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ABSTRACT A one-dimensional unsteady two-phase flow model has been developed
to simulate the ignition of dust particles behind incident shock waves. Heterogeneous re-
actions occurring on the particle surface and in the pores within the particle are used to
model the chemistry. For different loading rates, the ignition delays of coal dust particles
behind incident shock waves with Mach numbers between 4 and 5 are calculated using a
numerical method based on the PS1C approach. The results agree well with experimental
data.

KEY WORDS two-phase flow.dusty shock wave ,CFD

1 INTRODUCTION

The ignition of dust particles is the first step in dust explosions which pose a serious safety
hazard in industry.and the ignition delay has a major influence on detonability. Many investiga-
tors! ' ~*1, therefore .have studied the ignition of dust particles behind incident shock waves in order
to know the dectailed structure of dust detonations and the detonability characteristics of dust-oxi-
dizer mixtures. Theoretical modcels in some of these papers!®%7: are based on one-dimensional
steady two-phase flow equations and the heat conduction equation including a reactive source
term. In this paper.a one-dimensional unsteady two- phasc flow model has been developed to study
the ignition of dust particles behind incident shock waves. Numerical calculations of the two-phase
supersonic flow field induced by the shock waves are made using a method based on the PSIC
(particle-source-in-cell) approach *". As an example.the ignition delay of coal dust particles has

been calculated. The results are in good agreement with experimental data.
2 PHYSICAL MODEL

The flow under study is shown schematically in Fig. 1. A planar shock wave which moves in
the pure gas with a constant velocity propagates into a uniform suspension of combustible dust
particles in an oxidizing gas. After the passage of the shock wave each dust particle is staying in
an unsteady supersonic.high temperature and high pressure flow. The drag forces cause the parti-
cles to accelerate.and the convective heating causcs a rapid increcase in the particle surface temper-
ature. With increasing particle temperature the rate at which the gascous oxidizer and the particle

react increases until the reaction heat release results in temperature runaway or ignition.
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Fig. 1 Scheme of flow field considered

To simulate the non-equilibrium phenomena numerically ,we employ a one-dimensional un-
steady two-phase flow model in which the gas phase is described by a continuous model and the
particle phase by a trajectory model respectively. The following basic assumptions are adopted ;

» The gas phase is treated as a perfect gas. Its viscosity and heat conductivity are considered
only when the particles interact with it;

» The particles are monodisperse ,incompressible ,spherical and of uniform diameter.

» The volume occupicd by particles in the suspension and particle-particle interactions can
be neglected.

+ Ignition reactions occur only on the outside and pores surface of a particle. Gaseous prod-
ucts can be neglected before ignition.

+ The devolatilization of particles is insignificant and negligible within the ignition delay
time.

Based on the assumptions presented above,the governing equations for the gas phase can be

written as follows(for the notation see the list of symbols at the end) .
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and the equation of state is.
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p = pRT (6)
Each computational particle,called parcel and labeled by the subscript &,represent a number
of real particles having approximately the same initial conditions, particle size, particle velocity

and temperature. The Lagrangian equations of motion for the particles in parcel & are

dz, _
T (7
du,

m e =~ h (8)

The temperature variation within a non-isothermal particle is governed by the unsteady heat
conduction equation including a reactives source term,

HCTY _ 1 2, .
P,y —TZ?r(kcr ar)-l—S 9

where S is the reactive source term. Assuming a first-order reaction,as was also done by Ural et
al. (1982),Sichel et al. (1985) and Lee et al. (1986)[>5:¢] this term is given by

§ = PpySiPu - Aexp(— —2) (10)
RT,
The boundary condition is
a7,
ke =0 ew = R [T; () — T (Ry1)] an

Equations (1)~ (11) along with relations for Cp and Nu represent the closed model. The ig-
nition criterion states that the rate of rise of the surface temperature exceeds a critical value. The
ignition delay is taken as the time between the shock passage and the particle surface temperature

runaway.

3 NUMERICAL ALGORITHM

Our numerical algorithm is based on the PSIC technique. The detailed solution procedure
within one time step is as follows.

a). At the first Eulerian step,the gas flow variables are computed using the particle variables
calculated in the last time step;

b). At the second Lagrangian step, the gas variables of the first step are used to compute the
particle variables;

c).a) and b) are repeated until convergence is achieved on the particle source terms.

To solve Eq. (1) ,we apply the operator-splitting technique to deal with the coupling effects
between the gas phasc and the particle phase, which can be represented with two operators in the

following expression ;
. AY; \
ot = L,(E)L,(At)L,(7)Uf 12)

where L, and L, are two difference operators responded to following Egs. (13) and (14) respec-

tively :
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The difference operator L, is constructed by using piecewise-linear method™'®! which can
yield a sharp discontinuous solution with high resolution. The difference scheme for Eq. (13) can

be written as

0t =0 + L%(G:il‘/} — @) (15)
with
1 aG G
G} = Gyrpe + E[AI — N(E).}l/z](é;).'ﬂ/z (16)

(see Ref. [10] for details)

Eq. (14) can be solved by using the forth-order Runge-Kutta method. The Lagrangian equa-
tions of particle motion (Eq. (7) and (8)) are integrated for a respresentative number of particle
trajectories by Euler’ s predictor-corrector technique,and the unsteady heat conduction equation
(9) is solved using the implicit finite difference scheme proposed by Patanka (1980)[',

4 SAMPLE COMPUTATION

The model described above has been used to simulate the unsteady non-equilibrium two-
phase flow induced by incident shock waves propagating in coal-oxygen mixtures. The ignition de-
lay of coal dust particles,diameter of 53 um,behind incident shock waves of Mach numbers be-
tween 4 and 5 are calculated and compared with experimental data (Sichel et al. 1985)(],

Because the relative velocity between gas and particles ranges from supersonic to very low
subsonic values, the empirical expression for the drag coefficient Cp in Eq. (3) presented by
Walsh (1975)0'%) was used in the computations and has the form

Co — Cp,c + (Co.em — Coc) - exp(— ARe™) an
where Cp,c,Cp,pmr A and N are empirical functions of the particle Mach number.

The Nusselt number Nu in Eq. (5) and the film conductance k(¢) in Eq. (11) also vary over
a wide range during particle acceleration. Thus, the empirical expression for 4 given by Fox et al.
(1977)[2) was used to evaluated k(2). Accordingly,

_ dyh  2exp(— M) 033 . poss , L1 0.5exp(— 17M/Re)
oA _1+17M/Re+0'4591)r ke 1.5

The thermal properties of coal dust,i.e. the specific heat ¢ and the thermal conductivity k.

Nu

(18)

in Eq. (9),are taken from Badzioch et al (1964)('*]in the empirical functions of the tempera-
ture. The internal surface area S, and the kinetic data in Eq. (10) are taken from Gan et al.
(1972)0U4] and Field et al. (1967)[%1,ag jt was also done by Sichel et al. (1985)[5), and shown

as follows
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po=1.2 g/cm?;S;=4. 26 X 10° cm?/g;Q=8559 cal/g;
E=35.7 kecal/(g - mol) ; A=8. 71X 103 g(cm? - s-atm).

5 NUMERICAL RESULTS AND DISCUSSION

Parts of numerical results are shown in Figs. 2~ 5 and discussed in detail below. Fig. 2
shows the gas temperature, pressure, density and velocity histories for different times. The un-

steady characteristics of the incident shock wave,the reflected shock wave and the gas parameters
can be seen clearly.

T"=T,=295K ) 0. 5ba
P*=n=0. Svar

t A A
%id'r, . - ‘//:z‘ ) “
ky 1 - - X
LS5 - x
“ " z/mm
(a)Temperature (b)Pressure
P’ =p/RT" .
ut =G/

np

(d) Velocity

(c)Density
Fig. 2 Dimensionless gas temperature, pressure,density and velocity histories

M.=4.66,d,=53 um,3=1.0,p* =1.013 bar, T =295K, p=p"/RT*, u=\/RT*

The temperature history ,as shown in Fig. 2a, is, unlike the case of a pure gas where the
shock fronts are sharp,here only sharp in the frontal part. The sharp portion is followed by a fur-

ther increase toward a maximum value,and a temperature peak is formed after which the tempet-
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ature decreases gradually up to the value behind the reflected shock wave. The temperature peak

value increases as the incident shock wave penetrates further into the dust suspension until the ig-
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Fig. 3 Surface temperature and velocity

histories of a 53 pum coal dust particle

for the conditions specified in Fig. 2

nition of dust particles occurs.

The pressure history shown in Fig. 2b is
slightly different from the temperature history.
The maximum pressure is close to the reflected
shock wave, while the temperature peak follows
the incident shock wave. Thus, there is a valley
in the gas density history,as shown in Fig. 2c,
corresponding to the temperature crest.

The gas velocity is seen to rise sharply at
the incident shock front. The sharp rise is fol-
lowed by a gradual decrease up to the reflected
shock wave.

The surface temperature and the velocity
history of a 53um coal dust particle are shown in

Fig. 3. This particle belongs to the particle parcel

in which ignition occurs first and has an initial location being 1. 5 mm apart from the interface.
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Fig. 1 Temperature distribution profiles inside a

coal dust particle for the specified in Fig. 2
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Fig. 5 Ignition delay versus incident shock Mach

number for the conditions specified in Fig. 2

Fig. 4 shows time histories of the temperature distribution inside this particle. The heated re-

gion is confined almost cntirely to the vicinity of the particle surface. From Figs. 3~4 it can be

seen that the particle surface temperature rises rapidly at a rate of about 75 K per us within the

first 6 ps, then the rate decreases to about 11K per us,after ¢==20 us the rate increases sharply to

about 175 K per us due to the rapid increase in the reaction rate and the particle surface tempera-
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ture runaway occurs after ¢= 22. 18 us. The ignition of the particles has taken place in the flow
field.

Fig. 5 gives the comparison of computed and measured ignition delays for the coal dust con-
sidered. The computed results are corresponding to five different loading rates. The experimental
data are taken from Sichel et al. (1985)[%] in which the loading rate was not given because of the
difficulty in measurement. It can be seen that the computed results are in good agreement with the

experimental data in the loading rate range of 0.8~ 1. 2.
8 CONCLUSIONS

A one-dimensional unsteady two-phase flow model which considers the temperature varia-
tion inside the particle and heterogeneous reactions occurring on the particle surface and in the
pores within the particle has been developed to simulate the unsteady non-equilibrium flow field
induced by an incident shock wave.

The ignition of coal dust particles dispersed in pure oxygen behind incident shock waves was
studied numerically using this model. The ignition delays of coal dust were calculated which are in
good agreement with experimental data.

The gas behaviour behind incident shock waves was discussed in detail which is unlike the
case of a pure gas and has outstanding unsteady characteristics.

The present numerical method, based on the PSIC approach, was found to be a powerful
method used for modelling the ignition of dust particles behind incident shock waves. It can be
clearly seen which particle parcel ignites first, where the initial location of this parcel is and what
track it takes within the whole ignition delay time.
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NOMENCLATURE

A= pre-exponential factor m,==mass of a particle in parcel &

C =specific heat of particle m,=number density of particle parcel &
Cn=drag coefficient Nu=Nusselt number

dy=diameter of a dust particle in parcel k p=pressure

C,=specific heat of gas at constant volume Po, = OXygen partial pressure
E=activation energy Pr="Prandtl number

F,=drag force per unit mass @Q=combustion heat per unit mass
fi=drag force of a particle in parcel k q.=rate of heat transfer between gas and a particle in
h=film conductance parcel k

k.= thermal conductivity of particle @, =heat conduction flux

M =Mach number R=gas constant, particle radius

M,=incident shock Mach number ;E=universal gas constant
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Re=Reynolds number u, = velocity of particle in parcel
r—=radius within particle r=distance

S;=internal surface area per unit mass x,=position of particle parcel k
{=time n=Iloading rate

7T -=gas temperature A=thermal conductivity
Te=recovery temperature u=viscosity constant
T.=temperature within particle p=_gas density

T =particle surface temperautre p,=density of particle material

u=gas velocity
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