, (2)

where C is the mass of the explosive (approximately
2.8 g) and M is the mass of the particle packet (see Table 4).
The Gurney constant,

√
2E , for PBX-9501 is taken from the

literature as 2.90 km/s [41]. Forming the lower bound, the
Gurney velocity, VOS, for an open sandwich is:

VOS√
2E

=
(
1 + (

1 + 2M
C

)3
6
(
1 + M

C

) + M

C

)−1/2

. (3)

Other Gurney relations, such as the spherical configura-
tion and the porous Gurney relations of Milne [39], lie in
between these two relations. The particle front velocities are
plotted with their equivalent Gurney velocities in Fig. 11.
It is apparent that the particle front velocities are apprecia-
bly lower. At the 60% volume fraction, the M/C is 1.3 and
the relative difference between the averaged front velocity
between all cases and the open sandwich Gurney velocity is
approximately 23%.At 20%volume fraction, the relative dif-
ference increases to 38%. Qualitatively, the reduction of the
porous bed velocity below that of predicted Gurney velocity
is consistentwith results of Loiseau et al. [40]. Unfortunately,
no work similar to Milne’s [39] but with the open sandwich
geometry yet exists within the literature to provide a more
quantitative comparison. These results also provide a basic
check on the data, showing the particle front velocity does
indeed begin to approach the Gurney velocity as the volume
fraction approaches the 100% volume fraction assumption of
the Gurney relations. It also underscores the loss of energy
coupling due largely to the compaction of the bed and pore
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Fig. 12 Width of the particle packet extracted at each frame. The initial
width is marked with a dashed black line. The width from Shot 1 is
not presented as the entire front is not captured within the frame. Data
from individual shots are connected with lines for the convenience of
the reader

collapse [39], but also to other processes such as flow being
channeled through the narrow spaces between particles, col-
lisions, etc. Note the mass of the detonator, approximately
0.6 g of explosive, may be included in the analysis result-
ing in a decrease in the M/C values observed but with no
difference in the conclusions.

5.4 Packet width

The width of the particle packet, extracted from the parti-
cle fronts, is plotted in Fig. 12 and compared to the initial
width. The 60% volume fraction cases show an increas-
ing width with time. Note the vacuum, xenon, air, and SF6
do not show an appreciable difference in spreading, rein-
forcing the conclusions from the centerline front positions.
Interestingly, some of the cases show a “pinch-off”-type phe-
nomenon where portions at the edge of the bed separate and
then disperse from the main particle packet. This behavior
can be demonstrated in Fig. 13. The downstream particle
front is plotted as a function of time. A hole develops in the
front where a portion of the bed peels off and then quickly
disperses such that it is lost by the tracking algorithm. In
Fig. 12, this phenomenon manifests itself as a drop in width
when the secondary particle packet is no longer detected by
the algorithm.

The 40% volume fraction shows growth at early time
and then approaches an asymptotic width of approximately
18 mm. The 20% volume fraction cases show two different
behaviors. In one case, the width slightly increases over the
initial width and then decreases. In the other case, the width
decreases and then levels off. In both cases, around 25 µs
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Fig. 13 The downstream particle front time evolution of Shot 2 shows
an example of the pinch-off phenomenon. A secondary packet particle
becomes isolated from the main packet at 34.75 µs and then disappears
against the background at 44.75 µs, leading to a sharp decrease in the
measured width

the low amount of particles begins to disappear against the
background and the width quickly decreases, followed by the
packet exiting the frame.

6 Conclusions

The series of experiments presented in this paper provide new
validation data for the regime of moderate-to-high volume
fraction and high-Mach-number flow. In addition, the current
set of experiments improves upon a previous set of unpub-
lished experiments performed at Eglin AFB. The previous
set of experiments did not sufficiently quantify the initial
volume fraction, and the multiple exposure X-ray diagnostic
did not allow for rigorous determination of the particle front,
degrading their usefulness for validation efforts.

Ten explosive tests were performed at the Los Alamos
Neutron Science Center Proton Radiography facility. A
13× 6 mm cylindrical packet of 115-µm steel particles was
dispersed by 2.8 g of PBX-9501. The protons pierce the
opaque explosive products produced during detonation to
provide 21 to 24 time-resolved images of the particle fronts
with a 45-mm-by-45-mm field of view and a resolution of
50 µm/pixel. As the data are intended for validation, a sum-
mary of the uncertain inputs for the experiments is included
in Table 6.

The first five tests, performed in October 2017, inves-
tigated three packing configurations: 60%, 40%, and 20%
global volume fraction. Three layers were used for each
particle packet with layers separated by paper dividers. To
reduce the global volume fraction, two of the configurations
substituted HGMs for some portions of the steel particles.
Transmission radiographs show very different behaviors for
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the three configurations. The 60% volume configuration
shows a piston-like behavior as it is expelled by the explosive.
The 40% volume fraction configuration has the three-layer
structure initially visible as it exits the casing but quickly
devolves into a cloud as it travels downstream. The 20% vol-
ume fraction case exits as a cloud with single denser line
present and shows a greater stochastic nature. Lower volume
fractions were accelerated to higher velocities, behaving as
though they were a single object of decreased density being
acted on by a force of constant magnitude.

The second set of five tests, performed in November 2018,
examined the dispersal of the particle packet into three dif-
ferent carrier fluids: air, xenon, and SF6. The transmission
radiographs of the three different carrier fluids and the 60%
vacuum shots show very similar behavior with only minimal
differences in spreading that are not necessarily attributable
to the different carrier fluids.

The centerline particle fronts for the three carrier phases
demonstrate close agreement, suggesting the ambient carrier
phase has little impact on the dispersal of the particles in this
regime. The forces exerted on the particle bed by the dense,
propagating explosive products are dominant. Furthermore,
the results demonstrate a highly linear behavior during this
early time suggesting that the particles are impulsively acted
upon by the contact interface and the shock. Finally, com-
paring the results of the four gas shots with the three vacuum
shots, we note that the results arewithin close agreement. The
vacuum shot lacks an ambient medium for a shock to form,
suggesting that the contact interface is almost solely respon-
sible for the delivered impulse. Comparison of the particle
front velocity with the peak velocity predicted by the Gurney
model shows the particles are dispersed significantly slower,
demonstrating the significant loss of energy coupling due to
flow channeling through the particle bed, compaction, etc.

However, as this study only presents the motion of
the particle cloud, additional tests are needed to validate
the accompanying particle–fluid interaction and explosive
model. Tests of similar configuration, but that offer informa-
tion on the behavior of the gas, such as the shock and contact
interface at early time, are needed to provide these necessary
prediction metrics.
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