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FOREWORD
The current equation (from NFPA 68:2018 eq. 8.9.2) to estimate fireball dimension is only valid
for KSt ≤ 300 bar m/s (KSt ≤ 200 bar m/s for (NFPA 68:2013)), Pmax ≤ 9 bar and Pstat ≤ 0.1 bar.
There are many common dusts with properties outside of these ranges and extension of the
fireball equation beyond these ranges in needed to allow end users to properly define safe zones
around explosion vents. Further, it needs to be noted that EN 14491:2012 - Dust explosion venting
protective systems provides a slightly different method for estimating fireball dimensions and has
different limits.
The aim of this project is to identify the existing fireball dimension estimation equations and the
technical basis for existing limits in the conditions for their application. The project should also
identify methods to extend NFPA 68 (2013) equation 8.9.2 to a broader range of KSt, Pmax and
Pstat conditions.
This project is comprised of the following tasks:
 Literature review to identify previous research and data available related to fireball
dimension estimation.
 Review the basis for the existing limits to understand reasoning for the current limits.
 Identify methods (e.g. models) that can possibly extend the existing equations to a broader
range of conditions (KSt, Pmax and Pstat).
 Provide recommendations for extending current limits using models identified and create
a future research plan in order to generate a guidance/criteria for further extending these
limits.
 Submit a final report based on findings from all the above tasks.
The Fire Protection Research Foundation expresses gratitude to the report author Gregorio M.
Mesa under the guidance of Scott R. Rockwell, Ph. D., who are with UNC Charlotte located in
9201 University City Blvd, Charlotte, NC 28223, USA. The Research Foundation appreciates the
guidance provided by the Project Technical Panelists, and all others that contributed to this
research effort. Thanks are also expressed to the National Fire Protection Association (NFPA) for
providing the project funding through the NFPA Annual Research Fund.
The content, opinions and conclusions contained in this report are solely those of the authors and
do not necessarily represent the views of the Fire Protection Research Foundation, NFPA,
Technical Panel or Sponsors. The Foundation makes no guaranty or warranty as to the accuracy
or completeness of any information published herein.
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EXECUTIVE SUMMARY
Determining the vented fireball radius is one of the key factors in predicting a dust
explosion hazard. The current equation, 8.9.2 in NFPA 68 “Standard on Explosion Protection by
Deflagration Venting” 2018 edition used to estimate fireball dimension is only valid for KSt ≤ 300
bar m/s, Pmax ≤ 9 bar, and Pstat ≤ 0.1 bar. Several common dusts have properties outside of these
ranges, such as aluminium, corn, rice flour, (poly) methyl acrylate, and cellulose. Extension of the
fireball equation beyond these ranges is needed to allow end users to properly define safe zones
around explosion vents. This project identifies the existing fireball dimension estimation equations
and their application limits. Some of the main factors that can affect fireball dimensions are
obstructions, vent size, ignition position, internal pressure, location of ignition source, dust
concentration, volume of enclosure, and vent location. This report also identifies potential methods
to extend NFPA 68 (2018) equation 8.9.2 to a broader range of KSt, Pmax and Pstat conditions by the
following tasks of: Literature review to identify previous research and data available related to
fireball dimension estimation; Review the basis for the existing limits to understand reasoning for
the current limits; Identify methods (e.g. models) that can possibly extend the existing equations
to a broader range of conditions (KSt, Pmax and Pstat); Provide recommendations for extending
current limits using models identified and create a future research plan in order to generate a
guidance/criteria for further extending these limits.
The current equation being based on volume of the vessel alone is one of the largest limits
of the equations, which could lead to failure for dust outside of this range. To increase the limits
of the empirical equation further tests are needed to be conducted on dusts with parameters outside
of the current limits and new methods developed to analyze dust explosions. Therefore, the
approaches described in this report present new ideas to solving the problem of these limitations
on fireball dimension calculations to predict dust explosions more accurately for all combustible
dusts in the industry. The experiments discussed in Chapter 6 would also allow the validation of
CFD dust explosions models developed by industries using the equations detailed in this report to
better understand the process and mechanics of dust explosions.
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Executive Summary
Determining the vented fireball radius is one of the key factors in predicting a dust
explosion hazard. The current equation, 8.9.2 in NFPA 68 “Standard on Explosion Protection by
Deflagration Venting” 2018 edition used to estimate fireball dimension is only valid for KSt ≤ 300
bar m/s, Pmax ≤ 9 bar, and Pstat ≤ 0.1 bar. Several common dusts have properties outside of these
ranges, such as aluminium, corn, rice flour, (poly) methyl acrylate, and cellulose. Extension of the
fireball equation beyond these ranges is needed to allow end users to properly define safe zones
around explosion vents. This project identifies the existing fireball dimension estimation equations
and their application limits. Some of the main factors that can affect fireball dimensions are
obstructions, vent size, ignition position, internal pressure, location of ignition source, dust
concentration, volume of enclosure, and vent location. This report also identifies potential methods
to extend NFPA 68 (2018) equation 8.9.2 to a broader range of KSt, Pmax and Pstat conditions by
the following tasks of: Literature review to identify previous research and data available related
to fireball dimension estimation; Review the basis for the existing limits to understand reasoning
for the current limits; Identify methods (e.g. models) that can possibly extend the existing equations
to a broader range of conditions (KSt, Pmax and Pstat); Provide recommendations for extending
current limits using models identified and create a future research plan in order to generate a
guidance/criteria for further extending these limits.
The current equation being based on volume of the vessel alone is one of the largest limits
of the equations, which could lead to failure for dust outside of this range. To increase the limits
of the empirical equation further tests are needed to be conducted on dusts with parameters outside
of the current limits and new methods developed to analyze dust explosions. Therefore, the
approaches described in this report present new ideas to solving the problem of these limitations
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on fireball dimension calculations to predict dust explosions more accurately for all combustible
dusts in the industry. The experiments discussed in Chapter 6 would also allow the validation of
CFD dust explosions models developed by industries using the equations detailed in this report to
better understand the process and mechanics of dust explosions.
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Nomenclature
Symbol

Definition

𝑳𝑭 𝒎𝒂𝒙

= maximum flame length (m)

𝑷𝒎𝒂𝒙,𝒂

= maximum external explosion overpressure (bar g)

𝑨𝒗

= vent area (m2)

𝑹𝒔

= distance from the vent where the maximum external overpressure occurs (m)

𝑷𝒓

= pressure at any distance, r, from the vent, where r is greater than 𝑹𝒔 (bar g)

𝑽

= volume (m3)

𝑷𝒓𝒆𝒅,𝒎𝒂𝒙

= maximum overpressure within the test chamber (bar g)

𝑷𝒔𝒕𝒂𝒕

= static activation pressure (bar g)

𝑷𝒎𝒂𝒙

= maximum explosion overpressure developed in an unvented (bar g)

𝑲𝑺𝒕

= deflagration index for dusts (bar m/s)

𝒄𝒅𝒖𝒔𝒕

= concentration of the dust in the vessel (kg/m3)

𝒎𝒅𝒖𝒔𝒕

= mass of the dust. (kg)

𝒂@𝒗𝒆𝒏𝒕

= acceleration at the vent opening (m/s3)

𝑨𝒗𝒆𝒏𝒕
𝑭@𝒗𝒆𝒏𝒕
𝑽𝒃
𝒓
𝒂

= area of the vent opening (m2)
= force applied at the vent opening (kN)
= volume of the flame (m3)
= ratio of the flame to vessel radius at the time of vent opening (unitless)
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Chapter 1: Introduction
Background
“Dust represents the most hazardous form of solid matter” [1] and combustible dusts can be defined as
particles with a minimum dimension of less than 500 µm [2]. Before investigating the fireball dimensions
of vented dust explosions, it is important to understand the fundamentals of dust explosions, and the
devolvement of the current equation used by standard organizations. Factors of dust explosions include
the effects of different dust types, dust explosion behaviors from past statistics, and the effects of venting
on fireballs and how it could change the NFPA-68: 2018 equation 8.9.2.
Fireballs are defined in NFPA 921 as “the momentary ball of flame present during or after the explosive
event.” For the purpose of this report the fireballs are considered as a flash fire which is defined as “A fire
that spreads by means of a flame front rapidly through a diffuse fuel, such as dust, gas, or the vapors of
an ignitable liquid, without the production of damaging pressure” [3]. In the terms of fire safety, fireballs
are generally referred to as a combustion in air with a fixed amount of fuel that is burned up rapidly
(usually in less than 20 seconds) [4]. Dust explosions in industries often occur with the processing of goods
involving equipment where the dust is suspended previously such as but not limited to, spray dryers,
blenders, dust collectors, and mixers. Along with that dust explosions can also occur when dust settled on
horizontal surfaces becomes disturbed leading to a dust cloud [5] . If this dust cloud reaches an ignition
source and has a proper concentration of dust and air it will initiate a rapid burn [6]. Dust explosions are
a rapid combustion of dust particles that are suspended in the air (or other oxidant), that the flame fronts
reaching subsonic speeds, which is also known as deflagrations [7] (in some cases dust combustion has
been noted to travel at supersonic speed, this would be a detonation [8]). It is common for a secondary
explosion to occur due to the initial explosion’s pressure waves causing dust that was previously at rest
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to be suspended in the air [9]. These secondary explosions are often significantly greater in magnitude,
which leads to more injuries, fatalities, and property damage.
Dust explosions begin with the same elements as the fire triangle: fuel (i.e., combustible dust), ignition
source (e.g., hot surface), and oxygen concentration but in addition, confinement, and dispersion are
required. Figure 1 provides a visual representation of the requirements of a fire, flashfire, and explosion.

Figure 1: Elements required for Flash, Fire Fires, and Explosions [2]
(NFPA 652 2016 Figure A.5.2, ©National Fire Protection Association)
Confinement with a structure or enclosure can assist in the building of pressure as well as prevent the
dispersion of dust outside of the vessel, in turn, allows the dust to reach an adequate ratio in the air.
Dispersion promotes a uniform combustion and allows maximum energy release from the fuel. These five
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elements form the dust explosion pentagon. Dust explosions are a significant hazard that must be
considered in a wide variety of industries such as agricultural, production, manufacturing, and energy.
As referenced in [10], the first-ever reported dust explosion occurred in a bakery in Turin, Italy in 1785
and involved wheat flour. Later in the 1800s, the operation of mines led to an increasing number of coal
dust explosions and led scientists to become more interested in explaining the explosive dangers of coal
dust. Some of the earliest studies were conducted in England, Germany, and The United States. Research
was carried out in 1 liter size vessels to identify the relevant parameters to define combustible dusts [10].
The reasoning for the smaller size was due to the belief that it would assist in the homogeneous mixture
of dust to air [11]. Over a 63 year span, starting from 1860, grain dust alone caused 119 dust explosions
that caused 215 deaths and 271 injuries in the grain processing industry [7]. Dust explosions have four
modes of causing bodily harm: heat from flame, noise damaging hearing, flying debris, and a pressure
wave with force that can knock someone down or even cause a building to collapse [12].

Dust Types
The NFPA 652 defines combustible dusts as particles with a minimum dimension of less than 500 µm[2].
Dusts are very hazardous and can be broken into two main categories: non-combustible and combustible.
Combustible dusts can be found in a wide range of industries, such as chemical, manufacturing, and
energy. OSHA distinguish four different categories for combustibility: “no explosion”, “weak explosion”,
“strong explosion”, and “very strong explosion” (CPL 03-00-008:2012) [13]. They are then divided by
deflagration indexes for dusts, known as KSt. KSt defined by (eq. 1) is the maximum normalized rate of
𝜕𝑃

pressure rise where ( )

𝜕𝑡 𝑚𝑎𝑥

is the maximum rate of pressure rise and V is the unvented vessel volume

of the test apparatus [11].
𝝏𝑷

𝑲𝒔𝒕 (𝒅𝒖𝒔𝒕𝒔)𝒐𝒓 𝑲𝒈 (𝒗𝒂𝒑𝒐𝒓𝒔) = ( )

𝝏𝒕 𝒎𝒂𝒙
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The higher the KSt the stronger the explosion. The “no explosion” category is characterized by a KSt of 0
bar m/s; “weak explosions” have KSt 0 to 200 bar m/s; “strong explosions” have KSt 200 to 300 bar m/s;
and “very strong explosions” have KSt greater than 300 bar m/s. The categories above that has KSt that are
greater than 0 bar m/s can cause very serious explosions even with the title “weak explosion” they can
cause catastrophic explosion (e.g. the Post Wentworth Imperial Sugar Refinery, where 14 people lost their
lives and an additionally 38 other were injured). Another significant parameter of combustible dust is the
maximum pressure that can develop in a vessel that is unvented (Pmax). Pmax and KSt are independent of
each other ((for example, peat with 22% of moisture content exhibits a relatively high Pmax value of 8.4
bar g and low KSt value of 67 bar m/s, while Phenolic Resin, on the other hand, has a Pmax value of 7.9 bar
g and a KSt value of 269 bar m/s)[14]. Explosion venting of buildings or vessels aims to avoid any damage
by directing the explosion to a safe area [15, 16]. The equations for the fireball dimensions in the NFPA
68:2013 section 8.9 all have the limitations of KSt ≤ 200 bar m/s and Pmax ≤ 9 bar g[14], while NFPA 68:2018
has increased the limit of KSt for the equation 8.9.2 to include dust with KSt≤ 300 bar m/s[17] . There are
many common dusts that have a KSt greater than 200 bar m/s, such as: wood, barley grain, rubber, some
resins, and corn starch there are also several common dust that have dust with KSt > 300 bar m/s including
anthraquinone, aluminum, magnesium dimethylaminophenazone, Light protection agent, Phosphorus
(red), etc... [17, 18]. Along with those, there are dusts that have a Pmax greater than 9 bar g: coal, rice
starch, wheat starch, and polyester [18]. For this reason, the equation needs to be extended to account
for these dusts listed above with a KSt or Pmax greater than the limits.
As referred in Eckhoff (2000), not all dusts are combustible. These listed are examples of dust that are not
combustible: salt, glass, and baking soda (sodium bicarbonate). These dusts would not cause a dust
explosion but are still hazardous because they can create an ignition source by their ability to insulate
components, which causes them to overheat, which can ignite other combustible dusts [19]. However,
industries that deal in manufacturing (i.e. paper, food, plastic, rubber, textiles, and metal), energy
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production (i.e. coal, peat, and wood), or chemical production (acetate, pharmaceuticals, byes, and
pesticides) have a larger risk for having a dust explosion. The case study below illustrates the danger that
dust can cause, especially dusts with higher KSt and Pmax than the current equation available.

2003, Hayes Lemmerz International [20-23]
In Huntington, Indiana, one worker, Shawn Boone, was killed along with several others that were injured
in an aluminum dust explosion that occurred on October 29, 2003, at the Hayes Lemmerz International
facility. The cost of damage was estimated at over a million dollars. This explosion occurred in the section
of the building that involved equipment utilized to melt down scrapped aluminum, which was then caste
to aluminum and aluminum alloy automobile wheels. In the process of transporting and drying aluminum
chips, explosive aluminum dust was created and then pulled into a dust collector. Based on the Chemical
Safety Board investigation, the explosion originated in the dust collector due to inadequate venting and
the aluminum scraping processing area’s position in relation dust collector. The dust collector utilized at
the facility was not designed or maintained to prevent spreading through the ducting or migrate the
impact of a dust explosions. The dust collector did have three venting panels, but it could not withstand
the power of the aluminum dust explosion displayed. The top dislodged and three maintenance doors
(displayed in Figure 3 and Figure 3) blew open. The explosion spread through the ducts, causing a large
fireball to develop out of the furnace. A secondary explosion occurred in the building due to the
accumulated dust being disturbed and dispersed, resulting in more overall damage.
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Figure 2: Explosion vent panel of Hayes Lemmerz International after explosions image from
CSB (2005) Report No. 2004-01-I-IN [23].

Figure 3: Drop box ruptured illustrated the inadequacy of the venting for this type of
explosion image from CSB (2005) Report No. 2004-01-I-IN [23].

Scope
Starting in 1916, industrial safety model referred to as the Three E’s (engineering, education, and
enforcement) [24] were created, which were intended to mitigate hazards. The first E, engineering, is
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utilized to remove or guard the hazards from the worker. The second E is focused towards the education
of the workers, which involves training in the hazards of the environment and safety procedures to overall
make the work environment safer. The third E is enforcement, which is to guarantee compliance with the
safety procedures.
The two largest limitations fall in education and enforcement [21]. Within these categories human
behavior has a huge effect on the outcome of the effectiveness of the safety procedures training. In terms
of enforcement, workers cannot be monitored constantly, therefore not all unsafe actions are able to be
corrected. The CSB reported [20] that they found little enforcement of the fire codes in industries and
noted in 2006 only Pennsylvania and Ohio had inspection programs in the states surveyed. These states
were chosen for the survey because they were in the top 30 percentiles for industries with large dust
explosions, which leads to the scope of this paper focusing on the engineering aspect of safety for dust
explosions.
Understanding the fundamentals of dust explosions, the different dust types, dust explosion behaviors
from past statistics, and the effects of venting on fireballs are all factors to consider when it comes to
fireball dimension. Other variables to consider are the types of fireball product, effect of reduced
explosion pressure, location of the ignition sources, and consequence of turbulence. The study of these
areas can extend the limitations of the NFPA 68 equation 8.9.2. Many industries with products not
covered by equation 8.9.2 from NFPA 68:2013 edition could benefit from a change.
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Chapter 2: Task 1 – Literature Review
Early studies
The first studies to analyze combustible dust were done by M. Faraday in 1844 (coal dust), R. Weber in
1878 (flour), Engler in 1885 (mixtures of gases and dust), R. Holtzwart and E. v. Meyer in 1891 (dust clouds
ignited with electrical sparks), and Stockmeier in 1899 (aluminum dust) [1]. This research was designed to
determine if the dusts could cause explosions alone without other sources added. This led to tests being
developed to find out the parameters to predict if a dust is combustible and the strength of the explosion
(if combustible). Then, the Hartmann testing apparatus was introduced by the Bureau of Mines to find the
minimum ignition energies and concentration of dust for laboratories. The Hartmann testing apparatus
was one of the first standard testing procedures. It was utilized and developed after World War II to test
over 3,000 dusts that were common in United States industries at the time [25-27]. The main problems
with the outcomes of these earlier tests from the 1800’s to the Hartmann apparatus was that they were
unrealistic (the value produced by these tests were much smaller that the true value seen in real world
explosions), as well as the size of the vessel being too small (~0.001m3 to ~0.0283m3). This led to
modifications to the existing test procedures in 1966 to better match real world values of dust explosions
in industries by increasing the testing vessels to 1-60 m3 [11]. Even though the Hartmann apparatus above
would give incorrect values, despite this the Hartmann apparatus was in common use for gathering dust
parameters until 1985 when it was then only assigned to be used for obtaining the MIE(minimum ignition
energy) where modification of this device are still the standard for acquiring the MIE value [25]. Other
test standards (0.02m3 and 1m3 sphere test) that were more accurate for determination of KSt and Pmax
[25].
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In 1922 Price and Brown noted in the Regulations in Great Britain guidelines for new buildings following
the 1911 series of catastrophic dust explosions should have three new building construction requirements
for facilities which manufacture, store, or transport any combustible dust in hazardous amounts.
(1) Rooms used for the purpose should not have other rooms above them, nor should they be adjacent
to higher buildings which would be affected in the event of an explosion.
(2) The roof should be such as to offer little resistance in the event of an explosion.
(3) There should be no open beams, girders or other ledges, or projections on which dust could lodge.
[28]
The second of the guidelines above led to the idea of releasing the increased pressure and subsequent
flame produced by the explosions to a safe area by venting. Greenwald and Wheeler in 1925 [29], and
Brown and Hanson in 1933 [30] were the first to do large scale experiments to quantify the increase on
the internal pressure produced and what effect the ignition location and vent size have on the pressure
inside of the vessel [31].
In 1971 there were huge leaps in the understanding of vented dust explosions and combustible dust in
general by Bartknecht [32] and Donat [33]. This was the origin of the use of the cubic-root law for
combustible dust, which led to KSt and Kg (Kg is no longer in use in NFPA 68) being deflagration constants
for types of dust or vapor. It was important the parameters were independent of the burning velocity.
Bartknecht also introduced nomographs to quickly determine vent size which was dependent on the
volume of the vessel and KSt of the dust involved [32]. These nomographs were first adopted by the
National Fire Protection Association (NFPA) in 1978 [34], then rapidly utilized by other codes and
standards all round the world (i.e. Verein Deutscher Ingenieure (VDI) in 1979 [35]).
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Figure 4: Nomograph in NFPA 68-1978 for vent area on vessels volume; flammable dust; for
dust with KSt up to 300 bar m/s[34].
(NFPA 68, 1978, © National Fire Protection Association)

Empirical equations and research on fireball dimension
Wirkner-Bott
In 1992, Wirkner-Bott, Schumann, and Stock set out to find empirical correlations of the maximum flame
length, maximum pressure outside of vessels and location of that pressure, and pressure at given
distances from the vent. The researchers in their second paper of 1992 used five different vessels (0.3, 1,
10, 60, and 250 m3) [31, 36-38] and two types of dust: corn-starch and wheat-flour/propane mixture. In
the experiments they were able to simulate different KSt (100, 200, and 300 bar m/s) by manipulating the
ignition time and concentration (470 ms and 750 g/m3, 600 ms and 750 g/m3, and 900 ms and 1000 g/m3)
[38]. The outcome of these tests produced four empirical equations that were able to predict the
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maximum flame length, maximum pressure outside of vessels and its location of that pressure, and
pressure at given distances from the vent, which are given by (eq. 2, 3, 4, and 5) below.

𝑳𝑭 𝒎𝒂𝒙 = (𝟖)𝑽𝟏⁄𝟑

2

𝟎.𝟏𝟖
𝑷𝒎𝒂𝒙,𝒂 = 𝟐𝟎𝟎 ∙ 𝑷𝒓𝒆𝒅,𝒎𝒂𝒙 ∙ 𝑭𝒐𝟎.𝟏 ∙ 𝑽𝟎.𝟏𝟖 = (𝟎. 𝟐 ∙ 𝑨𝟎.𝟏
)𝑷𝒓𝒆𝒅,𝒎𝒂𝒙
𝒗 ∙𝑽

3

𝟏

𝑹𝒔 = 𝟎. 𝟐𝟓𝑳𝑭 𝒎𝒂𝒙 = 𝟐 ∙ 𝑽𝟑
𝒓

−𝟏.𝟓

𝑷𝒓 = ( )
𝑹𝒔

𝑷𝒎𝒂𝒙,𝒂

4

5

𝑳𝑭 𝒎𝒂𝒙 = the maximum flame length in meters
𝑷𝒎𝒂𝒙,𝒂 = Maximum external explosion overpressure, bar g
𝑨𝒗

= Vent area, m2

𝑹𝒔

= the distance from the vent where the maximum external overpressure
occurs

𝑷𝒓

= the pressure at any distance, r, from the vent, where r is greater than 𝑹𝒔

𝑽

= Vessel volume, m3

Pred,max = Maximum overpressure within the test chamber.
All the equations above have the limits following:





Volume
o 0.3 m3 ≤ V ≤ 10,000 m3
Static activation or vent burst pressure
o Pstat ≤ 0.1bar g
Maximum explosion overpressure developed in an unvented
o vessel Pmax ≤ 9bar g
Dust-specific parameter
o KSt ≤ 200 bar m/s

These limits come from VDI 3763: Druckentlastung von Staubexplosionen, Neufassung, Gründruck,
November 1992 (Beuth-Verlag GmbH, Berlin), which is also in agreement with Lunn et al. findings in 1988
[39]. Lunn et al. was primary interested in the reduced pressure of the explosion and not the actual flame
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length, therefore they tested dust with KSt of 144 bar m/s to 630 bar m/s and to vessel volumes (0.02 and
18.5 m3) and found KSt > 200 bar m/s did not follow the same trends of dust with KSt ≤ 200 bar m/s.

Figure 5: As Referenced in Kees van Wingerden (1993) [37] Lunn, G.A. (1988) showed that
KSt = 300 bar m/s do not follow the same trends as KSt= 200 bar m/s [39].
Reprinted from Journal of Loss Prevention in the Process Industries, Vol. 6 / Issue. 4, Kees van
Wingerden, Prediction of pressure and flame effects in the direct surroundings of installations protected
by dust explosion venting, Pages No. 241-249, Copyright (1993), with permission from Elsevier.
Wirkner-Bott in 1993 [38] stated the that the equation for estimating maximum flame length was tested
and validated for dust with KSt up to 300 bar m/s.

Crowhurst
Crowhurst, Colwell, and Hoare in 1995 discussed Wirkner-Bott et al. [36] work, which developed the four
equations (eq. 2, 3, 4, and 5). They kept the limitations for these equations that only applied to St. 1 dusts,
which meant that the KSt is no greater than 200 bar m/s, Pred is less than or equal to 1 bar g, Pstat less than
or equal to 0.1 bar g and volume less than or equal to 10,000 m3 [40]. The researchers had two vessels
(20m3 and 40m3) with different dust concentrations and dust types ((maize starch (250-1250g/m3) and
coal (125-1250g/m3)), ignition location (center and rear), vent area (1 and 1.44m2 for 20 m3, and 2 and
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2.88m2 for 40m3), Pstat (0.05 bar g, 0.1 bar g, and 0.2 bar g), ignition delay (500 ms and 950 ms), and
dispersion pressure (10 bar g and 20 bar g). Crowhurst et al. then kept the volume consistent to the vent
sizes to focus on the volume relationship, as well as vent volume relationship (small and large vents for
both the 20 m3 and 40 m3). The dust type had KSt of 155 bar m/s and 139 bar m/s, and Pmax of 8.2 bar g
and 9.2 bar g because of the limit of Wirkner-Bott’s equations that was discussed earlier. The equations
(eq. 6,7,8, and 9) of Crowhurst et al. that were developed were different than the Wirkner-Bott et al. 1992
equations and when Crowhurst discusses the difference of the flame length (eq. 2 vs. eq. 6) he contributes
it to the orientation of the vent (horizontal or vertical) being that horizontal venting could have a ground
effect. From this experiment Crowhurst noticed two different types of fireballs discussed below in the
“Flame Propagation” section.

𝑳𝑭 𝒎𝒂𝒙 = (𝟏𝟎)𝑽𝟏⁄𝟑

6

𝟎.𝟏𝟖
𝑷𝒔,𝒎𝒂𝒙 = (𝟎. 𝟐 ∙ 𝑨𝟎.𝟏
)𝑷𝒓𝒆𝒅,𝒎𝒂𝒙
𝒗 ∙𝑽

7

𝑹𝒔 = 𝟎. 𝟐𝑳𝑭 𝒎𝒂𝒙

8

𝑹

𝑷𝒓,𝒎𝒂𝒙 = ( 𝒔 ) 𝑷𝒔,𝒎𝒂𝒙

9

𝒓

𝑳𝑭 𝒎𝒂𝒙 = the maximum flame length in meters
𝑷𝒔,𝒎𝒂𝒙 = Maximum external explosion overpressure, bar g
𝑨𝒗

= Vent area, m2

𝑹𝒔

= the distance from the vent where the maximum external overpressure
occurs

𝑷𝒓,𝒎𝒂𝒙 = the pressure at any distance, r, from the vent, where r is greater than 𝑹𝒔
𝑽

= Vessel volume, m3

Pred,max = Maximum overpressure within the test chamber.
All the equations above have the limits following:
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Volume
o 0.3 m3 ≤ V ≤ 10,000 m3
Static activation or vent burst pressure
o Pstat ≤ 0.1bar g
Maximum explosion overpressure developed in an unvented
o vessel Pmax ≤ 9bar g
Dust-specific parameter
o KSt ≤ 200 bar m/s

Table 1: data from Crowhurst et al. (1995) [40] experiments showing predicted and
experimental flame length
Dust
KSt
Pmax
Pstat
Volume
Number of Vents
Particle Size
Minimum Vent
Maximum Vent
Maximum
Length
Equation 6

Coal

Maize
Starch
155
139
8.2
9.5
0.05-0.20
20
40
20
40
1-2
2
1-2
2
32.2
25.6
1.22 2.44 1.22 2.44
1.44 2.88 1.44 2.88
>30 21- >30 21-27
27
21.5 27.1 21.5 27.1

Units
bar m/s
bar g
bar g
m3
µm
m2
m2
m
m

Schumann
In 1993, Schumann and Wirkner-Bott discussed the addition of pressure relief devices and how they can
protect the facility, but are also associated with severe pressure and flame effects outside of the vent,
which can cause a secondary explosion by the ignition of dust [41]. Schumann et al., in 1995, did
experiments with the goal to expand the understanding of different dust type effects on the equations
created by Wirkner-Bott et al. in 1992. Schumann et al. used three different types of dusts with KSt range
from 100 bar m/s to 300 bar m/s (coal, corn starch, and aluminum) and conducted the experiments in two
different vessels (1m3 and 25 m3) [42]. This was an important study as it was the first experiment to use
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non-organic dust for the purpose of obtaining a flame length. They found that the equation 2 developed
by Wirkner-Bott et al., had a close correlation with the results from the experiments pertaining to flame
length.
Two years later in 1997, Schumann expanded the experiments to include more dusts (hard coal, brown
coal, wheat flour, maze starch, tinuvin, and aluminum). This was important as these dusts were more
prominent in manufacturing companies and its was also found that these dusts had a strong correlation
to equation (eq. 2), illustrated in Schumann (1997) plots volume vs. max flame length tested five
dusts(hard coal, brown coal, wheat flour, maze starch, tinuvin, and aluminum) in five vessel (1, 10, 25, 60,
and 250 m3) [43]. At this point, Schumann started to use computational fluid dynamics (CFD) modelling
to predict the effect outside of a vessel and found that they provide the most cost-effective way to
describe a wide variety of realistic scenarios. Figure 6 compares flame lengths (m) and vessel volumes (m3)
of the researcher in this section and show the correlation that is discussed by Schumann, Crowhurst, and
Wirkner-Bott.

45
40

Flame Length (m)

35
30
25
20
15
10
5
0
0

50

100

150

Vessel Volume
Holbrow

Battelle

Wirkner-Bott

Bartknecht

200

250

(m3)

Van Wingerden

Harmanny

Crowhurst

Schumann

Figure 6: Historical Experimental Data of Maximum Flame Length Per Vessel Volume [12,
37, 38, 43]
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Holbrow
Holbrow et al. (2000) calculated the projected area of the fireball using a single vented 20 m3 vessel with
exception to aluminum being tested with anthraquinone in a 18.25 m3 vessel, and the thermal radiation
using a thermal imaging camera, which was calculated by using the fraction of the pixels that had a
temperature greater than 500 degrees Celsius converted to square meters from the vertical plane of the
explosion vent central axis [12]. The experiments were done with six different dusts and with all of the
dust tested within the optimum concentration levels (except aluminum was tested with less than half of
it optimum concentration). The tests were conducted with different vent sizes, concentrations, and
violence (KSt). Two interesting features of the test were that the fireball expanded and moved away from
the explosion vents and the fireball rose with the buoyancy of the hot gas which created hotter fireballs.
They identified that if the vent area was larger it produced larger fireballs. In that, the larger vent areas
allowed for more unburned material, flame, and combustion materials to exit during dust explosions
creating higher heat pulse values. Holbrow et al. discussed the current equation for estimating maximum
flame lengths and noted that for materials with larger KSt and Pmax such as toner, anthraquinone, and
aluminum, their maximum flame length still fell under the current equations estimation. The maximum
flame lengths can be seen in Table 2, Holbrow et al. states that fireball length correlation with the vent
area and the reduced explosion pressure do not correlate closely with the KSt or other explosion
parameters.
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Table 2: Table Data from Holbrow(2000) [12] experiments *safe length determined by
Holbrow using thermal imaging camera.
Dust
KSt
Net Calorific
Value
Pstat
Pmax
Volume
Dust
Concentration
Minimum Vent
Maximum Vent
Length from
thermal camera
Safe length*

Coal
155
31.18

Toner
224
38.03

Anthraquinone
308
31.02

Cornflour
147
14.94

Polyethylene
71
41.76

Aluminum
528
62

Units
bar m/s
MJ/kg

0.1
7.7
20.00
0.250.50
0.80
2.10
16.0

0.1
7.2
20.00
0.250.50
1.70
2.10
17.4

0.1
8.4
20.00
0.25-0.50

0.1
7.9
20.00
0.75-1.25

0.1
6.6
20.00
1-1.25

0.1
10.0
18.75
0.25-0.45

bar g
bar g
m3
kg/m3

3.00
6.25
14.1

1.70
2.10
14.4

0.38
1.47
9.5

6.26
6.26
12.0

m2
m2
m

17.0

19.7

16.5

16.4

10.5

16.4

m

History of NFPA and Explosion Protection Systems
National Fire Protection Association (NFPA) was founded in 1896 and in 1922 started a committee on dust
explosion hazards. This committee sparked interest in finding mitigation and prevention techniques in the
United States. In 1933, Brown and Hanson investigated the effects of the ignition position and vent size
for dust explosions for the NFPA [30]. In 1943 the NFPA created regulation 654 “Prevention of dust
Explosions” which was officially adopted in 1945 (NFPA 654:2012) [44]. NFPA 654 focuses on the
prevention by safe practices, ignition sources, and housekeeping. Shortly after the introduction of NFPA
654 they added the NFPA 68 “Guide for Explosion Venting” [14] in 1954 to focus on deflagration venting
that will ultimately prevent failure of structures and minimize injuries to people involved.
The NFPA technical committee on explosion protection systems submitted a temporary guide in 1974 [45]
to enhance NFPA 68:1954 with the induction of KSt and Kg for dust and gases by the cubic law formula
and tables for dust class of St. 1, St. 2, and St. 3 from Donat et al. work in 1971 [33, 45]. They also discussed
some of Bartknecht’s findings in 1971 on initial turbulence and how it effects the pressure developed. In
1987 the technical committee NFPA 68 adopted the nomographs that were designed by Bartknecht in
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1971 and 1974. The technical committee also introduced the hazards of the fireball generated by the
venting of the deflagration and needing to be a safe distance away from the vent due to the fireball
spreading in multiple directions. In section 7-7 they discuss examples of a fireball being able to travel 15
m away from the vent and 4 m below the centerline of the vent, but they do not state a way to determine
safe distances just that there are too many factors that are able to affect the fireball size [46].
In 1994, the NFPA added the first equations to estimate the flame length of the dust deflagration (eq. 10)
by Howard W. B where D is the distance of the fireball from the vent opening, H is the height of the fireball
where half could be above and the other half below, and V is the volume of the enclosure [47]. This
equation was necessary to develop an idea of a safe area from the vent in case of a venting deflagration.
This section warns the reader that buoyancy effects can dramatically affect the fireball distances, allowing
the fireball to be much greater than the predicted value of the equation.

𝑫 = (𝟔)𝑽𝟏⁄𝟑 = 𝑯

10

𝑫

= distance of the fireball from the vent opening in m

𝑯

= height of the fireball where half could be above and the other half
below in m

𝑽

= volume of the vented enclosure in m3

Then, NFPA 68 merged (eq. 8 and 9) and added the equations (eq. 6 and 7) from Crowhurst et al. (eq.6, 7,
8, and 9) in 1998. These equations allowed the NFPA to find maximum flame distance from the vent,
maximum external pressure, and maximum external pressure at a distances specific distance. The
limitations were adopted as well, being 0.3 m3≤V≤10,000 m3, Pstat ≤ 0.1 bar g, Pred ≤ 1bar g, and KSt ≤ 200
bar m/s. The NFPA stated that (eq. 6) will be applicable to for horizontal venting, but did not expand the
equation to include vertical venting such as, Wirkner-Bott et al. [48]. In 2002, the NFPA introduced the
equation currently in use in NFPA 68:2013 eq. 8.9.2 to the NFPA 68 (eq. 11) [49]. For this equation they
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added K, K is the flame length factor and is a dust type specific factor and n is the number of vents for the
protected vessel. K is 10 for all metal dusts, and 8 for chemical and agricultural dusts. The basis of the
formula was derived from the previous equation from Crowhurst, which meant that the limitations of the
equation still apply [49]. The concept of the flame length factor originates from Holbrow et al. 2000 article,
where they discuss thermal radiation power is dependent on the dust types, vent area, and the reduced
pressure of the explosions [12]. Holbrow did not state that there should be a flame length factor, he only
stated that the Crowhurst et al. equation (eq.6) was very conservative, which allowed for it to predict all
dust tested in their experiments [12].
𝑽 𝟏⁄ 𝟑

𝑫 = 𝑲( )

11

𝒏

𝑫

= axial distance of the fireball from the vent in m

𝑲

= flame length factor: 10 for metal dusts, 8 for chemical and agricultural
dusts

𝑽

= volume of the vented enclosure in m3

𝒏

= number of evenly distributed vents

In 2018, NFPA 68 expanded the limitation for KSt to 300 bar m/s based on Bartknecht’s 1993 book
“Explosion-Schutz: Grundlagen und Anwendung” [50].

Chapter 3: Task 2 – Review of the basis for the existing limits
To understand the reasoning for the current limits requires discussing the cubic law, venting low pressure
structures, effects of vent ducts on overpressure, venting ducts and pipes, and regression equations for
nomographs [51]. The cubic law is the foundation for KSt, which led to limitations in the data only being
relative when applied in the same test scenarios. Thus, it can be used as a comparison factor to other dust
[31]. The cubic law was a simplification after experimentation that was validated, which was necessary
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because at the time it was very problematic at the time to conduct computer modelling programs [52].
Past research discusses the Pmax limitation of 9 bar g and the origination of the Bartknecht experiment
with cornstarch, which led to the nomographs previously discussed [53].
These experiments were also the beginning of the limitation of Pstat ≤ 0.1 bar g, which was due to all the
tests being encapsulated with a rupture disc that was made of polyethylene foil , which had a Pstat, =0.1
bar g [11]. Siwek in 1994 stated that these limits may not be exceeded Pmax = 9 bar g, Pstat = 0.1 bar g, and
KSt = 300 bar m/s due to the venting equations being based on the combustible dusts used in Bartknecht’s
experiments [15]. The Pstat has to be lower than the strength of the vessel and if the vessel vent is in an
enclosure that is low-strength it cannot be more than 0.1 bar g or the enclosure/building is in danger of
collapse [53]. Therefore, a Pstat less than or equal to 0.1 bar g is traditionally an accepted value and is most
prevalent in industries. Although, it is not out of the ordinary to have processing equipment that is
designed to withstand pressures greater than 0.1 bar g, due to this the current NFPA vent sizing equations
for vent dusts are valid for Pstat ≤ 0.75 bar g. Michelis et al. in 1987 ran a series of experiments on
increasing static pressure and its effect on pressure and flame behaviors and noted that increased static
pressures did not affect fireball length, but it did increase the max pressure released [54].
The limitation for KSt in the current NFPA 68:2013 is that the KSt cannot be greater than 200 bar m/s
originating from the limits of Crowhurst empirical equations (eq. 6,7 8, and 9) having a limit of KSt ≤ 200
bar m/s. In the new version of NFPA 68 to be introduced in 2018 the limit for KSt increases to 300 bar m/s
and is cited to be referenced to Bartknecht’s 1993 article, but is also confirmed by Wirkner-Bott and
Schumann work from 1992 to 1997, which puts the NFPA standard in line with the current VDI 3763:2002
“Pressure release of dust explosions” [55] and EN 14991:2012 “Dust explosion venting protective
systems” [56]. Holbrow mentioned in his paper (2000) when discussing fireball propagation that it relates
closely with vent area and the reduced explosion pressure, but does not correlate closely with the KSt or
other explosion parameters [12].
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Chapter 4: Task 3 - Identify methods (e.g. models) that can possibly
extend the existing equations to a broader range of conditions (KSt, Pmax
and Pstat).
CFD
GexCon in 1996 at the time was Christian Michelsen Research (CMR) in Norway, which modified the FLACS
code to predict the effect of dust explosions by simulating a gas explosion. Also known as the Dust
Explosion Simulation Project (DESC), this development included extensive experimental work, modelling,
validation, and measurements that consisted of real industry procedures in processing in plants. This
project was initiated in 2002 and ended in 2005[57]. This approach was useful because homogenous dust
to air mixtures would be the worst-case scenario and have similar behaviors to a premixed gas [58]. CMR
were able to obtain blast and flame effects of vented dust explosions, but the issue of this was that the
fireball size was much smaller than experimental outcomes. This then led to the creation of FLACS-DustEx
(formerly DESC), which is currently one of the most well-known models to simulate dust explosions.
Currently FLACS-DustEx is limited to coal (KSt=119 bar m/s and Pmax=8.6 bar g) and maize starch (KSt=150
bar m/s and Pmax=8.6 bar g). FLACS-DustEx does have the ability to add dust by a standardization test with
a 20L sphere test vessel. There is also a limitation based on chemical composition, the dust must be made
up of carbon, hydrogen, oxygen, nitrogen, and sulfur; and have a KSt >100 bar m/s.
Murillo et al. (2013) was studying the link between suspension hydrodynamic and flame propagation.
They analyzed aluminum dust with different particle sizes and focused solely on the initial explosion. The
approach that they theorize would be the most accurate was a combination of Euler–Lagrange
(determining a fixed point in a fixed amount of time on a curve of a weighted particle independent of the
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starting point) for predicting the flame effects. The researchers were able to validate with a high-speed
camera.

Turbulence
Turbulence is an important parameter because of its ability to aid in one of the fire pentagons sides’,
dispersion. Several authors note that the turbulence of the dust dictates the effectiveness of the explosion
[59-64]. Turbulence is what would make the dust and air mixture more homogenous, which promotes a
uniform combustion and allows maximum energy release from the fuel [65]. Serafin et al. in 2013 did test
on fire dusts (wheat flour (KSt = 141 bar m/s), brown coal (KSt = 217 bar m/s), powdered sugar (KSt = 93 bar
m/s), meat‐bone powder (KSt = 42 bar m/s), and torula yeast (KSt = 433 bar m/s)) and noted that turbulence
was proved to have the largest effect on the explosion properties even with dust with KSt (42 bar m/s to
433 bar m/s) and Pmax (0.2 bar g to 5.4 bar g) of different values [59]. Turbulence is found to directly affect
the burning velocity, which will increase the (dP/dt)max [66]. Eckhoff

Ignition sources and location
As discussed earlier, there are many causes for dust explosions. The most common according to FM Global
[67] are small hot particles created by a dust producing process that are transferred to a dust collecting
system where all the elements of the dust explosion pentagon exist. Modes of ignition can be from several
sources, including radiant heat from surfaces (including small embers), electrical arc, and spontaneous
ignitions (charcoal and even red skin from peanuts). It is possible to ignite dust with static electricity, but
it would demand a massive energy spark. FM Global states that ordinarily static sparks lack the sufficient
energy to ignite a majority of homogeneous mixture of dusts [67]. There are several common dusts (wood,
cardboard resin, sulfur, zine stearate, etc.) with MIE less than the static spark that is generated from the
human body (25 mJ)[2, 18] Eckhoff et al. in 1987 stated that the location of the ignition will decisively
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influence the destructiveness of an explosion in a vessel by way of adding instabilities and turbulence [65].
The location of the ignition source can dramatically increase the Pmax [68].

Flame Propagation
Crowhurst’s concluded that having different vent areas would create two different types of Fireballs. Type
1 was larger and more spherical in shape, and Type 2 was smaller and had a jet like shape [40]. The
illustrations below show 2 different fireballs. The first one is a Type 1 and the last two are Type 2 fireballs.

Figure 7: Illustrations 7a is a Type 1 fireball (sphere flame type) and 7b is a Type 2 fireball
(jet flame type).
In the dust explosion experiment mentioned above in the Crowhurst section, performed by Crowhurst et
al, Crowhurst noticed that more unburnt particles exited the vessel due to the larger vent size. These
unburnt particles then became combustible outside of the vessel causing a more spherical shape to the
fireball. In another experiment, Crowhurst tested having a smaller vent size and noticed that less particles
left the vessel causing a more complete combustion inside the vessel. This caused the fireball to be a
more jet like shape.
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While the vent size does effect flame shape, Yan et al., in 2015 studied the effects of different Pstat on
these different vent sizes. They did this by changing the strength of the rupture disc causing an increase
and decrease in Pstat [69]. They noticed by changing the strength of the disc they could achieve Type 1
and Type 2 in the large and small vent sizes that they experimented on. They even discovered they could
create a Type 2 with shock diamonds (form by rapid changes in local density and pressure, due to the
supersonic flame front) fireball with smaller vent sizes and the increased of the static activation
overpressure. This same phenomenon was also observed on a larger scale experiments in 2015 by Taveau
and Farrell. The larger scale experiments were conducted by increasing the pipe length that would, in
turn, increase the Pred resulted in a Type 2 fireball with shock diamonds [70]. A picture of a Type 2 fireball
with shock diamonds can be found in Figure 88 below.

Figure 8: Illustration of Type 2 (jet flame type) with shock diamonds.

The first potential approach was to break it down to the fundumentals and using
Newton’s second law:
𝒅𝒗𝒙

𝑷𝒎𝒂𝒙 ∗ 𝑨𝒗𝒆𝒏𝒕 = 𝑭@𝒗𝒆𝒏𝒕 = 𝒎𝒅𝒖𝒔𝒕 ∗ 𝒂@𝒗𝒆𝒏𝒕 = 𝒎 (
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𝒎𝒅𝒖𝒔𝒕 = 𝒄𝒅𝒖𝒔𝒕 𝑽𝒗𝒆𝒔𝒔𝒆𝒍
𝑐𝑑𝑢𝑠𝑡

= concentration of the dust in the vessel

𝑚𝑑𝑢𝑠𝑡

= mass of the dust.

a@vent

= acceleration at the vent opening

Avent

= area of the vent opening

13

F@vent = force applied at the vent opening
Pmax

= maximum pressure of the dust

The author believes that the approach of using newton’s second law would assist in being able to find a
distance of the fireball dimension. The main problem of this theory is that force in the equation is a vector
that has too many variables, such as, trajectory, and particle shape and size. These variables would act
against the acceleration of the dust particles decelerating them due to drag from the surrounding air.

The second potential approach was to analyze a dust explosion as a thermal system:
Nagy in 1983 Book “Development and Control of Dust Explosions” Chapter 5 “Equations for vents with
Diaphragms” discusses (eq. 14) thermal relation bases on the ideal gas law.
𝑷

(𝟏− 𝑷𝒐 )

𝑽𝒃 = 𝑽

14

𝑷

(𝟏−𝑷 𝒐 )
𝒎

𝑽

= half of the volume of the vessel

Vb

= volume of the flame

Po

= atmospheric pressure

𝑷

= the Pstat in atmospheric pressure

Pm

= maximum overpressure of the dust
𝒓
𝒂

𝒓
𝒂

𝑷

=

𝟏

(𝟏− 𝑷𝒐 )𝟑
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𝟏
𝑷
(𝟏−𝑷 𝒐 )𝟑
𝒎

=Ratio of the flame to vessel radius at the time of vent opening
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𝟏

𝟒

𝟑

𝑽 = 𝝅𝒓 → 𝑫 =
𝟑

𝐷

𝑽 𝟑
(𝟔 𝒃)
𝝅

16

= the diameter of the fireball

Displayed above is the volume of a sphere equation used to determine the length from the burnt volume
of the fireball. Where d in the equation represents the length.
After analyzing the data form Holbrow (2000), the author noted correlations between other variables that
led to the following equations modeled of thermodynamic systems pertaining to the law of conservation
of energy:

𝑫=𝑽

𝟏
𝟑

𝟏
)
𝑷𝒔𝒕𝒂𝒕
𝟏
(𝟏−
)
𝟏+𝑷𝒎𝒂𝒙

(𝟏−

𝟏

𝑷

𝑫=𝟐∙𝑽∙

17

(𝟏− 𝑷𝒐 )𝟑

18

𝟏
𝑷
(𝟏−𝑷 𝒐 )𝟑
𝒎

𝑃𝑠𝑡𝑎𝑡

= the static activation overpressure

𝑃𝑚𝑎𝑥

= the maximum explosion overpressure of the dust

Equation 17 and 18 above are modifications to Nagy’s equations 14 and 15 to display a stronger
correlation to actual fireball dimensions from Holbrow’s experiments in 2000.
𝑨𝒗𝒆𝒏𝒕

𝑽𝒆𝒏𝒕𝒇𝒂𝒄𝒕𝒐𝒓 = (

𝑽𝒗𝒆𝒔𝒔𝒆𝒍

𝑫𝒖𝒔𝒕𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 =
𝑨𝒗𝒆𝒏𝒕

𝑲𝒔𝒕
𝑷𝒎𝒂𝒙

)

19

20

= vent area of the vessel

Vvessel = volume of the vessel
Equation 19 and 20 were developed by the author due to literature discussing the effect of the vent factor
on the flame length where the vent factor effects the flame by the larger the vent factor the larger the
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flame. A long with that, the dust velocity equation was developed to determine the potential maximum
velocity of the dust dependent on the vessel to vent ratio and type of dust analyzed.

The third potential approach to predict the fireball dimensions by evaluating the length
of the fireball using the equations of a pool fire:
𝟐

𝑳 = 𝑨 ∙ 𝑸̇𝟓 − 𝟏. 𝟎𝟐 ∙ 𝑫
𝟏
𝟓

𝒄𝒑 𝑻∞

𝑨 = 𝟏𝟓. 𝟔 [

𝒈𝝆𝟐∞ (𝑯𝒓 /𝒓)𝟑

𝑳
𝑫

]

22

𝟐

= 𝟑. 𝟕𝑸̇𝟓 − 𝟏. 𝟎𝟐
𝟐

𝑳=
𝐐̇

21

𝟑.𝟕𝑸̇𝟓
𝟏
𝑽𝟑

23

𝟏

− 𝟏. 𝟎𝟐 ∙ 𝑽𝟑

24

= the heat release rate and for the the use of Figure 9 it was found by
net calorific value times mass of the dust

Equation 21 displayed above is to calculate a pool fire flame length [71]. The theory for this approach was
to have a method that was based on the energy released by the dust explosion. Where the A coefficient
is a material specific coefficient that is determined by the fuel burned and can be found by (eq. 22) (and
for the use of the bar graph below used a value of A=2). Instead of using D (diameter of pool fire) the
author concluded that a third of the volume of the vessel would be a more efficient way to evaluate the
diameter for fireball dimensions.
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Figure 9: Bar graph with data from Holbrow et al. (2000) experiments to compare different
predict methods discussed previously. * If the bar is a dashed line predicted values are using
KSt and/or Pmax beyond the limits of equation used.

Discussion of Figure 9
Equation 11, also known as equation 8.9.2 from the NFPA 68 2018, is the current standard for fireball
flame length. In order to recommend the best equation to employ, the average of errors between the
predicted fireball length and that of from the experiments are calculated and tabulated with equation 25
in Table 3. For each equation, the difference between the predicted value and the experiment is nondimensionalized with the experimental value. Needless to say, that the lowest positive error is the most
proper one. As can be seen, equations 16 (under predicted all dust types), 18 (under predicted 1 dust
type), and 23 (under predicted 2 dust types) under predicted the fireball length which can be extremely
hazardous. On the other hand, the free space in front of the vented opening needs to be minimized for
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accommodation reasons. Thus, equation 2 or 21 with 25.66% and 24.66% average error would be the
best choice for all dust types in this experiment to be employed. Suggesting the best equation based on
the testing material, on the other hand, may be a better approach. Equation 18 had the smallest out of all
of the percent errors percent error with 14.70%, but it was not included as an overall best choice because
of the under predicted value for toner. In this way, Table 4 is generated based on the minimum positive
value for each material. The equations that are currently in use for the NFPA still perform well, even the
dusts that were outside of the equations limits. These numbers are based on Holbrow’s study discussed
earlier in this report in chapter 2 that utilized a 20 m3 vessel for all dust experiments with anthraquinone
being test in 20 m3 and 18.25 m3 vessels. Aluminum powder was only tested in an 18.25 m3 vessel.
Therefore, these error numbers only validate dust explosions in this testing scenario and range of vessel
sizes (18.25-20 m3).
%𝑒𝑟𝑟𝑜𝑟 = |

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙−𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

| ∙ 100

25

Table 3: Detailed error analysis of each equation for each material
Equation #

Coal

Toner

Anthraquinone

Cornflour

Polyethylene

Aluminum

Experimental

17.0

19.7

16.5

16.4

10.5

16.4

Eq. 2

21.72

21.72

21.72

21.72

21.72

21.25

Error for Eq. 2

21.71%

9.28%

24.02%

24.48%

51.65%

22.84%

Eq. 6

27.14

27.14

27.14

27.14

27.14

26.57

Error for Eq. 6

37.37%

27.42%

39.21%

39.58%

61.32%

38.27%

Eq. 11

21.72

21.72

21.72

21.72

21.72

26.57

Error for Eq. 11

21.71%

9.28%

24.02%

24.48%

51.65%

38.27%

Eq. 16

9.19

7.32

7.27

7.29

7.34

7.08

Error for Eq. 11

84.93%

169.29%

126.87%

124.99%

43.00%

131.72%

Eq. 17

27.60

27.82

27.34

27.52

28.13

26.30

Error for Eq. 17

38.41%

29.19%

39.64%

40.41%

62.67%

37.64%

Eq. 18

18.73

18.78

18.67

18.71

18.85

17.41

Error for Eq. 18

9.25%

4.88%

11.64%

12.37%

44.30%

5.78%
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Avg. Err

25.66%

40.53%

28.23%

113.47%

41.33%

14.70%
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Eq. 21

18.41

26.93

17.30

19.90

31.01

21.91

Error for Eq. 21

7.66%

26.86%

4.61%

17.58%

66.14%

25.14%

Eq. 23

23.91

34.79

12.14

25.81

47.97

15.53

Error for Eq. 23

28.90%

43.38%

35.95%

36.46%

78.11%

5.57%

24.66%

38.06%

Table 4: Suggested equation based on the testing material
Material
Coal
Toner
Anthraquinone
Cornflour
Polyethylene
Aluminum

Equation
#21
#2
#21
#18
#18
#18

Chapter 5: Task 4 - Recommendations for extending current limits
It is recommended that experiments be conducted to determine if equation 8.9.2 in NFPA 68 is accurate
for dust materials with KSt > 300 bar m/s, and Pmax>9 bar g. These limits came from experiments conducted
by Bartknecht in 1971, Wirkner-Bott in 1992, and Crowhurst in 1995 and many materials such as cellulose,
corn, wood flour or aluminum have values above these limits. Experiments similar to Crowhurst’s with
more reactive fuels can justify the change of the equation limits in NFPA 68 and allow a more effective
use of the standard in industry.

Chapter 6: Task 5 - Future research plans so that the limits can be further extending
There are four main tasks in the recommended research study: 1. constructing the tests vessels, 2.
conducting the explosions tests, 3. analyzing the data from the tests, 4. publishing/discriminating the
results. This study would involve using a cylindrical vessel 20m3 and 40m3 with vent areas of 1 m2-1.44
m2 and 2 m2-2.88 m2 respectively. The rupture disks covering the vent areas will be designed to rupture
at 0.5, 0.1, and 0.2 bar g. Dusts to be tested include corn starch (KSt = 139 bar m/s, Pmax = 9 bar g)
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aluminum (to compare with data in the literature) (KSt = 415 bar m/s, Pmax = 17.5 bar g), and rice starch
(KSt = 190 bar m/s, Pmax = 10 bar g).
The data to be collected will be pressure inside of the volume, thermal radiation from the fireball, and
flame length using a high-speed camera. Ignition will be located in the rear of the container. Dust will be
dispersed using compressed air impulses and ignition will be accomplished by using chemical igniters like
those used in 20L sphere tests.
Using these tests and literature data, CFD models could potentially be validated and then provide a
platform for more accurate fire hazard analysis as-well.

Chapter 7: Conclusion
Dust explosions represent a huge hazard for industries that cause substantial damage to structures,
serious injury, and loss of life. Currently the NFPA 68 (2013) equation 8.9.2 has limitations of KSt ≤ 200 bar
m/s, Pmax ≤ 9 bar g, and Pstat ≤ 0.1 bar g, which do not fully cover several common combustible dusts, which
causes the prediction of the fireball dimensions to be problematic for the facilities utilizing this
information to define safe zones around explosion vents. The new version of NFPA 68 (2018) increases
the KSt limit to 300 bar m/s for equation 8.9.2, which will allow the equation to be used on a larger amount
of dusts. There are still very common dusts that lie outside of the limits (i.e. aluminum). The current
equation being based on volume of the vessel alone is one of the largest limits of the equations, which
could lead to failure for dust outside of this range. To increase the limits of the empirical equation further
tests are needed to be conducted on dusts with parameters outside of the current limits and new methods
developed to analyze dust explosions [66].Therefore, the approaches described above present new ideas
to solving the problem of these limitations on fireball dimension calculations to predict dust explosions
more accurately for all combustible dusts in the industry. The experiments discussed in Chapter 6 would
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also allow the validation of CFD dust explosions models developed by industries using the equations
developed above to better understand the process and mechanics of dust explosions.
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