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a b s t r a c t

The common rift between academia and industry has existed in all fields of engineering. However, ul-
timately that can be seen as more of a lag; it is not so much a question of academia research, which ends
up finding its way into the practical world of industry years if not decades later. On the topic of deto-
nations or Vapor Cloud Explosions (VCE), this is indeed a true statement. A little more than a decade ago
the common belief in the chemical process industry was that detonations were not possible unless you
had some very reactive process materials such as hydrogen or acetylene. When some industry and
consulting experts began to challenge this view, they soon found out that a more common and less
reactive process material such as ethylene could in fact be made to detonate as well. The key was that the
environment had to be just right for an ignited flame to accelerate and transition to a detonation. In fact,
academia had known this since the early 1960s and so the question remains, what else can we learn?

Industry has retuned itself and made use of a several common explosion modeling tools which for
some can be made to predict detonations. In others, they must be inferred and only very knowledgeable
users can determine detonations. This paper will review the basics of detonations, the academic
perspective and the industrial applications. Additionally, several of the various and commonly used
models for explosion prediction will be reviewed, in the light of detonation.

© 2017 Published by Elsevier Ltd.

1. Introduction

As is well known, there are two distinct paths for a combustion
process to undertake. The first path is the most common one
known as a deflagration; where the combustion occurs via heat
conductivity and diffusionwithin the flame front. An acoustic wave
travels ahead of the flame and generates a turbulent field ahead of
the flame. If the system is in motion (traveling flame front) then the
acoustic wave is traveling through an unburned mixture of fuel-air
and the mixing process prior to combustion is enhanced via tur-
bulence. The flame front in this system sees all the action since the
rate of combustion is determined by the surface area of the flame
front; therefore, the more surface area or wrinkling of the flame
front, the higher the rate of combustion and therefore speed of the
flame. Naturally the acoustic wave provides this well mixed fuel-air
as well as turbulent flows where the flame speed will benefit by
enhancing its surface area. As can be guessed, provided that there is
fuel-air and turbulence, this process will continue to rapidly

accelerate; the flame will go faster and faster and push the acoustic
wave ahead of it harder and harder. These are the basics as
described in the turbulent flame propagation models and in-
stabilities (Peters, 2000; Glassman et al., 2014).

The secondmechanism of combustion is known as a detonation.
During this mechanism heat and pressure are applied to the un-
burned mixture through a shock wave that has been created,
ignition of the flame is now occurring through auto ignition via this
heating and compressing mechanism. Effectively the flame and
shock are somewhat coupled and travel at supersonic speeds unlike
the deflagrations which travel at subsonic speeds but still occur at
high speed relative to our perception. This is the basis from the
well-known ZND model for detonation process of an explosion
(Lee, 2008).

Originally, the study of detonations took place in laboratory
sized tubes and vessels. Therefore, these were fully closed systems
where venting was not permitted. These “detonation tubes” began
to study flame acceleration first in smooth tubes, then in obstacle
laden tubes (typically in the form of orifice plates). These initial
detonation studies took place in the mid to late 1900s where pa-
rameters such as Chapman-Jouguet (CJ) Velocity, Critical Tube
Diameter (dc), Cell Size (l) and Critical Energy (Ec) were all being* Corresponding author.
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categorized. Indeed, these defined and descriptive detonation
characteristics are unique to all gaseous explosive mixtures (Lee,
2008). These parameters, although important in detonation phys-
ics, will not be discussed further in this paper but can be found in
several, readily available databases (Shepherd, 2005; Fickett and
Davis, 2000).

Within smooth tubes, it was found that once a fuel air mixture
was ignited, there was a continuous flame acceleration until
detonation was abruptly achieved. This deflagration to detonation
transition is also commonly referred to as DDT. In obstacle laden or
“rough” tubes several regimes of steady flame propagation can be
observed. Another parameter that was observed was the distance
from ignition to this DDT point. That distance was to be known as
the “run-up length”. Its evaluation is an important defining point
between methods used to predict explosion strength and
detonations.

With regards to the physical surroundings, in the field of deto-
nations and deflagrations, there are two types of environments;
confined and unconfined. In the confined events, there are several
phenomena that occur and greatly enhance the deflagration and
detonation processes (Salzano, 2014). One of these phenomena is
called venting; if venting is allowed to occur, the combustion pro-
cesses are weakened and thus over pressure build-up is not so
easily achieved. For example, a simple vessel of given volume filled
with a flammable mixture and completely smooth inside is capable
of generating over pressures of 7e10 times the initial pressure
(McAllister et al., 2011). This is due to several reasons such as tur-
bulence inducing acoustic wave reverberations and continuous
compression and heating of the unburned mixture occurring from
the burned products. In the case of long tubes, detonations are
achieved and allowed to form simply due to the length and accel-
erating process or (in the case of rough tubes) through the addition
of turbulence. Regardless of the type of confinement, these deto-
nation parameters have been studied and predicted from nearly all
flammable gases and gas mixtures that are in use for industry and
recorded.

Unconfined explosions are those that occur in the open and do
not have the benefit of these turbulence inducing reverberations or
heating and compressing caused by the burned combustion prod-
ucts. These explosions requiremore turbulence in the surroundings
in order to propagate so that the unburned fuel is well mixed with
the surrounding air. Therefore, with respect to over pressure gen-
eration, unconfined fuel air explosions are far weaker and require
much greater volumes to generate significant overpressures than in
confined cases; however, with respect to equipment and structural
damage, very little overpressure is in fact required in order to
achieve appreciative levels of destruction. What is important
however, is that if the material released in air is a flammable one,
and if it is released in a confined or unconfined environment and
ignited, then given enough turbulence it will progress into an ex-
plosion and depending on the release size or turbulence generated
it can achieve a detonation state (CCPS, 2010; Salzano and Cozzani,
2005; Salzano and Basco, 2015).

1.1. Turbulence, where does it come from?

When a fuel is released from its storage vessel or process piping
into the atmosphere it begins as a homogenous fuel mixture and
gradually mixes with air. If the release occurs in the open without
any physical obstruction the mixing will be dependent on the hy-
drodynamic properties or release parameters of the jet release
(pressure, temperature, orifice size, etc.). From the images in Fig. 1,
the turbulence effect can be seen by the generation of vortices,
beginning moderately on the left and far more intense on the right
most image (Bulat and Volkov, 2016). In this case, as back pressure

was increased, the vortices production increased and so does the
mixing of the flow with ambient air.

As the release parameters are varied, the turbulent mixing is
either enhanced or diminished and in an open environment these
(and the weather stability) are the only contributing factors to
promote mixing of two fluids (in the case of a hydrocarbon release,
fuel and the ambient air). A practical example of this can be the
release of a gas or from a wellhead or pipeline in an open field.
However, when a release occurs in an area containing physical
obstructions (process piping, equipment, buildings, cars or even
vegetation such as brushes or trees) the turbulent mixing is greatly
enhanced as the release flows wrap and flow over a number of
physical objects causing vortices of all sizes and therefore mixing
with the ambient air far better. Naturally, the smaller the obstacles
the smaller the produced vortices therefore if the field contains a
few larges obstacles the turbulence produced will be less than if the
field contained many small obstacles.

2. Blast prediction methodologies

One point that requires extensive highlighting is that in order to
predict detonations it is important to have a deep understanding of
their inner workings and the same can be said of all the models
available in industry that are used to predict blast strength. The old
adage, of “garbage in garbage out” is clearly valid and in this case
and however not correctly predicting blast over pressures can have
disastrous consequences. Other than their physical-chemical dif-
ferences, deflagrations and detonations have differences that are
very important for the design of process plant buildings. To begin
with, there are two parameters that are of importance when
considering blast design; overpressure and impulse (related to the
duration of the explosion event). Although this paper will not
discuss the implications of these parameters on buildings it is
important to note that when designing for blast resistance the over
pressure and the under pressure (expansion phase) are both
important since structural elements that resist in compression do
not always resist in tension. And the impulse or duration of the
event is of equal importance to over pressure since a low pressure
blast event that is applied for a long period of time can cause more
damage than a high pressure event that is of very short duration.

Deflagrations or subsonic explosions yield over pressures less
than 1 bar (CCPS, 2010), whereas detonations yield over pressures
of 1 bar or more. The bulk of explosions are known as weak def-
lagrations and typically yield over pressures of about 0.5 bar, and,
less common strong deflagrations between 0.5 and 1 bar. Detona-
tions in the process industry do not appear to be very common
however further assessment of past events have lately yielded a
better view on this and we will discuss this later on in the paper.

There are essentially two approaches of blast modeling, one is
known as the Computational Fluid Dynamic (CFD) method and the
other is using blast severity curves and calculated using a one
dimensional hydrodynamic code and Sach's scaling law. Both ap-
proaches have several methods and tools but all of them have been
developed using field tests of various sizes. The parameters of
importance to all of them are the obstacle or congestion density,
the confinement and the fuel reactivity (Tufano et al., 1998).

Originally, blast curves were calculated using the TNT equiva-
lency method where a given mass of hydrocarbon is equated to an
equivalent yield of TNT then an over pressure was calculated. This
method is not appropriate for the process industry unless a solid
explosive is involved and the reason is that TNT will detonate 99%
of the time (because it is designed to do so) and thus will be a high
over pressure and short duration. Hydrocarbons are not designed to
detonate since they have other applications and therefore work as
to be done to them in order for them to achieve detonation state.
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