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ABSTRACT

A vented corn starch dust explosion in an 11.5 m® vessel is studied using both experimental and numerical
methods. The reduced explosion overpressure in the vessel is recorded using two pressure sensors mounted on
the wall inside of the vessel. Unsteady three-dimensional Reynolds-Averaged Navier-Stokes simulations of the
experiment are performed using the Flame Speed Closure (FSC) model of the influence of turbulence on premixed
combustion. The model was thoroughly validated in previous studies and was earlier implemented into Open-
FOAM CFD software. The self-acceleration of a large-scale flame kernel is associated with the influence of
combustion-induced pressure perturbations on the flow of unburned reactants ahead of the kernel. Accordingly,
the FSC model is extended by adapting the well-known experimental observations of the self-similarity of the
kernel acceleration. Influence of different turbulence models on the simulated results is also explored. Thanks to
the extension of the FSC model, the measured time-dependence of the pressure is well predicted when the k-

omega-SST turbulence model is used.

1. Introduction

Dust explosion is a great threat to industries which deal with
combustible solids, e.g., woodworking, metal processing, food and feed,
pharmaceuticals and additive industries. This complicated physical and
chemical process involves ignition of very fine combustible particles
well mixed with air in a confined equipment, followed by a violent and
explosive combustion. Once dust explosion occurs, the generated high-
pressure waves, hot flames and flying fragments can cause serious loss
of life and severe economic consequences. Note that a secondary ex-
plosion triggered by a primary explosion can lead to even more devas-
tating consequences (Eckhoff, 2003).

To minimize dust explosion risks, there are various efficient methods
such as training the staff to raise awareness of the explosion hazards,
proper housekeeping, maintenance, procedures for hot work permit, etc.
At the same time, the regulations and standards should be followed to
maintain a safe working place, e.g., the use of a proper and appropriately
certified equipment in explosive atmospheres to avoid ignition or
installation of explosion protection systems such as venting, suppres-
sion, isolation, and containment.

The current standards handling protective systems for dust and gas
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explosion venting, such as NFPA 68 (2018), EN 14491 (2012), EN 14994
(2007), and VDI 3673 (2002), are based on conservative empirical
models that mostly neglect effects due to more complex geometry. This
limitation reduces predictive capabilities of such models for some spe-
cific cases. For example, NFPA 68 (2018) standard was reported to yield
the maximum explosion pressure for hydrogen, which was higher by a
factor of 7.1 when compared to experimental data obtained in a
medium-sized room (Tolias et al., 2018). Moreover, in NFPA 68 (2018)
and EN 14491 (2012) standards, the geometry of an elongated enclosure
is simply considered by solely using a length-to-diameter ratio, L/D.
Such a simplification usually leads to a conservative estimate of explo-
sion vent area.

The need for development of more accurate numerical tools for
designing vent protection systems is motivated by the following chal-
lenges. First, the numerical model and tool can be used for conditions
when the current standards are not valid or sometimes over-
conservative. For example, neither NFPA 68 (2018) nor EN 14491
(2012) standard is applicable for vessels larger than 10 000 m®.
Furthermore, the main equations (Egs. (2)-(5) in EN 14491:2012) for
calculating the vent area of isolated enclosures in EN 14491 (2012)
require a L/D between 1 and 20. NFPA 68 (2018) gives some engineering
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guidance on venting of L/D ratios of 6 or greater, but the result is less
precise than the main equations (Egs. 8.2.1.1 and 8.2.2.3 in NFPA 68:
2018) which are limited to L/D < 6 and for some cases L/ D < 8. Another
example is that pre-pressurized processes are more and more required to
be protected by the industry, especially in the chemical industry such as
reactors. However, elevated pressures are not yet considered in the EN
14491 (2012) or in the EN 14994 (2007) standard. One more example is
gas or dust explosion in complex geometries, where the current stan-
dards are not applicable or yield very conservative and, therefore, un-
economical vent areas. Furthermore, there is a need for optimization of
vent areas in large vessels, where it can be expected that homogenous
dust distribution is unlikely. Accordingly, explosion overpressures are
lower, which implies that smaller vent areas would be acceptable.

It is worth noting that, due to the lack of required data, a dust ex-
plosion is a much more challenging process for Computational Fluid
Dynamics (CFD) modelling when compared to a gas explosion. Indeed,
even for the most studied dust, corn starch, information about particle
size distribution, particle agglomeration (Eckhoff, 2020), and funda-
mental dust flame characteristics, e.g., the laminar flame speed (Phy-
laktou et al., 2010), is limited. Nevertheless, in spite of these limitations,
CFD simulations of dust explosions were performed by various research
groups adopting different methods and numerical tools.

Typically, dust explosion CFD simulations are performed using a
commercial code FLACS-DustEx, which was initially developed within a
European Union project in 2002-2005. The code is based on assump-
tions that (i) a dust flame resembles that of a gas flame for fine dust with
high volatile content, and (ii) there is thermal and kinetic equilibrium
between dispersed particles and continuous phase (Skjold, 2014a). Re-
sults of such dust explosion simulations were compared with experi-
mental data measured in (i) a 9.4 m? silo (Skjold et al., 2005), (ii)
interconnected vessels with volumes of 2, 4 and 20 m® (Skjold et al.,
2005; Skjold, 2007), and (iii) a 236 m? silo (Skjold et al., 2006). The
focus of those studies was placed on the maximum reduced explosion
overpressures, whereas major transient characteristics of flame kernel
expansion (e.g., the flame propagation speed or the explosion over-
pressure trace) were not addressed in the cited papers. As discussed in
detail elsewhere (Skjold 2014b), there is still space for improving the
FLACS-DustEx code in various ways, e.g., (i) adoption of an unstructured
grid to resolve curved surfaces, (ii) a wider choice of turbulence models
in addition to the standard k-epsilon model (Launder and Spalding,
1972), (iii) an improved combustion model with reduced grid resolution
dependency, etc.

Besides the FLACS-DustEx code, general-purpose commercial CFD
codes were also applied for simulating dust explosions. For example,
corn starch dust explosion in a standardized test 20 1 vessel was recently
simulated using Lagrangian particle tracking and the Eddy Break-Up
(EBU) combustion model (Li et al., 2020). Moreover, a hybrid mixture
explosion in a 20 1 vessel was simulated using a similar approach but
another CFD code (Pico et al., 2020). Note that the EBU combustion
model was originally developed for gaseous flames (Spalding, 1971;
Magnussen and Hjertager, 1977) and it has been implemented into
almost all commercial CFD codes aiming at computations of gaseous
flames. Thus, similarly to the aforementioned studies that adopted the
FLACS-DustEx code, the recent studies by Li et al. (2020) and Pico et al.
(2020) were also based on an analogy between dust explosions and
premixed turbulent flames.

The present paper reports results obtained within the framework of
an ongoing research project aiming at development of advanced models
and numerical tools for simulating dust explosions in the process in-
dustries. The developed approach is based on the same analogy between
dust explosions and premixed turbulent flames. Accordingly, to simulate
dust explosion, a model of the influence of turbulence on premixed
combustion is adapted in the present work. More specifically, the so-
called Flame Speed Closure (FSC) model (Lipatnikov and Chomiak,
1997, 2002) is used. In the preceding study (Huang et al., 2020), (i) the
FSC model was implemented into the OpenFOAM code, (ii) the
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Fig. 1. 2-Dimensional drawing of the 11.5 m® explosion vessel and the
computational domain.
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Fig. 2. Vented corn starch dust explosion in the 11.5 m® vessel.

implementation was verified using benchmark analytical solutions, and
(iii) the FSC model and the so-extended code were validated against
experimental data on corn starch dust explosions obtained in a
small-scale fan-stirred vessel (Bradley et al., 1989). The present paper
reports new results obtained by applying the model and code and
extending them in order to run unsteady three-dimensional Reynold-
s-Averaged Navier-Stokes (RANS) simulations of an experimentally
investigated industrial relevant vented explosion.

In the next section, the experiment setup, method, and results are
briefly summarized. Numerical method and setup are described in Sec-
tion 3. Computed results are presented and discussed in Section 4, fol-
lowed by conclusions.

2. Experimental method and setup

An 11.5 m® vessel at the REMBE® Research + Technology Center in
Brilon, Germany was used to perform vented corn starch dust explo-
sions. The corn starch used was a St1 dust having a Kgi-value of 200 bar
m/s + 15%. The calculated and applied vent area was set to 0.5 m? in a
circular shape, equalling an 800 mm diameter vent opening. The vent
opening was closed with a layer of 70 pm low mass aluminium foil,
which showed to have a static activation pressure (ps) of 0.1 £+ 15%.

To create an explosive atmosphere inside the vessel two pressured
dust containers were used for blowing the dust into the test vessel. A
concentration of 750 g/m> was selected. An ignition delay of 800 ms was
set via multiple tests in order to achieve the required Kgi-value with the
above dust concentration.

The resulting explosive atmosphere was ignited using pyro-
technique igniters with an ignition energy of 2 x 5 kJ in the center of
the test vessel. For detection of the reduced maximum explosion
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Table 1
Summary of thermophysical properties of corn starch dust.
Description Symbol value
Chemical formular CeH7.8804.08
Molecular weight Wes 0.16 kg/mol
Standard heat of formation Hﬁ’cs —792.6 kJ/mol
JANAF coefficients Ao cs — 3.2726
Qi cs 0.10056
azcs 0
azcs 0
Qs 0
Qs cs —9 9808

overpressures (p,,q) inside the vessel, two pressure detectors P1 and P2
were installed (see Fig. 1). The data was recorded using an oscilloscope
(Tektronix TDS, 2014C). A snapshot of the vented corn starch dust ex-
plosion is shown in Fig. 2.

3. Numerical method and setup
3.1. Thermophysical properties of corn starch dust

Thermophysical properties of dust are required for calculating the
mass and heat transfer processes in a CFD simulation. These properties
involve the dust chemical formula (e.g., the molecular weight is calcu-
lated using the formula), heat of reaction, standard heat of formation,
specific heat capacity, and adiabatic flame temperature.

In this work, the chemical formula of CgH7 gg04.9g is used for corn
starch following Bradley et al. (1989). Based on this formula, a molec-
ular weight of corn starch W is set equal to 0.16 kg/mol. The standard
heat of formation of corn starch is set equal to H)?CS =-792.6 kJ/mol or
—4970 kJ/kg. The latter value is obtained by assuming the complete
combustion of corn starch and using the value of AHyeqion = 2521
kJ/mol for the heat of reaction, reported by Bradley et al. (1989).

The specific heat capacity of corn starch was measured by Tan et al.
(2004) and was fitted using a linear function with temperature. Within
the framework of the OpenFOAM platform, the NIST-JANAF polynomial
equations are used to calculate the specific heat capacity ¢, [J/(kg K)]
and the so-called absolute enthalpy H, [J/kg] as follows

C/?,(‘S = Rspec,fx (a4,csT4 + azcs T3 + aZ,asT2 + al.(‘JT + aO.m) (1)
Hoeo =Rypeces (a“?T5 + aZ‘“'T“ + aé‘"“'T3 + %TZ +aoesT + as,a) 2

Here, Ryeccs = Ro/W, = 52.11 is the specific gas constant for corn
starch measured in J/(kg-K); Ry = 8.314 J/(mol-K) is the ideal gas
constant; do s, @1 cs, 2.5, G305, A4cs and as s are the JANAF coefficients. A
summary of all the thermophysical properties of corn starch dust is
shown in Table 1.

3.2. Laminar burning velocity of corn starch dust

Contrary to gaseous flames, available data on the laminar burning
velocity are very limited and controversial for dust corn starch. Mea-
surements of this velocity are difficult for a number of reasons. First,
when applied to dust-air mixtures, high-speed schlieren photography,
which is the standard technique for measuring speeds of gaseous laminar
flames, has unfavourable optical properties (Dahoe and de Goey, 2003).
Second, there is a difficulty in balancing between dust settlement and a
laminar flow in experiments (Proust, 1993; Van Wingerden et al., 1996;
Phylaktou et al., 2010). Third, certain dust properties, e.g., particle size
or moisture content, substantially affect the laminar burning velocity of
a dust-air cloud but are rarely reported in the experimental papers.

For these and other reasons, the published data on the laminar
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Fig. 3. Comparison of laminar burning velocities for corn starch dust reported
by Bradley et al. (1989), Dahoe et al. (2002), Skjold et al. (2005, 2006), and
Sattar et al. (2014).

burning velocities of mixtures of corn starch dust with air poorly match
each other, see Fig. 3. Note that the data by Bradley et al. (1989) and by
Dahoe et al. (2002) were originally reported vs. dust concentration. In
Fig. 3, the dust concentration is converted to a corrected equivalence
ratio using data on burnt mass fraction reported in papers by Skjold et al.
(2005, 2006). The corrected equivalence ratio includes only dust which
participated in the explosion.

In the present study, the laminar burning velocity measured by
Dahoe et al. (2002) is used since their data resides in a medium range
among the available data. The laminar burning velocity of corn starch
dust measured by Dahoe et al. (2002) is approximated using the Giilder’s
correlation (Giilder, 1984) as follows

S, = Wganefi(wrf) 3

Here, the coefficients W = 0.2145, 5 = — 0.2774, £ =39.1832,0 =
0.6 for corn starch dust. Note, that the method used to set initial con-
ditions in the present simulations offers an opportunity to mitigate the
influence of eventual errors in the adopted values of the laminar burning
velocity on the computed results, as discussed in Sect. 4.

3.3. Turbulence models

OpenFOAM offers a substantial number of turbulence models. In this
paper, the following turbulence models for unsteady and compressible
RANS simulations are used:

(i) the standard k-epsilon (Launder and Spalding, 1972, 1983; El
Tahry, 1983),
(ii) realizable k-epsilon (Shih et al., 1994, 1995),
(iii) RNG k-epsilon (El Tahry, 1983; Yakhot et al., 1992),
(iv) Launder-Sharma k-epsilon (Launder and Sharma, 1974; El Tahry,
1983),
(v) k-omega (Wilcox, 1998),
(vi) k-omega-SST (Hellsten, 1998; Menter and Esch, 2001; Menter
et al., 2003),
(vii) SSG (Daly and Harlow, 1970; Speziale et al., 1991).

Note that for all these models the default coefficients provided in
OpenFOAM are used with the exception of the turbulent Prandtl number
which is set equal to 0.28 following our previous study (Huang et al.,
2020).

Moreover, a test simulation was also performed to account for the
dilatation effect due to heat release during the burning process following
the work by Chomiak and Nisbet (1995). Specifically, the coefficient C3
used in the epsilon equation was changed from 0 (default value) to
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—0.33 (dilatation effect). The simulation results show that this change in
coefficient slightly increases the calculated explosion overpressure but
does not contribute significantly to the pressure rise rate.

3.4. FSC combustion model

Since both the FSC model of the influence of turbulence on premixed
combustion and validation of this model are discussed in detail in a
monograph by Lipatnikov (2012), review papers (Lipatnikov and Cho-
miak, 2002; Lipatnikov, 2018) and in the preceding paper by the present
authors (Huang et al., 2020), we will restrict ourselves to listing the key
model equations.

The FSC model deals with the following transport equation
op¢c

o _ ~ p(1-9) o)
T+V~(/)uc)—V-[p(K—i—D,)Vc]—i—puU,\Vcl+mexp<—?>,
4

for the Favre-averaged combustion progress variable ¢. Here, t is the
time; u is the flow velocity vector; « is the molecular heat diffusivity of
the mixture; the Favre-averaged temperature T is evaluated using the
simplest form pT = p,T, of the ideal gas state equation; ® is the acti-
vation temperature for a single reaction that the combustion chemistry
is reduced to (® = 20000 K in the present work); over-lines designate
the Reynolds average, while g = pg/p is the Favre-averaged value of g
with ¢” = g — g; subscripts u and b designate unburned and burned gas,
respectively.

The reaction time scale ¢, in the last source term on the right-hand-
side of Eq. (3) is set so that, at the limit of vanishing rms turbulent ve-
locity, i.e., u -0, the burning velocity yielded by the model in the sta-
tionary one-dimensional case is equal to the laminar burning velocity S,
which is an input parameter of the model. This constraint results in

T, ©®\ «k
_y2 (b Z) fu
=¥ (TM,T”) 5 %)

where the non-dimensional function ¥ approximates values of S/t /ky.
A polynomial fit to the function ¥, which features no tuning parameter
and was reported by Huang et al. (2016), is used here.

The mean density is given by the following well-known Bray-Moss-
Libby (BML) equations (Bray and Moss, 1977; Libby and Bray, 1977)
= Pu ot =

S 4 N— =p.C 6

P 1+ (6 —1)¢ PE=PS; ©)
where ¢ = p,/p, is the density ratio.

The turbulent diffusivity D; and burning velocity U, are closed as
follows (Lipatnikov and Chomiak, 1997)

D, =D, {1 *eXp<*:ﬁ>}, @
L

T ta\1"*
r:Ut,ISP[l__L+_LeXp<_ﬁ):| ; ®
l‘fd

ta 7L

where tyy is the flame development time counted starting from ignition;
D; , is the fully developed turbulent diffusivity given by a turbulence
model; 7, = Dy, /u'2 is the Lagrangian time scale of turbulence;

U,isp =Au Da'* (C)]

is an intermediately steady turbulent burning velocity (Zimont, 2000);
Da = 1;/1; is the Damkohler number; 7, = L/ u and L are turbulent time
and length scales, respectively; 7y = 6, /S and 6, = k, /S, are the laminar
flame time scale and thickness, respectively; A = 0.4 is the sole constant
of the FSC model.

The reader interested in a more detailed discussion of the FSC model
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and its validation is referred to the aforementioned monograph by
Lipatnikov (2012) and review papers (Lipatnikov and Chomiak, 2002;
Lipatnikov, 2018).

3.5. An extension of the FSC model

The FSC model addresses the influence of turbulence on combustion
but does not allow for the influence of combustion-induced thermal
expansion on turbulence. The latter influence should be addressed by a
turbulence model. However, in spite of long-term research into such
thermal expansion effects and a number of important phenomena found
in experimental and direct numerical simulation studies reviewed else-
where (Lipatnikov and Chomiak, 2010; Sabelnikov and Lipatnikov,
2017) a model with well-documented capabilities for predicting effects
of thermal expansion on turbulence in premixed flames has not yet been
developed. Nevertheless, such effects should be considered in a CFD
study of a gaseous or dust explosion, because they cause significant
self-acceleration of a growing flame kernel (Bauwens et al., 2008, 2011,
2015). In such a challenging situation, a simple semi-empirical approach
is chosen in the present work as a solution for applied CFD research into
large-scale explosions.

The approach is based on a seminal study by Gostintsev et al. (1988)
who analysed a large amount of experimental data obtained in
large-scale experiments with growing flame kernels. Their analysis
revealed a self-similar regime of flame kernel growth, characterized by
the following empirical relation for the flame kernel radius

AN
Ry (1) =Ryo (—> . (10)
0

While the “initial” (for this regime, but not for the flame kernel
ignition) values of the flame radius R, and time t, depend on mixture
composition and other experimental conditions, the same power expo-
nent 3/2 fits well to all data analysed by Gostintsev et al. (1988). Sub-
sequently, the existence of such a regime was supported in an
experimental study by Bradley et al. (2001). This regime was also
addressed in other phenomenological and theoretical studies (Bradley,
1999; Gostintsev et al., 1999) but discussion of such studies is beyond
the scope of the present work.

Here, based on the experimental findings briefly reviewed above, the
FSC Eq. (7) is simply modified as follows

T T t 1/2 t 1/2
U, =Uyse 1——L+—Lexp(—ﬁ) ( ) , (11
fu  tu T flace
—_—
T T2

where tgq is the timing for activating the flame acceleration mechanism
in simulations (if t < tga, the original FSC Eq. (7) is used). Due to the
lack of a model or empirical formula, which could be adopted to
calculate the values of Ry and to, associated with the onset of the dis-
cussed self-similar regime, Eq. (10) requires tuning tgq. In this work,
tface = 0.15 s, which corresponds to a flame position characterized by
¢ = 0.5 at a distance of 1.85 m away from the vent opening.

While Eq. (10) involves two unsteady terms T7 and T», these terms
are associated with different physical mechanisms and control an in-
crease in Uy(t) during different time intervals. More specifically, term T;
was theoretically obtained by Lipatnikov and Chomiak (1997) by
combining a model of intermediately steady turbulent flame propaga-
tion (Zimont, 1979) with the classical theory of turbulent diffusion
(Taylor, 1921, 1935; Hinze, 1975). As turbulence is mainly rotational
motion, term T; models an increase in turbulent burning rate due to the
influence of the rotational motion on a premixed flame. Moreover, this
term rapidly grows from zero with time and reaches unity at ty>>7;. In
particular, this term varies weakly and is close to unity at t > tgq, but
plays an important role during an earlier stage of flame kernel growth.
Note that during this earlier stage, the kernel self-accelerates also due to
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Fig. 4. Two sets of computational meshes. (a) Mesh for closed vessel. (b) Mesh for the vessel and outside domain.

a decrease in a ratio of the mean flame brush thickness to the mean
kernel radius with time, as discussed in detail by Lipatnikov and Cho-
miak (2004, 2007). Contrary to term Ty, term T, plays a role only at t >
tface, grows from unity at t > tge. to 1.4 at t = 0.3ms, when the over-
pressure peaks, and models the kernel acceleration under the influence
of potential velocity fluctuations caused by rapid propagation of
combustion-induced pressure perturbations into unburned mixture.
Thus, terms T; and T, are associated with different types of velocity
fluctuations (rotational and potential, respectively) and substantially
affect the kernel growth rate during different time intervals.

3.6. Numerical setup

The vented corn starch dust explosion was simulated in two stages.
First, the dust explosion was simulated in a closed vessel. When the
computed overpressure in the vessel reached a critical value of 0.1 bar
(recall that, in the experiments, the vent panel ruptured at a static
activation pressure pgq equal to 0.1 bar +15%), the simulation was
stopped, and the results were saved. These computed results were then
mapped to a new computational mesh created for a larger computational
domain to simulate the venting process. The large domain that was not
addressed in the first-stage simulation was initialized using the tem-
perature, pressure, and turbulence characteristics that were set as the
initial conditions for the first-stage simulation. Note that the initial
turbulence characteristics outside of the vessel has little influence on the
burning process since most of the turbulent kinetic energy is generated
during the venting process.

The CAD geometry of the vessel was constructed using an open-
source 3D CAD modelling tool FreeCAD. The geometry was then im-
ported into the OpenFOAM, and the computational mesh was generated
using the so-called snappyHexMesh tool available in OpenFOAM.
Accordingly, two sets of computational meshes were used for the sim-
ulations (see Fig. 4). The first mesh was used for simulating dust ex-
plosion before the rupture of the vent panel, whereas the second mesh
covered the volume of the vessel and a volume outside of the vessel to
capture the venting process. The first mesh (see Fig. 4a) is characterized
by a mesh number of 1 348 354 and a mesh size between 6.25 and 25

Table 2

Initial conditions.
Parameters Value
To [K] 273
P, [Pa] 101 325
¥ (m%/s2] 0.8438
u [m/s] 0.75
L [m] 0.1

Table 3
Boundary conditions in OpenFOAM.
walls Open boundaries
P [Pa] zeroGradient totalPressure
u [m/s] noSlip pressurelnletOutletVelocity
T, [K] fixedValue 273 fixedValue 273
bl zeroGradient zeroGradient
k [m2/s2] kqRWallFunction zeroGradient

mm. It took less than 1 h to simulate the flame kernel growth until the
rupture of the vent panel (duration of this physical process was about
0.1 s in the experiments and simulations) using 1 node with 28 cores.
The second mesh (see Fig. 4b) covers a computational domain of 15.5 x
5 x 6.355 m. The mesh has 2 431 262 cells, with the mesh size varying
between 12.5 and 100 mm. Simulations of the venting process, whose
physical duration was about 0.35 s in the experiments and computa-
tions, took around three days using 2 nodes with 56 cores. Note that only
a half of the computational domain was simulated to save computational
time by taking advantage of symmetry on a vertical plane with respect to
the ground cutting through the center of the vessel and along the length
of the vessel.

The initial and boundary conditions are reported in Tables 2 and 3,
respectively. The composition of the dust-air mixture was assumed to be
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Table 4

Mean combustion progress variable fields computed at different time instants.
Time [s] Reynolds-Averaged progress variable [-]
0.1

0.15

0.2

0.25

0.3

0.35

(continued on next page)
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Table 4 (continued)
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and (ii) are zoomed in Fig. 6a and b, respectively. During stage (i), all
explosion products are confined to the closed vessel. During stage (ii),
the products appear outside the vessel. During stage (iii), the explosion

Fig. 5 show that realizable (cyan long-dashed lines), k-epsilon (black
dashed lines), and Launder-Sharma (yellow short-dashed lines) turbu-
lence models belong to a group which yields a fast pressure rise rate
during stages (i)-(iii) of the dust explosion and the highest explosion
overpressures. On the contrary, SSG turbulence model yields the slowest
rate of pressure rise (green dotted lines) and the lowest explosion

Time [s] Reynolds-Averaged progress variable [-]
Scale

0-6:‘ O experiment
o 52_ ----- kEpsilon
S ——- realizable kernel grows outside the vessel.
S 0.4f RNG
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Fig. 5. Effect of different turbulence models on the calculated explosion
overpressure in a closed vessel. ©' = 0.75 m/s, L = 0.1 m.

spatially uniform in the closed vessel, with a dust concentration being
equal to 750 g/m> and the corrected equivalence ratio ® being equal to
0.62. Since the turbulence characteristics were not measured, they were
guessed and, then, adjusted in order to get agreement between the
overpressures AP(t) measured and computed under conditions of
AP(t) < 0.1 bar, i.e. when the entire flame kernel was inside the closed
vessel. This method also offers an opportunity to handle uncertainties of
the data on laminar burning velocities, because the computed turbulent
burning velocity is affected by the Damkohler number, i.e., by a com-
bination of the laminar flame and turbulence characteristics. Since the
FSC model was already validated in a recent study (Huang et al., 2020)
of dust explosion experiments performed in a small-scale vessel (Bradley
et al., 1989), the focus of the present validation study was placed on
assessment of the model capabilities for predicting the overpressure
dynamics during the venting process.

4. Results and discussions

Table 4 shows evolution of the computed fields of the Reynolds-
averaged combustion progress variable at different time instants.

Turbulence is well known to substantially affect burning process.
Evolutions of corn starch dust explosion overpressures computed using
the conventional FSC model, i.e., Egs. (7) and (8), and different turbu-
lence models are reported in lines in Fig. 5, with black circles showing
the experimental data. By investigating these experimental data, four
different stages could be found: (i) an increase in the overpressure
during dust explosion in the closed vessel before the rupture of the vent
panel, i.e., at t < 0.1 s, (ii) a decrease in the overpressure after the
rupture of the vent panel, i.e., at 0.1 <t < 0.12 s, followed by a slow
increase in the overpressure at 0.12 < t < 0.16 s, (iii) a rapid increase in
the overpressure at 0.16 < t < 0.30 s, and (iv) a decrease in the over-
pressure at t > 0.31 s. Results measured or computed during stages (i)

overpressure. During stage (ii), pressure drop computed using SSG
model is significantly overestimated, with subsequent computed pres-
sure increase being too slow. During stage (i) disagreement between the
measured data and the results computed using k-epsilon, realizable,
Launder-Sharma, or SSG turbulence model can be handled by adjusting
the initial turbulence characteristics, which significantly affect simu-
lated pressure curves (see Figs. 7 and 8). However, during stage (ii), such
a disagreement is much more difficult to handle.

From this perspective, results obtained using RNG (red dotted lines),
k-omega (blue dotted-dashed lines), and k-omega-SST (violet double-
dotted-dashed lines) turbulence models appear to most promising dur-
ing stage (ii), as shown in Fig. 6b. However, RNG turbulence model
yields too fast pressure rise rate before the rupture of the vent panel (see
Fig. 6a). If the first stage (t < 0.1 s) and the second stage (0.1 <t < 0.16
s) of the dust explosion are considered jointly, k-omega and k-omega-
SST turbulence models belong to a group which yields a reasonable
agreement with the experimental data. Accordingly, these two turbu-
lence models are selected for further study, with this choice being
mainly based on quite moderate rate of pressure rise, yielded by these
two models at 0.1 < t < 0.2 s (see blue and volet dotted-dashed lines in
Fig. 6b).

However, Fig. 9 shows that results computed using the conventional
FSC model and k-omega or k-omega-SST turbulence model substantially
underestimate the measured overpressure. Fig. 11 indicates that this
problem can be handled by adopting the extended FSC model, i.e., by
substituting Eq. (7) with Eq. (10), which allows for the self-similar flame
acceleration discovered by Gostintsev et al. (1988). Such a method re-
quires tuning of a single input parameter, i.e., time tg,.. when the ac-
celeration term is acivated in Eq. (10). Recall that Eq. (7) is used at
t < tggcc. Since the self-similar regime of flame acceleration was docu-
mented for large unconfined flames but the entire explosion kernel is
sufficiently small and confined before the rupture of the vent panel at t =
0.1s, the activation time tg,. should definitely be well larger than 0.1 s.
The use of a too small tg,. results in overestimated overpressure, see
cyan dashed line in Fig. 9.

Finally, comparison of red dashed lines with circles in Figs. 10 and 11
shows that the use of the extended FSC model with tgq.. = 0.15 s and
standard k-omega-SST turbulence model has allowed us to well predict
the measured overpressure history during all four studied stages of the
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Fig. 6. Effect of different turbulence models on the explosion overpressure computed during (a) the first and (b) second stages of the dust explosion.
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Fig. 8. Effect of turbulence length scale on the calculated explosion over-
pressure before the rupture of the vent panel. ¥ = 0.75 m/s, k-omega-SST
turbulence model.

Fig. 7. Effect of turbulence velocity fluctuations u' on the calculated explosion
overpressure before the rupture of the vent panel. L = 0.1 m, k-omega-SST
turbulence model.
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dust explosion. In particular, the peak overpressure and the corre-
sponding instants are well predicted. The use of the conventional FSC
model without the acceleration factor in Eq. (10) yields significantly
underpredicted overpressure when compared to the experimental data,
cf. cyan line with symbols in Fig. 11.

5. Concluding remarks

Vented corn starch dust explosion in an 11.5 m? vessel was investi-
gated experimentally and numerically. The numerical approach is based
on unsteady three-dimensional RANS simulations using the FSC model
of the influence of turbulence on combustion and various turbulence
models implemented into OpenFOAM. Comparison of measured and
computed overpressures indicates that k-omega and k-omega-SST
models perform better than other explored turbulence models. While the
use of the conventional FSC model yields underpredicted overpressure
when compared to the experimental data, an excellent agreement be-
tween measurements and simulations was obtained by phenomenolog-
ically extending the FSC model to allow for the well-known self-similar
regime of acceleration of large flame kernels, see Eq. (10). Therefore,
this simple and numerically efficient extension of the FSC model looks
promising and deserves further study in simulations of other large-scales
dust or gaseous explosions.
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