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Abstract
To better understand the complex dynamics and physics associated with the rapid expansion of
the detonation product fireball following an explosion, it is imperative to have a full description
of its associated velocity field. Typical experimental techniques rely on simple single-point
measurements captured from pressure transducers or Hopkinson pressure bars. In this technical
design note, we aim to improve the current state-of-the-art by introducing a means to determine
full velocity fields from high-speed video using optical flow tracking velocimetry. We
demonstrate the significance of this method from our results by comparing velocity fields
derived from high-speed video and a validated numerical model of the same case. A wider use
of this technique will allow researchers to elucidate spatial and temporal features of explosive
detonations, which could not be obtained thus far using single-point measurements.
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(Some figures may appear in colour only in the online journal)

1. Introduction

When an explosive detonates, it converts into a high-pressure,
high-energy gas that rapidly expands and displaces the sur-
rounding air at supersonic speeds, causing a blast wave to
form. In order to provide adequate and efficient protective sys-
tems against blast loading, it is of critical importance that the
evolving properties of the explosive products and the emerging
blast wave are well characterised and understood. However, in
the region close to the source of the explosion, blast pressures
are in the order of several hundreds of megapascals (Kinney
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and Graham 1985), and thus direct experimental measurement
is challenging (Rigby et al 2015). Research into high explos-
ives (and thus our ability to rigorously validate new numer-
ical modelling approaches for this purpose), is dependent on
our ability to provide indirect, yet accurate measurements and
quantification of blast parameters.

Currently, in order to experimentally interrogate the physics
of near-field explosions, we often rely on pressure transducers3

that provide single-point temporal data, which can be used to
either validate computer models or to provide limited scientific
insight. While advances in computer modelling might enable

3 Whilst imaging techniques such as background-oriented schlieren do exist
(Sommersel et al 2008, Mizukaki et al 2012), they cannot provide informa-
tion in regions where the light rays from a reference background cannot reach
the camera. The other optical methods mentioned in the review article by
McNesby et al (2016) pertain to tracking only the edge of the blast wave or
the fireball.
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us to interrogate explosions in three dimensions at high rates,
it is known that such models do not capture all of the complex
stochastic processes associated with blasts (Rigby et al 2018).
Thus, to fully interrogate all these processes, it is essential that
we capture full-field, high-fidelity data from experiments.

The rapid development of digital image sensors in the
recent past led to a dramatic reduction in the price and an
enhanced ability to record at higher frame rates. These, com-
bined with the vastly improved processing abilities of mod-
ern computing, has allowed us to capture images of the highly
unsteady features associated with explosions. The application
of image processing techniques can then allow for a quantit-
ative description of the motion within these images. There is
a substantive need in this regard for a technique which can
robustly track features associated with the aggressive expan-
sions of the turbulent structures within the chaotic fireball.

To determine and quantify motion (i.e. velocity) from a
sequence of images, there are threewell established image pro-
cessing based techniques. The most common one is particle
image velocimetry (PIV) (Adrian and Westerweel 2011), an
Eulerian method typically used in fluid, granular and solid
mechanics. This works by subdividing images into smaller
interrogation windows and correlating patterns through suc-
cessive snapshots in an image sequence, typically through
Fourier based correlation methods. The reader may refer to
Adrian and Westerweel (2011) for a more in depth description
of the method and its variants.

The second method is particle/feature tracking velocimetry
(PTV), which is similar to PIV, and is also commonly used in
fluid, granular and solid mechanics. Unlike the PIV method,
this method is Lagrangian, and is used to track individual
trajectories of a particle, or of features. There are numerous
algorithms used to compute such particle displacements; e.g.
based on 2D correlations (Brevis et al 2011); using machine
learning (Gim et al 2020), based on Voronoi diagram (Zhang
et al 2015), a 3D tracking algorithm (Cui et al 2018) and most
simply based on nearest neighbours (Malik et al 1993). Both
PIV and PTV have their benefits and also their limitations,
and in more complex cases, an expert user is often required
to ensure high-fidelity tracking data.

More recently, in the areas of chemical engineering and
granular flows, a third method, called optical flow tracking
velocimetry (OFTV) has been successfully used to track com-
plex motions of particles from a high-speed video (Fullmer
et al 2020, Higham et al 2020, 2021, Weber et al 2021).
The benefit of this method relates to its robustness for track-
ing. Unlike PIV/PTV, OFTV is based on solving the optical
flow equations; a set of equations which describe the motion
of regions of image intensity through a sequence of images
(Gibson 1950). The application of the method intrinsically
suits the tracking of the complex fireball as the method allows
for an adaptive change in selected regions in the images
between successive images, and this is especially relevant in
high-speed video of blast and explosions, where the light-
ing conditions differ substantially between successive image
frames due to decreasing incandescence of the detonation
product fireball. The advantages of using OFTV as opposed

to PIV further relate to the ability to track at pixel level and
resolve Lagrangian statistics, unlike in PIV where the correl-
ation interrogation windows can limit data output resolution
and discard Lagrangian information.

The overall aim of this technical design note is to determ-
ine if OFTV will be a potential candidate for transitioning the
field of blast and explosions from intrusive, point-based meas-
urements to non-intrusive, synoptic, full field measurements
derived from high-speed video.

2. Test data and numerical benchmark

In this work, we thus perform OFTV on high speed video
footage of near-field free air explosions, and compare the res-
ults to those from a validated numerical model. Three blast
tests were conducted at the University of Sheffield Blast &
Impact Laboratory in Buxton, Derbyshire. 100 g spherical PE4
charges were detonated 355.4 mm clear distance (380 mm to
charge centre) from the underside of a nominally rigid, reflect-
ing surface using the COBL (Characterization of Blast Load-
ing) (Clarke et al 2015). The charges were suspended dir-
ectly under the centre of the target plate on a super-lightweight
glassfibre weave fabric. High speed video data were obtained
using a Photron FASTCAMSA-Z camera fittedwith a 105mm
Nikon lens, filming at 160 000 fps with a resolution of 256 ×
280 pixels, f/8 aperture and 0.25 µs shutter speed. The tests
were self-illuminated by the incandescence of the detonation
product cloud. The (vertical) field-of-viewwas set between the
charge centre and the underside of the target plate. Full details
of the experimental setup are available in Rigby et al (2020).

In this study we apply the FlowOnTheGo code for track-
ing (for a detailed explanation of the code, the reader is dir-
ected to Weber et al (2021)); remove camera distortion using
piece-wise linear transformation based on calibration plates
(Higham and Brevis 2019); and remove any outliers using the
PODDEMalgorithm (Higham et al 2016). For determining the
regions of image intensity, we follow the method described
in Weber et al (2021), where the regions of features in each
image are determined based on their eigenvectors and asso-
ciated roughness. To determine the motion of these regions,
we solve the Optical Flow equation using a linear approx-
imation as proposed in Lucas and Kanade (1981) and Lucas
(1985).

The multi-material arbitrary Lagrangian Eulerian solver in
LS-DYNA was then used to generate the numerical bench-
mark data, following the methodology outlined in Rigby et al
(2018). In the same study, LS-DYNA was validated against
near-field blast pressure measurements (Rigby 2018) and was
shown to be in excellent agreement. Thus, outputs from the
model can be used with confidence as benchmark data to
assess the accuracy and validity of the OFTV method for
measuring the velocity of expanding blast waves. Result-
ant velocities from the model were output as video files,
and a bespoke MATLAB® script was used to read in the
videos, convert the pixels to data, and plot against the OFTV
results.
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Figure 1. The top four rows show the magnitude of the velocity field tracked using OFTV at four time instances, with the corresponding
raw high-speed images underlain. Bottom row shows magnitude of velocity field of LS-DYNA numerical model at the corresponding time
instances.

3. Results

In the first four rows of figure 1 we show the magnitude of
the velocity fields derived from the high-speed video. The top
three rows show the results from three separate experiments,
and the fourth shows the average of these three. On the bottom
row, we present the magnitude of the velocity field computed
by the LS-DYNAmodel. In each of the columns, we show four
separate time instances, which are consistent across the cases
and the numerical model.

Apart from the expected localized variations in sur-
face velocity due to instabilities at the fireball/air inter-
face, it is apparent that the global velocity fields derived
between the cases are highly consistent between the OFTV

derived cases. In comparison with the numerical model velo-
city fields, the OFTV results evolve and have the same
shape qualitatively. Quantitatively, they have the same velo-
city magnitudes across the fields at all instances except
at t= 0.0 µs, where the OFTV is unable to capture finer
details, which may be explained by the sudden mask-
ing of trackable regions due to the flash of light upon
detonation.

A further quantitative comparison is shown in figure 2,
where the centreline (vertical line extending from the centre of
the explosion) velocity magnitudes are presented. The results
obtained from OFTV are in very good agreement with those
computed from the numerical model, again with the exception
of the first frame.
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Figure 2. An overlay of centreline plots of velocity magnitudes for the OFTV cases and LS-DYNA model at various time instants.

4. Summary and outlook

This study has demonstrated the feasibility of OFTV on high-
speed video footage of explosions. From this preliminary
study, it has been possible to show both qualitatively and
quantitatively (based on a validated computer model), that it
is possible to accurately determine the velocity and motion of
a chaotic fireball resulting from the detonation of an explos-
ive material. The OFTV method allows for an instantaneous
view of the velocity field of the detonation product fireball. It
is envisaged that in future studies, this will allow for a detailed
description of the physics of the turbulent chemical reactions
occurring within. Without doubt, a successful application is
likely to have a significant impact in the field of blast and
explosions, as it no longer necessary to solely use an intrus-
ive method, i.e. a Hopkinson bar or pressure transducer, as an
experimental diagnostic, but instead, from these data we have
a direct measure of velocity which need not be derived from
discrete pressure or time-of-arrival gauges.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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