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Abstract 

The study of dust combustion is of fundamental importance in 

determining the explosive characteristics of given dust suspensions. 

Researchers have studied how parameters such as concentration of dust, 

ignition energy, etc., influence dust combustion. However, the effect of 

the dust particle size has not been systematically investigated. In 

particular researchers do not distinguish between the inability of larger 

dust particle's to be dispersed and the slower burning rates associated 

with larger dust particles. 

Results from this study show that for small dust particles the 
experimental conditions in which the experiments are performed have 
little effect on the results. On the other hand, when larger dust particles 
are used, the effects of settling are quite significant, explaining the 
reduction in maximum overpressure compared to smaller dust. 
Furthermore, it was observed that the settling of large particles is not 
only due to gravity. In fact, removal of dust due to swirling of the 

suspension accounts for a significant reduction in dust concentration. 
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Resume 

L'etude de la combustion de particules est d'une importance 
fondamentale dans la determination des parametres d'explosion d'une 
suspension de particules. Les chercheurs ont etudie l'effet qu'avaient les 
parametres tels que la concentration de poussiere, l'energie d'allumage, 
etc., sur la combustion de poussiere. Mais l'etude de !'influence de la 
dimension des particules n'a pas ete faite de fac;;on systematique. En 
particulier, les chercheurs ne distinguent pas entre l'incapacite de creer 
une suspension et la diminution de rythme d'augmentation de pression 
associe avec des dimensions de particule plus grande. 

Les resultats demontrent pour de fines particules que la condition dans 
laquelle les experiences sont conduites influence peu les resultats. D'un 
autre cote, lorsque les experiences sont conduites avec des particules 
plus grosses, l'effet de deposition des particules est significatif, 
expliquant la reduction en surpression maximale d'explosion. De plus, il 
a ete observe que la deposition de particules ne serait pas entierement 
due a la gravite. En effet il y a diminution de concentration des 
particules; celles-ci collent a la parois de la chambre de combustion due 
a la vorticite de la suspension. 
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0 List of Notations 
Al -Aluminum 

d -Diameter 

d32 -Sauter Mean Diameter 

dP/dt -Pressure Rise Rate 

F -Force 

Kst -Normalized Pressure Rise Rate 

n -Number of Moles of Gas 

N2 -Nitrogen 

02 -Oxygen 

p -Pressure 

R -Radius 

s -Burning Velocity 

Sf -Flame Speed 

t -Time 

T -Temperature 

V -Volume 

L\ -Finite Change from Initial to Present 

y -Specific Heat Ratio 

p Density 

9l -Specific Gas Constant 
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Figure 15: Results of maximum rate of pressure rise for different types of 
dispersion systems using Aluminum dust of 5.4 11m diameter. 

Figure 16: Results of maximum overpressure using different sizes of 
aluminum dust particles, dispersed using the conical diffuser 
dispersion system. 

Figure 17: Results of maximum rate of pressure rise using different sizes 
of aluminum dust particles dispersed using the conical 
diffuser dispersion system. 

Figure 18: Results of maximum overpressure for experiments performed 
in microgravity and normal gravity conditions using 
aluminum dust particles of 5.4 11m dispersed by means of the 
conical diffuser dispersion system. 

Figure 19: Results of maximum overpressure for experiments performed 
in microgravity and normal gravity conditions using 
aluminum dust particles of 40 11m dispersed by means of the 
conical diffuser dispersion system. 

Figure 19: Results of maximum overpressure for microgravity and normal 
gravity performed experiments using aluminum dust of 40 11m 
particles dispersed using the conical diffuser dispersion 
system. 

Figure 20: Results of Kst for different sizes of combustion chamber using 
aluminum dust of 5.4 11m dispersed using the Hartmann types 
dispersion system. 

Figure 21: Results of maximum overpressure for different sizes of 
combustion chamber using aluminum dust of 40 11m 
dispersed using the Hartmann types dispersion system. 

Figure 22: Comparison of the results obtained using the 35 liter vessel 
equipped with the Hartmann type dispersion system and the 
5.4 liter vessel equipped with the conical diffuser. 

Figure 23: Dispersion of 5.4 11m dust at 0 seconds. 
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Figure 24: Dispersion of 5.4 J.lffi dust at 0.033 seconds. 

Figure 25: Dispersion of 5.4 J.lffi dust at 0.066 seconds. 

Figure 26: Dispersion of 5.4 J.lffi dust at 0.099 seconds. 

Figure 27: Dispersion of 5.4 J.lffi dust at 0.267 seconds. 

Figure 28: Dispersion of 40 J.lffi dust at 0 seconds. 

Figure 29: Dispersion of 40 J.lffi dust at 0.033 seconds. 

Figure 30: Dispersion of 40 J.lffi dust at 0.066 seconds. 

Figure 31: Dispersion of 40 J.lffi dust at 0.099 seconds. 

Figure 32: Dispersion of 40 J.lffi dust at 0.267 seconds. 

Figure 33: Dispersion of 40 J.lffi dust at 0.33 seconds. 

Figure 34: Dispersion of 40 J.lffi dust at 0.5 seconds. 

xii 



0 

suspension [9, 10, 11, 12, 13], affects the violence of the explosive events in 

terms of peak pressure and also the maximum rate of pressure rise. 

Numerous researchers have studied how the maximum pressure and the 

maximum rate of pressure rise are affected by the size of the dust 

particles. Results show that as the size of the particles increases the 

maximum pressure and the maximum rate of pressure rise decrease 

[14,15,16]. However, the mechanisms of how dust particle size affects 

the maximum pressure and the maximum rate of pressure rise have not 

been studied. In particular, results obtained do not distinguish between 

the inability of the dispersion systems used to create a uniform 

suspension or the reduction of burning rates associated with larger 

particle sizes. 

The size of the dust particles affects the combustion characteristics of a 

dust cloud by modifying the surface area to volume ratio of the individual 

particles. As the size of the dust particles increases, the specific surface 

area of the dust sample decreases which means the area over which 

burning can occur is reduced [15]. Consequently, the rate of heat release 

in a dust explosion decreases as the size of the dust particles increases. 

The size of the dust particles also affects the ability of dust to stay in 

suspension. In experimental chambers, dust suspensions are generated 

by using air jets that lift the dust and then create mixing to render the 

suspension uniform. Once the dispersion process is completed, the dust 

is subjected to external forces, such as gravity that will tend to settle the 

dust. As the dust particles move through the air, the resistance of the air 

will oppose the motion. Thus the balance of drag and gravitational force 
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exerted on dust particles is what governs the settling velocity of the 

particles [ 17]. According to Stoke's viscous flow theory [ 17], the drag 

force is proportional to the diameter of the particle, while the 

gravitational force is proportional to the mass of the particle or the 

volume of the particle multiplied by its density. This means that the ratio 

of gravitational force to drag force is proportional to the square diameter 

of the particle, i.e. [Fgravitational/Fdrag] a d2. Therefore, as the size of the 

particles increases, the gravitational force dominates, and the particles 

tend to settle faster. Fallen particles cannot participate in the 

combustion process therefore reducing the total amount of energy 

released as well as the rate at which it is released. 

In conclusion, this implies that the combined effect of the change in 

distribution of the dust in the combustion chamber and the modification 

of the burning rate result in a strong influence of dust particles size on 

the explosion characteristics, being the maximum overpressure and the 

maximum rate of pressure rise. 

Because previous experimental work has not yet determined the relative 

importance of settling of dust and the change in burning characteristics 

associated with different particle sizes, a systematic investigation needs 

to be undertaken to establish clearly the role of the dust particle size. 

Hence the aim of this investigation will be to attempt to separate the 

effect of dust depletion of the suspension from the change in burning rate 

associated with the change in particle size. 

In order to accomplish this task, different experimental conditions will be 

required. Different types of dispersion systems will be used in order to 
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observe the burning of suspensions of various turbulent intensities. The 

size of the dust particles tested will be changed in order to study the 

different rates of settling associated with each of the characteristic sizes 

of dust. Finally the size of the combustion chamber in which the 

experiments are performed will be changed in order to establish the effect 

of the scale of the dispersion turbulence on the rate of settling of the dust 

particles in the suspension. 

As gravity settling occurs, the concentration of dust in the suspension 

decreases and therefore the experimental conditions are changed. For 

this reason, it is necessary to perform experiments in a reduced gravity 

environment in order to reduce settling effects [18]. Microgravity offers a 

unique non settling environment in which dust combustion experiments 

can be performed with greater certainty [19,20,21]. As well as providing 

a non settling environment, microgravity offers a non buoyant 

environment. Buoyancy forces tend to inhibit the propagation of slow 

flames by heavily perturbing the flame front [22,23]. A series of tests 

involving different dust particles' diameters will be performed in reduced 

gravity conditions in order to establish the effect of gravitational settling. 

The reduced gravity experiments performed for this investigation were 

done aboard the NASA KC-135 parabolic trajectory plane [24]. 

In addition to the results obtained in the various combustion chambers, 

a photographic investigation of the dispersion process was also 

performed. The aim of these visualization experiments was to 

characterize the time evolution of the suspension in terms of uniformity 

and concentration of the dust cloud. This was done for various sizes of 
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dust particles to see how this would affect the development of the 

suspension. 
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2-Experimental Description 

2.1-lntroduction 

A description of the experimental conditions in which the tests were 

performed is hereby presented. This will include the description of the 

different experimental hardware, the dusts used in the tests as well as 

the experimental procedure. 

2.2-Combustion Experiments 

The combustion experiments performed in this investigation were done 

under constant volume conditions. These types of experiments are 

preferred because by simply monitoring the pressure evolution of the 

combustion process, information on the amount of energy and on the 

global rate of the energy released can be derived. 

Four experimental apparatus were used to perform this series of tests. 

The apparatus varied either by the dispersion system used to generate 

the dust suspension or by the volume of the combustion chambers. All 

the types of dispersion systems used in this investigation relied on 

turbulent air jets to disperse the dust in the chamber. The different 

experimental chambers shared a common control panel that permitted 

the control of the initial pressure in the combustion chamber and the 

pressure in the high pressure storage vessel for the dispersion air, the 

same ignition control and the same data acquisition system. Figure 1 

shows the typical layout of the experimental apparatus with the control 

panel. 
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A more detailed description of each of the different combustion chambers 

and the type of dispersion system used follows. 

2.2.1-Ground Based Experimental Apparatus 

2.2.1.1-The 4.4 Liter Sphere with Hartmann [25] Type Dispersion 

System. 

The combustion chamber is a 4.41iter stainless steel sphere, composed of 

two hemispheres joined together using a bolted flange. A small 

hemispherical shell, used to disperse the dust, is placed at the bottom of 

the chamber. A tube is directed at the center of the hemispherical shell 

from which a strong air jet comes out and impacts the dust that had 

previously been placed in the hemispherical cup. Figure 2 shows the 

configuration of the sphere with the dispersion system. The air jet lifts 

the dust as it is deflected by the hemispherical cup and turbulent mixing 

distributes the dust in the combustion chamber. 

The dispersion tube is connected to a high pressure dispersion chamber. 

A solenoid valve is used to control the flow from the high pressure vessel 

to the dispersion tu be. 

2.2.1.2-The 4.4 Liter Chamber with Dispersion Ring 

This experimental chamber is similar to the 20 liter sphere used by the 

Bartknecht group [1,7]. The combustion chamber is essentially the same 

stainless steel sphere described in the previous section, except that it has 

been fitted with a dispersion ring instead of the Hartmann type 

dispersion system. The dispersion ring is connected to an external dust 
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cup. Figure 3 describes the chamber and the dust cup assembly. Figure 

4 shows a detailed view of the dust cup. 

The deagglomeration of the dust sample, via strong air jets, occurs in the 

external dust cup. Once the dust sample has been broken up, the 

suspension flows in the dispersion ring where it is distributed into the 

combustion chamber. The ring is made of a copper tube that has an 

inner diameter of 0.6 cm. The ring itself has a diameter of 20 cm and has 

30 holes of 1 millimeter in diameter directed radially inward. 

The external dust cup is connected to the high pressure vessel separated 

by a solenoid valve. The dispersion is controlled by the solenoid valve 

placed between the external dust cup and the high pressure dispersion 

vessel. 

2.2.1.3-The 5.4 Liter Sphere with Conical Diffuser. 

This dispersion system, developed at McGill University [26], uses an 

external dust cup to deagglomerate the dust and a conical diffuser, 

located inside the combustion chamber, to distribute the dust in the 

combustion chamber. Figure 5 shows a diagram of the sphere and the 

dispersion system. Figure 6 shows a detailed view of the dust cup and 

the diffuser cone assembly. The combustion chamber is a 5.4 !iter 

copper, composed of two hemispheres joined together by a bolted flange. 

As in the case of the dispersion ring system, the suspension is created in 

the external dust cup. The suspension then flows through a constant 

area duct to reduce the suspension's turbulent intensity. The 

suspension is then dispersed in the combustion chamber through the 

conical diffuser. 
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The external dust cup is connected to a high pressure storage chamber. 

The flow of air is controlled by a solenoid valve placed between the dust 

cup and the high pre~sure storage chamber. 

2.2.1.4-The 35 Liter Cylinder with Hartmann [25] Dispersion System. 

The 35 liter vessel has a cylindrical geometry. Figure 7 shows the 

combustion chamber with the dispersion system at the bottom of the 

chamber. It has a length to diameter ratio of 1.2: 1. Similar in design to 

the 4.4 liter sphere, also consisting of the Hartmann type dispersion 

system, a hemispherical cup is placed at the bottom of the chamber. A 

tu be is directed at the middle of the hemispherical cup in order to 

disperse the dust. 

The dispersion tu be is connected to a high pressure storage vessel. The 

high pressure chamber of this particular system is larger than the three 

previous ones, because the volume of the combustion chamber is much 

larger. Therefore the dispersion jets must be stronger in order to attain a 

uniform distribution of dust in the chamber. The dispersion process is 

controlled by a solenoid valve placed between the high pressure storage 

vessel and the dispersion tube. 

2.2.2-Microgravity Experimental Set-Up 

2.2.2.1-Description 

The experiments performed in microgravity used the same combustion 

chamber as described in the 5.4 liter sphere equipped with a conical 

diffuser dispersion system. For the microgravity performed experiments 
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the experimental apparatus was mounted in a rack that will be described 

later in the text. 

The microgravity experiments were performed aboard the NASA KC-135. 

During each flight, the plane performs 40 parabolas, during which there 

is approximately 20 seconds of reduced gravity (~1o-2 g). Because the 

experiments were performed in a plane, it is vital that all the necessazy 

components be included in the experimental rack. To carry-out the 

experiments on board the NASA KC-135 aircraft, a self-contained system 

comprising a vacu urn system, compressed air and data acquisition 

system was developed. A schematic illustration of the microgravity 

laboratory is shown on Figure 8. 

It should be noted that the experimental apparatus used in the 

microgravity plane is identical to the one used for ground-based 

experiments. This is important in order to be able to compare data in the 

two different conditions. 

2.2.3-lgnition system 

The ignition system used in all the combustion experiments was a 

pyrotechnic ignitor. This ignitor is in the form of an electric match. A 

charge of gun powder is distributed on a glow wire. To initiate the 

ignitor, a small current is passed through the glow wire, heating it up 

and igniting to the gun powder. 

This type of ignitor was chosen for its reproducible ignitions. The energy 

yield is sufficient to ignite all of the different mixtures tested but at the 

same time, small enough so that it does not noticeably affect the final 
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maximum overpressure in the combustion chamber. Tests have been 

performed, using only an electric match ignitor in the combustion 

chamber and monitoring the pressure inside the chamber in order to 

determine whether there is a pressure rise. All the tests performed show 

an indiscernible pressure rise from the ignitor alone. 

The ignitor, in all the experimental configurations, was placed in the 

middle of the chamber at the end of a holding electrode, as it is shown in 

Figure 2, 3, 5 and 7. 

2.2.4-Data Acquisition 

The data acquisition system is a computer fitted with an oscilloscope 

card. The sampling rate of data was 1 MHz. This rate is sufficient since 

the process that it is monitoring is of the order of millisecond, as can be 

seen later. 

In order to record the pressure time history of the combustion process, 

the combustion chamber had to be fitted with pressure transducers. The 

transducers used a piezoelectric crystal with a stainless steel diaphragm 

[PCB 113A24, 5 m V /psi, or 73.5 m V /bar]. The pressure transducer had 

to be covered with heat shields to protect it from the intense heat of the 

flame. Without the heat shield, the diaphragm would have become 

distorted due to thermal expansion and the pressure signal would have 

been corrupted. 

2.2.5-Test Procedure for the Combustion Experiments 

The procedures for all the apparatus used are kept uniform in order to 

have the most analogous results possible. The first step is to place the 
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pyrotechnic ignitor on the holding electrode. The dust sample that is to 

be tested is placed in the appropriate dispersion system. The combustion 

chamber is then closed and completely vacuumed in order to eliminate 

all of the impurities and humidity that can be found in atmospheric air. 

The combustion chamber is then filled with extra dry air to a given sub 

atmospheric pressure. The reason why the combustion chamber is not 

filled to atmospheric pressure is that the dispersion process uses air jets 

that add air in the sealed combustion chamber. If the combustion 

chamber were to be initially filled to atmospheric pressure, the pressure 

after the dispersion process would be higher than atmospheric pressure 

due to the additional air of the dispersion jets. 

The high pressure dispersion chamber is pressurized to its assigned 

pressure. It should be noted that the ratio of the dispersion pressure and 

the pressure at which the combustion chamber is filled needs to be 

calculated in order to insure that the final pressure, after dispersion, in 

the combustion chamber is one atmosphere. See Appendix A for the 

calculation of the partially filled pressure with respect to the dispersion 

pressure. 

Once the combustion chamber is ready for the ignition, the electronic 

control of the system has to be prepared. The test procedure has a 

certain sequence in which events must occur. Prior to ignition the 

dispersion process must be completed. This means that there must be a 

delay between the dispersion sequence and the ignition. This is the 

function of the electronic control system. In the combustion test 

procedure, there are two distinct events: the dispersion sequence and the 

ignition. The dispersion is the first phase to occur. In this phase the 
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solenoid valve that controls the dispersion process is activated and the 

dispersion air in the high pressure chamber starts dispersing the dust. 

Simultaneously to this, an electronic pulse is sent to a delay generator 

that has been preset to allow for enough time for the dispersion process 

to occur. Once the delay period has expired, the delay generator sends a 

second electronic pulse to the ignition control switch and ignition of the 

suspension occurs. At the same time a pulse is sent to the data 

acquisition system to begin the recording of the pressure time history 

profile of the combustion process. Note that for each experimental 

apparatus the delay before ignition is varied in order to determine the 

optimal conditions of dispersion. 

Once the combustion process is completed, the recorded data is stored 

and the sphere is opened and cleaned of the combustion products. The 

sphere is now ready for another trial. 

2.3-Dispersion Visualization Experiments 

2.3.1-Description of Experimental Apparatus 

In order to be able to visualize and study the dispersion process of dust, 

the vessel in which the dispersion is performed must be transparent. A 

simple solution to this problem is to perform the dispersion in an inflated 

transparent balloon. The balloon can be inflated to the desired volume 

and the dispersion system can be fitted at the opening of the balloon. 

The walls of the balloon are rigid enough to contain the dispersion 

process in such a way that the dispersion process is quite similar to what 

occurs in a rigid sphere. 
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The dispersion system used is similar to the diffuser cone with an 

external dust cup used in the combustion experiments. There are slight 

differences in the design of the dust cup and the diffuser cone, but the 

general design remains the same. 

The balloon and dispersion system assembly are contained in a larger 

vessel that would hold the suspension in case of an accidental burst of 

the balloon. This containment also protects the operator in case of an 

accidental ignition of the suspension in the balloon. A schematic of the 

assembly of the dispersion system and the balloon can be seen in Figure 

9. The balloon and the containment vessel can be seen in Figure 10. 

2.3.2-Test Procedure for the Visualization Experiments 

The experimental procedure of the visualization experiments is quite 

similar to those of the combustion experiments except for the fact that 

the suspension is not ignited. Additional steps such as the inflation of 

the balloon and the initialization of the video camera had to be performed 

prior to each shot. Other than these the two steps, the visualization 

experiments were similar to the combustion experiments. 

In order to have a permanent record of the dispersion process, it was 

necessary to film the dispersion. In this case, a standard VHS video 

camera was used to record the dispersion process. The video camera was 

activated prior to the dispersion process. Once the dispersion has 

occurred and the whole process has been recorded, the video camera is 

simply turned off. 

14 



0 

0 

At this point, the containment vessel is cleaned of all the dust, a new 

balloon is placed on the balloon holder, and the apparatus is ready for 

the next trial. 

2.4-Characteristics of the Dust 

Any dust sample contains a wide variety of particle sizes. For this 

reason, it is difficult to determine a characteristic dimension for the dust 

particles. In order to describe the dimension of the particles in the dust 

sample, it is necessary to use an average diameter to characterize the 

typical dimension of the dust sample. This way, the dust sample can be 

described in one characteristic dimension. 

There are different ways to describe the average size of the particles in a 

dust sample. These methods vary by the criteria used in determining the 

average size of the dust sample. The smallest diameter that represents 

50% of the dust sample by mass is defined as the median diameter. The 

median diameter can also be based on the diameter that represents half 

of the total number of particles. Depending on what parameter is 

desired, it is possible to define the average dimension using different 

methods. 

The Sau ter mean diameter d32 is often used to describe the average size 

of a dust sample [27]. The Sauter mean diameter is defined as: 

n 

niid~ 
d i-1 

32 = n (2.1) 
n." d~ tL...J I 

i=l 
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The Sauter diameter can be related to the average volume of the particles 

divided by the average surface area of the particles. It can be determined 

relatively easily by using a light scattering technique 

The dust samples used in this investigation were all of the same chemical 

composition to allow comparison to be made between them. They were 

supplied by AMPAL of Flemington N-J. The chemical composition of the 

dust is 99.7% aluminum, 0.16% iron and 0.10 % silica (Si02). Three 

sizes of dust particles were used. The size of the particles used in this 

study have Sau ter diameters' d32 as follows: 

• dust 1: d32 = 5.4 J,Lm 

• dust 2: d32 = 18 J,Lm 

• dust 3: d32 = 40 J.Lm 

Prior to every test, the dust samples were dried in an oven for a period of 

at least 24 hours at a temperature of approximately 100 C. This insured 

that no traces of humidity were found in the dust sample that could 

cause agglomeration of the dust particles. 

2.5-Concentration of Dust in the Suspension 

In order to describe a dust suspension, it is necessary to specify the mass 

of dust that is present in the mixture. The concentration of a dust in a 

suspension is given by the number of grams of dust per cubic meter of 

air (gjm3). In most experiments, the nominal concentration is used to 

describe the suspension in the combustion chamber. The nominal 

concentration is defined by the mass of dust put in the dispersion 
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system, divided by the volume of the combustion chamber. The 

dispersion systems are not one hundred percent efficient, meaning that 

some fraction of the dust placed in the dispersion system does not get 

dispersed. The result being that the actual concentration of dust in the 

combustion chamber is less than the nominal concentration. 
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3-Results and Discussion 

3.1-Constant Volume Combustion 

The main source of information on the characteristics of the combustion 

process comes from the pressure time-history curve. A typical pressure 

time history curve is shown in Figure 11. The recorded overpressure, in 

bars, is on they-axis and the x-axis represents the time evolution of the 

process. 

The maximum explosion overpressure is related to the total chemical 

energy contained in the mixture. The overpressure inside the 

combustion chamber depends on what fraction of the dust has been 

burnt. The expression of the ideal pressure can be stated as follows: 

P(t) Mass Burnt 1- · JZ'· R~amePProoucts --= = .....;;._-~~===-
pmax Mass Total 1- · JZ'· R~herePReactants 

(3.1) 

This can be reduced to: 

P( t) = R~amePProducts 
p max R!pherePReactants 

(3.2) 

The density of products and reactants changes as the pressure in the 

combustion chamber increases, but the ratio of density remains 

unchanged and can be expressed as the constant C1. Thus the 

expression can be further reduced to: 

(3.3) 

The radius of the flame can be expressed as the flame speed (Srl 

multiplied by the time of propagation. Thus the expression for pressure 
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becomes: 

(3.4) 

Note that in the last part of this equation, Sf, Rsphere and C 1 have been 

combined into C2 to simplify the expression. This expression dearly 

shows the dependence of pressure on the time evolution of the 

combustion process. Comparing this result with what is observed in 

Figure 11, it can be seen that for the initial stage of combustion the rise 

in pressure is low and increases rapidly with time. This is also the 

behavior of the cubic function that has been found. 

If the derivative with respect to time of pressure versus time expression 

was taken the result would be: 

CUP(t) 2 
--=3·P ·C ·t dt max 2 

(3.5) 

Thus, according to this last equation, the maximum rate of pressure rise 

(steepest slope) would occur at the end of the process (large t). However, 

from Figure 11 it can be seen that the maximum rate of pressure rise 

occurs before the maximum pressure is reached. The explanation for 

this phenomenon is that as the flame approaches the wall of the 

combustion chamber, heat losses become significant. Therefore the 

maximum rate of pressure rise occurs at some point where heat losses 

are not yet significant. 
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3.1.1-Comparison of Results with Published Data 

In order to establish the validity of the present results, it is of interest to 

compare the data to already published results. Figure 12 shows the 

results of maximum explosion pressure of aluminum dust with varying 

dust concentration obtained by 4 investigators [1,9,28,29]. Added to this 

are results obtained in this investigation for a 4.4 liter sphere using 

5.4J.Lm dust particles. 

It must be noted that in all the graphics included in this thesis, the 

curves to match the data points were drawn by hand using French 

curves. This was done in order to accommodate for the relatively large 

scatter of the data points. 

It can be seen that the results obtained in this investigation are within 

the range of the results that have been obtained in the past. This 

indicates that the experimental conditions in which our results were 

obtained are comparable with conditions of other experimenters. 

It can also be observed from Figure 12 that results obtained in 

combustion vessels of smaller volume tend to yield lower levels of 

maximum explosion pressure, as compared to experiments performed in 

larger vessels. The results obtained by Bartknecht [1] in the 1 m3 (1000 

liter) vessel and the results obtained by Pu [9] in the 20 liter vessel are 

significantly higher than the results obtained by Ishibana [29] in a 10 

liter vessel or Jacobson [28] in the 1.2 liter vessel. 

The main feature of this graph remains the large scatter that is observed 

from one author to another. This is caused by the difference in the 
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experimental conditions in which each series of tests were performed. In 

fact, when experimental conditions are changed, the uniformity of the 

suspension or the amount of dust that will stick to the wall as well as the 

rate of dust sedimentation can change. The change of these conditions 

can results in significant differences in the maximum overpressure. 

From Figure 12, it can also be seen that the maximum pressure 

increases as the concentration of dust in the suspension increases, until 

the concentration reaches 500 or 600 gjm3. After this concentration, 

the maximum explosion pressure either remains constant or decreases 

slightly. 

The stoichoimet:ry of the chemical reaction of aluminum in air is 

calculated in Appendix B. For stoichoimetric conditions, the 

concentration of dust is 310 gjm3. 

Since the maximum explosion pressure is found to occur when a 

suspension corresponds to approximately 600 gjm3 of dust, this will be 

the optimal condition in which all other experiments will be performed. 

Note that this corresponds to an equivalence ratio of roughly 2. 

3.1.2-Effects of Different Dispersion Method 

In order to study the combustion of a dust sample, a suspension of the 

dust must be created. This is done by using some dispersion system that 

will break up the agglomeration of the dust and then disperse it inside 

the combustion chamber. The type of dispersion system used greatly 

influences how the dust will be distributed inside the combustion 

chamber. 

21 



c 

0 

3.1.2.1-lnfluence of Dispersion Intensity 

In this study, the dispersions are achieved by using air jets that entrain 

the dust in the combustion chamber. By changing the configuration of 

the dispersion system, the flow of the dispersion air jets will change, 

modifying the distribution of the dust inside the combustion chamber. 

In order to obtain a uniform distribution of dust in the vessel, the flow of 

the dispersion air must be quite turbulent, thus allowing sufficient 

mixing. The velocity of the flow as well as the average scale of the 

turbulent eddies that are created by the dispersion system will vary from 

one type of dispersion system to another. 

Because the stream lines of the dispersion air will change from one type 

of dispersion system to another, the suspension that will be generated 

will also be different. For this reason, the uniformity of the suspension 

created is dependent on the type of dispersion system. 

Another effect of the differences in flow fields is how the dust will follow 

the flow of the dispersion air. For air flow that has a high curvature and 

velocity, the dust particles will not be able to follow the stream lines of 

the dispersion air jets. This will lead to stratification of the suspension. 

Stratified suspensions tend to yield erratic results in maximum 

overpressure. Because the suspension has localized patches of high dust 

concentration, the dust patches may or may not participate in the 

combustion process and in some cases, the ignitor may be in a space 

that does not contain any dust, resulting in the non ignition of the 

suspension. 
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Another scenario of the particles being unable to follow the stream lines, 

is that the dust particles will completely separate from the dispersion air 

and impact the walls of the combustion chamber. After the dust 

particles have impacted the wall of the combustion chamber they tend to 

stick to the wall or. become agglomerated with other particles. The result 

of these two effects will be less dust in the suspension. 

As noted before, the maximum overpressure is proportional to the 

chemical energy present in the suspension [30]. Accordingly if there is a 

lot of aluminum dust in the suspension, the maximum overpressure will 

be high. If, on the other hand, there has been a lot of settling of dust and 

little dust remains in the suspension, the maximum overpressure will be 

lower than expected. 

3.1.1.2-Results of Different Dispersion Systems 

In order to illustrate the difference between types of dispersion systems, 

three different dispersion systems have been investigated. From the 

design of the different dispersion systems, it is expected that the flow 

field of the dispersion air in the combustion chamber will be quite 

different. 

Figure 13 shows results of maximum overpressure for three types of 

dispersion systems with respect to ignition delay. A suspension of 600 

gjm3 of aluminum having a diameter of 5.4 Jlm was used. 

This figure shows that for all three types of dispersion systems, the 

variation in maximum overpressure results is small. The reason being 

that small dust particles closely follow the dispersion air stream lines. 
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Therefore even if the dispersion flow has a high curvature, the dust 

suspension will not become as stratified and the dust will have less 

tendency to impact the wall and come out of suspension. The result 

being that most of the dust remains in suspension and The maximum 

overpressure is high. 

Figure 13 shows a low decrease in overpressure with increasing delay 

between dispersion and ignition. This indicates that the rate of settling of 

the dust particles is low. Even after one second of ignition delay, the 

level of maximum overpressure is within 10 °/o difference of the maximum 

overpressure for short ignition delays. 

The comparison of the different types of dispersion systems can also be 

done with dust particles of 40 J.tm in diameter. Figure 14 shows the 

results of maximum overpressure of the three different dispersion 

systems for a suspension of 40 J.tm dust. Once again a concentration of 

600 gjm3 of aluminum dust was used and the tests were performed for a 

wide range of ignition delays. 

It can be seen that for the larger dust particles the behaviors of the 

different dispersion systems were quite distinct. The conical diffuser 

dispersion system yielded maximum overpressures significantly higher 

than the two other types of dispersion systems. 

The conical diffuser dispersion system was designed to produce little 

turbulence in the combustion chamber. The dust sample was impacted 

by strong air jets in the external dust cup in order to break up the 

agglomeration of the dust grains, and the suspension then flowed slowly 

into the combustion chamber. The slow dispersion reduced swirling that 

24 



c 

c 

could cause stratification of the suspension and impacting of the dust 

particles on the wall of the combustion chamber. 

The other two types of dispersion systems relied on strong air jets to 

distribute the dust in the combustion chamber. When using these 

dispersion systems, the larger particles cannot follow the dispersion air 

stream lines and the suspension becomes depleted as the dust particles 

impact the wall of the combustion chamber. 

Thus the level of turbulence intensity associated with the dispersion 

process is a determining factor in how the dust will follow the stream 

lines of the dispersion air. For slow air flows, the dust particles will 

follow the air more closely than for strong air jets. 

It can also be observed from Figure 14 that the maximum overpressure 

decreases rapidly with the increase of the delay between dispersion and 

ignition. This indicates that settling is a strong factor when large dusts 

are dispersed. This high settling rate can be attributed to two main 

causes. First, the settling can be caused by the effect of gravity that 

pulls the dust particles to the bottom of the combustion chamber. The 

settling can also be the result of the removal of the dust due to the 

impacting of the dust particles on the wall of the combustion chamber. 

3.1.2.3-The Determination of Intensity of Turbulence 

The turbulence intensity of the dispersion process can be related to the 

burning rate of the produced suspension for short ignition delay. This 

means that for short ignition delays, the turbulence produced by the 

dispersion process increases the burning rate. This increased burning 
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rate is manifested by an increase in the rate of pressure rise. From 

measurement of turbulent intensity, Pu [9,11] has shown a direct link 

between the rate of pressure rise and the turbulence intensity of the 

suspension. Turbulent eddies tend to promote mixing, thus increasing 

the burning rate [31]. As the burning rate increases, the rate of pressure 

rise increases accordingly. 

Figure 15 shows the comparison of the rate of pressure rise for the three 

types of dispersion systems with respect to the ignition delay. The tests 

were done using 5.4 llm aluminum dust. It can be seen that for short 

ignition delay, the rate of pressure rise is greater for the Hartmann type 

dispersion system and the dispersion ring system than for the conical 

diffuser. This clearly indicates that the turbulence intensity of the 

dispersion process of the conical diffuser is lower than for the two other 

dispersion systems. These results confirm our initial expectation of the 

design of the conical diffuser dispersion system. 

Comparing results with those from Figure 14, this substantiates that in 

order to create a more uniform suspension of large particles, a lesser 

turbulent dispersion system must be used. 

3.1.3-Variation of the Size of the Dust Particles 

The size of the dust particles used in performing the tests greatly 

influences the maximum overpressure as well as the maximum rate of 

pressure rise. The size of the dust particles acts in two distinct ways on 

the explosive characteristics of the suspension. First, there is a change 

in the way in which dust follows the flow of the dispersion air. As the 

dust particle size changes, this will have an effect on the drag to inertia 
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ratio. The drag is proportional to the diameter of the dust particles, while 

the inertia is proportional to the mass or the volume of the dust particle. 

Thus, as the size of the particles increases, the inertia increases faster 

than the drag. The result being that as the size of the dust particles 

changes, their ability to follow the flow of the dispersion air jets will also 

change. This will influence the degree of stratification of the dust 

suspension and the amount of dust that will impact the wall of the 

combustion chamber. Therefore as the size of the dust particles 

increases, more dust will tend to impact the wall and come out of 

suspension, leaving less dust to participate in the combustion process. 

Less dust in the suspension translates to lower results of maximum 

overpressure. 

The second way in which the size of the dust particles influences the 

maximum overpressure and the maximum rate of pressure rise is by 

changing the burning of the dust particles. Since burning of aluminum 

dust particles occurs on the surface of the particle, and because 

aluminum is non volatile, no gases are emitted as the particles are 

heated in the preheat zone of the flame. In this way burning takes place 

only at the surface of the dust particles [32,33]. As the flame reaches the 

surface of the particle, the intense heat can vaporize the aluminum and 

burning can occur in the gas phase, but the rate of heat transfer is still 

limited by the surface area of the dust particle. 

The specific surface area of the dust grain is inversely proportional to the 

size of the dust particles. Therefore, by changing the dust particle size 

this will change the specific area on which burning can occur, 

influencing the rate of propagation of the flame front. For larger dust 
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particles, the specific surface area being smaller than for smaller dust, 

the propagation of the flame front will be slower. The result being a lower 

rate of pressure rise. 

The slower burning does not directly influence the quantity of dust that is 

burnt in such a way so as to not change the maximum overpressure. 

However, the longer propagation time permits for more settling of dust to 

occur thus reducing the maximum overpressure. This effect can be quite 

significant especially when the slow propagating speeds and the high 

settling rate of large dust are combined. 

3.1.3.1-Results of Different Sizes Particles 

Figure 16 shows the results of the maximum overpressure for different 

sizes of dust particles. The tests have been performed with different 

ignition delays in order to find the optimal dispersion conditions. The 

conical diffuser dispersion system is used because it has been proven to 

be the most adequate for burning a wide range of dust particle sizes. 

It can be seen that the level of maximum overpressure decreases as the 

size of the particles increases. This indicates that less dust is burnt as 

the size of the dust increases. If all the types of dust were adequately 

dispersed, the level of overpressure would be the same. The fact that the 

level of overpressure is lower indicates that less dust is in suspension. 

The lower results of maximum overpressure of the large dust particles 

show that the difference in dispersibility of the various dusts is 

significant. Thus as the size of the dust particles increases, the efficiency 

of the dispersion system decreases and less dust is present in the 

suspension. 
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Figure 17 shows the different rates of pressure rise associated with the 

sizes of dust. The maximum rate of pressure rise is once again plotted 

against the delay between dispersion and ignition. The rate of pressure 

rise is much higher for the particles of 5.4 JJm than for the particles of 18 

or 40 JJm. This is what was expected, since the specific surface area is 

smaller for the larger particles. The lower rates of pressure rise will also 

be due to the fact that less dust is present in the suspension when larger 

dust particles are used. 

3.1.4-The Effect of Settling of the Dust Particles. 

It was shown in the previous section that the combustion of large dust 

particles yielded low levels of maximum overpressure because large 

particles do not remain in suspension. It is of interest to attempt to 

establish the reasons for which the generation of a suspension of large 

particles is so troublesome. 

3.1.4.1-Gravity Sedimentation of Dust 

The inability of dust to stay in suspension can be attributed to two main 

causes. The most obvious cause is the effect of gravity. Dust particles in 

suspension are subject to the effect of gravity that tends to pull them 

towards the bottom of the combustion chamber. When the particles are 

out of the suspension, they no longer participate in the combustion 

process and the maximum overpressure is reduced. 

The rate of settling due to gravity is counteracted by the drag that the air 

exerts on the particle. This means that as the size of the particles 

changes, it will influence the settling rate. 
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The concentration of particles also has an effect on the rate of settling. If 

the concentration of dust is high, the particles in the dust cloud do not 

fall as individual particles, but the interaction of the particles influences 

the rate of settling [34]. Experiments [35] show that settling rates may be 

twice the order of magnitude higher in suspension of high concentration 

than what was predicted for the falling of single particles. For example 

the settling velocity of particles of 5 Jlm is expected to be 5 cm/ s (See 

Appendix C for discussion on Settling velocity). However, the settling 

velocity of a dense cloud of these same dusts can be as high as 1 m/ s. 

3.1.4.2-Removal of Dust Due to Turbulence 

The other cause of the depletion of the suspension comes from the 

inability of the dust particles to follow the stream lines of the dispersion 

air jets. The dispersion systems used in this study rely on turbulent 

dispersion jets to distribute the dust particles inside the combustion 

chamber. These air jets tend to have a high curvature and in some cases 

dust particles cannot follow the stream lines of the dispersion flow. This 

results in a stratified suspension. The particles can become separated 

from the suspension if they impact and stick to the wall of the 

combustion chamber. The result of these two effects is a reduction in the 

maximum overpressure because less dust is burnt. 

3.1.4.3-Deterrnination of the Dominant Effect 

In order to determine which effect is dominant, gravity settling or the 

separation of the dust due to swirling of the suspension, it is necessary 

to eliminate the driving force behind one of these settling mechanisms 

and observe the results. The sticking of dust caused by the swirling of 
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the suspension is due to the inertia of the particles. Because inertia is 

an inherent property of mass, it is impossible to avoid such type of 

settling. If it were possible to reduce or eliminate the effect of gravity, 

then the settling due to gravity would no longer be an influencing factor. 

Thus in performing the experiments in a microgravity environment, the 

effect of gravity settling can be overlooked, in such a way that only 

reduction of dust concentration due to swirling of the suspension is 

present. 

Figure 18 shows the results of maximum overpressure obtained in 

microgravity and in normal gravity. Both experiments were conducted 

using 5.4 Jlm dust in the sphere equipped with the conical diffuser 

dispersion system. The maximum overpressure is plotted against 

ignition delay to clearly show the effect of settling that occurs with time. 

It can be seen that in experiments performed in normal gravity, the 

maximum overpressure decreases as the delay between dispersion and 

ignition increases. This decrease in maximum overpressure indicates 

that less dust is being burnt meaning that less dust is in suspension. 

On the other hand, the results obtained in microgravity show no decrease 

in overpressure as the ignition delay is increased. This indicates that 

settling is not present in this second case. Because gravity settling 

cannot occur or is greatly reduced in microgravity, only sticking on the 

walls of the chamber due to swirling of the suspension can occur. Hence 

the microgravity results show that sticking of dust is not a significant 

factor when the 5.4 Jlm dust is used. 

By comparing the two curves of Figure 18, it can be seen that the 

difference in maximum overpressure is due to the effect of gravitational 
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settling alone. From these results it can be seen that the rate of settling 

due to ·gravity is quite significant since the deficit in maximum 

overpressure is appreciable for long delays. 

Similar analysis can be done for particles of larger diameter. Figure 19 

shows the maximum overpressure of aluminum of 40 J,lm in diameter in 

both normal and microgravity conditions. Once again the sphere used is 

equipped with the conical diffuser dispersion system. This dispersion 

system was used since it proved to be the most appropriate for burning 

the larger particles. The results of maximum overpressure are plotted 

against the ignition delay. Microgravity results show a decrease in 

maximum overpressure as ignition delay increases. The reduction in 

overpressure indicates that less dust is being burned. Because no 

gravitational settling of dust on the bottom of the combustion chamber 

can occur, the reduction of the concentration of dust must be due to the 

swirling of the suspension that causes the particles to impact and stick 

to the wall. 

It can also be observed that the levels of maximum overpressure obtained 

in microgravity are significantly lower after one second delay than the 

level of maximum overpressure for shots of 50 ms ignition delay 

performed in normal gravity. The reason for this being that the initial 

suspension (right after the dispersion process has been completed) is 

highly turbulent and it is during this initial phase that most of the 

sticking of dust due to swirling is expected to take place. Thus for shots 

performed at extremely short ignition delays (50 ms), significant 

reducti~n in concentration from swirling of the suspension has not yet 

occurred, and more dust is burnt. Therefore the deficit in maximum 
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overpressure of the microgravity results compared to the results obtained 

for short delays in normal gravity is due to intense swirling of the 

suspension. 

The experiments performed in normal gravity show a fast decrease in 

maximum overpressure indicating that the settling rate is quite high. In 

ground based experiments, both gravity settling and sticking of dust 

particles on the wall of the combustion chamber due to swirling of the 

suspension occur. By comparing the results of maximum overpressure 

obtained on the ground and in microgravity, it can be seen that for short 

ignition delay times, the reduction of the quantity of dust due to swirling 

is significant. As for longer time delays, settling due to gravity becomes 

predominant. Thus for large dust particles both mechanisms of removal 

of dust from the suspension are significant. 

3.1.5-The Effect of the Turbulent Scale of the Dispersion Jets 

It has been shown that impacting of the dust particles with the wall of 

the combustion chamber tends to deplete the suspension. The dusts 

come out of suspension after the they have impacted the wall due to the 

inability of the dust particles to follow the curvature of the dispersion air. 

It has also been shown that different sizes of dust particles behave 

differently in air flows. Larger dusts do not follow the air flow as well as 

smaller dusts. Thus, suspensions of larger dust tend to become more 

depleted than suspensions of small dust. 

The curvature of the dispersion air jets has a significant role in the rate of 

depletion of dust. The dust particles are able to follow flows of small 

curvature. In the limit of curvature that is zero, the dust will follow the 
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straight air flow perfectly. However as curvature increases, the dust 

particles will be less able to follow the air flow. It is therefore of interest 

to study how the scale of the turbulent eddies of the dispersion process 

will influence this settling of the dust. 

3.1.5.1-Determination of the Scale of Dispersion Jets 

It is expected that if the vessel in which the dispersion is done has larger 

dimensions, the average scale of the turbulent dispersion eddies will also 

be larger. As seen before, the level of turbulence can be related to the 

burning rate, which is directly linked to the rate of pressure rise in a 

constant volume combustion chamber. So by comparing the different 

burning rates of the suspensions, it is possible to determine the relative 

turbulent intensity of the suspensions. Figure 20 shows the Kst for tests 

performed in a 4.4 liter sphere and a 35 liter combustion chamber. 40 

JJ.m aluminum dust was used in these tests, since it was proven to be the 

most sensitive to stratification of the suspension. 

The Kst factor is related to the rate of pressure rise but normalized with 

the volume of the combustion chamber. The Kst is defined as: 

(3.6) 

where the rate of pressure rise is in bars per second and the volume in 

meters cubed. The Kst factor is closely related to the burning velocity. 

This is demonstrated in Appendix D. For this reason the Kst factor will 

be constant for the same combustible mixture that possess the same 

turbulence intensity. Because turbulence affects the burning velocity, it 

will also affect the Kst· 
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The Kst factor is plotted against ignition delay, to illustrate the variation 

of the rate of burning as time increases. It is observed that the Kst factor 

decreases faster in the 4.4 liter vessel than in the 35 liter vessel. The Kst 

factor is used instead of simply using the rate of pressure rise because 

there is a difference in the size of the combustion chamber. 

From turbulent theory [36,37], it is known that the rate of dissipation of 

turbulence is inversely proportional to the scale of the turbulence. This 

means that small scale turbulence tends to decay faster than large scale 

turbulence. Since the Kst of the 4.4 liter combustion chamber decays 

faster, this indicates that the scale of the turbulence of the dispersion 

process is smaller in the 4.4 liter vessel than it is in the 35 liter vessel. 

3.1.5.2-Results of Different Dispersion Scales 

Having established the differences in the scale of the turbulence of the 

dust suspension, it is now possible to see the effect of the different flow 

fields- on the maximum overpressure. Figure 21 shows the level of 

maximum overpressure for 40 J.lm aluminum dust for the two 

combustion chambers. The maximum overpressure is also plotted 

against the ignition delay. The maximum overpressure measured in the 

35 liter vessel is significantly higher than in the 4.4 liter combustion 

chamber. This indicates that more dust is burnt in the 35 liter vessel, 

hence less settling has occurred. Because the scale of the turbulence is 

smaller in the 4.4 liter vessel, the dust cannot follow the flow and the 

dust impacts the wall of the combustion chamber. The resulting depleted 

suspension yields a lower maximum overpressure. The scale of the 
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combustion vessel is thus a determining factor in ?Tiaintaining the dust in 

suspension long enough for the combustion process to occur. 

3.1.6-The Intensity of the Dispersion Process Compared to the Scale of the 

Dispersion Turbulent Jets 

Because it has been determined that the intensity and the scale of the air 

of the dispersion air jets have an influence on the rate of depletion in the 

suspension, it must be found which of these two parameter has the 

greater effect. In order to compare these parameters, the results of 

maximum overpressure of the 35 liter vessel will be compared to the 

results obtained in the 5.4 liter sphere equipped with the conical diffuser 

dispersion system. The 35 liter vessel will be used because it has been 

shown to produce a suspension that is characterized by having a large 

scale of turbulence. The conical diffuser was used because this is the 

type of dispersion system that produced the least intense turbulent 

dispersion. Each of these systems offers an advantage in the creation of 

the suspension, and by comparing the results obtained, it will be possible 

to determine which of the two effects is the more important. 

Figure 22 shows the results of maximum overpressure for the two types 

of combustion chambers using aluminum dust of 40 Jlm in diameter. 

The tests were performed over a wide range of ignition delays in order to 

be sure that the optimum value of delay is used to compare the results. 

Dust of 40 Jlm in diameter is used because it is the type of dust that is 

most sensitive to separation from the dispersion air flow. 

It can be seen that the results in the smaller sphere are slightly higher 

than in the 35 liter sphere. This indicates that more dust is being 
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burned in the small chamber than in the larger vessel. The fact that 

more dust remains in suspension in the smaller vessel shows that having 

a low level of turbulence intensity for the dispersion process is a more 

significant factor than a larger scale of the turbulence, in keeping dust 

suspended. Thus to produce suspensions of large dust particles, 

emphasis should be put on obtaining a suspension that will be created 

by jets that have a low dispersion intensity. 

However, it is interesting to note that the optimal conditions in which a 

suspension can be created would be the combination of these two effects, 

that is to say, a dispersion system that has a low level of turbulence 

intensity combined with an average scale of turbulence that is large. 

3.2-Visualization of the Dispersion Process 

In order to portray the dispersion process of aluminum dust in a small 

scale spherical chamber, a photographic investigation has also been 

conducted. These experiments were performed in a transparent balloon 

to mimic the spherical combustion chamber. For the purpose of the 

dispersion process, the balloon was kept at constant volume and was 

rigid enough to contain the dispersion. 

The experimental apparatus is quite similar to the apparatus that uses 

the conical diffuser with an external dust cup used for the combustion 

experiments. The angle and the dimensions of the diffuser cone are 

different in the two designs. This will create differences in the respective 

flow field of the dispersion air. As seen previously, different flow fields of 

the dispersion air creates different suspensions of dust. 

37 



0 

c 

Therefore, the aim of this section is to observe the general characteristics 

of a suspension during and after the dispersion process and not to 

attempt to reproduce any specific dispersion system. 

3.2.1-Visualization of the Dispersion of 5.4 urn Dust 

Figure 23 shows the transparent sphere just as the dispersion process is 

started. The smallest circle seen in the picture is the actual balloon, the 

larger circle seen is the window of the containment vessel. The dark rod 

in the bottom center of the sphere is the ignitor electrode. Note that the 

ignitor was not used in these experiments, only the dispersion process 

was observed. At the bottom of the sphere, on the left hand side of the 

ignitor electrode is the dispersion cone from which the dust suspension 

will flow. Dusts of 5.4 J,Lm in diameter are used in this test and the air 

pressure used to disperse the dust is the same as in the combustion 

experiments. This is done in order to ensure that the suspension 

generated is similar to those of the combustion experiments. 

Figure 24 shows the first stage of the dispersion as the dust is first 

injected into the combustion chamber. This image was taken 0.033 

seconds after the dispersion was initiated. The dust cloud appears dense 

in the back lighting environment because it is still at a high 

concentration, as significant mixing has not yet occurred. Note that at 

this point, the dust suspension has not yet interacted with the wall of the 

transparent chamber. 

As time progresses, mixing occurs in the sphere. At 0.066 and 0.099 

seconds (Figures 25 and 26) the suspension seems completely uniform. 

If gravity settling was significant, it would be expected that the 
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concentration would be higher at the bottom of the sphere, but in 

actuality it can be seen that little dust is found at the bottom section of 

the chamber. This is due to the fact that the dispersion process is in the 

upward direction and only by mixing will the dust eventually be 

distributed in the lower section of the chamber. 

Figure 27 shows that after 0.026 seconds the suspension seems to be 

completely uniform. Turbulent mixing has evenly distributed the dust in 

the sphere and no more clear areas appear. It must be noted that since 

back lighting was used, the information recorded is integrated over the 

whole depth of the sphere. This means that many inhomogeneities can 

still occur in the suspension even though the suspension looks uniform 

from the side. Therefore the results of uniform suspension must be seen 

in a global view, keeping in mind that localized zones of non uniform 

concentrations can occur. 

This exercise shows, as expected from the results of combustion, that a 

relatively uniform suspension of 5.4 ~m dust is easily obtained in the 

chamber. This illustrates clearly the reasons for the high results of 

maximum overpressure that were consistently obtained with the small 

dust particles. This dust was easily dispersed and the resultant 

suspension always contained a large quantity of dust. 

3.2.2-Visualization of the Dispersion of 40 urn Dust 

The same procedure was performed for dust of 40 ~m in diameter. This 

is done to observe the variation in the time evolution of the suspension 

for different dusts. Figure 28 shows the sphere at the onset of 

dispersion. After 0.033 seconds into the dispersion, the dust had started 
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to flow into the sphere (Figure 29). Figure 30 shows the dispersion after 

0.066 seconds. As seen in Figure 30, the 40 11m dust barely occupies 

half of the sphere. It is interesting to notice that at this point in time, the 

suspension of 5.4 11m dust occupied most of the sphere. 

Figure 31 illustrates the dust cloud hitting the wall of the sphere on the 

right hand side of the picture. The suspension has grown only 

marginally in the rest of the sphere since the previous frame. After 0.267 

seconds the suspension of 5.4 11m dust was uniform. Figure 32 shows the 

suspension of 40 11m dust particles for the same time. It can be seen that 

hardly any significant amount of dust is found in the suspension. 

Figures 33 and 34 show the suspension at 0.33 and 0.5 seconds 

respectively. No notable amount of dust is found in the spherical 

chamber, which explains the extremely low results of maximum 

overpressure that were obtained in the tests when the 40 11m aluminum 

dust was used in the combustion vessels. 

By examining Figures 28 to 34 in sequence, it can be seen that no 

suspension is actually created. The dust is never suspended in air. It is 

injected in the vessel and it settles almost instantly. This further 

explains the scattering of the results of maximum overpressure obtained 

when the 40 11m dust is used. From one shot to another, the amount of 

dust the ignitor is exposed to can be quite dissimilar, yielding different 

levels of maximum overpressure. 
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4-Summary and Conclusions 

4.1-Summary of Results 

A systematic investigation of the effect of the size of the dust particles on 

dust explosions has been conducted. The experiments performed were 

done under many different experimental conditions in order to establish 

the effect of all the parameters that were involved. The following is a 

summary of the results found. 

The effect of the type of dispersion system was looked at. This illustrated 

the effect that had different flow fields of dispersion air on the maximum 

overpressure. Results for different dispersion systems with 5.4 11m dust 

show that the maximum overpressure were equivalent for all the 

dispersion systems. This indicates that small dusts are able to follow the 

dispersion flow well enough to be dispersed by any type of dispersion 

system. When 40 Jlm dust was tested, the results showed that the 

conical diffuser yielded significantly higher results of maximum 

overpressure. The reason for this proved to be the fact that the 

suspension created by the conical diffuser is less turbulent and that less 

dust came out of suspension due to swirling of the suspension. 

The effect of dust particles size was then studied. It was shown that the 

maximum overpressure decreased significantly with the increase of the 

size of the dust particles. This was attributed to a reduction in the 

efficiency of the dispersion system with increasing dust particle size. 

Less dust in the suspension yields lower results of maximum 

overpressure. Results also showed that the rate of pressure rise was 
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significantly reduced. This second effect was caused by the reduction of 

specific surface are associated with larger dust. The fact that there was 

less dusts present in the suspension also reduced the rate of pressure 

rise. 

The effect of settling of dust particles was studied. In order to establish if 

the decrease in dust concentration due to the impacting and the sticking 

of the dust particles was significant compared to gravity settling, tests in 

microgravity were performed. The results showed that sticking due to 

swirling of 5.4 Jlm dust particles was negligible. The gravity settling had 

an effect, but only after many seconds of ignition delay (typically ~10 

seconds). For large dust, both effects were significant. The removal of 

dust was done in two periods. The initial period where the suspension 

was quite turbulent was characterized by high rates of removal of dust 

due to separation and sticking of the dust. After the initial stage of 

dispersion, gravity settling was the dominating factor. Microgravity 

results also showed that sticking of dust due to swirling still occurred 

during many seconds after the dispersion was done. 

The influence of the scale of the dispersion eddies was also investigated. 

It was shown that large dust was unable to follow dispersion eddies that 

had a small scale and that the maximum overpressure was lower 

because less dust was present in suspension. Next, the effect of the scale 

of the dispersion jets was compared to the effect of the intensity of the 

dispersion process. This showed that having a dispersion process of 

lower dispersion intensity had a bigger influence than the scale of the 

dispersion eddies. 
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Finally, a photographic investigation of the dispersion process was 

performed. This permitted the observation of the development of a dust 

suspension as it was generated by the dispersion system. It was found 

that the generation of a suspension of particles of 5.4 11m dust was quite 

efficient. However, when an attempt was made to generate a suspension 

of dust particles of 40 11m, it was observed that a suspension was never 

obtained and that the dust tended to settle almost instantly. 

4.2-Concluding Remarks 

The influence of the size of the dust particles on dust explosion was 

mainly felt in the difference in the dispersibility of the dust. The 

reduction in maximum overpressure was due to the reduction in 

concentration of dust caused by the decrease in the efficiency of the 

dispersion system. The decrease in the specific surface area combined 

with the reduction of the amount of dust present in the suspension 

accounted for the decrease in rate of pressure rise. 

The reduction in dispersion efficiency was caused by the inability of the 

dust particles to follow the stream lines of the dispersion air jets. 

Depending on the intensity of the dispersion jets and the scale of the 

dispersion system used, the results of maximum overpressure varied. 

For large dust particles (40 11m), it was found that the ideal type of 

dispersion system would combine a low level of turbulent intensity while 

having turbulent eddies of large scale. Emphasis must be put on a 

system that possesses a low level of turbulent intensity since this was 

found to have a stronger effect on the rate of removal of dust due to 

impacting with the wall of the chamber. However, when small (5.4 11m) 
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particles were used, the influence of the conditions in which experiments 

were performed was quite small. 

The conclusion from these findings, is that the explosion potential of 

larger dusts tends to be under estimated. In performing tests to 

determine the explosive potential of a dust suspension, the dispersion 

system is assumed to adequately perform its task. This is usually true 

for particles of small diameters. Problems arise when larger dusts are 

used. The efficiency of the dispersion system becomes much lower than 

what it was for smaller particles. Because there is less dust in 

suspension the results of maximum overpressure and maximum rate of 

pressure rise will be low and thus the suspension will be classified 

incorrectly as having a low explosive potential. For this reason great care 

must be use when testing larger dust particles especially in terms of 

ascertaining the quality of the suspension. 
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Appendix A 

In order to have a pressure of one atmosphere in the combustion 

chamber after the dispersion process has occurred, it is necessary that 

the pressure in the combustion chamber be sub-atmospheric prior to the 

dispersion process because air jets are used to disperse the dust. The 

following describes the method used to calculate the initial pressure 

inside the combustion chamber with respect to the dispersion pressure 

used to disperse the dust. The 4.4 liter dispersion ring chamber will be 

considered in this case, but the same procedure applies for all the other 

systems. 

The volume of the combustion chamber is 4.4 liter. The volume of the 

high pressure dispersion chamber is 0.2 liter. Defining: 

Vcc=4.4 liter 

Vhp=0.2 liter 

(A.l) 

(A.2) 

The dispersion pressure used for all the experiments was 4.8 bars. 

Knowing this, the initial pressure in the combustion chamber must be 

calculated. 

(A.3) 

Ptotai = 1 bars (A.4) 

and 

(A.S) 

(A.6) 

Knowing V cc, Vhp&Php 
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P cc* 4.41 + 4.8bars * 0.21 =I bars* ( 4.41 + 0.21) (A.7) 

p = I bars* ( 4.41 + 0.21)- 4.8bars * 0.21 
cc . 4.41 (A.8) 

P cc = 0.83bars (A.9) 

So in order to obtain atmospheric condition in the combustion chamber 
prior to ignition, the pressure before the dispersion process is performed 
must be 0.82 bars, for a dispersion pressure of 4.8 bars. 

51 



0 

0 

Appendix B 

The stoichoimetric reaction of aluminum in air is found by balancing the 

amount of aluminum and air required to form the product of reaction 

alumina. There is also presence of nitrogen in the products, because in a 

calculation of the stoichoimetric conditions, it is assumed that the 

nitrogen does not participate in the reaction. The stoichoimetric reaction 

is shown below: 

(B.1) 

where 

~ ( 0 2 + 3. 76NJ = ~ x 4.76 moles of air= 7.14 moles (B.2J 

thus 

Two moles of AI for 7.14 moles of air 

The molecular weight of aluminum is 26.98 gjmole. The volume of 7.14 
molecules of air can be found by using the perfect gas law as: 

thus 

where: 

and 

PV = n · ill· T (B.3) 

V= 
n·9t·T 

p 

n = 7.14 moles 

T=298 K 

9t = 8.314 J 
K· mole 

(B.4) 

(B.S) 

(B.6) 

(B.7) 
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Appendix C 

By performing a force balance on a small sphere falling in a viscous 

liquid equation C.l arises. The first term of the equation represents the 

weight of the object or the force that gravity exerts on its mass. The 

second term of the expression is the buoyancy force that the fluid in 

which the sphere is falling exerts on the sphere. This term is usually 

negligible since the density of the sphere is usually much greater than 

the density of the sphere when metal spheres are falling in air. 

Nevertheless, this term will be conserved for the calculations. The last 

term of the equation is the viscous drag force that is applied to the 

sphere. This is the expression of Stoke's drag [17]. This applies for low 

Reynold's number, i.e. high viscosity, low velocity and objects of small 

dimensions. The case of dust settling in air is a good example. It must 

be noted that the equilibrium of these terms represents the terminal or 

settling velocity of the sphere and is denoted by the equality to zero. 

By modifying this equation it is possible to obtain the explicit expression 

for the terminal velocity as: 

(C.2) 

Plotting the terminal velocity or the velocity at which the dust particles 

will fall, the following graph is obtained: 

54 



c 

c 

Settling Velocity For Al Particles 

0 10 20 30 40 50 

Particle Size (urn) 

Figure C.l 

The quadratic character of the curve can be clearly observed. This 

demonstrates well that has the size of the dust particles increases the 

settling velocity of the dust particles increases even faster. The result of 

which is that large dust particles have quite high settling velocities 

compared to small particles. 
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Appendix D 

Bradley and Mitcheson [38] found that the burning velocity of a gas 

mixture in a constant volume process could be found from the pressure 

in the chamber and the rate of pressure rise. The form of the relation 

found is: 

{ V}~ S= R*(dPJ * 1 *(M +1]-Yr * 1-(1- M ]*( ~ J/r (D.l) 
3 dt max Mmax ~ Mmax M+~ 

By comparing the expression of burning velocity derived by Bradley and 

Mitcheson and the expression for the Kst= 

K =(dPI) *V~ 
st / dt max 

(D.2) 

it is clear that there exists a very close relationship between the two 

values. Both the Kst and the burning velocity (51 are proportional to the 

maximum rate of pressure change and they both depend on the cubic 

root of the volume of the combustion chamber, which is equivalent to the 

radius of the combustion chamber. The burning velocity has some 

additional parameters that are constant when the maximum case is 

considered. The burning velocity of a mixture remains constant 

independent of the volume of the combustion chamber, so it is expected 

that the Kst factor be constant for a given mixture. In order to compare 

the rate of propagation of the flame front in chambers of different sizes, it 

is important to compare the Kst rather than simply the (dP/dt)max' 

because the Kst is normalized with the volume of the combustion 
chamber. 
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Figure 2: 4.4 liter Hartmann type combustion chamber 
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Figure 3: 4.4 liter combustion chamber with dispersion ring. 
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Figure 4: Detailed view of the dispersion cup used to generate 
the suspension of dust to be dispersed by the 
dispersion ring. 
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Figure 5: 5.4 liter combustion chamber equipped with a conical 

diffuser and external dust cup. 

Figure 6: Detailed view of the dust cup and the conical diffuser 
used in with the 5.4 liter combustion chamber. 
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Figure 8: Schematic of the microgravity laboratory rack 
assembly. 
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Figure 12: Maximum constant volume explosion pressure of aluminum-air suspensions for 
different experimental configuration. 

64 

0 



0 0 

9 

8 

7 
• 

~ 
6 

;:::j 
tll,-.... 5 tll tl) 

~ a 
P-..D 4 1-t "-" 
<l) 

> • 0 3 • 
• Hartmann 

2 
0 Disp. Ring 

1 • Conical Diff 

0 

0 200 400 600 800 1000 

Ignition Delay (ms) 
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aluminum dust of 40 J.Lm. 
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Figure 15: Results of maximum rate of pressure rise for different types of dispersion systems 
using Aluminum dust of 5.4 J.lm diameter. 
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Figure 16: Results of maximum overpressure using different sizes of Aluminum dust particles, 
dispersed using the conical diffuser dispersion system. 
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Figure 17: Results of maximum rate of pressure rise using different sizes of aluminum dust 
particles dispersed using the conical diffuser dispersion system. 
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and normal gravity conditions using aluminum dust particles of 5.4 Jlm dispersed 
by means of the conical diffuser dispersion system. 
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Figure 19: Results of maximum overpressure for experiments performed in microgravity 
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and normal gravity conditions using aluminum dust particles of 40 J.lffi dispersed 
by means of the conical diffuser dispersion system. 
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Figure 20: Results of Kst for different sizes of combustion chamber using aluminum dust of 
5.4 J.lm dispersed using the Hartmann types dispersion system. 

72 
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Figure 21: Results of maximum overpressure for different sizes of combustion chamber using 
aluminum dust of 40 1Jm dispersed using the Hartmann types dispersion system. 
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Figure 22: Comparison of the results obtained using the 35 liter vessel equipped with the 
Hartmann type dispersion system and the 5.41iter vessel equipped with the conical 
diffuser. 
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• 

Figure 23: Dispersion of 5.4 IJID dust at 0 seconds. 

• Figure 24: Dispersion of 5.4 IJID dust at 0.033 seconds . 
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• 

Figure 25: Dispersion of 5.4 J.lffi dust at 0.066 seconds. 

• 
Figure 26: Dispersion of 5.4 J.lffi dust at 0.099 seconds . 
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• 

Figure 27: Dispersion of 5.4 J.lffi dust at 0.267 seconds. 

Figure 28: Dispersion of 40 J.lffi dust at 0 seconds . 

• 
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• 

Figure 29: Dispersion of 40 !liD dust at 0 .033 seconds . 

• Figure 30: Dispersion of 40 !liD dust at 0.066 seconds. 

78 



• 

Figure 31: Dispersion of 40 !Jffi dust at 0.099 seconds. 

• Figure 32: Dispersion of 40 !Jffi dust at 0.267 seconds . 
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• 

Figure 33: Dispersion of 40 JliD dust at 0.33 seconds. 

• Figure 34: Dispersion of 40 J.!ID dust at 0.5 seconds . 
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