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* ABSTRACT

C ' - | \

- . Exberiments have been carried out to dssess the influence
of turbulence on the burning rate of cornstarch-air explosions
in closed vessels. Different means of varying the turbulence
were wused, so -as to investigate a substantial range of
turbuleﬁcg\ intensity and a variety of turbulent flow
structures.

) - Since gas-air deflagrations are currently better
understood than dust-air deflagrations, all experiments done
with the cornstarch-air mixture were replicated with a
methane-air mixture, in order to compare the influence of
turbulence in explosions in the two media.

The most important finding of the study was that the ratio

of the burning rate of the gas-air mixture to that of the
dust-air mixture, observed under ﬁdentical conditions of
turbulence, was a constant, independent of the intensity of the
turbulence and of the details of the structure of the turbulent
flow. This suggests that this ratio is a function of the

physico-chemical properties of the mixtures themselves.

-
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RESUME .
La présente étude a eu pour objet d'évaluer 1l influence de
la turbulence sur le taux de combustion d'une explosion se
propageant dans un mélange amidon-air contenu dans une enceinte

fermée. Dans ce but, nous avons utilisé diverses' méthodes de

génération de la turbulence afin d'en modifier la structure et

-de faire varier son intensite.

Les deéflagrations dans les mélanges biphasiques étant
moins bien connues que celles dans les mélanges gazeux, toutes
les expériences réalisées avec le mélange amidon-air ont été
reprises avec un mélange méthane-air, afin FL comparer
1'influerice de la turbulence sur des explosions se produisant
dans ces deux milieux. Cette étude comparative nous a petmis“de”
montr;r gue le rapport du taux de combustion du mélange gazeux
sur ‘celui du mélange biphasique mesurés dans les mémes
conditions expérimentales est constant. Il semble donc que ce
rapport ne dépi?de ni de 1'intensité de la turbulence, ni de‘sa

structure, mais uniquement des propriétés physico-chimiques des

mélanges eux-mémes,

e
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. i- NOMENCLATURE
Area -
Diameter
Energy N

Turbulence decay number -—
Normalized burning rate

Ratio of normalized burning rate to a reference value

Mass

Pressure

Universal gas constant
Reynolds number
Burning velocity
Temperature

Internal energy
Volume

Specific heat

Acceleration of gravity

Thermal conductivity

Integral length scale of turbulence
Mass

Radius

Velocity or speed

Turbulent r.m.s. velocity

Specific heat ratio of gaseous mixture
Specific heat ratio of dust-air mixture
Difference

Flame thickness

Turbulence kinetic energy decay rate
Eddy diffusivity

Kolmogoroff microscale of turbulence
Half-energy time of turbulence decay

Ratio of dust mass to gas mass per unit volume of

mixture

Taylor microscale of turbulence
Dynamic viscosity

Kinematic viscosity

Density

Characteristic time

1Y

Subscripts

Activation

Dispersion bottle - .
Combustion chamber

Developed

Decay

Devolatilization

Enclosed
Final:
Gas L
Initial

Laminar :

Reference |

Constant pressure

Settling

Dust (staub) o

—
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' I- INTRODUCTION B
“ , ;

a) Introductory remarks

All situatf;ns of practical interest in the combustion of
dust-air mixtures involve a certain degree of turbulence. Tnh
pulverized coal burners, the coal-air mixture enters the burner -
as a turbulent 5eé, and additional means of inducing turbulence
are often used to enhance the burning ratel . In a typical gfain
silo explosion, tge initial ignition of a small dust-air pocket
creates a flow field which raises more dust into suspension,
and subsequent flame propagation takes place in this turbulent
mixturez. Hence turbulence is an (intrinsic feature of a dust

explosion, and the study of the influence of turbulence on the

burning rate of a dust-air mixture in an important area of dust
R .

-

combustion research.

An adeguate understanding of.the infiuence‘ of turbulénce
on the burning rate of dust-air mixtures |is especiélly
important to those who are Eoncerned with safety in co;l mines,\
grain silos, and industrial process equipment where dust is
handled. The proper design of explosion relief vents for grain
silos, for example, requires an estimate of the maximum rate of
pressure rise -associated with the ‘§§§t explosion. This type of
problem has received considerable attention since the series of
grain elevator explosions in the United States, in December
19773.

Renewed interest in the design of internal combustion
engines fueled by coal dust is another subject for which a

knowledge of the role played ?y turbulence could be -of high

. 4 .
importance . A fair amount of research has been done on these
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engines in recent years and it” apgéars ;t presen%"tpat ‘the
bJrning rates achieved are too row to'.pérmik the construction
of an engine with a r.p.m. g'sufficieérl} high W{ot praciica;;
applications. Hence an underﬁ&anding of the meénsfby vhich
increases in burning rates may be achievedu"is Enﬁtical' to
further .progress in this field. |
In attacking the complex p}oblem of dust explgsion, it is
wise to try to draw upon our knowledge of gas and vapor phase
explosion. For homogeneous gases and vapors, the fundamental
parameters t%at characterize the explos}bility of a mixture
(e.g. minimum igniticn energy, . laminar burning velocity,
flammability limits, etc.) are well known and their value can
bé measured directly by ekﬁeriments. ;;; effects of turbulence
on the propagation of a gas-air flame are also fairly well
established, at least on a gualitative basiss“, and there exisgts
enough reliable experimental data to permit engineering
estimates of the burning rate under different flow condit{ons.
By contrast, no reliable fundamental parameters are as yet
wn for explosive dust-air mixtures. Hence the study of gas
T§Z§iosion in conjunction with dust explosion under the same
conditions can help elucidate the structure and propagation
mechanisms of dust-air flames. In pargicular, it is worthwhile
to compare phe effect of turbulence on dust-air explosions to
that on gés-air explosions occurring in \the same apparatus,
with identicaidfloQ fields. Such a comparison is the program of
this thesis.
It is generally known that turbulence plays a strong role

in the development of a dust-air explosion. As yet, howvever,

the few experimental studies that have been performed have not®
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yielded empirical relationships linking the burning rate to the

relevant parameters of the turbulence. One reason for this is
fhat it is difficult to define turbulence in the context of a
closed vessel explosion without mean flow, and that measurement
of fluctuating velocities in a dust-air suspension poses
important experimental problems. Furthermore, even if one
measures the flow wvelocity at a given point in the combustion
chamber prior to ignition, compression“ of the unburned mixture
and irregular fluid motions caused by the flame itself start to
change this velocity as soon as the flame ball begins to
propagate towards the walls of the vessel - it 1is therefore
doubtful that such a msésurement is of any value,

For these reasons, it was thought worthwhile to perform .
some rather crude experiments to investigate the influence of
"turbulence” on the maximum burning rate of explosions inside
closed vessels. "Turbulence", 1in the context of this thesis,
wili be taken to refer to any fluid motion in the combustible
mixture, and the 1intensity of the turbulence will be
characterized‘ by the value of a relevant parameter.of the
device used to generate the fluid motions. \

The experiments whose results are reported in this thesis
were carried out in two vessels of similar dimensions: a 333
liter sphere and a 180 liter vertical cylinder with a héight to

'diametér ratio of two. Cornstarch, an organic polymer with 100%
volatile content, was used as fuel in all the dust experiments;
a 7.5% methane-air mixture, whose energetics are similar to
those of the \starch-air mixture, was used in all the gas

experiments, The experiments focussed on assessing how the

initial flow field of the explosive mixture affected the

Page 10



maximum pressure developed, which is a measure of the extent of

the reaction, and the maximum rate of pressure rise, which is a

measure of the rate of the reaction.

b) Outline of the thesis

The thesis begins By a discussion of the physical
mechanisms that are thought to be relevant to the propagation
of turbulent explosion flames and a review of the previous work
that “ has been done in the area of turbulent dust and gas
explosions (chapter 2)., Such a discussion provides the
necessary framework for the proper interpretation of all
experimental results.

Chapter 3 describes the details. of the apparatus and of
the experimental procedures. The results of a preliminary
series of experiments, in which the wvariation of maximum
pressure (P 3x) and maximum rate of pressure rise (dP/dt)pay
with cornstarch concentration was measured, are also presented
in this chapter and are found to be 1in good agreement with
these reported by other workers. This serves to establish some
confidence in the quality of the apparatus and of the
experimental method. .

In chapter 4, the results of experiments measuring the
effect of dispersion-induced turbulence are presented.
Dispersion aof the dust '%as achieved by an air blast from a
small bottle charged Eo high pressure, directed at a dust bowl
at the center of the vessel. Hence some turbulence is

ksl

associated with the dispersion process itself and the features®
¢

of this turbulence can’ be varied by adjusting either the

initial pressure of the& dispersion bottle or the delay between

Page 11
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dispersion of the dust and ignition of the mixture. In this
chapter it is seen that the- burning rate oFf dust and gas
respond to dispersion pressure variétions in a similar manner,
th that for a given dispersion pressure, the burning rate of a
dust-air mixture decreases faster with ignition delay than does
that of @ gas-air mixture., Some possible explanations to this
discrepancy are introduced.

* Chapter 5 describes the results of experiments measuring
the effect of jet-induced turbulence on dust and gas explosions
in the 333 liter sphere. Additionnal turbulence of controllable
intensity was introduced in the sphere by a series of air jets
along a circular ring or along a vertical tube. In this case,
the burning rate increases observed with the dust-air mixture
are nearly equal to those obtained with the gas-air mixture..

The results of the study suggest that the ratio of the
turbulent burning rates of mixtures of dust-air and gas-air
observed under 1identical conditions of turbulence 1is not
sensitive to differences in the detailed structure of the
turbulence induced by the various devices used to generate it,
but that it rather depends on the physico-chemical properties
of the mixtures themselves. This idea is elaborated on in the
concluding chapter (chapter 6), where some suggestions about

useful future work on this subject are also made.



~

I1- RELEVANT PHYSICAL MECHANISMS AND REVIEW OF PREVIOUS

RESEARCH

To put the experimental results obtained in this study in
the proper perspective, it is necessary to first establish a
framework of the physical mechanisms which are thoughf "to

—

influence the propagation of a turbulent flame. This is the
primary purpose of this chapter. A

Some comments on the nature of homogeneous turbulence will
first be introduced. A brief discussion of the mechanisms of
flame folding and turbulent eddy transport will follow. This »
discussion will allow us to determine the 1length, time and
velocity scales that are involved in the consideration of the
burning rate., It will then be possible to compare, 1n a
qgualitative manner, the burning rate increases expected to
éollow from a given turbulence in gas-air flames and dust-air
flames.

The Bradley-Mitc’ <;on6 model of explosion developﬁent in a
spherical vessel, relating the experimentally observable values
of pressure, rate of pressure rise and burnout time to the
fundamental burning velocity of the mixture and the radius of
the vessel, will be introduced and its validity will be
assessed in the context of our experimental conditions. It will
be seen that while the turbulent flame structure observed in
our experiments is more complex than that assumed in ~the
Bradley-Mitcheson model, the model is still of some use in
converting tha apparatus-dependent value of maximum rate of
pressure rise (dP/dt)max to the standard quantity of turbulent

burning velocity (St ), which can be compared to that of other

Page 13
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researchers. ‘ —
Finally, a brief review of the existing experimental work

on turbulent dust and gas explosions will be made.

a) Turbylence and turbulent combustion

Turbulence, a random-like, disorganized flow pattern with
a complex underlying structure, is usually studied in contexts
where a mean flow can be identified, such as in jets, wakes or
boundary layers. In these situations, it is natural to consider
the flow velocity u to be made up of a time-averaged value T ,
representing the mean flow at that point, plus a fluctuating
quantity u', representing "turbulence". Because the equations
governing the behavior of these fluctuations are outnumbered by
the flow variables (closure problem), a complete mathematical
description of turbulent fluid flow appears beyond reaéh. Hence
to represent the phenomenon of turbulence for practical
applications, a simplified physical model must be introduced.

A particularly fruitful line of thought, in the
elaboration of such a model, 1is the consideration of the
kinetic energy associated with the turbulent fluctuations.
Consider, for exaﬁéle, the useful idealization of homogeneous,
isotropic turbulence. On the macroscopically observable scale,
this turbulence appears to consist in a collection of "eddies”
or swirls, with characteristic length 1 and characteristic
velocity u', which decay , or disappear, in time of the order
of l/u’ 7 . For steadiness, the rate of supply of energy from
the mean flow to the fluctuating motions must equal the rate of

decay of the energy associated with the large eddies. The order

of magnitude of this rate is simply the kinetic energy per unit
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N

fmass of ‘eddy (u'z) divided by the eddy lifetime (l/u'):‘

(1) e =u'u' = u

The energy that "disappears” with the decay of the large
eddies must either be recovered as kinetic ener of smaller
scale motions, or be dissipated as thermal energy by viscous
shear. The rate of energy dissipation by viscous shear'thab\
occurs on the length scale of the macroscopic eddies is simply
estimated as the product of the viscous shear stress on a unit
volume of fluid (E%L) times the strain rate (u'/l) divided by

s

the mass of the volume (p): -

(2) u' u' u'l
T T sz
The ratio of the rate of energy supply é% that of viscous

dissipation occurring at the macroscale level is, therefore,

(3) [u'] pl1” =u'l = Re

Since in turbulent flow, Re is a very large number
(typically, Re > 103 ), no significant dissipation takes place
on the macroscopic scale: the energy is transfered to smaller
scale motions through a cascadfng process that ends when the
length scale of these motions is sufficiently small for viscous
dissipation to be effective in converting organized motion into
random, thermal motion: It follows frgm the above discussion
that the length and velocity scale of the dissipative regions

must be related to their characteristic dissipation rate by
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(4) €nn /n=v(un/n

Zor (5) n= (et (6) usve )t

vheren is called the Kolmogoroff scale.

On the basis of these arguments, and taking into account
the experimentally observed fact, that viscous dissipation in
turbulence is intermittent, i.e., occurs only in highly
1opalized regions scattered throughout the flow, Tenneke58 has
proposed the following simplified model of turbulence,
Turbulence consists in macroscopic swirls with a wvelocity of
the order of the turbulent r.m.s. velocity and length scale of
the order of the 1integral length scale, on which are
superimposed dissipative vortex tubes with a diameter of the
order of the Kolmogoroff microscale " and a spacing of the
order of the Taylor microscale X , i.e. a scale which relates
the rate of turbulent kinetic energy dissipation per unit mass
to the turbulent r.m.s. velocity. The model is depicted in
figure 1, where we have also represented other length scales
that are important in turbulent dust flame prgpagation along
with the order of magnitude of these length scales ,as they

occur typically 1in explosions of the type considered in this

study.

-

The Tennekes model” has been widely accepted in recent
efforts to observe and model turbulent flame propagation, for
example by Tabaczynski et a19-1 , Ohtal2, and Chomiakl!3, In the
context of the Tennekes model, we now discuss the two physical
mechanisms that are deemed responsible, in the current theories,
of turbulent flame propagation, for the burning rate increase
due to turbulence: flame wrinkling and, turbulent eddy
transport. Y

Irregular wrinkling of the flame front beéause of velocity

fluctuations in the flow field directly ahead of the flame

Page 16



'y

o

causes an increase in the_total burning area, and hence in the
burning rate. Insofar as tge 1amina; burning vgldcity of the
mixture is not affected by the wrinkling procebs, gke rafio of
turbulent burning velocity to laminar burning velocity in
wrinkled laminar flame propagation is simply given by

v

(7) ‘ S A

t . d

: 3 Ae
where Ad and Aé refer to the developed and enclosed flame
areas, respectively. It stands to reason that the

characteristic spacing of the flame wrinkles should be related
to the integral length scale, and that the magnitude of the
wrinkles should depend on the turbulent r.m.s. velocity, u'.
Hence wrinkled laminar flame theories yield predictions of

?

turbulent burning velocity in terms of the macroscopic features
of the gurbulence: St = St (S], u', 1). Velocity fluctuations
on the microscopic scale, on the other hand, play an important
role 1in the energy and mass transport processes inside the
flame itself. If these fluctuations are significant, then the
mechanism determining the rate of propagat;on of the flame
front normal to itself is no longer molecular diffusion, but
rather turgulent eddy transport. D;amkchler:]4 was the first to
propose a theory of turbulent flame propagation based on
turbulent eddy transport. Since thermal flame theory shows that
laminar burning velocity is proportional to the square réot of
thé diffusivity of the medium, Damkohlgr concluded that

(8) S¢/54 = et :

- . *,

where €' is the eddy diffusivity of the turbulent flow field.

- ]
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Recent models of turbulent flame propagation, such as the
tvo-eddy theory of Abdel-Gayed and Bradley]?, have recognized
that both of the abovementionned mechanisms play an impor;ant
‘role in enhancing the burning rate. However: it is easy to see
that the relative importance of the two mechanisms will depend
critically on the relationship between the relevant chemical
scales of the mixture on the one hand, and the fluid mechanical

. 1
scales of the turbulence, on the other hand ﬁ.

If the laminar flame thickness 6 is smaller than the scale
of the smallest turbulent fluctuations n , then turbulent eddy
transport inside the flame is impossible and flame wrinkling
alone is responsible for turbulent burning rate increase. If,
on the other hand, the flame thickness spans many Kolmogoroff
eddies, whfle being ,less than the integral scale, the two
processes of turbulent burning rate increase will be important:
Finally, if the flame is as thick as the characteristic
dimension of the macroscopic turbulence, then wrinkling by the
large eddies can only have a minimal impact on total burning
‘rate, and only turbulent eddy transport can play a significant
role. Hence, to p%edict the influence of turbulence on dust and
gnsrexplosions under the same experimental conditions, it is
necessary to have some idea of their laminar flame thicknésé.
The thickness of laminar gas-air flames has been the subjgct of
extensive studies]7 and it 1s agreed that this thfékness,
measured as the depth of the temperature profile, wvaries in
orders of magnitude between 10°% and 1073 n. By contrast, very
little research has been done with laminar dust-air flames,

partly owing to the difficulties in achieving a stable, laminar

dust-air suspensioé for burner studies. Smoot 18 reports laminar
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coal-dust-air flgmes with a thickness of 10-2 m, while
measurements of quenching distance performed by Mason and
Wilsan]9 indicate a thickness of approximately 3 x 10-'3 m for a
flame gf lycopodium spores, a vegetable dust whose structure is
probably similar to that of cornstarch. Hence a cornstarch
flame is probably not a lot thicker than a methane-air flame,
and this may imply that turbulence will have a similar effect
on cornstarch~air and methane-air explosions. However, it must
be stressed that this arqument 1is highly speculative, since no

A}
study of the laminar flame structure of cornstarch-air mixtures

has ever been done.

b) Review of constant volume exblosion theory |

In a closed vessel explosion, a centrally-.ignited flame
propagates outward towvards the walls of the vessel and
combustion of the mixture results in final overpressure Eatios
typically of the order of 6 to 10.

Pressure. measurements of dust explosion experiments
performed in closed vessels allow us to obtain an estimate of
the extent of tﬁé\burning (from the maximum pressure developed,
Prax ) and of the rate of combustion (frdém the ﬁaximum rate of
pressure rise, dP/dtmax ). Models of explosive combustion in a
closed vessel show that the burning velocity S, the pressure P
and the rate of pressure rise_d?/dt are related to each other
in a simple manner. It is of interest to use the results of
pressure measurements to obtain the burning velocity, because
this quantity can serve as a basis for comparing our data with

those obtained by other researchers in a variety of
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experimental‘ set-ups. Bradley and Mitcheson6 have recently
reviewed the problem of spherical vessel explosion and
concluded that a very good approximate, analytical solution to
the pressure development can be derived with the help of a few
simplifying assumptions. The most important assumptions are the
. following:

1- Regular, spherical flame propagation without heat loss.

2- The burned and unbﬁrned mixtures behave as perfect gases.

3- The unburned mixture is being compressed isentropically by
the propagating flame.

4- The pressure rise is directly proportional to ghe mass fraction
burned.

The burning velocity formula obtained from ° these

assumptions is

i

§ = i

(9) TZFF[%T]V\(U (e - P [ -[Pi]”Yu (Pf ) P) 2/3”
P PPy

wh;re P = Preésure

P, -.Initial pressure

Pf = Final explosion pressure -

S = Burning velocity

r = Vessel radius
P Y, " Specific heat ratio of the unburned mixture. -

Ffom the above expression, the maximum rate of pressure

rise is obtained when

(10) p =

[}
0
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i.e. at the very end of tHe flame travel. This stands to
reason, because the last shell of fuel-air mixture of thicknessar
that burns, has the biggest volume and the highest density of

all such shells, Furthermore, as P approaches Pe, the rate of

¥
~

pressure rise is related to the scale of the vesgsel by

(]]) QE"‘ gg. = Q(Pf'Pi) S <
~at dt /max r

Hence the maximum rate of pressure rise in two vessels
with radiuses L and Ly

and with identical burning Yflocity
N and final and initial pressure, should be related bfﬂ

(12) (gﬂi r =(5§1 r, = constant
dt max 1 dt max 2 '
Bartknechtzo has found experimentally a scaling law

applicable to the burning of many dust-air and- gas-air mixtures
in vessels of different sizes and shapes: =

1/3
(13) dP AR
(dt)max st

‘\
where V is the vessel volume and Kst is a oconstant of the

dust-air mixture (st stands for "staub", which is german for
dust. The term ﬁ} is wused when a gasx mixture 1is being
considered). This law reduces to equation 11 in the cade of a
spherical vessel. Equation 11 also makes clear that the ﬁagimum
rate of pressure rise is directly proportional to the burning
velocity.

Out of all the assumptions made in the Bradley-Mitcheson

model, that of regqular, spherical flame propagation without
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heat loss 1is probably the one that is least satisfied in the
. ‘[ ' experimental conditions of this study. As we have seen before,

-

a turbulent flame front is wrinkled by the turbulent velocity
fluctuations and this wrinkling can be so §eve;; as to create a
situation, such as has been observed by Shchelkin 2]in circular
tubes, where pockets of unburned mixture are left behind the
propagating flame front. Such a situation can even be
considered 1likely if, as appears to._ be the case. in our
experiments, the turbulent r.m.s. velociéy is very much larger
than the laminar burning velocity of the mixture., It ' goes
without saying that such a flame structure destroys the
validity of the theoretical formula, equation 9. In chapter ¢,
we will present experimental evidence regarding the mode of

flame development which indicates that flame propagation is

highly irregular.

c) Previous research into turbulent dust and gas explosions
Since it is difficult to achieve stationary, adiabatic
% A " dust flames for -detai:led observations, dust combustion has
traditionnally been séudied in constant volumé bombs of various
‘sizes and shapes, with emphasis being put of classifying dusts
by such criteria as minimum explésible concentration, minimum
auto-ignition temperature, etc., to allow for the design of
safety m?asures appropriate for the safe handling of each dust.
A number of people have attempted to measure thé influence of
turbulence by varying the delay between dispersion of the dust
and ignition of.tﬁe ‘mixture. Turbulence associated with the
@ dust dispersio(n process is not supported and hence must decay

as the delay between dispersion and ignition is increased. This

Y ‘ o
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type of experiments have been done by Méore22’23, Bartknechtzd,

2% Cocks and Meyer26, Swift 27

Egkhoff and Reeh28 . These people
found that the maximum pressure is affected very little by the
ignition delay, but that the maximum rate of pressure vrise
decreases by a factor ‘as high as 6, as the dispersion
turbulence is ?llowed to decay. The rate of decay of the
turbulence appeared to be closely “ronnected with the minimum
dimension of the combustion chamber, 1i.e. the maximum eddy
gize. This will be explored further in chapter 4, where we
discuss the results ofj%ur own‘experiments with ignition delay
variation. In a feJ/ of the abovementionned studies, the
experiments were replicated with gas-air mixtures, i.e. the
combustion chamber and dispersion bottle were filled. with
explosible gas-air mixture and the dispersion bottle was
discharged, without any dust in the system at all. Here again,
the maximum pressurei which in principle depends only on the
energetics of the mixture, véried very little, but the K
factor relaxed towards a laminar value as the ignition delay
was increased. In the studies by Bartknecht and Moore, ' the
ratio of the K factors of the dust and gas, Kg¢ /Kg, was
approximately constant over all the ignition _delays studied,
which indicates that the Surning rate increase brought about by
turbulence in dust is equal to that obtained in gas. Iﬁ the
experiments- by Reeh, this pattern could not be so clearly

observed. _

Experiments in which :the degree of turbulence was varied
by adjusting the initial pressure of the dispersion bottle,
whiie keeping the ignition delay constant, were p;tformed by

Nagy and Portman2d with a coal-dust-air mixture and with a
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hybrid mixture of coal-dust, methane and air in a 9.3 liter
chamber. With the coal dust, the maximum rate of pregssure rise
increased linearly with dispersion pressure until a peak of
25,000 kPa/s was reached. Further dispersion pressure
increases caused the Koy to drop. With the hybrid mixture, the
maximum rate of pressure rise increased linearly over the whole
range of dispersion pressures studied.

The influence of fan-generated tuébulence on gaseous
explosions in closed vessels has been studied by Harris30 and
more recently by Abdel-Gayed et a1.3] In Harris' stud _}Fhe
maximum rate of pressure rise of pentane—air explosions in a

3

1.7 m° sphere increased linearly with fan speed. Measurements

of pressure fluctuations in the turbulent premixture flow

showed in turn that the turbulence intensity was directly,
. 2 . g - .

proportional to the fan speed. This ﬁugﬁ%st;dtkg following

simple correlation for the turbulent burning velocity:

TN

~

\

(‘4) \\\ S

, =1tk
// ‘ S] ?1‘
/ \ ‘ ,
[ Abdel-Gayed et al. measured burning velocity directly by
the\déuble kernel technique in a 22.2 liter cylindrical bomb
fictéd_yﬁth four fans generating near-isotropic turbulence, For
lov turbulence intensities (0 < u' < 2 m/s) the burning'
velocity increased linearly with the turbulent r.m.s. velocity,
in agreement with egquation 14, For higher turbulence

1

intensities the curves of St versus u' begin to flatten out,
and with some mixtures, quenching of the flame was obtained
with a sufficiently high value of u'. Because this extensive

study has been performed with gas-air mixtures similar to ours,

e
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and ‘with state-of-the-art techniques of turbulence and burning
velocity measurements, we will want to use its results to
. assess the features of .the turbulent flow field 1in our bwn‘
/experiments. '
Kauffman et al. 32 have recently stugied turbulent dust
explosions in a 1 m3 spherical vessel in\which the.dust-air
‘mixture was fed from six ports locatedrsymmetrically on'the
surface of the sphere. The turbulence inteﬁéity was adjusted by
varying the air flow rate through the ports and, to a very good
approximation, the turbulent r.m.s., velocity was directly
proportional to the flow rate. Th% burning velocity of
cornstarch-air mixtures, deduced fFom pressure measurements,

was found to be directly proportional to the turbulent r.m.s.,

velocity.
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III- EXPERIMENTAL CONSIDERATIONS AND PRELIMINARY EXPERIMENTS

L

a) Apparatus

A spherical vessel of 333 liter volume (figure 2), of 0.9
.m diameter, and a cylindrical vessel of 180 liter volume, with
1 m height and 0;5 m diameter, were used in the present study
to assess the influence of turbulence on dust and gas
explosions in closed vessels.

In the spherical vessel, the dust was placed in a bowl at
the bottom of the vessel and dispersion was achieved by an air
blast from a 1.57 liter dispersion bottle discharging through a
half~inch diameter tube nozzle directed at the center 'of the
dust bowl.v The dispersion was triggered by opening a solenoid
valve in the dispersion circuit. 1Ignition was achieved by
either an exploding fuse wire or a bare magnesium fl;shbulb

'filament located at the center of the vessel, The delay setween
dispersion and ignition could be controlled by means of an
electric timer,

The featﬁres of the dispersion system provide us with two
means of wvarying the intensity of the turbulence of the
dust-air mixture at the moment of ignition. With a fixed
initial pressure in the dispersion bottle, we can vary 'the
delay between opening the dispersion solenoid valve and
igniting the mixture; the longer the ignition delay, the more
the flow field will have relaxed towards a guiescent state,
Alternatively, with a fixed delay between dispersion and
ignition, the dispersion bottle initial pressure can be varied;

»tpe higher the pressufe, the bigger the swirl induced in the

combustion chamber. Both these means of turbulence variation
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were studied 1in the spherical bomb and the results are
presented in chapter four.

The cylindrical vessel was fitted with accessories similar
to those of the spherical one. Additionnal turbulence was
generated in the cylindrical vessel by a 3.0 liter "turbulence
bottle™ which discharged through a port on the circumference of
the vessel, near its center. The turbulence bottle was charged
to the same pressure as the dispersion bottle and discharged
simultaneously with it. Since it was desired to study
explosions occurring at atmospheric 1initial pressure, it was
necessary, in the «cylindrical vessel experiments, to first
evacuate the' vessel to a level such that atmospheric pressure
would jugt be recovered upon injection of gas by the turbulence
and dispersion bottles. In the spherical vessel, thfs
precaution was not taken because the mass injected by the
dispersion bottle was a very small fraction of that initially
present in the vessel. The results of experiments, performed in
the cylindrical bomb, in which the pressure of the dispersion
and“turbulence bottles was varied, are presented in chapter 4.

It was desired to study the influence of jet-induced

turbulence in conjunction with dispersion-induced turbulence in

-

the spherical vessel. For this purpose, the vessel was.fitted

with two different turbulence-producing mechanisms and series
of experiments were performed with each. One was a 45 cm
diameter copper - tubing ring (figure 4a) on which 16 holes of
1.1 mm diameter were drilled. The other was an 80 cm long
vertical pipe (figure: 4b), positioned ¥2 cm away from the
vertical axis 6f "the sphere, on which 12 holes of 9.5 mm

diameter were drilled, The holes were arranged in four
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stations, spaced 20 cm away from each other, each station
comprising three holes spread at 120 degree intervals along the
circumference of the tube.

The turbulence ring and turbulence pipe were fed by a high
pressure (690 kPag) air supply and the 1level of turbulence
generated by the jets could be controlled by varying the mass
flow rate of air through the holes. In the case of the
turbulence ring, the fklow was choked at the orifices, so that
the flow rate could be adjusted fg} varying the static pressure
in the ring itself. In the case of the pipe, the hole area was
too large to permit choking, hence the flow rate was modulated
by a globe valve in the air supply circuit and measured from
the time required to attain a certain pressure rise in the
sSphere.

The sequence of operations for dust explosion experiments
with jet-induced turbulence was as follows. The dust was first
weighed into the cup at the bottom of the vessel. The vessel
was then put under a vacuum of 400 mm Hg. The air jets were
turned on, and air 'addition from the jets caused the vessel
pressure to increase again., When atmospheric pressure was
restored, the dispersion air blast was activated and iggition
followed after a predetermined delay. In the experiments done
with methane-air mixtures, the vessel was first evacuated (to
600 mm Hg) and then filled by partial pressure with an amount
of methane resulting in the desired composition., The air jets
were then turned on, and the dispersion process was triggered
when the vessel reached atmospheric pressure, followed by

ignition, It 1is believed that the intense swirl generated by

the jets was sufficient to mix the methane and air adeqguately,

-
"
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A PCB quartz pressure transducer was used to record the
pressure-time history in both the spherical and the cylihdrical
vessels; the maximum rate Sf pressure rise was calculated from
the slope of a tangent to the pressure-time curve through its
inflection point. An ion gauge was mounted on the surface of
the spherical vessel, to monitor the time of flame arrival on
the vessel wall. A typical oscilloscope record of a turbulent
dust explosion is shown in figure 5.

b) Properties of the combustible mixtures

The dust used in the present study was cornstarch, a
natural polymer of dextrose, with formula (C6H1005 ) ne Peraldi33
has measured its heat of combustion to be 631.5 kcal/mole and
its heat of formation 222 kcal/mole. The literature seems to
contain no information on the devolatilization properties (i.e,
products, rate and enthalpy of devolatilization) of cornstarch.
However, these properties should be very similar to those of
cellulose, since these two compounds are identical in structure
and vary onl; by the number of monomers making up a polymer
chain. Develatilization of thin strips (100 micron thickness)
of cellulose fiber, with moderate heating rates and short
residence time, has been studied by Lewellen et al.34 who
achieved complete devolatilization (i.e, no residual char) and

found that the process could be described by the simple

Arrhenius formula

-(15) dM = -k exp( -E, | M ¢
/ dt RT

where M =-mass of cellulose present in the sample
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k = 6.79 x 1077 &7

E, = 33.4 kcal/mole
R = universal gas constant

T = temperature

4
AN

From the above formula, a characteristic time of

devolatilization is determined to be

B

_ =1
(16) L k * exp Ea
. RT '

Table 1 shows how the time required for devolatilization

varies as a function of temperature.

T, O T4ey® S€C
1000 2.2 x 107
1200 1.4 x 103
1400 1.9 x 1072
1500 8.8 x 107
1600 4.4 x 102
b 1800 1.4 x 1025
2000 5.6 x 10

”

Table 1. Characteristic time of devolatilization-as a function
of temperature. —

From this we can conclude that complete dévolatilizatio§‘
of cornstarch occurs well before a temperature of about 1500
degrees K has been reached. Since the flame temperature of
~cornstarch-air mixtures (as calculated by the NASA code35) is
of the order of 2000 degrees K, and since chemical reactions do
not start occurring at a significant rate until the temperature

reaches the vicinity of the flame temperature35 , it seems
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likely that the burning will not start occuréing before
devolatilization. is complete, i.e. burning will occur
completely in the gas phase.

Commercially available starch usually contains about 10%
moisture by weight. In the present study, the cornstarch was
placed in an oven at 90 degrees C for about 18 hours prior to
an experiment, to eliminate the moisture and thus help préduce
a more wuniform dispersion. In a number of experiments, a
fluidizing agent (CAB-0-SIL) was mixed with the cornstarch in
the proportion of 0.5% of fluidizing -agent per unit mass of
mixture, to further improve the dispersion. A particle size
analysis obtained via direct imaging with an optical image
analyzer showed the average size of the*particles to be 14.7
microns, with a standard deviation of 5.1 microns., Scanning
electron micrographs ffigure 6) showed the particles to be
remarkably spheroidal in shape.

The laminar burning velocity of cornstarch-air mixtu;es
has never been measured. Kauffman.et al.32 estimate the laminar
burning velocity to be 0.40 m/s for a 300 gm/m3 mixture and
0.70 m/s for a 700 gm/m3 mixture, from extrapolation of their
results of burning velocity versus turbulence .intensity., This
estimate, however, 1is highly sensitive to the method of
determining the turbulent burning velocity and to the

extrapolation scheme used to abstract the laminar burning

velocity.

Marble 37has shown that, from the thermodynamic point of

view, a dust-air suspension, whose particles are so small that
the velocity and temperature difference between the solid and

gas phase is negligible, can be treated as a perfect gas vhose
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properties reflect a weighted average of the solid and gas
phase, Since the,,characteristig velocity rise time of ghe
particles in our suspension (i.e. the time required for any
slip velocitx,to pe reduced-to l1/e times its original value as

| .
a result of Stokes| drag), which can be shown to be

2 ..
(17) Tvr°T 2 Pdust "dust
U

and their characteristic temperature rise time (i.e. the time

required for any temperature difference to be reduced to l/e

times its original value), which can be shown to be

- 2 .
(18{ Ttr © Pdust "dust ©p
3 kah‘ .

are both of the order of milliseconds, i.é. a time span very
short compared Eo the duration of an explosion, the assumptions
of no slip and no.temperature lag are valid, and the specific
heat ratio of the dust-air mixture, which enters. into the

calculation of the burning 'velocity from pressure measurements

(equation 9), can be taken as

(19) ) Y= cp air K Cdust
Cy air + % cdust

where ¢ is the ratio of dust mass to gas mass per unit volume.

For a 300 gm/m3 mixture at 20 degrees C, we have
3
kJ 300 gm/m kJ
1. 006 + 3— x 1.55

kdJ 3 kJ

0.718——— + 300 gmgm3 x 1.55
kg o 09 gm/m kg ¢
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= 1.26

=

Table 2 summarizes the properties of cornstarch that are

o -

relevant to its combustion characteristics.

L
Chemical formula: (CegH1005) p
Mol. wt. of monomer: 162
Density: } 1.5 gm/cm3
Stoichiometric
concentration: 253.7 gm/m3
Heat of combustion: 631.5 kcal/mole
Heat of formation: 222 kcal/mole
Specific heat: . 0.37 kcal/kg-C

Table 2. Properties of cornstarch that are relevant to its
combustion characteristics.

The methane used in the present study was of the commercially
pure grade. The laminar burning velocity of a 7.5% methane-air

38
mixture is reported by Andrews and Bradley to be 0.28 m/s.

c) Preliminary experiments on the effects of dust concentration

To establish some confidence in the ability of the
apparatus to produce repeatable and trustworthy results, the
effect of varying dust concentration with a fixed ignition
delay, fixed dispersion bottle pressure and without extra means
of inducing turbulence was investigated. The dispersion bottle
pressure was 1379 kPa and the ignition delay was set at 0.5
seconds after a few preliminary runs showed that this gave the

highest value of Py, and (dP/dt)pay .

I3
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Figures 7 and 8 show maximum overpressure and K, factor,
respectively, as a function of cornstarch concentration for the
333 liter sphere and the 180 1liter cylinder. For comparison
purposes, results from Nagy39, Hartmann40 and Cocks and Meyer
are also shown., The peak overpressures are found to be in fair

agreement with one another, in spite of the widely different

properties of the cornstarch used and of the different

26

characteristics of the experimental apparatuses. The Kst

factor, on the other hand, is found to vary over a wider range.
All the data for P .. show a similar trend, with P . rising
sharply from a lean limit concentration of about 100 gm/hﬁ and
asymptote to about 700 kPa when the concentration reaches 500
gm/mii No rich limit was observed up to a concentration of 1000
gm/m:3. The peak overpressure in the 333 liter sphere was
consistently higher than -that obtained in the 180 liter
cylindrical vessel. This may be due to more severe heat losses
to the walls in the «cylindrical vessel since the flame |is
already in contact w:th the cylinder wall prior to cohplete
consumption of the mixture at the ends of the vessel. For both
vesséls, the maximum pressure is far less than predicted from
an/equilibrium calculation35 when Epg-concentration is smaller
tyan stoichiometric, but the theoretical ’ané experimental
curv seem to cross in the wvicinity of 600 gm/m3 . The

discrepancies coyld be caused by heat 1los$§, settling or by the

inability to predict pressure rise correctly from mere chemical
equilibrium arguments. ‘

The Kst from the cylindrical bomb show a maximum value of
about 6000 kPa-m/s at a dust concentration of 200 gm/ﬁ\3and

then decreases with a further 1increase in concentration. The K
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from the spherical vessel does not show the same trend: it
simply increases asymptotically to a peak value of about 3500
kP;a-m/s. Thus the burning rate in the cylindrical vessel, as
indicated by the Kstfactor, is generally higher than that from
the spherical vfsel.

»
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‘ IV- DISPERSION-INDUCED TURBULENCE
a) Influence of ign;iion delay
i- Influence of ignition delay on dust and gas explosions

Since the dischafgenof the dispersion bottle is a sudden,
discrete event, the turbulénce induced by the dispersion
process will étart to dean immediately after the dispersién
bottle has been completely .emptied and the fuel;air mixture
will relax back Eowards a laminar state.

Figures 9 and 10 show the results of experiments in which
the delay between dispersion and ignition was varied to try to
elucidate the role played by the transient turbulence of the
dispersion procegs. The experiments were done with a 450 gm/m
cornstarch-air mixture in the spherical vessel, with a 300 gm/ni3
cornstarch-air mixture 1in the <c¢ylindrical vessel and with a

7.5% methane-air mixture in the spherical vessel. The

dispersion pressure used was 1379 kPa.

Figure 9 sghows the maximum pressure developed, while
figure 10 shows‘ehe ratio of K, and Ky to the maximum K factor
observed (this maximum value is given in the tablg below), This
provides a convenient way of normalizing the data to compare

" the influence of the flow field on gas-air flames and dust-air

flames. .

13\5‘?&‘.'""
-
S
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Spherical bomb
Methane-air

(dp/dt )max :

Spherical bomb
Cornstarch-air

(dP/dt)max :

Cylindrical bomb
Cornstarch-air

(dap/dt) max }

16 456 kPa/s 6 895 kPa/s 4 496 kPa/s
Kg: Kst: Kst‘
11 406 kPa-m/s 4765 kPa-m/s 2539 kPa-m/s

Table 3. Reference values for figure 10.

- 7

/

For both the cylindrical and the spherical vessels with
dust and gas, the maximum overpreséure and the maximum K factor
are obtained with an ignition delay of approximately 0.5
seconds. Transient measurements of the dispersion bottle
pressufe show that this is 3just the time required for the
bottle to bécome completely discharged. With shorter ignitiqn
delays, it appears that the dust and air have had insufficient
time to mix homogeneously, while for longer delays, ?h;
turbu{ence of the dispersion has‘beéun to die down and is less
effective in enhancing flame propagation.

For both the 180 liter cylinder and the 333 liter sphete,’
- the ngactcr measured with an ignition delay of 1.0 second is
> roughly 25% of the maximum Kgt recorded.

! Two causes ean explain this sudden, violent decrease in
thie burning rate: settliﬁg-kﬁ’the dust particles, on the one
hand, and decay of the dispersion~induced turbuleﬂce, on the
other hand.

I1f we assume'that the tﬁéical settling velocity of the
dust particles is equal to their Stokes free fall velocity,
theﬁ the characteristic settling time of the dust suspension,l

defined as the ratio of the average falling distance to the

u
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gettling velocity, is calculated to be

(21) T =9 unr

set
2 2
" Tdust Pdust I

t

.

where r is the sphere radius, in the case of the ;pherical
vessel, or one half the cylinder height, in éhe case of the
cylindrical vessel. Siﬁcg this quantity is approximately eéual
to 50 seconds for single starch particles of 15 micron
diameter, then it appears unlikely that significant éeﬁtling
can take place with ignition delayslof the order of one second,
oif the suspension is made up of sindie particles.” However,

d has found that dust suspensions of the type studied

Bryant
here often consist of agglomerated particl?s whose settling
time can be far less ;han that of single particles. Our
experimental observation, that a 450 gm/m 3 starch-air mixture
could not be ignited in the 333 liter sphere with an ignition
delaylof 1.0 . second or longer (only one shot, with 1.5 second
ignitT;n delay, igni%@d and gave minimal pressure rise), éeems
to supp6rt this 1idea. In what concerns the shots that did
ignite, however (ignition delay less than or equal to 0.9 2
seconds), the pressure deviation from the value observed with
0.5 seconds ignition deléy was at most 30%, while the décrease
in the maximum rate of pressure rise was by a factor of four.
Referring back to figqures 7 and 8, it seems unlikely that such
a large decrease in the burning rate could result in such 5\
relatively small decrease in the peak pressure, if it were
caused primarily by a decrease in concentration. ﬁ

We/ conclude that there is uncertainty as to whether

" settling or turbulence decay cause the observed variations. It

-
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is probably true.that both mechanisms affect combustion of the
dust-air mixture, and that settling and turbulence decay are
coupled proéésses. = ‘
It will be observed that in Jthe 333 1liter sphere, the
ratio K/Kpax falls far more steeply with time for the dust-air
mixture than for the gas-air mixture. Although this could be
due to settling of the dusé particles, as discussed above,
another cause can be cited. Dust remains in suspension in a das
by virtue of the viscous and pressure forces exe‘rted by tlhe
gas on the suspended particles. In af,turbulent dust-air
;suspension, therefore, energy 1is being di;sipated not only by
the shearing forces in the small-scale motions, but also by the
work being done against the dust-suspending forces. ager et al?2
o

have estimated that the ratio of the kinetic energy dissipation

rate in a_ dust-air mixture due to this effect ( Cp) to t¥e

dissipation rate that would be observed in the absence of dustpar--

ticles (¢) was of the order of the mass fraction of dust present
in the gas, 1i.e. ep/ € =k . In our particular case, the mass
fraction isk = (450 gm/m3 })/(1230 *gm/m 3) = 37%. Hence the
‘dissipation rate is significantly higher in the dust-air

mixture than in the gas-air mixtur;% .

~
9

ii- Characterization of the decay of the dispersion turbulence

In a closed vesgel, decomposition of the fluid velocity
into a, mean and a fluctuating gquantity is not possible since
the closed boundaries do not allow the existence of a mean
flow. Hence, in discussing the influence of "turbulence” on

exploéions in closed vessels, one has to be a little bit more
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specific regarding what is meant by "turbulence™ in this

4

context.

The phenomenon of the decay of turbulence in a closed

43,44

vessel has been studied experimentally by Tsuge et al. who

performed the following simple experiment. Tsuge et al. dragged
a petfofated plate, at a fixed speed, across a cylinder and
measured the flutrd speed, generated by the motion of the plate,
at a hot-wire anemometer spaced 10 cm away from the wall of the
c¢ylinder (cylinder length: 60 cm), along its axis.

The flow pattern identified by Tsuge et al. consisted in
large scale motions with a regular decay rate (Tsuge calls
these motions "flow components”), on which were ggpetimposed
small, irreqular, jagged motions whose a;plitude d;;ayed along
with that of the flow components. The Fourier spectrum of these
motions had a sharply peaked distribution, i.e. most of these
motions corresponded to a fairly well-defined eddy size., Tsuge
et al., made a parametric study of the factors which affected
the decay rate of the flow coéﬁonents by varying the perforated
plate hole sp;cing and diameter, . the viscosity of the fluid,
the piston speed and the diameter of the cylinder {diameters of
50, 100 and 150 mm were investigated). It was found that the
method of generating the "turbulence”", i.e. hole diameter and
spacing, had very little influence on the decay rate, but that
cylinder diameter was very important 1in c9nttoliing that rate.

A}

The best fit of the experimental data was obtained with

0.70

(22) Ge = Kk Re where

(23) ‘ k=1.73, N
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(24) - Re = uD , "

(25) Ge = 501)1/4 ,

(26) ' e = uzgt; .
o(t
6 = half-energy time, i.e. the time required for the kiﬁetic energy,- per

unit mass of fluid, to be reduced by a factor of 1/2.

From eguation 22, a relationship between u,, the flow
component speed at time zero, and u(t), the speed at any

subsequent time, can be derived as follows:

(27) . Ge = u2 D4 /4 _ K (29)0.7 vf—
296 v3 v

(28) ¥ 2of - 4,2-8,2.8
2 ev3 W08 ‘ -
(29) N 8 uo’8 = D]'2 = J
2 kW2 - .

where J is a dummy variable used to regroup terms.

If we consider t to be a function of u, this gives

(3) - t(u/2Y?) -t (u) =008
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Let us assume a relationship of the type
4

(31) # : t=a+6u17°'8

%

where a and 8 are undetermined constants. Then

(32)  t (/2% - tdu) =fs e w0 - o+ 80 8)
’ VE?-O'B
This is satisfied identically if
(33) B = J . Hence
. Py
]-0 5 - ] N f
> -0
(34) t=a+ ] J w08 g 4 u;O'S
-1
VE‘-O.S )
-0.8

At t =0, u=u_, so thata = -J' u

35 . ,-0.8[, (-0.8 :

(35) t=1J Uy li%i) 1]

36 0.8 _

“ Q) (7))
o .

(37) u = 1 +< t ) ‘]/0.8
u ] "0.8
o J U

i

o i .
Absorbing the constants, with v = 1.5 x 10 3 2/s, this gives

0 Q

(38) u=u |1 +/0.6207 LO-8\¢|]-1-25
T

[

-
=

Ju

-0.8

1‘
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Hence it seems that the quantity t/D 1-2 is the parameter
governing the decay of the flow components. This can be
interpreted to mean that the decay rate is governed by the size
of the largest eddy in the vessel, i.e, the vessel diameter. If
the dispersion tdrbulence decay 1in closed bombs follows the
pattern identified in Tsuge's éxperiments, and if the "flow
components” can be associated with a turbulence intensity, then
there should be a relationship between the burning rate
observed with a given ignipion delay, and the amount by which
the turbulence induced by the dispersion process has been
allowed to decay. Since the ignition delay, T4o * corresponding

to the observation of the maximum K st also corresponds to the

greatest intensity of turbulence, then closed vessel
experiments should show a relationship between Kst/K‘stnwx , the
normalized burning rate, and (rd- d())/D]'2 ' the normalized

turbulence decay time.

In figures 11 and 12, we have attempted to sSee whether
such a relationship existed. It is seen in figure 12 that all
the data fall fairly well on a single curve, despite the wide
variety of the vessel sizes and shapes and of the dust-air
mixtures under study. The figure makes clear the simple
relationships linking vessel size, turbulence decay and dust
combustion rate.

In the methane-air explosions performed in the 333 liter
spherical vessel, the characteristic decay time of the
turbulence, which we define to be the interval over which the

J

measured K factor decreases by l/e times ,its original value,

is seen to be (figure 10)
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)=2.0s-0.6s = 1,45

this agrees with the prediction

Tsuge's work., From

(39) Tqge = Td (Kg = Kg max’®) "4 (Kg = K3 max
Let us try to see whether
of the characteristic decay time from
equation 31, this predicted time is given by
(40) 1 =u=[1+/f0.6207 DB\, |71
€ % oz
-4/5 1.2
(41) T, = 1 1 -1{D
de "5z | (3) 08
(]
(42) t4e = 1.97 0%
0.8
u
0

et

Uy, ‘the turbulent velocity

Kg max

corresponding to the observation of

, can be estimated by comparing the ratio §4/8¢ (or,-

equivalently, Kgmmx/xgl ) obtained in our experiments with the

methane-air with u0

(44)

].20.8

results of Abdel-Gayed et al. Since Kgmax/xg1 = 165003100 =
.5.3, we have -
(3a3) S, 3/S.\S; = 5.3 x0.28m/%:=1.5 m/s
t{_t) L -
3
Abdel-Gayed et al. have shown that this is obtained in . 8%
= 1,2 m/s. Hence

Tge = 1.97 x (0.9)]'2 = 1.50 seconds

The experimentally obseréggjturbulence decay rate, as

measured by explosion burning rates, corresponds nearly exactly
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to that predicted by Tsuge's results.

iii- Flame regularity-.

It was pointed out in chapter 2 that if flame propagation
is regular, then in the case of a spherical vessel, the time of
flame arrival on the vessel surface, the time at which the
maximum rate of pressure rise is observed, and the time at
which maximum pressure is reached, should all coincide. Yet our
experiments with both dust and gas mixtures show that thisg is
not the case. In general, the maximum rate of pressure rise
occurs when the overpressure ratio (P - P ,)/P, is about half
its final value, and the time of flame arrival on the vessel
surface, as measured by an ionization probe on the wall,
corresponds loosely to the time of maximum rate ‘of presiure
rise (figure 5),

In figure‘lé, we have plotted the ratio of time of flame
arrival to the time at which 95% of the final pressure is
attained, as a function of the 1ignition delay for 7.5%
methane-air in the 333 liter sphere. As the ignition delay is
increased and the burning relaxes towards a laminar state, the
time of flame arrival approaches that of maximum pressure,
indicating a more regular flame development.

For very turbulent flames, however, the development
appears highly irreqular. This behavior of dust explosion
flames has also been noted by Kauffman et a1.32 It appears,
then, that estimates of turbulent burning velocity based on
pressure measurements can only be of limited validity.

b) Influence of dispersion pressure
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ij_Spherical bomb

Wish a fixed ignition delay, 'the intensity of the
turbuléﬁce in a closed explosion vessel will be determined by
how the features of the dispersion system are matched with
those of the vessel. To be more specific, the intensity of the
turbulence will be proportional to the dispersion bottle
pressure and volume, since an increase in either of these two
factors increases thé "swirl" induced by the dispersion
discharge, and will vary in 1inverse proportion to the vessel
volume, since an increase in this increases the mass of fluid
which must be swirled.

Figures 14 and 15 show the results of a series of
exper iments in which the\dispersion bottle pressure was varied
in the 333 liter sphere with a 300 gm/m3 cornstarch-air mixture
and a 7.5% methane-air mixture., The 1ignition delay 1in these

experiments was set to be 0.5 seconds, as this has been

previously shown to result in the least amount of decay. Figure

14 shows the maximum pressure developed as a function of
pressure in the dispergion bottle. For the methane-air mixture
there ‘is wvery little variation in the maximum pressure
developed: it is nearly constant at about 560 kPa , 18% below
the theoretically calculated value of 684 kPa for adiabatic
combustion3® For the starch—air mixture, there 1is a slight
increase of anx with dispersion bottle pressure: it goes from
475 kPa at 690 kPa dispersion pressure, to 655 kPa at(2069
’kPa dispersion pressure. On the average, the observed maé%mumx
pressure is 587 kPa , 37% below the theorgtically calculated
value of 932 kPa for adiabatic coﬁbustion. The fact that the

deviation from adiabatic behdvior 1is more pronounced in the
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case of dust than 1in that of gas is probably linked to the
s}ower burning velocity of the dust-air mixture, Since flame
develoﬁment is irreqular, the flame contacts the wall early in
the flame travel and heat loss starts well before the maximum
pressure has been reached - hence the total amount of heat loss
depends on the time required for cdmplete combustion, and since
this time is larger for QUst than it is for gas, the deviation
from adiabatic pressure is also larger for dust than for gas.
It seemed appropriate to normalize the burning rates with
respect to that observed in a "reference"” laminar explosion of
7.5% methane-air. Hence in figure 15, we have plotted the ratio
K' = K/K where K is the K of a laminar gas-air

g lam~ g lam

explosion, versus pressure in the dispersion bottle. The value

was measured in the spherical bomb to be 2575.9
6

of Kg lam

kPa-m/s. The formula of Bradley and Mitcheson (eguation 9)
for spherical vessel explosion shows that this value
corresponds to a laminar burning velocity of 33 cm/sec, in good
agfeement with the va2lue of 28 cm/sec reported by Andrews and
Bradley38, especially if a correction 1is made to account for
the burning veloézty increase associated with adiabatic
compression of the mixture. Both K g' and Kt ' increase
monotonously with bottle pressure, altﬁough it seems that the
increase begins to taper off when the dispersion pressure has
reached about 1724 kPa. For a given intensity of turbulence,
methane-air seems to burn much faster than cornstarch-air, the

.

ratio Kg'/Kst' having a value of about four., The scatter in the

values of K' is much more important than that observed in the

maximum overpressures (figure 14). This 1is understandable,

since Prax is primarily determined by the concentration of
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fuel, whereas K' is highly sensitive to the random flugtuationg

in the turbulent flow field from one explésion to the next.

ii- Cylindrical bomb

Experiments similar to the ones described above wére
performed in the 180 liter c%Ldndrical vessel. Here, turbulence
of the dispersion bottle was supplemented by that of a 3.0
liter "turbulence bottle", charged at the same pressure as the
dispersion bottle and discharging simultaneously with it
through a port on the circumference of the vessel, near iks
center, A ?OO gm/m3 cornstarch-air mixture and a 7.5%
methane~air mixture were investigated, with the ignition delay
set at 0.5 seconds.

Figure 16 .shows the maximum pressure developed as a
function of bottle pressure, while figure 17 shows K', the
normalized burning rate, versus bottle pressure. The results
are qualitatively similar to those obtained with the sphegjcal
vessel. The maximum overpressure is affected very little by the
bottle pressuré, and thé dyst-air mixture deviates more‘from
adiabatic behavior than does the gas-air mixture. Here again, a
monotonous increase of Kg' and Kst' with increased bottle
preséure is evident and Kg‘ is roughly 3 to 4 times larger than
Kst' at a given bottle pressure. Thus the explosions behave in
a manner similar to those performed with dispersion pressure
variation in the spherical vessel, even though the structure of
the turbulent flow induced by the two bottles in the
cylindrical gecmetfy must be different from that induced by the

e
s@ngle bottle in the spherical geometry. On comparing fiqures

15 and 17, we see that the K' factor obtained at a given bottle
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pressure, for both dﬁst and gas, is roughly twice in the
cyiinder what it is in gpe sphere. The explanation could lie in
the fact that a givén bottle pressure induces a much bigger
swirl in the cylinder than in the sphere, because the ratio of
bottle volume (i.,e. the volume responsible for the gwirling) to
combustion chamber volume (thé volume being swirled) is higher
in the cylinder; thi® ratio has a value of (1 1 + 3 1)/180 1 =
0.0222 for the- cylinder and 1.57 1/333 1 = 0.0047 for the

sphere.

iii- Correlation of .burning rate increases in different
apparatuses

The burning rate increase due to the dispersion process in
vessels with different sizes andq dispersion systems can be
quantitati;ely assessed by making a simple thermodynamic study
of the parameters affecting the turljulent r.m.s. velocity
induced by the dispersion.

Consider the following system:

Prrappieeeta——
Py ——— P
{ ~~- : -
Vp V.
Let the subscripts i denote initial condition

f denote final condition

b denote the dispersion bottle
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¢ denote the combustion chamber

We assume that the resylt of discharging the dispersion
bottle is to impart a flow speed u' to the whole gas, without
viscous dissipation taking place before the discharge if

complete. Conservation of energy then requires

i 2
(45)  Upy + Uy = Upe v Uce + 1 (myy +me) u

2
With U =m Y T and PV = mRT, this gives
\ 2
(46) Pbivbcv * PciVCCQ = Pbfvbcv ¥ Pcfvccv ﬁ-% (Pbivb * Pcivc) u
T,
i
27
(47) u'c =2 CvTi Vy (Pbi - be) +V, (Pci --Pcf)
PoiVp * PeiVe
W2 )
(48) u 2 chi ] - bevb + PcfvC .
pbivb * Pcivc

I1f the dispersion bottle volume is small compared to the
vessel volume, then the 1initial and final chamber pressures
will—-be nearly equal. Since the flow stops when the bottle

pressure equals the vessel pressure, this gives

9

1]
o

(s) Per *Pes = Poe =P

Page 50



5 o 3]
P Hence - ¢

o r . -
2, 2 ¢ T1 1 -f .. Pc (vb * Vc)

(50) u' <y c
(Pyi = Ped Vp + P (Vy + V)

i ) L -

PVe

50 wlazer[1ofiv (b, P) v?“

With the assumptions that pbi>> Pc, Vc >> Vb? this gives

. 2 j )
(52)‘, ul = 2 ch‘i' ] - ] - Pbivb v e .
S AN o

S ) gfrst approximation, then, u' and “%ivbﬂkvc)i i vary in
- »

direct proportion with each other. If the burning rate is
linked to the turbulence intensity'in a simple manner, such as
L

(53) L si :
'§’"='|+,ku' --

) ‘ -
ithen results of closed vessel experiméhts"in which the
explosion of a -gas-air ~mixture is accelerated by

dispersion-induced turbulence should show the pattern ’

. 2,
(54) Korry
L =+ k(P V7P V)2
glam 1 =
2 . .

A J . . v

In figure 18, we have plotted the ratio K gpmax /Kglam

versus (Pbﬂ%/PcWJ* obtained by‘ different researchers with
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bombs of various sizes and shapes and dispersion systems with

different pressures and volumes. Since some researchers did not
perform truly laminar explosions in their experiments, we

approximated K to be the K factor obtained with an

glam
ignition delay equal to five times the ignition delay

corresponding to the observation of the maximum K factor. The

observation of corresponds to the smallest. possible

Kgmax
amount of viscous dissipation in the particular apparatus, and

thus corresponds most closely to the conditions of analysis

. - . . . 3}
described above. A linear increase of Kgmax/Kg]am with (Pbivb/Pch)

.is observed. Thus the burning raté increase due to the

turbulence of the dispersion process is simply related to the
size and pressure of ‘the dispersion bottle and of the

combustion chamber. , -

haN
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V- JET-INDUCED TURBULENCE

It has been seen that the t&rbulence associated with the
. dispersion process has a transient, decaying nature. In
experiments in which the delay between dispersion and ignition
was varied, it was difficult to ‘decouple the effects of dust
settling on the one hand, and ' of turbulence decay on the other
hand. Hence it was thought worthwhile to study the effect of a
turbulent flow which would not have any direct impact on the
dust=-air suspension,

A convenient means of achieving this 1is by blowing air
from a series of jets into the combustion chamber. For this
purpose, two different devices were constructed gnd installed
in the 333 liter spherical vessel: we shall designate them by
the names of “"turbulence ring” and "turbulence pipe”. The
turbulence ring was installed vertically in the center of the
vessel. Because eight of the sixteen holes on the ring were
drilled on one side of the copper tube, while the other eight
were on the Spposite side, the flow of air through the ring
induced a tangential- swirl in the combustion chamber. Hence it
is sensible to think that only a small portion of the kinetic
evergy flux 1/2 m c2 into the sphere went into "turbulent”
raﬂdom velocity fluctuations. Thd rest was going to support
the swirling motions which, since they were perpendicular to
the direction of flame propagation, did not directly contribute
to acceleration of the flame. The dispersion bottle preéﬁure
used in experiments done with the turbulence ring was 1034 kPa

and the ignition delay was 0.5 seconds; total ring flow rates

barying from 0 to 14.9 g/s were investigated.
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The purpcse of constructing the turbulence pipe was to
fnvestigate higher turbulence intensities than had been
achieved with the turbulence ring. The total hole surface in
the turbulence pipe Was 6.25 times greater than that in the
turbulence ring - this allowed us to achieve total flow rates
as high as 38.7 g/s with the same air supply system. 1In the
turbulence pipe, the holes were drilled at 120 degree intervals
on the surface of the coﬁper tube: this éeome&ry does not
induce a tangential swirl and it is thought tha§/€he turbulence

.
turbulence ring. In experiments done with the turbulence pipe,

pipe is a more effective means of inducing tut%ulence than the

the dispersion bottle pressure was increased to 2069 kPag, in
an attempt to further increase turbulencé intensity. The
ignition delay was kept.at 0.5 seconds.

Kauf fman et al.32 have measured that the turbulent r.@.s.
velocity induced by blowing jets through six ports located
symmetrically on the circumference of a lxn3 sphere ‘was, to a
very good approximation, directly proportional to the total jet

flow rate. Hence a similar depéndence can be expected in this
. ' b
study. N

a) Dispersion-induced turbulence and je£~induced turbulence
Before comparing the influence of jet-induced turbulence
on dust-air and gas-air explosions, it was thought insttﬁctive
to acquire a feel for the relative importance of the
dispersion-induced turbulence and the jet-igduced turbulence in
the 333 liter sphere. For this purpogg, the following
experiment was devised: the influence of ring jet flow rate on

the maximum rate of pressure rise was studied with a "7.5%
\
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methane—-air mixture. In one case, the dispersion bottle was not
used: turbulence was due to the ring jets alone. 1In the other

case, the dispersion bottle was charged with methane-air

. mixture up to a pressure of 1034 kPa, hence the burning rate
§

increase was due both to ring and jet turbulence. The results
of the experiments are shown 1in figures 19 and 20. For both
series of shots, the observed maximum rate of pressure rise,
and therefore the turbulent burning velocity, increases
linearly with jet mass flow rate. For such 1low turbulent
burning velocities, Abdel-Gayed et al. have found a linear
dependence of St on u'., Hence it appears that, both with and
without dispersion, the turbulent r.m.s. velocity induced by
the jets 1is directly proportional to - the jet flow rate - a
result similar to that obtained by Kauffm;ﬁ et al. The maximum
rate of pressure rise, for a given ring flow rate, was
conéistently higher with the dispersion than without - clearly
indicating the additional role played by the Aispersion in
eghancing the burning rate. The discrepancy between tge two
sets of results diminishes as we go to higher and higher flow
rates, indicating that at high”flow rates, the influence of the
dispersion has faded and the flow field 1is dominated by the
inflhence of the ring jets.

It is seen that the maximum pressure is significantly
higher in the experiments without dispersion-induced turbulence
than in those with it, This may at first appear paradoxical,
since the faster burning in the experiments with the dispersion
should reduce heat losseg, and since the extra ma;g of mixture

in the dispersibn bottle should yield an additional pressure of
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( (55) APf=E£AP1.=_P£Pd_V_d_=%g_?_xH3S kpax1.agg=41.5 kPa .

However, a close examination of the experimental records
indicates that flame development is much._;ore regular in
experiments without dispersion-induced turbulence than in those
with it. As seen in figures 2la and 21b, the flame arrives on
the vessel wall just bgfore combustion is complete when the
dispegfion is not used, whereas it arrives much earlier when it
is used. The greater time of flame contact with the walls, in
the experiment§ with dispersion turﬁulence, results in greater
heat losses which explain the measured discrepancies of peak
pressure. The simplest explanation is that the tangential swirl
of the ring jets alone promotes regular, orderly flame

I
development, whereas the random, irregular motions from the

~

dispersion tend to destroy it. .

b) Influence of ring-jet flow rate

We performed a series of experiments with 300 gm/m
cornstarch-air and 7.5% methane-air, in which the turbulence of
the dispersion process was supplemented by that generated by
air jets blowing into the combustion chamber from the
turbulence ring. This has the effect of altering both the
intensity and the detailed structure of the fluid motions. The
results for maximum overpressure and rate of pressure rise as a

function of mass flow rate through the ring are presented in

figures 22 and 23 respectively.

‘[l . . Both for dust and methane, the maximum overpressure

remains remarkably constant with mass flow rate. This firmly
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establishes the fact that the mass of dust consumed in an
explosion is insensitive to the ring jet flow rate and that the
effects of jet flow rate on the maximum rate of pressure rise,
displayed in figure 23, are not caused by changes in the
effective dust concentration, but rather by turbulence itself.

t )
typically 3 to 4 times higher than Ky ' and the relative

In figure 23, Kg' and KS ' increase monotonously, % ' is
increase in burning rate due to increased mass flow rate, which
we define as AK'/K'Am, is about the same for the dust-air as for
the gas-air. These results parallel the situations observed,
with dispersion pressure variation in the sphere (figure 15)
and bottle pressure variation in the cylinder (figure 17). The
scatter observed in the values of K' is much higher for
dust-air than for methane-air, perhaps owing to the difficulty
in achieving a consistently homogeneous mixture of dust and air
with the kind of diséersion system used in this study.
c)-¥nfluence of pipe jet flow rate
/‘ The experiments done with the turbulence ring were
e repeated with the vertical turpulence 'pipe, with the objective
of investigating the effect of modifying the geometry of the
jets and of studying a range of turbulence intensities higher
than those which could be achieved with the turbulence ring.
For this specific purpose, the turbulence pipe was designed to
handle total air flow rates as high as 40 gm/s and the
experiments were performed with a dispersion pfessure of 2069

kPag. The results for maximum overpressure and K' as a function

"of mass flow rate are presented .in figures 24 and 25

respectively.
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The results are qualitatively s?milar to thos; obtained
( with the turbulence ring. The ;na;cimum overpressure of
methane-air deviates very little from an average of 635 kPa.
Thigs is somewhat higher than the average value from previous
experiments, probably owing to the additionnal-mass of mixture
assoc&ated with the high botéie pressure.

In this case again, Kg' and Kgt' increase monotonously
with turbulence intensity, Kg' is tybically 3 to 4 times higher
than K ¢t ' and the relative increase in burning rate due to

increased mass flow rate, AK'/K'am | is about the same for the

dust-air mixture as for the gas~air. There was no evidence of

turbulent guenching either for dust-air or methane-air, even

for the highest K' (Kg '=10.8, Kot '#3,77) observed at a mass

flow rate of 38.7 g/s. )
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VI - SUMMARY AND CONCLUSION .

a) Synthesis of the experimental results

The experimental results presented 1in chapters four and
five show that, for a substantial variety of turbulent flow
structures and turbulence intensities, the relative burning
rate variations caused by variation of the turbulence inﬁénsity
are equal in a cornstarch-air mixture and a methane-air
mixture. This result has been obtained with all methods of
turbulence generation studied with the exception of ignition
delay variation, where we have seen that the discrepancies
between dust and gas behavior could be explained in terms of
the settling ‘of the dust particles or of the fagster decay of
turbulence in a dust-air mixture because of the work being done
against the dust-suspending forces.

The finding that dust and gas respond to turbulence in a
similar manner suggests thgt we use -Kg' as a scale against
which to compare K. .'. In figure 26, we have attempted to
present a unified picture of the experimental results by
plotting the relationship between the quantities Kg' and Kst'
obtained under identical conditions of turbulence in each of
the following four experimental set-ups: dispersion pressure
variation in the sphere, bottle pressure variation 1in the
cylinder, ring and pipe mass flow rate variation in the sphere.

It is seen that K ' and Kst' vary in linear proportion with

each other, the data being best represented by the formula

(56) K;t = 0.30 Ké
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This suggests that the ratio of the burning rates of the

dust-air mixture and the gas—aif mixture is not sensitive to
differences in the detailed structure of the turbulence induced
by the various devices used, but that it rather depends on the
physico-chemical properties of the mixtures themselves,
Although we would need to know more about the fundamental
characteristics of the cornstarch-air mixture (in particular,
its laminar burning velocity and its laminar flame thickness)
to draw a more definite conclusion from the results” shown in
figure 26, two possible‘*explanations can be put forward at this
time.

The first hypothesis is that the laminar burning velocity
of the cornstarch-air mixture ig about 0.30 times smaller than
that of thea methane~air and that the physical mechanisms
responsible for the burning rate increase are the same in the
two mixtures. Since it is known that, for the relatively small
inténsities of turbulence studied in this investigation, the
main effeéé of turbulence on gas-air flames is to wrinkle the
flame front so as to increase the total burning area, thés.
hypothesis would imply that the dust-air flame and the gas-air
flame are being wrinkled in the same proportion, so that the
ratio of their turbulent velocities (Sgt/Sgq = Kgt'/Kgq' = 0.30)
would simply be equal to the ratio of their laminar burning
velocities, This "wrinkled laminar flame” regime of turbulent
dust flame propagation would reguire that the thianess of the
laminar dust-air flame - be smaller than the smallest
characteristic length scale of the velocity fluct:uat:ions.}6

The second hypothesis 1is that, while the laminar burning

velocities of the two mixtures may be close to one another, the
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laminar dust-air flame is much thicker than the gas-air flame,
gpd cbnsequently, the modes of action of turbulence are'
different in the two media. If the laminar dust-air flame is
thicker than the smallest length scale of the velocity
fluctuations, its area can only be minimally affected by these
fluctuations, and the more significant effect of turbulence
will be to increase the rate of tbalﬁransport processes taking

place within the flame itself. This might be a less efficient

mechanism of burning rate increase than flame wrinkling, and

this could explain the observed discrepancies in the combustion
rates of cornstarch-air and methane-air. ~

The approach wused in this study has been to relate the
maximum rate of pressure rise observed in an explosion to a
_parameter characterizing the intensity of the turbulence in the
explosion (e.g. ignition delay, dispersion pressure, etc.) In
order to make our results comparable with those of other
workers, however, we need to express them in terms of more
fundamental quantities: the burning rate should be expressed as
a turbulentpburning velocity and the turbulence should be
described either by its r.m.s. velocity or by a quantity, Such
as the turbulent Reynolds number, representing both its
intensity and its characteristic length scale. |

A fair estimate of the turbulent burning velocity at the
moment of maximum rate of pressure rise can be obtained through
the use of the formula of Bradley and ﬂitcheson6 , equation 9,
Since Abdel-Gayed et al.31 have measuréd the turbulent burning
velocity in a 22.2 liter cylindrical vessel where isotropic

turbulence was being generated by four fans, it is possible to

infer the turbulent r.m.s. velocity in our apparatus by
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comparing our ratio of turbulent to laminar burning velocity of
methane-air in a particular situation to the results of
Abdel-Gayed et al. This alaows us to show, in figure 27, the
burning velocity as a functi;n of turbulent r.m.s. velocity.
The results are presented for jet-induced turbulence only,
since it is obvious that experiments with jet-induced
turbulence would show the same trend.

Although it is admitted that this method of data reduction
has definite shortcomings (the correlation of S¢ and u'
obtained for methane by Abdel-Gayed et al. may not be
applicable to our apparatuses where the structugg of the
turbulent flow 1is different; the Bradley-Mitcheson formula
assumes spherical, regular flame development which is known not
to be obtained in g;actice, to name but two), it is still
thought to be of some use to obtain a rough estimate of the
dependence of burning velocity on turbulent r.m.s. velocity.
The relationship between Sy and u' for the dust-air mixture
appears linear, although the scatter in the data is too large
to notice a definite trend. It 1is unsafe to extrapolate from
our results a value for the laminar burning velocity of 300
gm/m3 cornstarch-air, although it appears that this wvalue
cannot be higher than about 30 cm/s, .

R B
X

b) General conclusions

From the results of our experiments, we are now in a
position to draw a few definite conclusions regarding the
validity of the approach we took to attack the problem .apd

regarding the nature of the problem itself.
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Although the crudeness of the method of dispersing dust
used in our experiments ‘creates uncertainties as to the
homogeneity. of the mixture and the constancy of the total
amount of dust in suspension, the fact that  maximum
overpressures remained practically constant as we varied the
intensity of the turbulence, while the maximum rates of
pressure rise varied by a factor as high as eight, is proof
that the’ extent of the reaction in our experiments was
insensitive to .whatever inhomogeneities may have béen present
and that the observed burning rate variations were associated
with turbulence itself. We conclude that the crude experimental
set-ups we used to study turbulent dust explosions are adequate -
for their intended purpose and that efforts to improve the
means of suspending the dust gy the user of more sophisticated
devices can only be of marginal usefulness.

) We have established that the relative burning rate
increases brought about by turbulence in dust-air explosions
are equal to those observed in gas-air explosions performed
under identic;l conditions of turbulent flow. This result is
not obvious a priori, since the structure and propagation
ﬁechanisms of turbulent flames are expected to differ widely in
the two media. Although the proper physical interpretation of
this result woud require further studies, it is felt that the
result itself demonstrates the usefulness of studying gas-air
explosions in conjunction with dust-air ‘explosions. Since the
turbulent flow field ahead of a turbulent explosion flame is
constantly evolving, and since, in any case, a precise

definition Ofrgurbulence in the context of a closed vessel

without mean flow is difficult, it 1is felt that it 1is more
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meaningful to relate the burning rate of a dust-air explosion
to that of a gas-air explosion taking place under identical
conditions, than to relate it to‘some characteristic value of

the velocity fluctuations in the unburned mixture prior to

ignition, , i

¢) Recommendations for future work

The interesting results obtained 1in the course of this
study have raised more questions than they have answered. While
a strong correlation has been observed between the effects of
turbulence on dust-air and gas—-air explosions in closed
vessels, the central questions of the structure and propagation
mechanisms of a dust-air flame remain unanswered. It appears,
however, that the use of gas explosion as a probe to study dust
explosion can help speed' up the learning process for the
elucidation of these important issues.

A knowledge of the fundzmental characteristics of laminar
dust-air flames is required before the effects of turbulence on
dust explosion;‘“disglayed in this study can be pf%perly
interpreted. It is suggested that flat flame burner studies,
concentratiﬁg on measurement of the laminar flame thickness and
the laminar burning velocity, and evaluation of the modes of’
energy transport of cornstarch-air flames, could help clarify
the relationship between the relevant 1length and velocity
scales of dust-air flames and gas-air Elames, and therefore

bl

constitute the next 1logical step 1in this arﬁaﬁﬁf research.

‘>

While the difficulties.of generating a uniform, stablg dust-air
suspension have plagued this type of studies in the past, it

now dppears that the fluf&ized bed techniques developed by

—

P

23
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Veyssiere45 and Peraldi cghuhelp overcome these problems and

lead to rapid progress in this field.
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FIGURE 1 - LENGTH SCALES INVOLVED IN TURBULEN—T DUST FLAME PROPAGATION

LENGTH SCALE SYMBOL ORDER OF MAGNITUDE
INTEGRAL LENGTH SCALE 1 1072 m
TAYLOR MICROSCALE A 1073 m
KOLMOGOROFF SCALE n 1074 m
PARTICLE SIZE d 1.5 x 107° m
INTER-PARTICLE SPACING o 1.5 x 1074 m
THICKNESS OF LAMINAR GAS FLAME & S 1074 m
MOLECULAR MEAN FREE PATH p 1078 m
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FIGURE 5 - Scope record of a dust explosion. The first and third trace
(starting from the top) are triggered upon dispersion and sweep at 0.1
second per .division. The second and fourth trace are triggered 0.5 seconds
after dispersion and sweep at 0.01 second per division. Trace 1 is a witness
,tﬁpce showing the moment of ignition. Trace 2 is the ion probe record.
Tﬁ?ces 3 and 4 show pressure, at 100 kPa per vertical scope division.
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FIGURE 6 - S.E.M. photograph-of cornstarch particle.
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FIGURE 21a - Scope record of 7.5% methane-air.explosion with ring jets
. dispersion blast, .
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FIGURE 26 - Relationship I:;etween dust burning rate and methane
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burning rate in identical turbulent flow situations. @ Dispersion
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