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Abstract: Flame propagation through pipes of potato starch dust explosions in interconnected vessel was investigated by

experimental and numerical approaches. The purpose of this research is to investigate the mechanism governing the accel-

eration of flame propagation through long pipe and thereby to provide valuable information for safety protection and de-

sign. The experimental equipment consists of two vessels linked by a long pipe. Explosions were initiated in one vessel and

propagated to the other via the pipe. The Eulerian-Lagrangian approach was used for modeling propagation of dust explo-

sions. The £-¢ model was used to simulate the turbulence of the gas phase. In the particle combustion model, vaporization

of water, decomposition of volatile, gas phase reaction and particle’s surface reaction were taken into account. The EBU-

Arrhenius model was used for gas turbulent combustion. The operator split method and FCT algorithm were applied for

numerical simulation. The acceleration of flame propagation was relatively well represented in the simulation. The devel-

oped model is valuable for investigating flame propagation mechanisms of dust explosions.
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Introduction

The dust explosion hazard continues to represent a con-
stant threat to process industries that manufacture, use and/

or handle powders and dusts of combustible materials'!. In
the process industry there are many applications where pro-
cess vessels with explosion potential are connected via pipes
to other systems and the behaviors of accidental explosions in
such systems is practically unpredictable. The question of
dust explosions in large-scale linked equipments has been
much less investigated; a probable reason is the difficulty and
high costs of such experiments. Important contributions are

those from some researchers’**. Now that experimental in-
vestigation into explosions in connected vessels is not an easy
task, another solution is the use of mathematical modeling
and simulates the problem using a CFD code!™ ¢, They are
gaining increased interest and it is likely that in the near fu-
ture they will become the main source of information!”! .

In present research, we investigated flame propagation
through pipes of dust explosions in interconnected vessel by
experimental and numerical approaches. The aim is to inves-
tigate the mechanism governing the acceleration of flame
propagation through long pipe and thus to provide valuable
information for safety protection and design. Moreover, an-
other purpose is to improve and perfect the present numerical
model by experimental validation.

1. Experimental investigation

1.1 Experimental setup

The experimental setup is shown schematically in
Fig.1. A pneumatic conveying system was used consisting of

a primary vessel with 9.63m’ volume, a connecting pipe
29.3m in length and 0.3m in inner diameter, a secondary
vessel with 4.4m> volume, a cyclone and a suction fan for
establishing the air flow. Ten Flame detectors and two pres-
sure transducers were located along the pipe. These were
connected to data acquisition system to obtain transient re-
sults. The characteristics of potato starch are listed in

Tab.1.

Tab.1 Main parameters of potato starch used in experiment

Explosion characteristics
Fuel g Residue Moisture
K (bar'm-s Ly P, (bar)

Dried potato starch 130 9 <4 wt%

In the experiments steady dust-air flow of 16m/s veloc-
ity was established and then suitable amount of potato starch
were injected into the primary vessel to produced dust cloud
with concentration of 1350g/ m®, after 1.15s suitable
amount of potato starch were injected into the secondary ves-
sel to produced dust cloud with concentration of 750g /m’.
The dust-air mixture in the primary vessel was then ignited
in the center of the vessel after 0.15s using pyrotechnic ig-
niters with ignition energy of 10k].
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the end of flame propagation.

Fig.3 shows the results of flame propagation through
connecting pipe for potato starch/air mixture. The flame
trajectories are deduced from flame front sensor records.

Time/s
Fig.2 Experimental pressure development in the interconnected ves-
sel system
From Fig.3 the auto acceleration of flames in connecting
pipe can be clearly recognized. Towards the end of the com-
bustion the flame front velocity is up to about 338m/s.
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2. Mathematical model

Currently there are two approaches for the numerical
calculation of multiphase flows: the Eulerian-Eulerian ap-
proach and the Eulerian-Lagrangian approach. The Eulerian-
Lagrangian approach is used in this paper.

2.1 Gas phase equations

I(apY,) -
%+V'(aPYsu)=—V'Is+assp—ws (1)
Npt) | g (api)=-V(ap)+ VT + M, (2)

ﬂ—g“iih V(apuE)= -V +(apu—V+(I,+1,)+

Vol A+ B 3)

where

I,=—=aoD,VY = —ap

§

VY (4)

vt
D+~
65

?:alo(vl'i'vt)( V;-F(V;)T—%V';T) —%apkf

&)

1q=—(/1l+‘ilfrf’”—’ VT (6)
- _[16%.3

L= (3%’1‘ VT (7N

The turbulence model adopted widely used k-¢ model
and the kinetic turbulent viscosity is got by:

u,=c/e2/e (8)
2.2 Particle phase equations
d ; . ’
Tn:p'=mw+mv+mc 9
du, _ =
mpﬁ=fd+mPG (10)
dgfﬁp (11)

dT
Eoteo D
mPcP dz = er+ Qv+ Qw + Qm+ Qrd (12)
where

Fa=gemond it u=u) i —u,l  (13)

2.3 Combustion model

The chemical structure of potato starch is rather com-
plicated; the chemical formula of the main composition in
potato starch is (C,H;,Os),. The reaction mechanism of
potato dust is not clear yet. The combustion process of pota-
to starch consists of the following stages:

* water vaporization from the particle

* volatile decomposition from the particle

* volatile combustion in the gas phase

¢ surface reaction of the particle

All of the above-mentioned processes are taken into ac-

count in the combustion model. Water vaporization is mod-

eled using the droplet vaporization model. Two-equation

method is used to model particle devolatilization process. It

is assumed that CH, and CO extracted from volatile and CO

generated by surface reaction of solid carbon combusting with

oxygen in the gas phase and the EBU-Arrhenius model is

used for modeling gas turbulent combustion. The main reac-
tions of particle surface are considered as follows:

C+0.50,~>CO (14)

C+CO, —>2CO (15)

An extension form of “Single Reaction Theory” is used

to describe the reaction rates of the above reactions. Details

of combustion model used here are presented in literature®! .

3. Numerical simulation

The system considered in the numerical simulation is
shown schematically in Fig.4. A dust-air mixture flows
through a straight tube and is ignited at left end. Limited to
the available computational resources, vessels connected to
both end of the long pipe are not included in the model. In
the numerical simulation, the ignition end and exit end were
treated as inflow and outflow boundaries respectively. A jet
flame of 1m length with 0. 5bar pressure is introduced in the
left boundary.

jet flame
inflow outflow
= ~
flame front

Fig.4 Schematic representation of numerical simulation

Operator splitting method™ is used to solve the conser-
vation equations of gas and particle phase. Flux Corrected
Transport(FCT) scheme!™ is used to solve the convective
parts of the governing equations, and implicit scheme is used
to solve the diffusion parts. The source items are solved us-

ing an anti-stiff ordinary equation solvert!!.

4. Numerical results and discussion

The time histories of numerical pressure at different lo-
cations along the tube are shown in Fig.5, which indicated
the development of pressure waves due to flame acceleration
while propagating through the connecting pipe. Compared
with Fig.2, the agreement between the shape of the calcu-
lated and measured curves is reasonable and the entire pro-
cess of combustion is well predicted.

It is shown from Fig.5 that close to the ignition loca-
tion only a small and slow pressure rise is observed. With in-
creasing distance from the ignition location the rate of pres-
sure rise increases and the maximum pressure reaches higher

levels. The numerical simulation shows a pressure maximum
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Fig.5 Calculated pressure history along pipe and measured
pressure history at two location

which is moving downstream and becoming narrower with
higher peak values. The location of this maximum coincides
with the pronounced pressure rise observed in the experi-
ment.

Fig.6 shows the comparison of calculated and measured
flame trajectory in the connecting pipe. Experimental data
are denoted as symbols, data from the numerical simulation
as continuous curves. From Fig.6, it is evident that flame
velocity become faster and faster along the pipe, the calculat-
ed maximum flame speed is about 330m/s, the simulation
results is similar to that of experiments. Early in the com-
bustion process there are some differences between simulation
and experiment. For later times closer to the end of the tube
the numerical curves are in good agreement with the mea-
sured results.
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Fig.6 Comparison of calculated and measured flame trajectory

in connecting pipe

Compared comprehensively from Fig.5 and Fig.6, the
simulation results reproduced experimental results compara-
tively well and both of them are in reasonable agreement.

5. Conclusion

The experimental results indicate that, for linked ves-
sels, dust explosions initiated in primary vessel can translate
into the other vessel via connecting pipe and cause subse-
quent severely secondary explosions. Therefore, safety pro-
tection measures, such as explosion disengagement or explo-
sion interruption must be taken to prevent other equipment
from being affected by the explosion in such equipments.
And, understanding of underlying mechanism for flame
propagation is essential for safety protection and design.

A numerical model was applied to the study for flame
propagation in the connecting long pipe. The comparison of
numerical and experimental results showed that simulation
result captured major characteristics of flames propagation in
long pipe and simulated results are in good agreement with
experimental results. The present numerical model is good in
use for investigation of flame propagation through long pipe.
And the code should be extended so that such a model would
then allow simulations of dust explosions in equipment with
complex geometries.

Nomenclature
Latin letters
¢, drag coefficient

C, specific heat capacity of constant pressure, 1/ (kg*K)

¢, Rosseland mean absorption coefficient

¢, constant used in k-e model

D, mass transfer diffusion coefficient of s th specie, m’/s

d, diameter of a particle, m

E  specific mixture energy, J/kg, activation energy,
J/mol

E, energy flux from particulate phase, J/ (m’+s)

energy flux from a particle, J/s

~ o

; drag force, N

gravity acceleration constant, kg+m/ &

unit tensor of second order

Heat flux of thermal conduction in gas phase
Mass diffusion flux, kg/(m’*s)

Heat flux of thermal radiation

heat flux due to heat transfer, J/(m**s)
kinetic turbulent energy, J/kg

momentum flux from a particle, kg*m/ &

E a-'-a:-’akq g e MR
"

momentum flux from particulate phase, kg/ (m*-
)

m mass of a particle and its composition, kg

p pressure, Pa

Pr Prandt number, 0.7

Q rate of heat transfer, J/(s°m’)
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S, net mass flux from particle phase, kg/ (m®+s)
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©

T stress tensor of second order, N/ m?

A thermal conductivity coefficient, J/(s*m*K)

o Prandt/Schmidt number

og  Stefan Boltzmann constant, 5.67 X 1 1t
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