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ABSTRACT 

Experiments have been carried out to âssess the influence 

,of turbulence on the burning rate of cornstarch-air explosions 

in closed vessels. Different means of varying the turbulence 

were used, so· as to investigate a substantial range of 

turbulenc~ intensity and a variety of turbulent flow 

structures. 

Since gas-air deflagrations are currently better 

unde~stood 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 wa~ that the ratio 

of the burning rate of the gas-air mixture to that of the 

dust-air mixture, observed under 
\ 
Jdentical 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 sU9gests 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 l'influenc~de 

la turbulen.ce sur le taux de combust ion d' une expl~sion 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 intensité. 

Les déflagrations dans les mélanges biphasiques éta~~ 

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 fe comparer 

l'jnfluerice de la turbulence sur des explosions s~ produisant 

dans ces deux milieux. Cette étude comparative nous a permis'de"' 
.. 

montrer que le rapport du taux de combustion du mélange gazeux 

sur ~elui du mélange biphasique mesurés dans les m~mes 

conditions expérimentales est constant. Il semble donc que ce 

rapport ne dépe~ ni ,de l'intensité de la turbulence, ni de sa 

stru~ture, mais uniquement des propriétés physico-chimiques des 

mélanges eux-mêmes. 

/. 
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i- NOMENCLATURE 

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 

, 

Spec if i c hea t 
Acceleration of gravit y 
Thermal conductivity 
Integral length scale of turbulence 
Mass 
Radius 
Velocity or speed 
Turbùlent r.m.s. velocity 

Specifie heat ratio of gaseous mixture 
Specifie hea~ 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 
mixture 
Taylor micrqscale of turbulence 
Dynamic viscosity 
Kinematic viscosity 
D.ensity 
Characteristic time 

Subscripts 

Acti vat i on 
Dispe~sion bottle 
Combustion chamber 
Developed 
Decay 
Devolatilization 
Enclosed 
Final' -
Gas 
Initial 
t,aminar 
Reference 
Constant pressure 
Settling 
Oust (staub) 

volume of 
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1- INTRODUCTION 

a) InEroductory remarks 

AlI situations of practical interest in the combustlon of 

dust-air mixtures involve a certain degree of turbulence. rh 

pulverized coal burners, the coal-air mixture enters the burner 
, 

as a turbulent jet, and additional means of inducing turbulence 

are often used to enhance the burning ratel. In a typical grain 

silo explosion, the 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 

mixture 2. Hence turbulenc~ is an {intrinsic feature of a dust 

explosion, and the study of the influe'nce of turbulence on the 
, , 

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

combustion research. 

An adequate understanding of.the influence of turbulénce 

on the burning rate of dust-air mixtures is especially 

important to those who are concerned with safety in coal mines, 
<, 

grain silos, and industrial process equipment where dust is 

handled. The proper design of explosion relief ve~ts for grain 

silos, for example, requires an estimate of the maximum rate of 
"< pressure rise ~ssociated with the dust explosion. This type of 

problem has received considerable attention since the series of 

grain elevator explosions in the United States, in December 
3 

1977 • 

Renewed interest in the design of internaI combustion 

engines fueled by coal dust is another subject for which a 

knowledge of 
. 4 
lmportance 

the role played ~ turbulence could be "of high 

A fair amount of research has been done on these 
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engines in recent years and it~ ap~ears et 1 " 
present that 'the 

l 

bu'rning rates achieved are too l'Ow to 
l " 

permit th~ construction 

of an engine with a r.p.m. ~ sufficient:ly high of,or practica~<, 

appl ica t i ons. Hence an understanding of 
,) ( 

the means by w1}ich 
,f., 

, 
increases in burning rates may be achieved i s C 1'>i t ical to 

further ,progress in thi s field. 
, 

In attacking the complex problem of dust explosion, it is 
c 

wise to try to draw upon our 

explosion. For homogeneous 
, 

parameters 
. 

that characterize 

kriowledge of gas 

gases and vapors, 

the explosibility , 

and vapor phase 

the fundamental 

of a mixture 

(e.g. minimum igniticn energy, laminar burnlng veloclty, 

flammability limits, etc.) are weIl known and their value can 
, 

be measured dir~ctly by experiments. The effects of turbulence 

on the propagation of a gas-air flame are also fairly weIl 

established, at least on a qualitative basis
5

, and there exists 

enough reliable experimental data to permit engineering 

estimates of the burning rate under different flow conditions. 

By contrast, no reliable fundamental parameters are as yet 

~wn for explosive dust-air mixtures. Hence the study of gas 

exp\osion in conjunction with dust explosion under the same 

conditions can help elucidate the structure and propagatlon 

mechanisms of dust-air flames. In particular, it is worthwhile 

to compare the effect of turbulenc& on dust-air 'explosions to 

that on gas-air explosions occurring in \the same epparatu,s, 
, 

with identical~ flow 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, hovever, 

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 

that it is difficult to define turbulence in the context of a 

closed vessel explosion vithout mean flov, and that measurement 

of fluctuating velocities in a dust-air suspension poses 

important experimental problems. Furthermore, even if one 

measures the flow velocity at a given point in the combustion 

chamb~r prior to ignition, compression' of the unburned mixture 

and i~regular fluid motions caused,by the flame itself start to 

change this velocity as soon as the flame baIl begins to 

propagate towards the walls of the vessel - it is therefore 

doubtful that such a ~j~surement ls of Any value. 

Fo~ these reasons, it was thought worthwhile to perform 

sorne rather crude experiments to investigate the influence of 

"turbulence" on the maximum burning rate of explosions inside 

closed vessels. "Turbulence", in the context of this thesis, 

will be taken to refer to any fluid motion in the combustible 

mixture, and the intensity of the turbulence will be 

character ized 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 height to 

diametër ratio of two. Cornstarch, an organic polymer with 100% 

volatile content, was used as fuel in aIl the dust experimentSi 
, 

a 7.5' methane-air mixture, whose energetics are similar to 

those of the starch-air mixture, wa~ used in all the gas 

experiments. The experiments focussed on assessing how the 
D 

initial flov fleld of the explosive mixture affected the 
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maximum pressure developed, which i s a measure of the extent of 
Q 

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

measure of the ra te of the react ion. 

b) Outline of the thesis 
t 

The thesis begins by a discussion c of the physical 

mechanisms that are thought to be relevant to the propagation 

of turbulen t expl os ion_ f lames and a review of the prey ious work 

that4::"has been done in the area of turbulent dust and g85 

explosions ( chapter 2). Such a discussion provides the 

necessary framework for the proper interpretation of a11 

experimental results. 

Chapter 3 describes the detai,~s, of the apparatus and of 

the exper i mental proe edures • The resul t s 0 f a prel imi na ry 

series of exper iments, in- which the variat ion of max imum 

pressure ( P max) and max imum ra te of pressure ri se (dP/dt) max, 

wi th eornstarch c oncen t ra t ion was measured, are also presen ted 

in this chapter and are found to be in good agreement with 

those reporte~ by other workers. Thi,s serves to establish some 
1 

confidence in the quality of the appara t us and of the 

experimental method. 
'( 

In chapter 4, the results of experiments measuring the 

effect of 

Dispersion of 

dispersion-indueed turbulence 

the dust I~as achieved by an 

are pre5ented: 

air b~ast trom a 

small bottle charged to high pressure, directed at a dust bowl 

at the center of the vessel. Hence sorne turbulence i5 

associated with the dispersion process itself and the features' 

of thi s t urbu1:ence can' be vari ed by adjust i ng e i ther the 

initial pressure of thë""-dispersion bottle or the delay between 
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dispersion of the dust and ignition of the mixture. In this 

chapter i t i 5 seen that the- burning rate oT dust and 9as 

respond to dispersion pressure variations in a similar manner, 

but that fo~ a given dispersion pressure, the burning ~ate of a 
J 

dust-air mixture decreases faster with ignition delay than does 

that of -a gas-air mixture. Sorne possible explanations to this 

discrepancy are introduced . 

. Chapter 5 descr i bes the resul ts of exper iments measur ing 

the effect of jet-induced turbulence on dust and gas explosions 

in the 333 liter sphere. Additionnal turbulence of contro11able 

lntensity was introduced in the sphere by a series of air jets 

a10ng 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 sU9gest that the ratio of the 

turbulent burning rates of mixtures of dust-air and gas-air 

obs~rved under ident ical condi t ions 0 f turbulence i s not 

ser.sitive to differences in the detailed structure of the 

turbulence induced by the various devices used to generate it, 

but that it rather de pends on the physico-chemical properties 

of the mixtures themselves. This idea is elabo~~ted on in the 

concluding chapter (chapter' 6), where some, sugqestions about 

useful future work on this subject are also made. 
~ 

l' 

" , . .. 
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11- RELEVANT PHYSICAL MECHANISMS 

RESEARCH 

AND REVIEW OF PREVIOUS 

To put the experimental results obtained in this study in 

the proper perspective, it is necessary to first establish a 

framework of the physical mechanisrns which are 

influence the propagation of a turbulent flame. 

primary purpose of this chapter. 

thoU9h\:-to 

This is t1\e 

l 
Sorne 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 length, time and 

velocity scales that are involved in the consideration of the 

burning rate. It will then be possible to compare, ln a 

qualitative manner, the burning rate increases expected to 

follow from a given turbulence in gas-air flames and dust-air 

flames. 

The Bradley-Mite' son 6 model of explosion development 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 volidity will be 

assessed in the context of our experl~ental conditions. It will 

be seen that while the turQulent 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) to the standard quantity of turbulent 
, max 

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) Turbulence and turbulent éombustion 

Turbulence, a ran~om-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 Iayers. In these situations, it is natural to consider 

the flow velocity u to be made up of a time-averaged value ü , 

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 mathématical 

description of turbulent fluid flow appears beyond reach. Hence 

to represent the phenomenon of turbulence for practical 

applications, a simplified physical model must be introduced. 

A particularly fruitful Une of thought, in the 

elaboration of such a model, i5 the consideration of the 

kinetic energy associated with the turbulent fluctuations. 

Consider, for example, the useful idealîzati~n ~f homogeneous, 

isotropic turbulence. On the macroscopically observable scale, 

this turbulence appears to consist in a collection of "eddies" 

or swirls, with characteristic length land 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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- mass of "eddy (u,2) divided by the eddy lifetime (l/u') 1 f' 

(1 ) E = 

The energy that "disappears" with the decay of the large 

eddies must either be recover.ed' as kinetic ener~ of smaller 

seale motions, or be dissipated as thermal energy by viscous 

shear. The rate of energy dissipation by viscous shear that\ 

oecurs on the length scale of the macroscopic eddies is simply 

estimated as the product of the viscous shear stress on a ~nit 

volume of fluid (~) times the strain rate (u'/l) divided by 

the mass of the volume (p): 

~ u
l .1. = ~ 

·T ,- p .~. 
( 2) 

The ratio of the rate of energy supply t~o that of viscous 
-

dissipation occurrin~ at the mac~oseale level is, therefor~, 

( 3) [U,]3 Ri 
,- 1 2 

llU 
-

\1 
= u' 1 == Re 

Since in turbulent flow, Re is a verlt- large number 
3 

(typically, Re > 10 ), no significant dissipation takes place 

on the macroscopic scale: the energy is transfered to smaller . 
scale motions through a cascading process that ends when the 

length scale of these motions is sufficiently small for viscous 

dissipation to be effective in conyerting organized motion into 

randem, thermal motion. It follows from the above discussion 
1 

that the length and velocity scale of the dissipative regions 

must be re1ated te their characteristic dissipation rate by 
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(4) e: :su 3 In:v( un/n) 2 or 
Tl n '1 

where Tl i s 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 

localized regions scattered throughout 8 the flow, Tennekes has 

proposed the following simplified model of turbulence. 

Turbulence consists in macroscopic swirls with a velocity of 

the order of the turbulent r. m. s. veloe i ty and length sca le of 

the order of the integral length scale, on which are 

superimposed dissipative vortex tubes with a diameter of the 

oroer of the Kolmogoroff microscale n and a spaeing of the 

order of the Taylor microscale À , i.e. a scale which relates 

the rate of turbulent kinetic energy dissipation per unit mass 

to the t urbulen t r. m. s. ve loc i ty. The model i 5 depicted in 

figure l, where we have also represented other length seales 

that are important in turbulent dust flame propagation a10ng 

with the order of magnitude of these length scales~as they 

occur typieally in explosions of the type considered in this 

study. 

The Tennekes model- has bee'n widely ,aeeepted in recent 
. 

efforts to observe and model turbulent flame propagation, for 

example by Tabaczynski et a1 9- 11 , Ohta12 , and Chomiak13 • In the 

context of the Tennekes modeI, we now diseuss the two physical -

mechanisms that are deemed responsible,. in the current theories 

of turbulent flame propagat'i-on, for the burning rate increase 

dûe to t urbul ence: f lame wr i nkling and turbulent eddy 

transport. 

Irregular wrinkling of the flame front because of velocity 

fluctuations in the flow field directly aheao of the flame 
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causes an inèrease in the_.total 

burning rate. Insofar as the 

mixture is not affected by the 

- -

burning area, and hence in t~e 

laminar burning ~Oçity of the 

wrinkling proce~5, the ratio of 

turbulent burning velocity to laminar burnin~ velocity in 

wrinkled laminar flame propagation i5 simply given by 

(7) St Ad 
S, = A e 

where Ad and A refer to the deve 10ped and enclosed flame e 
areas, respect i ve 1y. 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. ve10city, u'. 

Hence wrinkled laminar flame theories yield predictions of 

turbulent burning velocity in terms of the macroscopic features 

of the turbulence: ~t JI: St (5" u', 1). Veloe i ty fluctuations 

on the microscopie sca~e, on the other hand, play an important 

role in the energy and mass transport processes inside the 

flame itself. If these fluctuations are significant, then the 

mechanism determining the rate of propagation of the flame 

front "normal to itself is no longer molecular diffusion, but 
d 

14 
rather turbulent eddy transport. Damkohler 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 proportj9nal to the square root of 
,,' 

th~ diff~sivity of the medium, Damkohljr concluded that 

(8) 

/, 

where el ,is the eddy diffusivity of the turbulent floll field • 

• 
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Recent models of turpulent flame propagation, such as the 

tvo-eddy theory of Abdel-Gayed and Bradley 15, have recognized . 
that both of the abovementionned mechanisms play an important 

ç 

-raIe in enhancing the burning rate. However, it is easy to see 

that the rèlative 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 
. 16 scales of the turbulence, on the other hand l • 

If ihe 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, while 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 
Q 

can only have a minimal impact on total burning 

rate, and only turbulent eddy transport can play a significant 

raIe. Hence, to predict the influence of turbulence on dust and 

ga5 explosions under the same experimental conditions, it is 
( 

necessary to have some idea of their laminar flame thicknéss. 
1 

The thickness of laminar gas-air flames has been the subjeyt of 
/ 

extens i ve studies 17 and i t i s agreed that thi 5 thi~kness, 

measured as the depth of the temperature profile, varies in 

orders of magnitude between 10-4 and 10- 3 m. 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 suspension for buroer studies. Smoot 18 reports laminar 
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coal-dust-air flames with a thickness of 10 -2 m, vhi le 

measurements of quenching dis'tance ...e.erformed by Ma son and 

W'l 19, d' h' -3 l son ln lcate a t lckness of approximately 3 x 10- m for a 

flame of 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 argument is highly speculative, since np 
'\ 
study of the laminar flame structure of cornstarch-air mixtures 

has ever been done. 

b) Review of c~nstant volume explosion theory 

In a closed vesse! explosion, a centrally ignited flame 

propagates outward towards the walls of the vessel and 
" -

combustion of the mixture results in final overpressure ratios 
• 

typically of the order ,of 6 to 10. 

Pressure measurements of dust explosion experiments 

pe~formed in closed vessels allaw us to obtain an estimate of 

the extent of the burning (from the maximum pressure developed, 
\ 

Pmax ) and of the rate of combustion (from the maximum rate of 

pressure rise, dP/dtmax ). Models of explosive combustion in a 

closed vessel show that the burning velocity Sr the pressure P 

and the rate of 'pressure rise dP/dt are related to each other 

in a simple manner. It is of interest to use the results of 

pressure measurements to obtain the burriing velocity, because 
<'-

this quantity can serve as a basis for comparing our data with 

t+rose obta ined by other researchers in a variety of 
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experimentai set-ups. Bradley and 
. 6 

Mltchebon havé recently 

reviewed the problem of spherical vessel explosion and 

conciuded that a very good approximate, analyti~al 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 1055. 

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

3- T~e unburned mixture is being compressed isentropically by 

the propagating flame. 

4- The pressure rise is directIy proportional to the mass fraction 

burned. 

The burning velocity formula obtained from ~ the se 

assùmptions is 

s = 

dP 
dt 

(9) -;---:II~~[--;l-=J ~l jr-"y U-( P-f -P-
i 
)~L~l --r-P-; ] ...... , "T""/Y-u -(~P-f~=P-)~J~2111""77-X--3 

p Pf P. 
1 , 

where P • Pressure 

Pi • Initial pressure 

Pf · Final explosion pressure 

S • Burning velocity 

r - Vessel radius 

, ~ Y. Specifie heat ratio of the unburned mixture. 
u 

'Fo~ the above expression, the maximum rate of pressure 

rise is obtained when 

(10 ) P .; P - f 
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i.e. at the very end of travelo This stands to 

reason, because the last ~hell of fuel-air mixture of thickness6r 
<f 

that burns, has the biggest volume and the highest density of 

all such shells. Furthermore, as P approaches Pf' the rate of " 

pressure rise is related to the scale of the vessel by 

(11 ) dP = (dP) 
~t dt max 

= 

Hence the maximum rate of pr.essure rise in two vessels 

wi th radi uses r 1 and ,r
2

, and w i th ident ical burn ing vJloc i ty 
.. ~~ 

"and final and initial pressure, should be related by 

(12) =(dP\ r 
dt ]max 2 2 

= con!itant 

Bartknecht 20 has found experimentally a scaling law 

applicable to the burning of many dust-air and- gas~8ir mixtures 

in vessels of different sizes and shapes: 

(13 ) 
(
dP) Vl/3 = Kst 
dt max 

'\ 

where V is the vessel volume and Kst is a oonstant of the 

dust-air mixture (st stands for "staub", which is german for 

dust. The term K is used when a gas mixture is being 
9 

considered). This law reduces to equation 11 in the caèe of a 

spherical vessel. Equation 11 also makes clear that the ma~imum 

rate of pressure rise is directly proportional to the burning 

velocity. 

Out of all the assumptions made in the Bradley-Mitcheson 

model, that of regular, spherical flame propagation without 
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heat 1088 is 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 veloeity 
1 (j 

fluctuations and this wrinkling can be so severe as to create a 
, 21 

situation, such as has been observed by Shchelkin in circular 

tubes, where pockets of unburned mixture are left behind the 

propa9~ting flame front. Such a situation can even be 

cons idered 1 i kely if, as appear s toc-_ ,be the case. in our , 
experiments, the turbulent r.m.s. velocity is very mueh 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 4, 

we will present experi~ental evidence regarding the mode of 

flame development which indicates that flame propagation is 

highly irregular. 

c) previous research lnto turbulent dust and gas explosions 

Since it is difficult to aehieve stationary, adiabatic 

dust flames for _detalled observations, dust combustion has 

traditionnally been studied in constant volumê bombs of various 

sizes and shapes, with emphasis being put of classifying dusts 

by such criteria as'minimum explosible concentration, minimum 

auto-ignition temperature, etc.u to allow for the design of 

lafety measures apEropriate for the safe handling of each dust. 

A number of people have attempted to'measure the influence of 

turbulence by varying the delay between dispersion of the dust 

and igni tion of .the mixture. Turbulence assoe iated wi th the 

d d ' , ( , d d h d ust lsperslon process 15 not supporte an ence must eeay 

as the delay between dispersion and ignition is increased. This 

li • 
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type of experiments have been done by M6ore 22 ,23, Bartknecht 24 , ..... ; .. 

E~khoff 25, Cocks and Meyer26 , Swift 27 and Reeh28 • These people 

found that the maximum pressure is affected very little by the 

ignition delay, but that the maximum rate of pressure ~ise 

decreases by a factor as high as 6, as the dispersion 

turbulence is allowed to decay. The rate of decay of the 

turbulence appeared to be closely~~onnected with the minimum 

dimension of the combustion chamber, i.e. the maximum eddy 

size. This will be explored further in chapter 4, where _we 
1 

1> 
discuss the result.s of jour own experiments with ignition delay 

/ 
variation. In a tew of the abovementionned studies, the 

experiments were replicated with gas-air mixtures, i.e. the 

combustion chamber and dispersion bottle were filled- vith 

explosible gas-air mixture and the disper~ion bottle vas 
, 

discharged, without any dust in the syst~m at a11. Here a9ain, 
J 

the maximum pressure, which in princip1e depends on1y on the 
, 

en~rgetics of the mixture, varied very little, but the K 
g 

factor relaxed towards a laminar value as the ignition delay 

was increased. In the studies by Bartknecht ani!! Moore ~ the" 

ratio of the K factors of the dust and ga5, Kst /Kg, vas 

approximately constant over aIl the ignition .delays studied, 

which indicates that the burning rate increase brought about by 

turbulence in dust i5 equal to that obtained in ga5. In the 

experiments by Reeh, this pattern could not be 50 clearly 

observed. -
Experiments in which ~the degree of turbulence vas varied 

by adjusting the initial pressure of the dispersion bottle, c" 

while keeping the ignition delay constant, vere performed by 

, 
/ 

Nagy and Portman 29 vith a coal-dust-air mixture' and vith 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 pressure rise 

increased lr~early with dispersion pressure unbil a peak of 

25,000 kPa/s wa s reached. Further dispersion pressure 

increases caused the Kst to drop. with the hybrid mixture, the 

maximum rate of pressure rise increased linearly. over the whoU! 

range of dispersion pressures stuqied. 

The influence of fan-geQerated turbulence on gaseous 

explosions in closed vessels,has been studied by Harris 30 and 

more recently by Abdel-Gayed et al. 31 In Harr is' stud~~"the 

of pentane-air explosions in a maximum rate of pressure rise 

1.7 m3 sphere increased linearly with fan speed. Measurements 
v 

of pressure fluctuations in the turbulent ptemixture flow 

showed in turn t~at the turbulence intensity was directly~ 

proportional to the fan speed. ~his ~ë~~ following 
'" simple correlation for the turbulent burning velocity: 

""';::--", 
\ 

(14) \ 
1 

/ 

/ 
( , 

l' Abdel-Gayed et al. measureQ burping veloci ty di rectly by 

the\d~uble kernel technique in a 22.2 liter cylindrical bomb 

fitt~_yJith four fans generating near-isotropic turbulence. For 

low turbulence 
. ...... 
lntensltles (O < u' < 2 rn/s) the burning 

velocity increased linearly with the turbulent r.m~s. velocity, 

in agreement wi th equation 14. For higher turbulence 

intensities the curves of St versus u' begin to flatten out, 

and with some mixtures, quenching of the flame was obtained 

with a. sufficiently hig'h value of u'. Because this extensive 

study has been ~erformed with gas-air mixtures similar to ours, 
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and -with state-of-the-art techniques of turbulence and burning ~ 

veloGity measurements, we will want to use its results to 

assess the features of ,the turbulent flow field in our own 
/ 

experiments. 

Kauf fman et al. 32 have recently studied turbulent dust 

explosions in a l m 3 spher ical vessel 
'\ 

in which the.dust-air 

-mixture was fed from six ports located symmetrically on the 

surface of the sphere. ~he turbulence intensity was adjusted by 
o 

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 f10w rate. The' burning vel.ocity of 

cornstarch-air mixtures, deduced from pressure measurements, 
1 

was found to be di rec t 1y proport i onal to the turbulent r. m. S.' 

velocity. 

, 

• 

," 

• . 
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111- EXPERIMENTAL CONSIDERATIONS AND PRELIMINARY EXPERlMENTS 

a) Apparatus 

A spherical vessel of 333 liter volume (figure 2), of 0.9 

.m diameter, and a cylindrical vessel, of 180 li ter volume, vith 

1 m height and 0.5 m diameter, were used in the present stud'y 

ta aS5ess the influence of turbulence on dust and gas 

explosions in closed vessels. 

In the spherical vessel, the dust was placed in a bowi 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. The dispersion was triggered by opening a solenoid 

valve in the dispersion circuit. Ignition was achieved by 

either an exploding fuse wire or a bare magnesium flashbulb 

filament located at the center of the vessel. The delay between 
--

dispersion and ignition could be controlled by means of an 

electric timer. 

The features of the dispersion system provide us with two 

means of varying the intensi ty 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 t,he ignition delay, the more 

the flow field will have relaxed towards a quiescent state. 

Alternatively, with a fixed delay between dispe~sion and 

ignition, the dispersion bottle initial pressure can be varied; 

-the higher the pressure, the bigger the swirl induced in the 

combustion chamber. Both these means of turbulence variation 
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were studied in 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. AdditionnaI 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 stydy 

explosions occurring at atmospheric initial pressure, it was 

necessary, in the cy1indrical vessel experiments, to first 

evacuate the' vessel to a level such that atmospheric pressure 

would ju!?-.t be recovered upon injection of gas by the turbulence 
" 

and di spers i on bott1es. In the spher ica1 vessel, this 

precaution was not taken because the mass injected by the 

dispersion bottle was a very sma~l fraction of th~t 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. 

1 t was desi red to study the influence 0 f jet - i nduced 

turbulence in conjunction with dispersion-induc~d turbulence in 

the spherical vessel. For this purpose, the vessel was,\ fltted 

with two diff~rent turbulence-producing mechanisms and series 

of experiments were performed with each. 9ne 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 ~ f igure'\ 4b) , pos i t i oned ,1:'2 cm away from the 

vertical axis of Othe 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 level 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 flow was choked at the orifices, 50 that 

the flow rate could be adjusted ' by 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 

sphere. 

The se9uence 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 0 addition from the jets caused the vessel 

pressure to increase a9ain. When atmospheric pressure was 

restored, the dispersion air blast was activatEtd and igni'tion 

followed after a predetermined delay. In the experiments done 

vith 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 

vere then turned on, and the dispersion process was triggered 

vhen the vessel reached atmospheric pressure, followed by , 

ignition. It is believed that the intense swirl generated by 

the jets was sufficient to mix the methane and air adequately. 
, , 
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A PCB quartz pressure transducer was used to record the 

. 
pressure-time history in both the spherical and the cylindrical 

1 

vessels; the maximum rate of 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 arrivaI on 

the vessel wall. A typica~ 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 (C6H100S }n. peraldi 33 

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 (!.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 only by the number of monomers making up a polymer 

chain. Devolatilization of thin strips (100 micron thickness) 

of cellulose fiber, with 

residence t ime, has been 

moderate heating rates and short 

1 
34 

studied by Lewellen et a. who 

achieved complete devolatilization (i.e. no residual char) and 

found that the process could be described by the simple 

Arrhenius formula 

, (15) 

where M --mass of cellulose present in the sample 
,.;> 
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k • 6.79 x 10-9 s-l 

Ea • 33.4 kcal/mole 

R • universal gas constant 

T • temperature 
J 

\ 

From the above formula, a characteristic time of 

devolatilization is determined to be 
.', 

(16) Tdev = k-
1 

exp (Ea \ 
, RT) 

't 

Table l shows how the time required for devolatilization 

varies as a function of temperature. 

1000 
1200 
1400 
1500 
1600 
1800 
2000 

Tdev ' sec 

2.2 x 1a:~ 
1.4 x 10_ 5 1.9x10_6 8.8 x 10_ 6 4.4x 10_6 1.4 x 10_ 7 5.6 x 10 

Table 1. Characteristic time of devolatilizatio~as a function 
of temperature. 

l): 

From this we can conclude that complete devolatilizatio~ 

of cornstarch occurs weIl before a temperature of about 1500 

degrees K has been reached. 

cornstarch-air mixtures (as 

Since the flame temperature of 
35 

calculated by the NASA code ) 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 temperature 36 , it seems 
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likely that the burning will not start occurring before 

devolatilization is complete, i.e. burning will occur 

completely in the gas phase. 

Commercially available starch usually contains about 10% 

moistüre by ~eight. In the present studYt the cornstarch was 

placed in an oven at 90 degrees C for about 18 hours prior to 

an experiment, to eliminate tqe moisture and thus help produce 

a more uniform dispersion. In a number of experiments, a 

fluidizing agent (CAB-O-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 (figure 6) showed the particles to be 
~ l 

remarkably spheroidal in shape. 

The 1aminar burning velocity of cornstarch-air mixtures 

has never been measured. Kauffman.et a1.
32 

estimate the laminar 
3 burning velocity to be 0.40 m/s for a 300 gm/m mixture and 

0.70 rn/s 
3 for a 700 gm/m mixture, from extrapolation of their 

results of burning velocity versus turbulence .intensity. This 

estimate, however, i~ highly sensitive to the method of 

determining the turbulent burning velocity and to the 

extrapolation scheme used to ab~tract the lamlnar burning 

velocity. 

Marble 37 has shown that, from the thermodynamic point of 

view, a dust-air suspension, whose particles are 50 small that 

the ve10city and temperature difference between the solid and 

gas phase ls negligible, can be treated as a perfect gas whose 
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properties reflect a weighted average of the solid and gas 

phase. Since the. eharaeteristie veloe i ty rise time of the 

partieles' in our suspension ( i • e. the time required for an~ 

slip velocit~ to be redueed to lIe times its original value as 
\ 

\ . 
a result of Stoke~ drag), WhlCh ean be shown to be 

( 17) 
2 

Pdust r dus t 
lJ 

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

'required for Any temperature differenee to be redueed to l/e 

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

(18 ) T - P r 2 c' tr - dust dust p 
3 kair 

are both of the order of milliseconds, i.e. a time span very 

short eompared to the duration of an explosion, the assumptions 

of no slip and no.,temperature la9 are valid, and the specifie 

heat ratio of the dust-air mixture, whieh enter~ into the 

calculation of the burning ~eloeity from pressure measurements 

(equation 9), ean be taken as 

-
y = cp air + K cdust 

(19 ) 

Cv air + K cdus t 

where K i5 the ratio of dust mass to gas mass per unit volume. 

For a 300 gm/m 3 mixture at 20 degrees C, we have 

1. 006 kJ + 300 gm/m3 
x 1. 55 kJ 

( 20) y = kg Oc 1209 gm/m3 
kg Oc 

0.718 kJ + 300 9mLm~ x 1.55 ~ 
kg Oc 1209 gm/m kg Oc 
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y = 1. 26 

Table 2 summarizes the properties of cornstarch that are 

relevant to its combustion characteristics. 

Chemical fo~mula: 
Mol. wt. of monomer: 
Density: 
stoichiometric 
concentrat ion: 
Heat of combustion: 
Heat of formation: 
Spec i fic heat: 

(C6 H lQOS) n 
162 
1.5 gm/cm 3 

253.7 gm/m 3 
631.5 kcal/mole 
222 kcal/mole 
0.37 kcal/kg-C 

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

The methane u~ed in the present study was of the commercially 

pure grade. Thè laminar burning velocity of a 7.5% methane-air 
38 

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

c). Preliminary experiments on the effects of dust concentration 

To establish sorne confidence in the ability of the 

apparatus to produce repeatable and t rustworthy resul ts, 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 et 0.5 

seconds after a few preliminary runs showed that this gave the 

highest value of Pmax and (dP/dt)max • 



", 
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'igures 7 and 8 show maximum overpressure and Kst factor, 

respectively, as a function of cornstarch concentration for the 

333 liter sphere and the 180 liter cylinder. For comparison 

purposes, results from Nagy39, Hartmann 40 and Cocks'and Meyel6 

are also shown. The peak overpressures are found to be in fair 

agreement wi th one another, in, spi te of the widely di f ferent 

properties of the cornstarch used and of the different 

characteristics of the experimental apparatuses. 

factor, on the other hand, is found to vary over a wider range. 

AlI the data for Pmax show a similar trend, with Pmax ~ising 

sharply from a lean limit concentration of about 100 gm/m3 and 

asymptote to about 700 kPa when the concentration reaches 500 

gm/m 3. No rich l imi t 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 \:th- 'the cylinder wall prior to complete 

consumption of the mixture at the ends of the vessel. For both 

s, the maximum pressure is far less than predicted from 

a equilibrium calculation 35 when t~~ ,concentration is smaller 

stoichiometric, but the theoretical and experimen~al 

seem to cross in the vicinity of 600 gm/m 3 The 

discrepancies covld be caused by heat losg, 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/in 3 and 

then decreases with a further increase in concentration. The K 
st 
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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 

kPa-m/s. Thus the burning rate in the cylindrical vessel, as 

indicated by the K factor, is generally h~gher 
st 

the spherical vre1
• .. 

... 

, -
• 

".. 

\ 
....... ~--
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than that from 

1 
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IV- DISPERSION-INDUCED TURBULENCE 

a) Influence of i,gn~<tion delay 

i- Influence of ignition delay on dust and gas explosions 

Since the dischar-ge' of the dispersion bottle is a sudden, 
. 

discrete event, the turbulence induced by the dispersion 

process will start to decay immediately after t~e dispersion 
" 

bottle has been completely emptied and the fuel-air mixture 

will relax back towards 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 proceds. The experiments were done with a 450 gm/~ 
cornstarch-air mixture in the spherical vessel, with a 300 gm/~ 

cornstarch-air mixture in the cylindrical vessel and with a 

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

dispersion pressure used was 1379 kPa. 

tigure 9 shows the maximum pressure dev~loped, while 

figure 10 shows the rat io of K st and Kg to the maximum K factor 
(' 

obsèrved (this maximum value is given in the table below)~ This 

provides a 
c. 

convenlent way of normalizing the data to compare 

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

flames. 

f. 
) 

... " 
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Spherical bomb Spherical bomb C,ylindrical bomb 
Methane-a i r Cornstarch-air Cornstarch-air 

(dP/dt)max: (dP/dt )max : (dP/dt) max: 

16 456 kPa/s 6 895 kPa/s 4 496 kPa/s 

Kg: K st: Ks t Z 

Il 406 kPa-m/s 4765 kPa-m/s 2539 kPa-m!s 

Table 3. Reference values for figure 10. 

il 

For both the cylindrical and the spherical vessels vith 

dust and gas, the maximum overpressure and the maximum K factor 

are obtain-ed with an ignition dt;lay of approx ima tely 0.5 

seconds. Transient measurements of the dispersion bottle 

pressure show that this is just the time required for the 

bottle to become completely discharged. With shorter ign~tion 

de1ays, it appears that the dust and air have had insufficient 

time to mix homogeneously, while for l~nger delays, the 

turbu~ence of the dispersi~n has"begun to die down and is less 

effective in enhancing flame propagatlon. 

For both the 180 lite~ cylinder 
,.. 

and the 333 liter sphere, 

the Kslactor measured with an ignition delay of 1.0 second is 

roughly 25% of the maxim~m Kst recorded. 

Two caus~s can explain this 

tne burning ~ate: settling~' the 

sudden, violent decrease in 

dust par~icles, on the one 

hand, and decay of the dispersion-induced turbulence, on the 

other hand. 

If we assume that the t~ical settling velocity of the 

dust particles is equal to their Stokes free fall velocity, 

then the characteristic settling-time of the dust suspension, 
, , 

defined as the ratio of the average falling distance to the 
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settling velocity, is calculated to be 

( 

(21) T = 9 }J r' set ~2~2~-------
" r dust Pdust 9 

) 

..-----: where r is the sphere radi us, in the case of the spheri,cal 

vessel,- or one half the cylinder height, in the case of thè 
• eylindrical vessel. Since thi~ quantity is app~oximately equal 

to 50 seconds for single starch part icles of 15 micron 

diameter, then it appears unl i k"ely that significant settl~ng 

can take place with ignition delays of the order of one second, 
,,' 

if the suspension is made 
~ 

up of single particles. " However, 

Brya\nt 41 has found that dust suspensions of the type studied 

here often consist of agglomerat~d particles whose settling 

time can be far less than that of single parti~les. Our 
3 

ex~erimental observation, that a 450 gm/m starch-air mixture 

eould not be ignitep in the 333 liter sphere with an ignition 

delay of 1.0, second or longer (only one shot, wi th 1.5 second - c' 
ignition delay, ignited and gave minimal pressure rise), seems 

to support this idea. In what poncerns the shots that did 

ignite, hO}llever (ignition delay less than or equal to 0.9, 

seconds), the pressure deviation from the valu~ observed with 

0.5 seconds ignition de~ay was at most 30%, while the decrease 

in the maximum rate of pressure rise was by a factor of four. 

Referring back to figures 7 and 8, it seems unlikely that such 

a large deèrease in the burning rat~ could result in such a 

relatively small decrease in the peak pressure, if ft were 

caused primaril~ by a decrease in concentration. 

We conclude that there ls unce~tainty as to whether 

settl ing or' turbulence decay cause the observed varia t ions. l t 
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.' is probably trueothat both mechanisms affect combu&tion of the 

dust-air mixture, and that settling and turbulence decay are 
.'" 

coupled processes. 

It will be observed that in the 333 liter sphere, the 

ratio K/Kmax 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 dust particles, as discussed above, 

another cause can be cited. Oust remains in suspension in agas 

bl" virtue of the' viscous and pressure forces exerted by the 

gas on the suspended p~rticles. In a _ turbulent dust-air 
f; 

,suspension, therefore, energy is being dissipated not only by 
"\ 

,the shearing forces in the small-sc le'motions, but also by the 

work being done against the dust-susp 

ha've estimated that the ratio ô'f the 

di ng forces. 

inetic energy 

rate in a dust-air mixture due to this effect 
" 

Beer et al ~2 
r ~ 

dissipa t fon , 

E: 
P 

to t~~ 

dissipation rate that would be observed in the absence of dust par- . 

ticles (Id was of the order of the mass fraction of dust present 

in the ga5 , i. e. E: p / E: :::: K • In our part 1 cular case, the mass 

fraction i5 K" (450 gm/m 3 )/(1230 'gm/m 3). 37%. Hence the 

dissipation rate is significantly higher in the dust-air 

mixture than in the gas-air mixtur~ • 
.. 

ii- Characterization of the decay of the dispersion turbulence 

In a ... closed ves~el, decomposition of the fluid velocity 

into a. mean and a fluctuating quantity ls not possible since 

the closed boundaries do not allow the existence of a mean 

flow. Hence, in discussing the influence of "turbulence" on 

explosions. in closed vessels, one has to be a little bit more 
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spec i f ic regarding what is meant by "turbulence'" in this 

i 
context • 

The phen6menon of the decay of turbulence in a closed 

vessel has been studied experimentally by Tsuge et al.43 ,44 who 

performed the following simple experiment. Tsuge et al. dragged 

a perforated plate, at a fixed speed, across a cylinder and 

measured the flurd speed, generated by the motion of the plate, 

at a hot-wire anemometer spaced 10 cm away from the wall of the 

~ylinde~ (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"), 

small, irregular, jagged motions 

on which were superimposed 
'\ /~.: 

whose amplitude decayed 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 
,t' 

the decay rate of the flow components by varying the petforated 

plate hole spacing 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 lound 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 in cQntrolling that rate. 

The best .f i t of the experimental data was obtained wi th 

(22) Ge = k Re 0.70 where 

(2,3) k = 1.73, \ 
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( 24) Re :: uD , <-

v " 
U\1' 

(25)' Ge t~~1/4 ~ 
! 

(26) E - u
2
f t~ 2 a t 

e == hal f-energy time, i. e. the time requ;red for the kinetic energy." per 

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

, l, 

From equation 22, a relationship between u 0 ' the flow 

component speed at time zero, and u(t), the speed et any 

subsequent time, can be derived as follows: 

(27) Ge =&&)1/4 = k (uer) --
2 e ,} 

(28) u204 k4u2. 802. 8 = 
2 av3 0.8 v 

0.8 D 1.2 
--

C 29) e u = :: J 
2 k4vO.2 -..J 

where J is a dummy variable used to regroup terms. 

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

(30) t ( u./Z l / 2) - t ( u.) = J -0.8 
1 1 U i 
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Let us assume a relationship of the type 

(31 ) -0.8 t=a+(3u. 
1 

where ex and B are undet.ermined constants. Then 

( 32) ( /2 1/2) '1) ~r, -O.8~ t u; - t ::-\u; = (l + B ui t , \{2-0.8 
This is satisfied identically if 

( 33) B = J Hence 

( V-/ -0.8 - 1) ~, 

( 34) t"'a+ J 

( W-0•8 

u- O•8 := ex + JI -0 8 u • 
o 

At t :: O. U '" u sa that (l = -J 1 u- O•8 • . 0' 0 • 

( 35) t = JI U~O.8~~rO.8 -1] 
( 36) (~t8 {J' ~~O.81 + 1 

~o = [1 +(/u~o.~ll/)0.8 
Absorbing the constants, with v = 1. 5 x 10-5 2/s, 

( 37) 

this gives 

(38) u = Uo [1 + (o. 6207 u~.8) J-l. 25 

\ 01.2 J 
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H · h h . 1.2 ence lt seems t at t e quantlty t/D i s the parameter 

governing the decay of the flow components. This can be 

interpreted to mean that the decay rate i5 governed by the size 

of the largest eddy in the vessel, i.e. the vessel diameter. If 

the" dispersion turbulence decay in closed bombs follows the 

pattern identified in Tsuge's experiments, and if the ftflo~ 

components" can be associated with a turbulence intensity, then 

there should be a relationship between the burning rate 

observed with a given ignition delay, and the amount by which 

the turbulence induced by the dispersion process has been 

allowed to decay. Since the ignition delay, T
do 

t corresponding 

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

grea test intensity of turbulence, then closed vessel 

experiments should show a relationship between K IK , the 
st st max 

normalized burning rate, and { T
d

-T
dO

)/o1.2 

turbulence decay time. 

the normal i zad 

In figures 11 and 12, we have attempted to see whether 

such a relationship existed. It is seen in figure '12 that aIl 

the data fall fairly well on a single curve, despite the wide 

variety of the vE'ssel 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 

sphericai vessel, the character ist ic decay t ime of the 

turbulence, which we define to be the interval over which the 

measured K factor decreases by l/e t~mes_)its orig-inal value, 

is seen to be (figure 10) 
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'c 

(39) 

Let us try t~ see whether this agrees vith the prediction 

of the characteristic decay time from Tsuge's work. From 

equation 31, this predicted time is given by 

(40) l=.!:!. = [1 + (0.6207 u~·8\Tdel-1.25 
e Uo '\ 01.2 ï J 

T = 1 [(1)-4/5 - 1J 01.2 
de 0.6207 e 0.8 

Uo 

(41) 

(42) 

--
uo, -the turbulent veloci ty corresponding to the observat ion of 

Kg max ' can be estimated by comparing the ratio St/51 (or,­

èquivalently, Kgmax/Kgl ) obtained in our experiments with the 
31 

results of Abdel-Gayed et al. Since Kgmax/Kgl • 16500/3100 • 

.5.3, we have 

(43) 

Abdel-Gayed et al. have shown that this is obtained in ' 8% 

methane-air with u o ;:0 1.2 rn/s. Hence 

(44) 

The 

= 1.97 x (0.9)1.2 = 
1. 20. 8 

1 . 50 seconds 

" 

exper imenta11y Obser~turbulence decay rate, as 

measured by explosion burning rates, corresponds nearly exactly 

Page 44 



o 

o 

to that predicted by Tsuge's results. 

iii- Flame re9\llarity-" 

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 1S observed, and the time at 

which maximum pressure is reached, should all coïncide. Yet our 

experiments with both dust and gas mixtures show that this is 

not the case. In general, the maximum rate of pressure rise 

occurs when the overpressure ratio (P f - P ,)/P, is about hall 

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 pressure 
4 

rise (figure 5). 

1 n fig ure' 13, we have plotted the ratio of time of flame 
-

arrivaI ta the time at which 95% of the final pressure is 

attai,ned, as a function of the ignition 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 arrivaI approaches that of ma~imum pressure, 

indicating a more regular flame development. 

For very turbulent flames, however, the development 

_appears highly irregular. Th i s beha v iot( 
/' 

of dust explosion 

1 
32 

a • flames has also been noted by Kauffman et 
.. 
1 t appears, 

then, that estimates of turbulent burning velocity based on 

pressure measurements can only be of limited validity. 

b) In f l uence of di spers i on pressure 
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i- Spherical bomb 

With a fixed ignition delay, 
,f 

the intensity of the 

turbulence in a closed explosion vessel will be determi~ed by 

how the features of ~e dispersion system are matched with 

those of the vessel. To be more specifie, the intensity of the 

turbulence will be proportional to the dispersion bottle 

pressure and vol ume, si nec an i nerease in e i ther of these two 

factors increases the "swirl" induced by the dispersion 

discharge, and will vary in inverse proport;on to the vessel , 

volume, since an increase in this increases the mass of fluid 

which must be swirled. 

Figures 14 and 15 show the resul ts of a series of 

experiments in whieh the dispersion bottle pressure was varied 
. 3 . . 

in the 333 liter sphcre Wl th a 300 gm/m cornstarch-a l r mlxt ure 

and a 7.5% methane-air mixture. The ignition delay in these 

exper iments was set to be 0.5 seconds, as this has been 

.previously shown to resu1t in the least amount of decay. Figure 

14 shows the maximum pressur~ developed as a function of 

pressure in the dispersion bottle. For the methane-air mixture 

there 'is very little variation in the maximum pressure 

developed: i t is nearly constant at about 560 kPa , 18% below 

the .theoretically calculated value of 684 kPa for adiaba t ic 

combustion~5 For the starch-air mixture, there i5 a slight 

i ncrease of P w i th di spers ion bot tle pressure: ~ t goes f rom max 
475 kpa at 690 kpa dispersion pressure, to 655 kpa at '2069 

, 
\ 

kPa dispersion pr-essure. ~n the average, the observed maximum 

pressure i 5 587 "kPa , 37% below the theoretically calculated 

value of 932 kpa for adiabatic combustion. The fact that the 

deviation from adiabatie beqàvior i5 more pronouneed in the 
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case of dust than in that of gas is probably linked to the 

slower burning velocity of thè dust-air mixture. Since flame 
, 

development is irregular, 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 complete combustion, and since 

this time is larger for dust than it is for ga5, the deviation 
" 

from adiabatic pressure is also larger for dust than for ga5. 

It seemed appropriate to normalize the burning rates with 

respect to that observed in a wreference ff laminar explosion of 

7.5% methane-air. Hence in figure 15, we have plotted the ratio 

K' :; K/K 9 lam' where Kg lam is the K of a laminar gas-air·' 

explosion, versus pressure in the dispersion bottle. The value 

of Kg lam was measured in the spher ical bomb to be 2575.9 

kPa-m/s. The formula of Bradley and Mi tcheson 6 (equa t ion 9) 

for spherical vessel explosion shows that this value 

corresponds to a laminar burning velocity of 33 cm/sec, in good 

agreement with the v?lue of 28 cm/sec reported by Andrews and 

Bradley38 , especially if a correction is made to account for 

the burning velocity increase associated with adiabatic 

compression of the mixture. Both K ' and K ' increase 9 .- st 
, 

monotonously with bottle pressure, although it seems that the 

increase begins to taper off when the dispersion pressure has 

~Ched about 1724 kPa. For a given intensity of turbulence" 

methane-air seems to burn much faster than cornstarch-air, the 

r~tio Kg'/K st ' 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 is understandable, 

sinee Pmax is primarily determined by the concentration of 
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( 
fuel, whereas K' is highly sensitive to the random f1uctuation~ 

in the tUJ.bulent f10w field from one expl6èion to the next. 

ii- Cylindrical bomb 
o 

Experiments similar to the ones described above were 

performed in the 180 liter cy~1ndrica1 vesse1. Here, turbulence 
f 

of the dispersion bottle was supplemented by that of a 3.0 

liter "turbulence bott1e", charged at the same pressure as the 

dispersion bottle and discharging simultaneously with it 

througn a port on the circumference of the vesse1, near its 
3 

center. A 300 gm/m 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 

funct ion of bott1e pressure, whi le figure 17 show,s K f, the 

normalized burning rate, versus bottle pressure. The results 

are qualitat~v~ly similar to those obtained with the sphetJcal 

vessel. The maximum overpressure ls affected very little by the 
, 

bottle pressure, and the d~st-air mixture deviates more from 

adiabatic behavior than does the gas-air mixture. Here again, a 

monotonous increase of K 1 

9 
and K 

st 
with irtcreased bott1e 

pressure is evident and K ' is roughly 3 to 4 times larger than 
9 

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 f10w induced by the two bottles in the 

cy1indrical geometry must be different from that induced by the 
--l;> 

single bottle in the spherical geometry. On comparing figures 

15 and 17, we see that the K' factor obtained at a given bott1e 
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pressure, for both dust and gas, is roughiy twice in the 

cylinder what it is in the sphere. The explanation could lie in 
, -

the fact that a given bottle p~essure 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 swirling) to 

combustion chamber volume (the volume being swirled') is higher 

in the cy1inder: thi~ ratio has a value of (1 l + 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 

àpparatuses 

The bur"ning rate" increase due to the dispersion process in 

vessels with different sizes and dispersion systems can be 

quantitative1y assessed by making a simple ther~odynamic study 

of the parameters affecting the tur~ulent r.m.s. velocity 

induced by the dispers~on. 

Consider the following system: 
. -

. 
" 

Pb (XJ Pc --
Vb " V c 

Let the subscripts i denote initial condition 

f denote final condition 

b denote the dispersion bottle 
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, c denote the combusti'on chamber 

We assume that the res~lt of discharging the dispersion 

bottle is to impart a flow speed ur to the whole ga9, without 

viscous dissipation taking place before the discharge if 

complete. Conservation of energy then requires 

(45) Ub· + U . = Ubf + U f + l (mb· + m .) u· 2 
l Cl \. '2 1 Cl 

With U = m Cv T and PV = mRT, thi s 9i ves 

( 47) 

(48) u···2 = 2 cT. 
V 1 

--

If the dispersion bottle volume is small compared to the 

vessel volume, then the ini tial and' f ina1 chamber pressures 

w~l-be nearly equal. Since the flow stops when the bo~tle 

pressure equals the vessel pressure, this gives 

(49) P f :: P • = Pbf :: P C Cl C 
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8 
Hence ... 

" 

(50) u,2 ~ 2 C T [1 . v i -.~~; Pc (Vb + Vcl ~J 
PC) Vb + Pc (Vb + Vc) 

(51) u t2 = 2 cvT; [1 -é + (Pbi ~ Pc) V9-] 
P clc 

With the assumpt.ions that Pbi» Pc' Vc » Vb~ tbi's gives 

(52) , 

Jo 
~ In 

-;-

direct 

linked 

(53) 

.1 
\ 

1 
\ 

c T'[l -(1 v 1, 
l' 

(irst apprC?x, imat ion, then, u' ' 
• 

proportion with 

to th'e turbulence 

s 
--1 = 1 + ,k ut 
$1 

each other. 

intensity ". ln 
", 

and (PbiVb/PcVc)~ 
If the burning 

simple manner, a . , 

vary in 

rate is 

8uch as 

then results of closed vessel experime-nts .ln whi'ch the 

explosion of a 'gas-air "mixture is accelerated by 

dispersion-induced turbulence should show the pattern 
~ 

(54) 
Kgmax :: U 1 + k( P V 'jP V ) 1 12 
Kg1am bi b c c 

In figure 18, 

versus (PbiVb/P c Ve)l 

we have plotted the ratio K gmax /K g1am 
, 

obtained by different relearehers vith 
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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 glam to be the K factor obtained with an 

ignition delay equal to five times the ignition d~lay 

corresponding to the observation of the maximum K factor. The 

observation of Kgmax corresponds to the smallest. possible 

amount of viscous dissipation in the particular apparatus, and 

thus corresponds most closely to the conditions of analysis 

described above~ A linear increase of Kgmax/Kglam with (PbiVb/PcVc)t 

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

turbulence of the dispersion process is simply related to the 

size and pressure o~ ~he 

combustion chamber. 

dispersion bottle and of th~ 

\ 

'. 
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o v- JET-INDUCED TURBULENCE 

lt has been seen that the turbulence 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 ldecouPle the effects of dust 

set tl ing 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 is by blowing air 

from a series of jets into the combustion chamber. For this 
Cr 

purpose, two different devices were constructed and installed 

in th~ 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 hales on the ring were 
" 

drilled on one side of the copper tube, while the other eight 

were on the opposite side, the flow of air through the ring 

induced a tangential' swirl in the combustion chamber. Hence it 

is sensible ta think that only a small portion .. of the kinetic 

evergy flux 1/2 m c 2 into the sphere went into "turbulent" 

ra~dom velocity fluctuations. Th~ rest was going to support 

the swirling motions which, since they were perpendicular to 

the direction of flame propagation, did not directly contri~ute 

to acceleration of the flame. The dispersion bottle pressure 

used in experiments done with the turbulence ring was 1034 kPa 

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

varying from 0 to 14.9 g/s were investigated. 

/ 
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r, The purpose of constructing the turbulence pipe vas to 

investigate 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 rin9 - this allowed us to achieve total flow rates 

as high as 38.7 g/s with the same air supply system. In the 

turbulence pipe, the holes were drilled at 120 degree intervals 

on the surface of the copper tube: this geometry does not 
J 

induce a tangential swirl and ït ,is thought tha~,/the turbulence 

pipe i5 a more effective means ! 
of inducing tur~ulence than the 

turbulence ring. In experiments ({pne w i th the turbulence pipe, 

the dispersion bottle pressure was increased to 2069 kPag, in 

an attempt to further increase turbulence intensity. The 

ignition delay was kept at 0.5 seconds. 

Kauf fman et al. 32 have measured 

velocity induced by blowing jets 

symmetrically on the circumference 

that the turbulent r.~.s. 

thiough six ports located 
3 

of a l m sphere 'was 1 to a 

very good approximation, directly proportional t~ the total jet 

flow rate. Hence a si~ilar dependence can be expected in this 
\ 

stud'y. 

a) Dispersion-induced turbulence and jet-induced turbulence 

Before comparing the influence of jet-induced turbulence 

on dust-air and gas-air explosions, it was thought instructive 

to acqui re a feel for the relative importance of the 

dispersion-induced turbulence and the jet-induced turbulence in 
f"i";., ' 

the 333 liter sphere. For this purpos~, the following 

e~periment vas devised: the influence of ring jet flow rate on 

the maximum rate of pressure rise was studied with a C' 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. In the other 
J 

case, the dispersion bottle was charged with methane-air 

mixture up to a pressure of 
'1 

1034 kPa, hence the burning rate 

increase was due both to ring and jet turbulence. The resu1ts 

of the experiments are shown in figures 19 and 20. For both 

series of shots, the observed maximum rate of pressure rise, 

and therefore the turbulent burning veloe i ty, i ne reases 

linearly with jet mass flow rate. For such low turbulent 

burning velocities, Abdel-Gayed et al. have found a linear 

dependenee of S t on u'. Hence it appears that, both "'ith and 

without dispersion, the turbulent r.m.s. velocity induced by 

the jets is directly proportional to ' the jet flow rate - a 

result similar to that obtained by Kauffman et al. The maximum 

rate of pressure rise, for a given ring flo'" rate, "'as 

consistently higher with the dispersion than without - clearly 

indicating the additional role played by the dispersion in 

enhancing the burning rate. The discrepancy between the 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 is dQminated by the 
, 

influence of the ring jets. 

'It i5 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 ~xperiments with the dispersion 
\ 

should reduce heat losses, and since the extra mass of mixture 

in the dispersion bottle should yield an additional pressure of " 
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However, a close examination of the experimental records 

indicates that flame development is much more regular in 

experiments without dispersion-induced turbulence than i~ those 

vith ~t. As seen in figures 21a and 21b, the flame arrives on 

the vessel wall just before combustion is complete when the 

dispersion is not used, whereas it arrives much eariier when it 

is used. The greater time of flame contact with the walls, in 

the experiments with dispersion turbulence, results in greater , 
heat los~es 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 
) 

development, whereas the random, irregular motions from the 

dispersion tend to destroy it. 

b) Influence of ring-jet flow rate 

We per formed a ser ies of experiments wi th 300 gm/m 3 

cornstarch-air and 7.5% methane-air, in which the turbulence of 

the dispersion process was supplemented by th~~ 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. 

_ 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 

explo~ion 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. 

In figure 23, K ' 
9 

increase monotonously, K • 
9 

is 

typical1y 3 to 4 times higher than Kst • and the relative 

increase in burning rate due to increased mass flow rate, which 

we def,ine asllK'/K ' 6IÎ1, 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 co~sistently homogeneous mixture of dust and air 

with the kind of dispersion system used in this study. 

ct.-I'nfluence of pipe jet flow rate 

The experiments done with the turbulence ring were 

repeated with the vertical tur~ulence '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 ~ould be achieved with the turbulence ring. 

For this specifie 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 pressure of 2069 

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

'of mass flow rate are presented .irL figures 24 and 25 

respectively. 
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The results are qualitatively similar to those obtained 

vith the turbulence ring. The maximum overpressure of 

methane-air deviates very little from an average of 635 kPa. 

Thi~ is somewhat highe~ than the average ~alue from previous 

experiments, probably owing to the additionnai-mass of mixture 
\ 'n 

associated with the high bottle pressure. 

In this case again, K ' and 9 K st' increase monotonously 

with turbulence intensity, Kg' is typically 3 to 4 times higher 

than K st ' and the relative increase in burning rate due to 
r 

increased mass flow rate, ~KI/K'll.Jh , is about the same foJ;: the 

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

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

for the highest K' {Kg '''10.8, Kst 1.3.77} observed at a mass 

flow rate of 38.7 g/s. 

) 
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VI - SUMMARY AND CONCLUS l ON ' 

a) Synthesis of the experimental results 

The experimental results presented in chapters four and 

five show that i for a substantial variety of turbulent flow 

structures and turbulence interi~ities, the relative burning 

rate variations caused by variation of the turbulence in~~nsity 

are equal in a cornstarch-air mixture and a methane-alr 

mixture. This tesult 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 beh~vior could be exp~ained in terms of 

the set t li ng of the dust part'ic les or of the faJ3ter decay 0 f 

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 that we use K ' 
9 

as a scale against 

which to compare Kst'. In figure 26, we have attempted te 

present a unified picture of the experimental results by 

~lotting the relationship between the quantities Kg' and Kst' 

obtained under ldentical conditions of turbulence in each of 

the fellowing ,four experimental set-ups: dlspersion pressure 

variation in the sphere, bottle pressure variation in the 

cylinder, ring and pipe mass flow rate variation in the sphere. 

lt is seen that K • and K ' vary in linear proportion with 
9 st 

each other, the data being best represented by the formula 

( 56) 
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This suggests that the ratio of the burning rates of the 

dust-air mixture and the gas-air mixture i5 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 Iaminar flame thickness) 

to draw a more de fin i te conc 1 usion f rom, the re5ul ts"" shown in 

figure 26, two possibleoexplanations can be put forward at this 

time. 

The first hypothesis is that the laminar burning velocity 

of the cornstarch-air mixture i~ about 0.30 times smaller than 

th~t of the methane-air and 
:" 

that the physical mechanisms 

responsible for the burning rate increase are the sarne in the 

two mixtures. Since it is known that" for the relatively small 

intensities of turbulence studied in this investigation, the 

main effed1 of turbulence on gas-air flames rs to wrinkle the 

flame front 50 as to increase the total burning area, this, 

hypothesis would imply that the dust-air flame and the gas-air 

flame are being wrinkled in the same proportiQoJ 50 
" 

that the 

ratio of their turbulent velocities (Sst/Sg = Kst'/Kg ' = 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 require that the thickne5s of the 

laminar dust-air flame' be smaller than the smallest 

h .. 1 h l f hl' fI . 16 c aracterlstlc engt sca e 0 t e ve OClty uctuatlons o 

The second hypothesis is 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 1S much thicker than the gas-air flame, 

ap~ consequently, the modes of action of turbulence are 
LI' 

different in the two media. If the laminar dust-air flame i5 

thicker than the smallest length scale of the veloc i ty 

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 tha·t~ansport processes taking 

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

mechanism of burning rate increase than flime wrinkling, and 

this could explain the observed discrepancies in the combustion 

rates of cornstarèh-air and methane-air. 

The approach used 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, h9~ever, we need to express them in terms of more 

fundamental quantities: the burning rate should be expressed as 
t 

a turbulent burning velDcity and the turbulence should be 

described either by its r.m.s. velocity or by a quantity, such 

as the turbulent Reynolds n.umber, represe~~ing both its 

intensity and its characteristic length scale. 

A fair estimate of the turbulent burning velocity at the 

moment of maximum rate of pressure r1se can be obtained through 

the use of the formula of Bradley and Mitcheson 6 , equation 9. 

Since Abdel-Gayed et al. 31 have measured the turbulent burning 

velocity in a 22.2 liter cylindrical vessel where isotropie 

turbulence was be ing genera ted by four f.lns, i t i s poss i ble to 

infer the turbulent r.m.s. velocity in our apparatus by 
'. 
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eomparing our ratio of turbulent to laminar burning veloeity of 

methane-air in 

Abdel-Gayed et 

burning velocity 

a 

al. 

as 

partieular situation to 

" This allo~yUs to show, 

a funetion of turbulent 

the results of 

in figure 27, the 

r.m.s. veloeity. 

The results are presented for jet-induced turbulence only, 

sinee i t is obvious that experiments with jet-induced 

turbulence would show the same trend. 

Although it is admitted that this method of data reduetion 

has definite shortcomings (the correlation of St and u' 

obtained for Methane by Abdel-Gayed et al. may not be 

applicable to our apparatuses where the structure of the 

turbule~t flow is different; the Bradley-Mitcheson formula 

assumes spherical, regular flame development which is known not 

to be obtained in practice, to name but two), it is still 
" 

thought to be of sorne use to obtain a rough estimate of the 

dependence of burning velocity on turbulent r.m.s. velocity. 

The relationship between St and ù' for the dust-air mixture 

appears linear, although the scatter in the data is too large 

to notice a definite trend. It is unsafe to extrapolate from 

our results a value for the laminar burning velocity of 300 
3 

gm/m cornstarch-air, although it appears t~at this value 

cannot be higher than about 30 cm/s. , 
b} General conclusions 

From the results of our experiments, we arr now in a 

position to draw a few definite conclusions regarding the 

validity of the approach we took to attack the problem .apid 

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 

homogeneit~ 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 

pressur~ rise varied by a factor as high as eight, is proof 

that ~he' extent oF the reaction in our experiments was 

insensitive to ,whatever inhomogeneities may have been 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 ihtended purpose and that efforts to improve the 

means of suspending the dust by the use· of more sophisticated 

devices can only be of marginal usefulness. 

We have established that the relative burriing rate 

increases brought about by turbulence in dust-air explosions 

are equal to those observed in gas-air explosions performed 

~nder identical conditions of turbulent flow. This result i5 

not obvious a priori, since the structure and propagat ion . 
mechanisms of turbulent flames are expected to differ widely in 

the two media. Although the proper physical interpretation of 

this result woud . f h d'\ l't' f lt th t th requlre urt er stu les, lS e a e 

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 i6 

constantly evolving, and since, in any case, a prec ise 

definition of turbulence in the context of a closed vessel . '~~) 

without mean flow is difficult, it is felt that it is 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. 

c) Recommendations for future work 

The interesting results obtained in 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 s~ructure and propagation 

mechanisms of a dust-air flame remain unanswered. It appears, 

however, that ~he use of gas explosion as a probe ~o study dust 

explosion can help speed' up the learning process for the 

elucidation of these important issues. 

A knowledge of ,the fund;;:.mental charac t'er i st ics of laminar 

dust-air tlames is ,required before the effects of turbulence on 

dust explosions 'displayed in this study can be 
.:, 

properly 

interpreted. It is suggested that fIat flame burner studies, 

concentrating 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 length and velocity 

scales of dust-air flames and gas-air flames, and 

const i tute the next logical ste!? in thi s a~~~~ I~f . ' , 
(~.À. 1 

While the difficulties.of generating a uniform, 5t~bl. 

therefore 

research • 

dust-air 

suspension have plagued this type of studies in the past, it 

now appears that the fluidized bed techniques developed by 
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Veyssiere 45 and Peraldi 33 c~n'-' help overcome these problems and 

lead to rapid progress in this field. 

, < 

• 
• 
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FIGURE 1 - LENGTH SCALES INVOLVED IN TURBULEN.T OUST FLAME PROP'AGATION 
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FIGURE 4a - Turbulence ring 

FIGURE 4b - Turbulence pipe 
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FIGURE 5 - Scope record of a dust e~plosion. Th~ first and third trace 
(~tarting from the top) are triggered upon dispersion and sweep at 0.1 
s,econd per.division. The second and fourth trace are triggered 0.5 seconds 
a~ter dispersion and sweep at 0.01 second per division. Trace 1 is a witness 

. t~ace shpWi ng the moment of i gniti on. Trace 2 i s the i on probe record. 
T7ces 3 and 4 show pressure, at 100 kPa per,yertical :cope division. 

r, 

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, without 
dl spers1 on b 1 ast. 

Figure 21b 
dl spersion 

(, 
- Scope record of 7.5% met'hane-air explosion with ring j~ts, with 
blast. 
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